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Abstract 

These Proceedings cover the whole field of linear accelerators, from its original and continuing 
role in particle physics research to the wide range of applications found today in many other 
disciplines and technologies. The contributions were deliberately spread among the different 
conference sessions in order to maintain a broad interest. 

The topics covered include: the design, construction and control of linear accelerators and the 
associated technology; dedicated test facilites, injection, wakefields, bunching, halo, dynamics, 
radio-frequency (RF), electron and ion accelerators, (laser) ion sources; active alignment, 
beam steering and spot size; simulation, monitoring and diagnostics; a description of the per
formance and current status of many machines, including proposed ones such as CLIC, the 
NLC and TESLA; applications to medical diagnosis and radiotherapy; use in the treatment and 
sterilisation of materials (including food) and in the reprocessing of radioactive waste; use as 
potential suppliers of energy. 
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Foreword 

The Eighteenth International Linac Conference (Linac96) was held at the Penta Hotel, Geneva, 
Switzerland, from August 26 until August 30, 1996. The conference was attended by 319 par
ticipants from 16 countries. At the International Organizing Committee meeting held in Dallas 
in May 1996, there was a strong desire to have an industrial exhibition. This was organized and 
held in the hotel from Monday morning to Thursday afternoon with ten exhibitors from various 
countries. 

The general format of the programme followed, with slight modifications, the tradition of this 
conference: no parallel sessions, morning sessions with invited talks and afternoon poster ses
sions. There were altogether more than 120 proposals for invited talks from the International 
Advisory Committee and the Programme Committee. That, and in addition the steady exten
sion of the field of electron and ion accelerators, led to the decision to include, besides the tra
ditional 30 minute presentations, also 20 minute talks. This allowed in total 40 invited papers 
(three in the afternoon before the poster sessions). The electron and ion topics were nearly 
equally distributed amongst the invited talks and were smoothly mixed in the sessions. In total 
there were about 230 posters presented. 

Following the PAC and ICHEA Conferences in Dallas in 1995 and the EPAC in 1996, we have 
decided to publish the proceedings in three forms, two of which are being used for the first 
time at a Linac Conference: 

1. The traditional paper version of the Proceedings will be published and distributed to the 
Conference participants, as well as to selected libraries. This is the official record of the 
Conference. 

2. An electronic version of the Proceedings was available on the World-Wide Web soon after 
the end of the Conference. 

3. A higher quality electronic version of the Proceedings on a CD-ROM will be distributed to 
the participants. 

WWW was used extensively for disseminating the different announcements before the confer
ence. 

The last Compendium of Linacs was published in 1976. We intended to produce a new one, an 
idea that was welcomed by the International Committee. Now, after 20 years, a new and 
updated version was prepared for the Linac96 Conference. Medical and industrial linacs are 
not included, the objective of this Compendium being to present all scientific linacs around the 
world, either in operation, in construction or proposed. We have included 176 "scientific" 
linacs, distributed over 3 continents (61 in America, 37 in Asia and 78 in Europe). 

The Conference started off with a welcome cocktail on Sunday evening (25th August). On 
Wednesday afternoon we had an excursion to visit the region of Gruyère with different pro
grammes showing typical Swiss landscapes and activities. Participants were free to choose 
between a visit to the old town of Gruyères with its famous castle and art exhibition, to visit the 
Nestlé chocolate factory in Broc, to have a walk from the village of Moléson (about 5 km from 
Gruyères) on the "Sentier des Fromageries" (path of the cheese makers) with a visit to a 17th 
century cheese-making cottage in Moléson. For good mountain walkers there was a special 
programme with a tour from the village of Moléson to the top of the Moléson mountain 
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(2002 m) and descent by cable-car afterwards or the inverse. In the evening, we had a cocktail 
and dinner in the ancient castle Château d'Oron. 

The Companions' Programme included also a variety of activities. It started off on Monday 
with a Geneva tour through the old town and other important places. Tuesday saw a trip "Salt, 
bread and wine" with a visit to the "Bread and Wheat House" in Echallens, a visit to a salt 
mine and to a wine cellar with tasting of regional wines. A boat trip from downtown Geneva to 
the mediaeval town of Yvoire in France took place on Thursday, in parallel with a full-day 
excursion to Chamonix, featuring an easy mountain walk from the Plan des Aiguilles (2310 m) 
to Montenvers (1913 m) beside the magnificent glacier "Mer de Glace". 

The traditional conference dinner took place in the Movenpick Hotel on Thursday evening, 
starting with a talk by Edward A. Knapp on work done at the Santa Fe Institute, with the title 
"New Directions for Science". The State of Geneva was represented by Philippe Joye, State 
Counsellor, and the Commune of Meyrin by its Mayoress, Mrs. Madeleine Bernasconi. Swiss 
music, with typical instruments and songs, was presented by a folklore group. This evening 
was attended by some 340 participants and companions. 

A visit to CERN was arranged on Friday afternoon, with a short introductory talk by 
Kurt Hiibner, the CERN Director of Accelerators. The guided tour presented Linac 2 for pro
tons, Linac 3 for Pb-ions, the LIL linac for electrons and positrons and one of the huge LEP 
experiments. 

The International Organizing Committee met on August 27 and decided that the 20th Interna
tional Linac Conference will be organized by SLAC in the year 2000 (reminder: the next one, 
in 1998, will be organised by Argonne). A strong option has been retained for Korea for the 
year 2002. The rhythm of two conferences in the US and two outside seems to find strong sup
port. 

Thanks are due to our sponsors [Alge Elektronik AG (Austria), Leclanché Capacitors (Switzer
land), Olivetti SA (Switzerland), Salzgeber-Mechatronik (Austria), Telsa-Electronique SA 
(Switzerland) and VAT Vakuumventile AG (Switzerland)] and the local authorities (the Com
mune of Meyrin and the Government of the Republic and Canton of Geneva) who supported 
us, in particular with the wine for the welcome cocktail, the inauguration of the Industrial 
Exhibition and the conference dinner. We are grateful to the Programme Committee, the Local 
Organizing Committee, the PS Secretariat and, of course, to CERN and especially to all those 
who participated in the publication of these proceedings, for their excellent work. 

H.D. Haseroth 
Conference Chairman 
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THE CREATION OF SLAC LEADING TO 30 YEARS OF OPERATION 

W.K.H. Panofsky 
Stanford Linear Accelerator Center, Stanford University 

Stanford, California 94309 

The first beam passing through the entire three kilometer 
length of SLAC was obtained on May 21, 1966. We are 
therefore commemorating 30 years of operation of that 
machine. I doubt that this is a record for an accelerator but it is 
a very long time. Usually when an individual of great age is 
being asked to what primary factor he attributes his longevity, 
the normal answer is "virtue and clean living" and most of the 
time he is lying. I hope that after trying to describe some of 
the reasons for SLAC's long life I will not be accused of the 
same. Ever since the original proposal to build SLAC, dated 
April 1957, was made, I have been asked how long SLAC is 
apt to endure. My answer has always been: "10-15 years 
unless somebody has a good idea." Indeed the longevity of 
SLAC is due to a plethora of good ideas, essentially none of 
which were anticipated at the time when the machine was 
originally proposed. 

Although SLAC was the outgrowth of a long line of 
development in the linear accelerator field, the actual proposal 
to build a machine of this magnitude was a major departure 
from the customs then prevalent among the practitioners of 
accelerator construction and the users of accelerators for 
research in nuclear and particle physics using machines 
operating at the energy frontier. Indeed SLAC was a direct 
outgrowth from a series of electron accelerators pioneered by 
the great physicist William W. Hansen. Hansen's first 
machine, the MARK I accelerator at Stanford, produced a 
6 MeV electron beam and it is famous for having generated 
the shortest report ever written for a government agency which 
in its entirety read: "We have accelerated electrons." Then 
followed the MARK II and MARK III, the former used for 
nuclear physics, and the latter 100 meters in length, supported 
a very successful high energy physics program. In parallel 
there had been the development of hadron linear accelerators, 
pioneered by the work of Sloan and Lawrence before the war 
and then converted to practical use by incorporating the drift 
tube design developed by Alvarez and collaborators. 

While SLAC, in terms of its fundamental radiofrequency 
design, was a simple extrapolation of the disk loaded 
accelerator concept pioneered by Bill Hansen, it incorporated 
many concepts that were unprecedented at the time. But it 
should also be recognized that the 30 years of operation of 
SLAC covered an installation which underwent many changes. 
Table 1 shows the sequence of "reincarnations" of the 
machine which I shall discuss further. Figure 1 shows the 
initially proposed target area layout and Fig. 2 today's reality. 
The initial proposal provided for two beams, one to study 
primary interactions of the electron beam, notably elastic 
scattering from protons and neutrons. The second was to be a 
producer of secondary beams for research similar to that then 
prevalent at hadron accelerators. Indeed this became the 
minimum mission of SLAC but the facility was amplified 
by a succession of colliding beam storage rings, and by the 
linear collider. In addition, the basic performance of the 
machine was upgraded by the SLAC energy development 
project (SLED), by a battery of higher power microwave 
sources and by polarized electrons. In 1969 SLAC carried out 
an extensive conceptual design study to convert the room 

temperature structure to a superconducting accelerator a highly 
premature undertaking. A SLAC proposal, the Recirculating 
Linear Accelerator (RLA), using the three kilometer structure 
repeatedly two loops of with recirculating magnets, was not 
accepted by the sponsoring agency. The RLA was to be both 
an energy doubler and a duty cycle multiplier at fixed energy. 

Table LSLAC Major Milestones and Upgrades 

1957 (April) 
1961 (Sept.) 
1962 (July) 
1966 (May) 
1967 (April) 
1969 
1971 (June) 
1973 
1975-80 
1970 
1972 
1976 
1980 (April) 
1973 
1979 
1988 
1984 
1987 
1970 
1992 
1995 
1992 
1994 
1998 

SLAC Major Milestones and Upgrades 
SLAC proposed to U.S. Government 
SLAC authorized by U.S Congress 
Groundbreaking 
Beam through full length 
Commence Research Program at SLAC 
Superconducting Conversion Study (not built) 
Recirculating Linear Accelerator proposed (not built) 
SLAC Energy Development (SLED) proposed 
SLED installation 
SPEAR construction started 
SPEAR operation started 
PEP construction started 
PEP operation started 
SSRL started parasitic research 
SSRL started 50-50 SPEAR operation 
SSRL started 100% SPEAR operation 
SLC construction started 
SLC full operation 
First polarized electron gun 
First polarized photocathode at SLAC 
Polarization >80% obtained 
B-factory proposed to Government 
B-factory construction started 
B-Factory completion anticipated 

-OteemKufioom, -80OOSQ FT 
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Fig. 1 The proposed end station. 

But there were other factors which were unprecedented 
initially. SLAC was probably the first major accelerator whose 
use was what I called "facility centered." That term described a 
machine where the research applications were centered on a 
group of large and generally multipurpose detectors. Prior to 
SLAC, most particle experiments carried out at proton 
accelerators were what I might call "building block" 
experiments; that is experiments where families of small 
particle detectors were clustered around the target surrounded by 
a variety of absorbers and analyzing magnets and where time 
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coincidences provided the major signature for understanding the 
events produced. This approach was not feasible at SLAC due 
to the small cross-sections of events of interest, the low duty 
cycle of the machine which made coincidence observations 
precarious, and due to the large "soft" background which is 
generated as a result of the electromagnetic cascade induced by 
high energy electrons. As a result the construction of the 
SLAC accelerator proper, which is well documented in the 
famous "blue book" edited by Richard Neal (1968) was 
paralleled by the construction of a family of large detectors, 
listed in Table 2, that became available at the time of initial 
operation of SLAC. Today in the age of large, almost 4 n 
steradian detectors surrounding interaction points of colliding 
beam machines, this mode of operation has become 
commonplace, but it was a rarity in its day. 

Fig. 2 The end station reality. 

Table 2: Initial complement of experimental facilities at Slac 

INITIAL COMPLEMENT OF 
EXPERIMENTAL FACILITIES AT SLAC 

e-scattering spectrometers 
20GeV 
8GeV 

1.6 GeV 

2-meter streamer chamber 
40" rapid cycling bubble chamber 

General Purpose magnet as hadron spectrometer 
K, beam for lepton asymmetry observation 
Beam transport for heavy lepton searches 

The second exceptional circumstance accompanying the 
operation of SLAC was very high peak and also very high 
average power of the beam (exceeding one megawatt). Thus 
stopping the beam safely in a manner not generating excessive 
backgrounds and providing for high power beam collimation 
resulted in design requirements not hitherto encountered to a 
significant extent in particle accelerators. Figure 3 shows what 
happens in a few seconds if the beam strikes a block of copper. 
The "melt-out" occurs at the maximum of the electron-
positron shower. A tungsten block shatters almost 
instantaneously and concrete disintegrates. 

Fig. 3 Effect of beam on copper target. 

The third innovation was the needed emphasis on rapid 
learning from poor performance and on operational reliability. 
SLAC in essence is composed of 240 sequential radiofrequency 
linear accelerators each properly phased to high precision and 
timed by its pulsing system. While a failure of one of these 
units does not necessarily lead to loss of beam, the requirement 
for the simultaneous reliable operation of many subsystems 
was unprecedented. Let me give one example of how the 
reliability, and, equally important, to be able to learn rapidly 
from failures, affected a key design choice. We considered the 
manufacture of the disk loaded microwave structure by two 
alternative technologies: (1) brazing of rings and disks, which 
were separately machined, shown in Fig. 4; and (2) 
electroforming, that is machining a mandrel comprising the 
space inside the accelerator structure and then electroplating the 
structure on to this mandrel followed by dissolving the 
mandrel chemically. A third method (used in the successful 
MARK III accelerator), shrink-fitting the disks to a cylinder of 
uniform internal diameter was rejected and developed 
difficulties after several years of operation due to cold flow of 
the copper components. The second system was eventually 
rejected also, not because it would not work, it did. The reason 
was that any errors made during the manufacture or if future 
difficulties became manifest during operation, then the 
feedback for corrective action would be too long. The 
electroforming of one section required one to two months. 
However, the technique chosen, joining the links and disks 
together, required the brazing of 200,000 joints. It speaks well 
for the quality control of that brazing operation, carried out 
largely by part-time employees, that over the full 30 years of 
operations, none of these 200,000 joints has ever leaked. A 
complex system of fast acting valves, vacion pumps and 
microwave windows maintained the vacuum with only five 
vacuum losses in 30 years. 

Precision both in the manufacture of accelerator sections 
and the alignment were unprecedented in accelerator practice. 
Machining tolerances in manufacture of accelerator parts were 
+0.2 mils and -0.0 mils and were further improved by 
individual trimming of sections using radiofrequency 
measurements. Alignment was provided through a laser beam 
diffracted by a series of Fresnel lenses that were inserted into 
the large vacuum pipe supporting the accelerator structure. 
This system proved very valuable in view of the frequent 
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ground-motions, depicted in Fig. 5. Groundmotion along the 
accelerator length continued to move in the same direction, 
similar to CERN experience. The system saved months of 
realignment after the big earthquake on October 17, 1989. 

Fig. 4 Structure brazing and components. 
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Fig. 5 Background motion. 

SLAC faced a dilemma regarding its control system at the 
time the laboratory was created: are computers here to stay? As 
a result the control system was designed using the then 
computerized systems still in their infancy but with backup 
systems permitting operation from a multiplicity of manned 
control points. The backup system was used until suitable 
computers could be obtained, but was never used thereafter. 

Finally there was the transition of operation of linear 
accelerators from past proprietary machines, run for the benefit 
of the faculty and staff of a single institution, to a national 
facility available to any proponent on the basis of merit of a 
proposed experiment measured by technical feasibility and 
promise of results. This method of operation is now standard 
in all the great laboratories of the world, in particular those 
operated by consortia of universities, or consortia of nations 
such as CERN. It was the exception in 1957, in particular for 
laboratories operated by a single university in this case 
Stanford. 

SLAC was unique in technology relevant to the major 
accelerators then operating at the frontier of energy. There was 

very little experience in industry on most of the specific 
technologies required for creating SLAC. We adopted the 
policy that while we relied on industry to supply many 
essential components, it was necessary to maintain a limited 
production capacity in-house to make what SLAC needed. As a 
result industry did relatively little development but only 
manufacture SLAC's needs, and SLAC could fill in even for 
production in case difficulties were encountered when industry 
either failed to make satisfactory initial proposals or ran into 
difficulties in producing items of sufficient quality or on 
schedule. 

SLAC was built on schedule, on budget and exceeding the 
advertised performance. This record is hardly unique in the 
world of high energy accelerators but it contrasted most 
favorably with the record of most high technology 
developments in the United States, particularly in nuclear 
reactors, major military systems, and space ventures; a record 
not unnoticed by the government agencies supporting SLAC. 

Because of the facility-centered nature of SLAC, we felt it 
necessary to build up a very strong in-house engineering and 
scientific team in order to support the construction, operation, 
and upgrading of the accelerator itself, as well as to support 
the experimenters. During the early operating period of 
SLAC, the experimental physics community was generally 
unfamiliar with the design, construction and management of 
large experimental facilities, and therefore the inhouse group 
had to carry a substantially larger part of the burden of 
experimental facility construction than is the case today with 
its monster scientific collaborations. 

The performance of the SLAC complex is difficult to 
describe by simple parameters, and the figures of merit for 
performance shifted during the various phases of operation. 

In the original proposal SLAC's energy was to be 10-
20 GeV. Shortly after turn-on its energy gradually improved, 
as shown in Table 3. The only surprise on turn-on was the 
discovery of multi-section, multi-bunch beam break-up (BBU). 
This phenomenon was understood almost immediately and 
remedial measures were taken. Since SLAC is a constant 
gradient rather than a constant impedance structure, the BBU 
was less severe since the variable impedance of the structure 
also implies a gradient in the frequencies of the higher order 
modes relevant to the beam break-up. Remedies consisted of 
dispersing the frequency of higher order modes among 
successive sections, by small deformation of the structure and 
by strengthening the magnetic focusing system. Figure 6 
shows the gain in peak beam current made possible by these 
measures. 

The energy of the machine has been continually increased 
over the last 30 years. This increase was achieved by 
improvement in klystron performance, introduction of the 
SLAC energy development scheme (SLED), and by 
replacement of the klystrons with three generations of higher 
power tubes. Peak powers attained by these successive families 
of klystrons were 24, 36 and 64 megawatts, respectively. 
Electrical breakdown has not been a factor limiting the 
attainable energy of the machine. 

During its early phases SLAC served only a series of fixed 
target experiments and the pulse repetition rate was divided 
among different target areas through a pulsed beam transfer 
arrangement at the head of the magnetic beam distribution 
system, called the beam switchyard. This shared pulsed beam 
delivery system proved very efficient because some 
experiments were not suited for receiving the full pulse 
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repetition rate. In particular two major bubble chamber 
facilities which were used during the first two decades of 
SLAC operation were suited for a pulse rate of up to 2 per 
second and up to 15 per second respectively, and thus could 
receive beams without significant impact on other uses. Each 
beam could be individually tailored to the experimenters' need 
in respect to repetition rate, energy and intensity. Energy 
variability on a pulse by pulse basis was achieved by 
triggering each klystron pulse on a programmed basis. 

Table 3: Energy records 

Energy 
(GeV) 

18.4 
19.0 
20.16 
20.58 
21.0 
21.5 
22.10 
22.28 
22.74 
33.4 
53.0 

Date 

June 2, 1966 
December 16, 1966 
January 10, 1967 
August 16. 1968 
September 13, 1968 
April 27, 1969 
August 23, 1970 
July 25, 1973 
November 11, 1974 
March 5, 1980 
January, 1987 

90 

5 50 o 

Entire dimpling 
program completed 

Dimpling 
sector 2 sector i — 

Dimpling # 0 
sector 1 • — 

• 1 Dimpling 
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—I sectors 3.4,5 

Iniector 
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Installation ot 
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Prediction 

JAN 
1966 

JAN 
196? 

JAN JUN JAN 
1969 1970 

Date 

Fig. 6 Evolution of beam current. 

Because of this complex pattern of operation, beam 
delivery is difficult to quantify in a consistent manner. 
Sufficient to say, beam delivery during the first decade was 
made roughly at the rate of 10'3 electrons per second and beam 
availability tended to be near 90 percent. One might guess that 
by now we have delivered between 1021 to 1022 electrons to 
fixed target experiments. This corresponds to a number 
between 1-10 millimoles of electrons or a relativistic mass of 
between 20-200 milligrams. 

SLAC has been an excellent laboratory for extending the 
life of high power klystrons. Judging from the experience of 
earlier machines, lifetimes of only a few thousand hours were 
anticipated during the proposal to construct SLAC. Actual 
experience has led to mean times between failure (MTBF) now 
exceeding 50,000 hours. The good news about this favorable 
development has been that costs and lost beam time due to 
klystron failure were sharply reduced. The bad news is that 
even with as large a complement as 240 klystrons at SLAC, 

the failure rate has been so consistently low that industry's 
interest in maintaining a production line for replacement 
proved impossible to justify. Thus, while originally SLAC 
klystrons were procured from four sources, after a few years 
experience SLAC handled all klystron replacements through its 
internal shops. 

The increase in energy due to SLED operation was 
accompanied by a decrease in average beam due to the 
shortened pulse length inherent in SLED operations. 
Moreover, average beam delivery has tended to shrink recently, 
partially due to budget limits which forced operations to lower 
pulse repetition rates and shortened operating periods. 

After the initial operating period solely dedicated to fixed 
target physics until 1972, operation became even more 
complex with the advent of storage rings. Construction of 
SPEAR was started in 1970. SPEAR was never formally 
authorized as a construction project, but was built in a housing 
of portable shielding blocks and its hardware was constructed 
as an internally funded equipment project. SPEAR was 
possibly the most cost-effective high energy collider ever built 
leading to extremely important physics with a relatively 
modest construction effort and only a minor impact on the 
"pulse economy" of the accelerator. SPEAR was followed by 
PEP which was a formal construction project housed in an 
excavated tunnel and provided six interaction halls for 
experiments. Figure 2 shows the layout of the accelerator with 
the target area, the two storage rings, and the SLAC Linear 
Collider, which was to follow. 

The beam delivery record of the storage rings is difficult to 
quantify. SPEAR generally delivered on the order of 100 
inverse nanobarns (1035 cm"2) per day, and almost an order of 
magnitude higher per interaction region. After SPEAR was 
initiated, its usefulness for synchrotron radiation became 
manifest and a separate Synchrotron Radiation Laboratory was 
organized to utilize both x-ray beams from the bending 
magnets as well as to generate higher brightness beams from 
insertion devices. The use of synchrotron radiation increased 
sharply and produced extremely valuable results. In 
consequence it was decided eventually to construct a separate 
electron synchrotron injector into SPEAR since injection 
from the main accelerator, which by that time became a 
50 GeV linear accelerator, into a 2 GeV storage ring was both 
inefficient and constituted an undue load on the main machine. 
SSRL has been a very successful separate operation which is 
managed as a division of SLAC but no longer interacts 
technically with the beam delivery of the linear accelerator and 
its associated storage rings and linear collider. 

In 1984 SLAC decided to go beyond the energy region of 
the two storage rings at SLAC by starting construction of a 
linear collider (SLC). I will not describe the technical 
characteristics of that device. It was designed from the 
beginning to provide collisions between electrons and 
positrons of 50 GeV each in order to bring the intermediate 
boson Z° under direct investigation. The introduction of the 
SLC generated a crisis into the continuity of SLAC 
operations. While the soundness of the fundamental principle 
of the SLC was never in doubt the detailed difficulties in 
commissioning the SLC were considerably larger than 
envisaged. The SLC requires a quality of operation of the 
SLAC two-mile linear accelerator that is much higher than 
that incorporated into its basic design. Required emittance 
volumes of the beam for successful SLC operation are 
considerably smaller than those needed for fixed target 
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experiments and also for storage ring injection. The various 
causes of emittance growth had to be mitigated in steps. 
Causes of beam jitter had to be investigated and had to be 
remediated by improvements of power supplies and by the 
introduction of active feedback systems reducing beam 
fluctuations. The beam optics of the arc bending magnet 
system required correction and the final focus system, with its 
large demagnification was improved. Overall, reliability 
standards of components had to be improved by a large factor 
relative to those required for an operation of the linear 
accelerator in its previous mode. As a result, the quality of 
beam delivery of the SLC operating at the Z° peak has 
improved; Table 4 shows the record. 

A major addition to SLAC's basic utility was the use of 
polarized electron beams. This was introduced first in 1970 
when a polarized gun was introduced. This device was based on 
the principle of ionizing electrons from an atomic lithium 
beam which had been spin-aligned and separated in an 
inhomogeneous magnetic field. Since 1992 the SLAC linear 
accelerator and SLC have been operated almost exclusively 
with polarized electrons using electrons emitted by a gallium 
arsenide cathode illuminated by laser light of circular 
polarization. The amount of polarization attainable from such 
cathodes has recently been improved to exceed 80 percent by 
the use of strained gallium arsenide material in which the 
structure of valence band electrons of the cathode material is 
no longer degenerate due to the external strain. The availability 
of a high polarization electron beam has been of enormous 
value to SLC experiments and has also revitalized the fixed 
target program by making it possible to isolate spin dependent 
form factors of the nucléons. Polarized targets are also 
generally used in such experiments. The performance summary 
of the SLAC polarized electron source is given in Table 5 and 
Fig. 7. 

Table 4: SLAC SLC/SLD performance for 1992-1995 

Exp't Logging 

Machine Develop. 

Alternate Program 

Tunins 

Unsched Down 

Sched. Off 

Total Hours 

Total Z (x 1000) 

Ave. Lum (Z/hr) 

Approx. Polarization 

SLD 
92 

5 1 % 

9% 

1% 

19% 

18% 

2% 

2616 

10 

7.5 

2 1 % 

SLD 
93 

63% 

6% 

1% 

1 1 % 

17% 

2% 

4079 

55.7 

21.7 

65% 

SLD 
9 4 / 5 

5 6 % 

4 % 

4% 

10% 

2 3 % 

3 % 

5 0 6 5 

100 

3 5 . 3 

7 9 % 

Current operation of SLAC is therefore divided between 
fixed target experiments, whose energy has now been extended 
to 50 GeV, and continued use of the SLC with the SLAC 
large detector. Because of the availability of polarization, 
results obtained in the SLC-SLD combination have been 
competitive with the experiments using LEP at CERN, 
notwithstanding the significantly larger available luminosities 
at the much larger LEP machine. In addition the SLC, together 
with specialized test facilities, constitute a basic laboratory to 
determine the design of the Next Linear Collider (NLC). 

Table 5: Performance Summary for the SLAC Polarized 
Electron Source 

Year 

1992 
1992 
1993 

1993/1994 
1994/1995 

Experiment 

SLD 
E142 (n) 

SLD 
E143 (p/d) 

SLD 

Cathode Material 

Ga-As 
Al-Ga-As 

Strained Ga-As 
Strained Ga-As 
Strained Ga-As 

Polarization 
(%) 
22 
40 
63 
84 
77 

Total 

Hours* 

4000 
1100 
5300 
2200 
6000 
18,600 

* Availability > 98% 
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Fig. 7 The polarization versus wavelength for three different 
cathodes that have run on the SLAC accelerator. The bulk GaAs 
cathode delivered beam to the SLC in 1992. The AlGaAs cathode 
was used for a fixed target experiment in 1992. The strained GaAs 
cathode has been used for both fixed target running and SLC since 
1993. 

SLAC is currently engaged in converting PEP into a B-
factory consisting of a high energy ring storing electrons of 9 
GeV and a low energy ring storing positrons of 3 GeV. Stored 
currents are unusually high, being 0.99 amperes and 2.1 
amperes for the high energy ring and low energy ring 
respectively. The goal is to obtain a luminosity of at least 3 x 
1033 cm"2 sec"1. While the B-factory is being undertaken as a 
construction project, it does not require any modification to the 
civil engineering environment at SLAC. The B-factory will 
add a new tool to be available for physics before the end of the 
century, which hopefully will give another "lease on life" to 
the laboratory. 

The above has been a brief outline of the different phases of 
operation of SLAC which provided the basis of its longevity. 
Let me conclude with a brief overview of the experimental 
results. SLAC has been an unusually productive laboratory 
both in terms of genuinely new revelations and the 
accumulation of archival data. 

It was only natural that when SLAC was proposed 
emphasis was given to continuing the work on elastic electron 
scattering on protons and neutrons, for which Robert 
Hofstadter had received the Nobel Prize on SLAC's predecessor 
machine, the MARK III accelerator. As it turned out, elastic 
scattering using SLAC's facilities worked fine but did not 
provide any genuinely new insights. Instead, the focus of 
attention shifted to deep inelastic scattering where cross-
sections at high momentum transfers were observed to be very 
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much larger than anyone had surmised. This work, using three 
magnetic spectrometers which incorporated the new principle 
of line to point focusing horizontally, provided data which 
established "beyond reasonable doubt" evidence for a point-like 
sub-structure in the nucléons. 

The quality and quantity of high energy secondary beams 
enabled SLAC to become the leading "factory" for bubble 
chamber pictures for a considerable period of time. The main 
reason for this preeminence was the high repetition rate of 
SLAC relative to that provided by the slower cycle of proton 
synchrotrons. During the peak production period SLAC 
produced somewhere around six million bubble chamber 
pictures per year, which tended to saturate the pictorial data 
analysis capacity of collaborators throughout the world. The 
82" chamber at SLAC, using a polarized y-ray beam generated 
by Compton backscattering of laser photons from the electron 
beam, demonstrated, in addition to many other results, helicity 
conservation in the photoproduction of vector mesons. The 
40" operated in a mode in which photographic picture taking 
was triggered by an array of counters so that images from only 
one in 20 to 40 expansions were recorded. The chamber 
operated for an unprecedented 100 million expansions during 
its useful life. 

One of the surprises from SLAC, but not so surprising to 
the theorists who predicted the phenomenon, was the large 
forward intensity of secondary beams. These were exploited for 
Kaon spectroscopy in a Large Aperture Solenoidal 
Spectrometer (LASS) and in a streamer chamber. A precision 
experiment on the muon asymmetry from K-decay was 
performed and various searches for new particles were made in 
vertical shafts beyond the beam stoppers. 

Then came the results from SPEAR, leading to the 
November Revolution of 1974 when the J/psi was co-
discovered with the Brookhaven fixed target proton 
experiments. The unusually clean conditions at SPEAR with 
the MARK I, and then the MARK U detector, permitted 
thorough examination of the spectrometry of charmonium and 

the complete level structure of the psi family was constructed. 
An important by-product of that work was the discovery of 
the tau lepton, which was carried out by one of the 
collaborating groups in the SPEAR experiment. The group 
"mined the tapes" from that experiment to look for an excess 
of electron-positron coincidences which were interpreted to be 
the decay product from heavy lepton pairs, each decaying 
independently. 

Work on the linear collider has also been extremely 
productive, principally because of the fact that the use of 
polarized electrons greatly increased the sensitivity in the study 
of the products of the Z° decay into various channels. At the 
same time SLAC has now closed the loop back to the original 
deep and inelastic scattering experiments. As a result of the 
energy increase of the accelerator to 50 GeV, and the 
availability of more than 80 percent polarized electron beams, 
a new series of electron scattering experiments is in progress 
which has greatly extended the range of the earlier experiments. 
While this work is not able to reach the range of momentum 
transfers and energies of the hadron system attainable at HERA 
and through the use of the high energy muon beams from 
proton machines, the precision of these experiments makes it 
possible to generate form factors which exceed in accuracy 
measurements using the high energy methods in those 
kinematic regions where such form factors overlap. 

SLAC has been a maverick in high energy physics by 
pursuing the use of lepton beams as primary sources and using 
the low duty cycle high intensity character of linear accelerator 
generated beams. It is now 30 years and three Nobel prizes 
later than when the first beam was produced in the spring of 
1966. Today, with the SLAC Linear Collider, plans for the 
Next Linear Collider and the construction of the B-factory as 
well as the rejuvenated fixed target program going strong, I 
will answer the old question: How long will SLAC continue? 
with the old reply, "10-15 years unless somebody has a good 
idea. " 
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MAJOR PROJECTS FOR THE USE OF HIGH POWER LINACS 

M. Promé 
CEA/DSM 

Saclay, 91191 Gif/Yvette France 

Abstract 

A review of the major projects for high power linacs is 
given. The field covers the projects aiming at the 
transmutation of nuclear waste or the production of tritium, as 
well as the production of neutrons for hybrid reactors or basic 
research with neutron sources. The technologies which arc 
common to all the projects are discussed. Comments are made 
on the technical difficulties encountered by all the projects, and 
the special problems of the pulsed linacs are mentioned. 
Elements for a comparison of normal conducting linacs versus 
superconducting ones are given. Finally the technical 
developments being made in various laboratories are reviewed. 

Introduction 

It seems reasonable to place the lower boundary for "High 
Power Linacs" at the level of 1 MW average power. There is 
no upper boundary; some projects reach almost 200 MW. 
Most of these linacs accelerate protons (or FT), with the 
exceptions of IFMIF (International Fusion Material Irradiation 
Facility), which is a deuteron accelerator, and of a CW electron 
linac designed for PNC (Power Reactor and Nuclear Fuel 
Development Corporation in Japan) [1]. 

The main purpose of these proton or deuteron linacs is the 
production of neutrons, by spallation for the proton linacs, or 
by breaking the deuteron for IFMIF. As far as spallation is 
concerned, there is a possible trade off of beam current against 
energy. Above 1 GeV, the number of produced neutrons is 
roughly proportional to the beam power. 

The neutrons are intended to be used in 4 main classes of 
applications: 
1. For transmutation [2], either for treating nuclear waste or 
for producing tritium. Transmutation requires beams with a 
power above some tens of MW. For such a power the CW 
mode is the most convenient and the chosen energy varies 
from one project to an other from 600 MeV to 1.7 GeV, 
depending of the neutron flux needed and the technology 
chosen for the high energy part of the accelerator (normal 
conducting or superconducting cavities). The beam spot is 
enlarged from the centimer size at the linac exit to the meter 
size on the target. For such a large magnification, non linear 
optics is usually preferred to other systems like raster scanning 
or linear optics. A non linear optics can give an almost 
homogeneous power deposit on the target area and is less 
sensitive to beam displacements at the linac output. 
2. Future hybrid reactors are subcritical reactors where the 
deficit in neutrons is compensated by the neutrons produced by 
a proton beam shooting directly into the reactor core. Here a 
CW beam is required, with a power in the range of 10 to 
30 MW. On the low side of this range, cyclotrons may be 
competitors to linacs [3]. 
3. For basic research with neutrons [4]. Here one needs pulsed 
neutrons, with a pulse length of about 1 u.s. The so-called 

research reactors have up to now produced abundant continuous 
neutron fluxes for research in physics. These neutrons have the 
advantage of being thermalized at a temperature which can be 
chosen to some extent. But it is very difficult to get pulsed 
neutrons from reactors (an essential feature for time of flight 
measurements) without reducing drastically the averaged flux. 
Most proposed neutron sources are based on accelerators, 
which can easily produce pulsed beams. In addition, it is not 
so difficult to obtain the needed public acceptance for a new 
accelerator than it is for a new reactor. There is no criticity risk 
with accelerators, and they do not produce long lived 
radioactive waste in the spallation target. Even if a pulsed 
mode of operation is more natural for accelerators than with 
reactors, one cannot get at once from a linac a large average 
power in very short pulses. This is the reason why a rather 
long linac pulse is injected into a synchrotron or a storage ring 
in a multiturn injection mode, then extracted on one turn. The 
ring behaves as a compressor, or an accelerator-compressor. An 
efficient multiturn injection requires a non-Liouvillian 
mechanism: the linac accelerates H" which are converted into 
proton when passing through a stripping foil. 
4. Irradiation of materials. IFMIF is designed to evaluate the 
damages in materials created by 14 MeV neutrons, those which 
are created in the deuterium-tritium reaction of the future 
fusion reactors. This neutron energy is the reason for the 
choice of 30 to 40 MeV for the accelerator. To get the required 
neutron flux, one has to accelerate a rather large beam current. 

Regarding the project of the electron linac mentioned 
above, it is intended to produce a large photon flux for the 
treatment of nuclear waste by photo-reactions. 

There are common features to all the linac projects (except 
the electron linac to which the rest of this text does not apply). 
They consist of an ion source, a RFQ, a DTL section (more or 
less modified) leading to roughly 100 MeV, and a high energy 
part, usually referred to as CCL (coupled cavity linac). When 
the beam current at the linac output is in excess of 100 m A for 
protons, (or below for H"), the first part of the linac (ion 
source, RFQ and sometimes a part of the DTL section) is 
doubled. The two beams are then mixed in a funneling process, 
which consists in interleaving the bunches with the help of an 
alternate radial deviation produced by an RF cavity. When 
funneling is used, it is mandatory that the cavities after the 
funneling use a frequency being an even multiple of the 
cavities before the funneling (usually twice). 

Normal conducting versus superconducting 
cavities 

As pointed out by R. Jameson [8], "The age of adventure 
(high risk) in SC is over... Projects can decide to use RT or 
SC technology on the basis of their performance, cost, 
availability, flexibility, and upgradability requirements". One 
will see below that almost all the major projects of high 
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power linacs considered using SC. Most projects are based on 
RT cavities, with SC as an option, with the exception of the 
Japanese project that is now rather based on SC. For projects 
with superconducting cavities, the RFQ and DTL section still 
in standard room temperature technology. Only the high 
energy part involves superconducting cavities (but this high 
energy part represents 90% of the investment). However, SC 
low energy cavities are being considered for IFMIF as an 
alternative solution (a Toshiba design, see [8]). 

It may not be unuseful to summarize here the classical 
arguments in favor of SC or against it, since they apply to 
almost all the projests described below. 
1. With the same beam hole, the accelerating gradient may be 
larger than for RT, reducing significantly the linac length. But 
actually the usable gradient is not as high as one could think, 
because the possibility of entering a large amount of RF 
power per unit length along the linac is limited. 
2. Alternatively, with the same gradient one can chose a much 
larger beam hole, hence a reduced risk of cavity activation. 
3. SC cavities are usually short, due to the limited power 
passing through a single RF coupler. Therefore the cavities 
have a large velocity acceptance. The same cell length can be 
appplied to large parts of the linac, offering the possibility of 
having spare cavities. 
4. The needed RF power is less for SC as it is for RT, since 
there are only small losses in the cavity walls. But these 
losses occur at very low tempeerature (2 K or 4 K) and cost 
about 1000 times more at 2 K (or 300 at 4 K) to be evacuated 
as compared to the same losses at room temperature , requiring 
powerful cryogenic plants. 
5. SC cavities must have thin walls to be efficiently cooled. 
Lorentz forces mechanically deforms the structure when 
operated at high gradient. This is a problem especially for 
pulsed linacs. 
6. RF couplers for SC cavities is a subject of concern. 
7. Investment cost is not larger for SC than for RT (possibly 
smaller). 
8. Operating cost is smaller for SC. 
9. Reasonable prices for CW RF power can be obtained only 
with large (1 MW) units. Therefore the power must be split 
between several cavities (4 or 8). This applies for both SC and 
RT, but RF level and phase is more difficult to control for SC 
cavities when several of them are fed by a single RF source. 
10. SC offers the possibility of upgrading the linac to higher 
energy and current as the performance of couplers and windows 
is improved. 

SC clearly appears as an emergent technology, but a 
quantitative study of cost and risk benefits has yet to be done 
[8]. It appears that the weight of each of the arguments above 
is evaluated for each project depending of the local context. 

The European Spallation Source 

The first phase of the studies for a European Spallation 
Source is now reaching its term, that is to say that a choice 
has been made between several possibilities [4-7]. The chosen 
configuration, at room temperature, is shown on Fig. 1. It 
consists of a 1.33 GeV H" linac and two compression rings. 

The requirements for the proton beam on the target are the 
following: 

1 |is long proton beam on the target 
50 Hz repetition rate 
5 MW average power 
(actually there will be a second target accepting 1 MW at 
10 Hz) 

H~ 
ct>, 

° e ' Funnel 
5-7MeV 150MeV 

CCL 

350MHz 700MHz 

<l> - 3.7mA; I 100mA 
Tp - 1.2ms; rep. rate » 50Hz 

Fig. 1 ESS LINAC, 1.33 GeV, 5 MW. 

It may be noted that each proton pulse carries an energy of 
100 kJ, which is the subject of some concern with the 
building of stress waves in the target, and the reason for 
chosing a liquid (Hg) target. 

The linac beam pulse is 1.2 ms long, working at 50 Hz. 
The injection into the rings must be made in such a way that 
the rings are not homogeneously filled (40% of the 
circonférence is void), a condition necessary for an efficient 
extraction. So the 1.2 ms pulse is sliced in 360 ns long 
micropulses, separated by 240 ns gaps. 

As one can see on figure 1, it has been impossible to avoid 
a funnel, which takes place at the level of of 5 to 7 MeV. 
With the present state of the art for H" sources, it would be too 
difficult to get the required peak current of 100 m A at the linac 
output with a single ion source. Moreover, the RFQ behaves 
better for moderate currents. The DTL section is a classical 
one. The quadrupoles are pulsed in the first cavity to ease the 
cooling problem in very short drift tubes. An accelerating 
gradient E0T of 2.8 MV/m and a synchronous phase of 25° are 
chosen. It must be noted that such a gradient is substantially 
higher than the gradients chosen for CW RT linacs, which 
usually stay at the 1 MV/m level. But the 6% ESS duty cycle 
allows a gradient comparable to injector linacs, where the 
power dissipated in the walls can be easily evacuated. 

The RF system for the high energy part of the linac 
consists of 66 4 MW peak power klystrons feedind 264 
cavities. That is to say that 1 MW is available for each cavity. 
The power going into the beam and the cavity wall amounts to 
0.75 MW. Field and phase stabilization respectively at 1 % and 
1° require the 0.25 MW extra power. This is particular to 
pulsed linacs, where the transient behavior requires a sizable 
percentage of the total RF power to be correctly mastered. 

Side coupled or disk and washer cavities are proposed for 
the high energy part of the linac. The cavity length (1.27 m to 
1.95 m) is short enough to allow a constant cell length inside 
a cavity. Transverse focusing is provided by doublets located 
every second cavity. Doublets are favored over singlets as they 
give a more circular and smaller diameter beam. 
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Even if RT is the base line design, the ESS project 
considered the possibility of a SC linac from 150 MeV up to 
1.33 GeV, or even 2.5 GeV with a halved current. Figure 2 
shows a SC module which consists of a couple of 2 cell 
cavities. The chosen frequency is 352 MHz, hence the working 
temperature is 4 K. Several possibilities have been 
contemplated, with accelerating gradients in the range of 8 to 
10 MV/m, RF power per input coupler from 300 to 500 kW 
and 200 to 300 cavities. The whole energy range can be 
covered with 20 different structures (20 different P). 

tuning 
frame 

Fig. 2 Cryomodule for the ESS LINAC. 

Other Spallation Sources 

There is a large number of spallation source projects around 
the world [8, 9]. Most of them do not enter in the scope of 
this paper for various reasons: too low power linac, no linac at 
all. However it seems useful to mention of few of them: 
1. The IPNS project (Intense Pulsed Neutron Source) at 
Argonne consists of a 400 MeV H" linac with an average 
power of 400 kW and one RCS (Rapid Cycling Synchroton) 
boosting the energy up to 2 GeV, or two RCS in cascade 
reaching 10 GeV. The average power on the target amounts 
respectively to 1 MW and 5 MW. 
2. The 1 MW level is being reached on a spallation target at 
PSI near Zurich with a cyclotron. 
3. LAMPF has been operating at Los Alamos with an average 
beam power exceeding 1 MW. It has been proposed [10, 11], 
to upgrade LAMPF for injecting into a accumulator/ 
compressor ring. A single turn extraction would allow to 
obtain a 1 MW average power short pulse spallation source 
(SPSS). The LAMPF modification would consist in replacing 
the old part below 100 MeV by a new one including a 
lOOÊkeV H" injector, RFQ and DTL sections, the side coupled 
cavity section being unchanged. 
4. It must be noted that the Japanese high power proton linac 
project (see section 5) includes the possibilty of injecting into 
a storage ring to obtain a short beam pulse to be sent onto a 
spallation target. 

The Japanese project 

JAERI proposed in 1984 a Neutron Science Research 
Program (NSRP) [13, 14]. At the core of this program is a 
1.5ÊGeV proton linac with an average current of several mA. 
This program covers OMEGA (transmutation of minor 
actinides), basic neutron researches, nuclear energy related 
technologies on material science, neutron irradiation, 
radioactive beams, etc. JAERI originally proposed a pulsed 

linac with a 100 mA peak current and 10% duty cycle. An 
important R/D work has been made for the front end portion of 
this linac (see section 9). JAERI has now modified the original 
proposal to meet new requirements. Figure 3 shows the 
conceptual diagram of the accelerator as it is now. One can see 
that the high energy part of the linac, above 100 MeV, uses 
SC cavities. The linac will be operated first in a pulse mode 
for a spallation neutron source, with a 1 mA average beam 
current in 2 ms long pulses at 50 Hz, and a H" source. In a 
second stage the linac will be operated in a CW mode, the 
current being raised progressively up to 10 mA in protons. An 
ultimate goal could be several tens of mA. 

TirgttAru 

IS/RFQ/ DTIJ 

fnui km /mu» 

IS: HqhBrigMMuH MSara 
RFQ Jbdb Fnqucnqf Qndnipdt Unjc 

CWBean OTI:HWMIB«[»ITI*I I IMC 
WS : Rift Frmtfn hwf Swu 

Hlçh Bet» Cavity lirac / > < , , . . Beam Intensity: 1.5 GeV, 10mA 
I Super Conducting Cntty) / Beam Storage Ring 

Fig. 3 The Japanese Project. 

In addition to the classical advantages in favor of SC (see 
section 2) there is here an other one: the linac length can be 
substantially reduced, an important point knowing the limited 
space available at Tokai-Mura. One drawback in shifting to SC 
is the necessity to modify the front end design to accept a CW 
operation. Presently the RFQ is designed to work with a 10% 
duty cycle and the hot test model of the DTL for 20%. For a 
reliable operation in a CW mode, the maximum electric field 
will be reduced from 1.68 EK (Kilparick limit) down to 
1.43 EK. 

The chosen frequencies are 200 MHz for the RFQ and the 
DTL and 600 MHz for the SC section. The EIMAC tetrode 
tube used for the front end has an output peak power of the 
order of 1 MW. The conceptual design work for high power 
CW tetrodes and klystrons has been started, taking into 
account the two modes of operation, pulsed and CW. 

Figure 4 shows the schematic drawing of the SC 
cryomodule. For a maximum electric field of 16 MV/m and an 
iris radius of 7.5 cm, the accelerating field E0T is (in MV/m): 

2.90 at P = 0.45 
5.67 at P 
7.18 at p 

:0.73 
0.88 

f :6O0MKe 

fj : 0 . 7 (380 MeV) 

T : 4.2 "K 

4 Cells Model 

Fig. 4 Half of a cryomodule for the Japanese Project. 
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With a synchronous phase angle of 30° the total active 
length is of the order of 250 to 300 m, for a physical total 
length of 650 to 750 m. 

IFMIF 

IFMIF is the project of an International Fusion Material 
Irradiation Facility. The main motivation for IFMIF is to test 
the behavior of materials which could be used for DEMO, the 
Tokomak to come after ITER, presently being designed. The 
neutron flux should produce 50 dpa (displacement per atom) 
per year in a volume of 0.1 litre and 1 dpa/year in 10 litres. 
The IFMIF requirements will be met by two 125 mA, 
40 MeV CW deuteron linacs operating in parallel. The target 
will be a curtain of molten lithium flowing with a speed of 
15 m/s. 

The IFMIF accelerator is shown on Fig. 5. A dual ion 
source (one operating, one in stand by) generates a 140 mA 
deuteron beam at 100 keV. Then an RFQ accelerates 125 mA 
up to 8 MeV. The final section of the accelerator consists of 
DTL cavities. Both the RFQ and the DTL are operated at the 
relatively low frequency of 125 MHz, a conservative approach 
to minimize the beam losses. There will be ten 1 MW RF 
power units per linac. 

The 8 MeV RFQ is 11.7 m long. It is segmented in 3 
longitudinal RF segments that are resonantly coupled through 
irises in the intermediate end walls. This gives a fair separation 
of the operating mode from the unwanted longitudinal modes 
of the RFQ. Each of the 3 RF segments is made from 4 
physical pieces. The needed RF power is about 3 MW. All the 
losses (from 140 mA to 125 mA) occur below 2 MeV. 

The DTL section consists of 7 Alvarez cavities with post 
couplers, each fed by a 1 MW unit. The control of the resonant 
frequency will be made by controling the temperature of the 
cooling water. The inner diameter of the drift tubes is 3 cm, 
the goal for current losses being 3 nA/m. It should be noted 
that the accelerator may be operated with no acceleration in the 
last (or the two last) cavity, providing a selectable output 
energy of 30, 35 or 40 MeV. 

The accelerator will be will be operated with H 2
+ to avoid 

activation during testing periods, and pulsed for tune-up and 
start-up. The beam calibration station (see Fig. 5) will accept 
the full intensity only with a duty factor < 2%. 

*, 
i 

I Accelerator Service end 
tnanteaaace room 

2. Accelerators 
3 Couitsanor Snielon 
« Radiation laolatnia A m 
S. Liuûutn Target aad T e s CcD 
6 Beam Calfcbratioo Station 
7 Lithium Proccn Ceil 

The high energy beam transport is basically a FODO 
channel including "momentum compactor" cavities to fulfill 
the requirement that the energy dispersion on the target be 
limited to + and - 0.5 MeV. The beam spot on the target must 
be 5 * 20 cm^ with a flat top uniformity of + and - 5%. So 
there is a beam expander section which comprises 2 octupoles 
separated by 2 quadrupoles. An energy dispersion cavity 
broadens the beam energy distribution in order to spread the 
Bragg peak and reduce the maximum power density in the 
lithium curtain. To prevent beam scraping throughout the 
channel, a large beam pipe radius is chosen (12 cm). In 
addition to the achromatic 90° bend that can be seen on figure 
5, there will be a 10° kick so as to shield as much of the final 
optics from the backstreaming neutrons as possible. 

-ih •ih 
ECU proton 

104ITC* 
MEST-CIÏE? ;>zzh-cn^ f i-^ 

100 «»V 

5 MeV 

A nagle frequency : 352 MHz 
Power front ute fine* : 

for toe aocelemor : II MW 
:r i I K whole plant: 100 MW 

600 MeV 
40 mA 

- 1 0 0 MeV 

Fig. 5 IFMIF general lay out 

Target r » , 8 « 

Fig. 6 TRIPAL general lay out. 

A thorough RAM (Reliability, Availability, 
Mintenability) study has been made for IFMIF. The expected 
availability of the accelerator itself is 88%. It is estimated that 
the accelerator is designed with sufficient derating but no 
significant upgrade capability. Additional beam current, if 
desired, would be provided by adding other 125 mA modules. 

TRISPAL 

TRISPAL (TRItium, SPALlation) is the French project for 
the production of tritium by spallation. The parameters have 
been changed since a previous presentation [16]. It is now 
estimated that the amount of tritium to be produced per year 
will be covered by a 600 MeV proton accelerator with a 
40ÊmA beam operating in the CW mode. The design of the 
accelerator is deliberately conservative, for a number of 
reasons. The goal is here to convince that an accelerator is as 
reliable as a nuclear reactor. The key words are: feasability, 
reliabiliby, proven off the shelf technology, existing RF 
tubes. This is the reason for a CW low current, low energy 
accelerator instead of a higher energy, higher current shorter 
pulsed accelerator, a single RF frequency for which klystrons 
do exist (350 MHz), of course no funneling, and RT 
technology, even is a SC version is envisaged as an option. 

Figure 6 shows the general lay out of the accelerator, 
which consists of an ECR proton source, a 5 MeV RFQ 
working at 1.7 EK, a DTL section up to about 100 MeV, and 
a CCL section. Then there is a transport channel to the 2 
targets, only one being used at a time. The system includes a 
82° bend, a FODO channel, a non linear expander and a final 8° 
bend to avoid backscattered neutrons. The beam spot on the 
target is a square with a side of 60 to 80 cm. 

The chosen CCL uses the slot coupled structure working at 
the 7i mode, similar to the LEP RT cavities or the ESRF 
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cavities, with adéquat cell length according to the p. Several 
comments must be made on this choice. First on the 
frequency: it seems that a 750 MHz CCL would a offer a shunt 
impedance better by a factor V2; this is untrue if one keeps the 
beam hole the same at 750 MHz as it is at 350 MHz; in that 
case one can show [17] that, on the average from 100 to 
600ÊMeV, the effective shunt impedance is roughly the same 
in both cases; what is lost in Z s is gained on T and ZST^ is 
conserved. The second comment is about the chosen structure; 
the choice has been made between several possibilities on the 
gound of construction cost; moreover, there was some 
suspicion on the behavior of on axis coupling structures under 
heavy beam loading (the field in the coupling cells may cause 
multipactoring problems); the fact that the TU mode has a zero 
group velocity is a question of concern for long cavities, but 
not here for 5 to 7 cells cavities (same cell length inside a 
cavity). Coming to the RF system, a single 1 MW klystron 
feeds 8 cavities working at an average effective field E0T of 
1.12 MV/m. There will be 40 klystrons, for an active length 
of 500 m. It may be noted that here is here some derating of 
the klystrons: for a nominal 1.3 MW power, they will be 
operated at 1 MW for a better reliability. 

There is no serious feasibility problem for the DTL 
section, even if lodging DC quadrupoles in the first drift tubes 
is not easy. However one can have second thought about the 
necessity of quadrupoles inside the drift tubes. It is a 
technology which is rather expensive due to the mechanical 
difficulties of feeding and cooling the quadrupoles, but also the 
stringent radial tolerance on the drift tube positioning. The 
tolerance could be substantially relaxed were it not for the 
quadrupoles. Structures with quadrupoles outside of the drift 
tubes have been proposed at Los Alamaos (see section 8). The 
TRISPAL project has a somewhat different approach. It is well 
known that the effective shunt impedance for DTL is better for 
long cavities where the end walls have a small relative 
contribution to the losses. This is true, but if one compares a 
good long cavity with quadrupoles inside the drift tubes to a 
short cavity (let say 5 cell) with drift tube shape optimized 
without worrying for a quadrupole inside, then one ends up 
with a better effective shunt impedance for the short cavity 
[17]. This is what is being investigated now as a possibility 
for optimizing the TRISPAL construction cost. 

APT 

APT, the Accelerator for Production of Tritium, is the 
most advanced project of a family of accelerators studied at Los 
Alamos for several years (transmutation of waste, plutonium 
burning, energy production [2]). The present base line is a RT 
1.3 GeV proton linac; there are two versions, depending on the 
quantity of tritium to be produced per year: one with a 100 mA 
beam, the other with 134 mA; in the latter case there are two 
front end accelerators and a funnel. Figure 7 gives the main 
parameters. It is worthwhile to point out that the classical 
Alvarez DTL section has been replaced by a CCDTL section 
(Coupled Cavity Drift Tube Linac) [18, 19]. This structure is 
the solution chosen by Los Alamos to the problem mentioned 
above (see section 7), after imagining and rejecting an other 
solution, the BCDTL (Bridge Coupled Drift Tube Linac). One 

can almost say that the construction of the front end part 
(RFQ, CCDTL) has already begun under the name of LEDA 
(see section 9). The CCL section consists of side-coupled 
cavities. It is estimated that the RT CCL technology is very 
mature; only a modest effort will be needed to carry out the 
conceptual design of this base line high energy part of the 
linac. 

Injector 
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100 mA 
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130 MW 
438 MW 
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1186 m 
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1.3 MV/m 
174 MW 
510 MW 
334 
use m 

Fig. 7 APT room temperature linac (baseline). 

But it is also believed that an SC solution should be 
emphasized for this high energy section. One can see on figure 
8 the two versions of this SC linac: same front end part as 
RT, SC from 100 MeV up to 1.3 GeV or 1.7 GeV depending 
on the quantity of tritium. In both versions there is a 100 mA 
beam, hence no funnel. Cryomodules have been designed for 
two or four 4 cells cavities, the cavities are equiped with 
stiffeners to reduce mechanical vibrations. The decision of SC 
becoming the base line will be taken when electrical and 
mechanical performance of single cell cavities are confirmed, 
and when questions concerning the radiation tolerance of 
niobium are answered. Single cell cavities are now being 
fabricated and an experimental program for the niobium 
behavior under radiation has been started. 
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Fig. 8 APT superconducting linac. 

RFQs have been one of the major breakthrough in 
accelerator technology. They do work perfectly well in CW 
mode for low currents, as cyclotron injectors, for instance. Or 
for high pulsed currents as synchrotron injectors. However 
their reliability when applied to large CW currents has to be 
confirmed. It is the nature of RFQ that the focusing field 
cannot be tuned separately from the accelerating field. High 
current means strong focusing, high fields, high power density 
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in the walls; a CW operation brings the difficulties of cooling 
the structure and avoid sparking between the vanes. There is 
little experience around the world with the operation of CW 
RFQs and DTLs [20, 21]. So it would be unwise to start the 
construction of a large CW linac without a deeper acquaintance 
with the technology of CW RFQs and DTLs, and also their 
daily behavior. This is the reason why several laboratories 
decided to build a front end part of a future large linac. 

The Japanese started at Tokai-Mura an important program 
consisting of a proton source and an RFQ working at 10% 
duty cycle, and a DTL hot model without beam [22, 23]. The 
proton source has given 140 mA, of which 120 mA are 
protons, and the RFQ accelerated 70 mA with a duty cycle 
reduced to 7%. The measured transparency was 70% for a 
design value of 95% [14]. This front end was taylored to a 
pulsed project which is now shifted to CW (see section 5), so 
it has to be accordingly modified. 

At Los Alamos, where RFQ tradition is strong, an 
"Accelerator Performance Demonstration Facility" has been 
proposed [24, 25]. A new version, LEDA, (Low Energy 
Demonstration Accelerator) is now under construction. It is 
intended to provide design confirmation and operational 
experience. LEDA will be a nearly exact replica of the APT 
accelerator front end, 100 m A CW, but will include extra 
diagnostics and instrumentation. It consists of a proton source, 
a 6.7 MeV RFQ and a 20 to 40 MeV CCDTL, with an 
"almost seamless" transition between the RFQ and the 
CCDTL section. The 8 m long RFQ is made of 4 segments 
stabilized by resonant coupling. 

At Saclay an ion source named SELHI is being constructed. 
Oriented for TRISPAL and IFMIF, it will be able to deliver 
CW currents of 100 mA in protons or 140 mA in deuterons. It 
has been decided recently to go further: the now authorized 
IPHI program will consist of a 7 m long RFQ plus a 6 m 
long DTL, accelerating protons up to 12 MeV. Of course the 
RFQ and DTL design will benefit from the studies made for 
TRISPAL. 
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Abstract 

Thomas Jefferson National Accelerator Facility (Jefferson 
Lab; formerly known as CEBAF), operates a 4 GeV, 200 uA 
continuous wave (CW) electron accelerator that re-circulates 
the beam five times through two superconducting 400 MeV 
linacs. Electrons can be extracted from any of the five 
recirculation passes and beam can be simultaneously delivered 
to the three experimental halls. 

As the commissioning stage nears completion, the 
accelerator is becoming a fully operational machine. 
Experiments in Hall C have been underway since November 
1995 with beam powers of over 300 kW at various energies. 
Hall A has received beam for spectrometer commissioning, 
while Hall B is expected to receive its first beam in the fall of 
1996. Accelerator availability of greater than 70% during 
physics runs and excellent beam quality have contributed to 
making Jefferson Lab a world class laboratory for 
accelerator-based electromagnetic nuclear physics. With the 
high performance of the superconducting RF cavities, 
machine upgrades to 6 GeV, and eventually 8 to 10 GeV are 
now in the planning stages. Operational and commissioning 
details concerning all aspects of the machine will be 
discussed. 

Introduction 

As the commissioning process at the Jefferson Lab comes 
to an end, the emphasis is shifting from just making the 
machine work to making it work reliably and reproducibly. 
The physics experiments scheduled at the three end stations 
demand that the accelerator have the flexibility to provide a 
wide range of beam parameters and to do so with high 
precision and a minimum of downtime. These parameters 
range from currents as low as a few nanoamps to Hall B to 
over 100 uA to Halls A and C; beam energies from 0.5 to 4.0 
GeV; small energy spread; tight control over beam stability; 
and all of the halls want highly polarized beam for many of 
the planned experiments. The accelerator must be able to 
provide beam to all three halls simultaneously as well as be 
able to switch to performing accelerator development tasks 
whenever the beam is not needed and then to return the beam 
on target as soon possible. The accelerator has been designed, 
built, and commissioned with these demands in mind. 

The accelerator is a CW machine consisting of a 45 MeV 
injector capable of producing three beams, two 400 MeV 
superconducting linacs, nine recirculation arcs, a beam 
switchyard, and three experimental halls. The three beams 

* Work supported by U.S. DOE contract DE-AC05-84ER40150 

have independently controllable current at 499 MHz that fills 
alternating buckets in the 1497 MHz accelerating field of the 
superconducting cavities. The beams are split by 499 MHz 
room temperature RF separator cavities which deflect 
bunches from any recirculation pass either to the beam 
switchyard or for further recirculation around the accelerator. 

Important components of the accelerator are individual 
klystrons and control modules for each superconducting 
cavity, multiple beam capability, polarized beam capability, 
the EPICS (Experimental Physics and Industrial Control 
System) control system, and a highly reliable central helium 
refrigerator. The individual rf systems allow each cavity to be 
run at its optimal level and provide precise control over phase 
and gradient. The multiple and polarized beam capabilities 
are important for performing experiments simultaneously in 
the three end stations. The use of EPICS has proven to be a 
good choice in terms of reliability and flexibility for machine 
control. The high availability of the accelerator so far would 
not have been possible without the excellent performance of 
the central helium refrigerator. 

Many details of the accelerator design have been 
discussed in previous conferences [1,2]. Here, the status of 
various subsystems will be reviewed, including the most 
recent progress. Since the accelerator at the Jefferson Lab is 
now a production machine for the nuclear physics community, 
the efforts, both present and planned, to make it highly 
reliable and flexible will be covered. 

System Status 

The accelerator consists of two superconducting linacs 
with a nominal energy gain of 400 MeV per pass and nine 
recirculation arcs. With up to five passes, the accelerator can 
deliver beams with energies in discrete steps between 845 and 
4045 MeV. The magnet system and beam optics have not 
changed substantially since the last conference [2]. 

The injector is a unique system that must deliver three 
interleaved 499 MHz beams with each beam having 
individually adjustable current to match the requirements of 
the three experimental halls. The injector has been thoroughly 
modeled with PARMELA with excellent agreement. Several 
special diagnostics unique to the injector will be discussed 
later. The three beams can be extracted to separate 
experimental halls using normal conducting, highly efficient 
499 MHz rf separator cavities [3,4]. The kick generated by 
the cavities is amplified by quadrupoles and septum magnets 
to either deflect the beam to an experimental hall or to 
recirculate. The geometry dictates that only one beam per 
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pass can be extracted to an end station, except for the highest 
energy pass, where all three beams can be sent to the halls 
simultaneously. 

Since more than half of the planned experiments require 
the use of polarized electrons, the polarized electron source is 
becoming the focus for much attention. The polarized 
photocathode electron source, developed at the University of 
Illinois, has been installed in the injector region of the tunnel 
and integrated into the control system. A highly stable diode 
laser [5] locked to the master oscillator at 499 MHz drives the 
photocathode and produces a pre-chopped, polarized beam. A 
precision spin manipulator using electrostatic deflectors [6] 
allows the spin to be set to an arbitrary angle which can be 
varied to give the maximum polarization at the target. 
Another important feature under development is a 5 MeV 
Mott polarimeter for precisely measuring the polarization. 
With the first experiment using polarized beam planned for 
February 1997, much work remains to be done. 

The superconducting RF system consists of 338 cavities 
in 42 full cryomodules and a quarter-cryomodule in the 
injector. This presently represents the largest installation of 
superconducting cavities in the world. A klystron drives each 
individual cavity, and each has its own low level RF 
controller. Having individual controls allows each to be run at 
its optimal level with precise control over the phase and 
gradient. The cavity performance has considerably exceeded 
the design goal of 5 MeV/m [7]. The entire RF system can be 
controlled and monitored from a single control system screen 
[8] that provides the operators with the ability to quickly 
locate problems. During commissioning, the klystrons have 
been operated at a voltage of 7 kV instead of their nominal 
11.6 kV setting to save on the power bill. This has limited the 
total linac beam current to less than 400 uA versus the design 
value of 1 mA. As higher beam currents are sent to the end 
stations, the high voltage of selected klystrons is increased to 
support increased beam loading. 

The central helium refrigerator continues to provide 2.08 
K helium to the cavities with outstanding performance, 
achieving over 95% availability during the scheduled 
accelerator running period. The system, which can support 
4800 W, presently operates with a constant heat load of about 
3100 W, of which 1500 W is the actual RF heat load. 

EPICS performs the difficult task of controlling and 
monitoring the numerous systems on the accelerator [9]. With 
over 40,000 control points and 120,000 database records, the 
accelerator has one of the largest installations in the world. 
EPICS is supported by an international effort and sharing 
between these groups reduces redundant software 
development. The open system architecture makes it possible 
to access the control system using more familiar programs 
such as Mathematica, Tcl/Tk, UNIX, and C. Thus much of 
the high-level application programming development can be 
done by accelerator scientists, leaving the controls group to 
focus on the difficult low-level work. As commissioning of 
the accelerator and the control system nears completion, the 
controls group can now concentrate on making the high-level 
applications more robust and reliable. 

The very high average beam powers make machine 
protection an important issue. An initial system based on 
photomultiplier tubes proved to be cumbersome to set up and 
not always reliable. A new system, the beam loss accounting 
system [10] uses the "what goes in must come out" principle 
to measure beam loss in the accelerator. Stainless steel pillbox 
cavities at 1497 MHz pick up the beam current at the end of 
the injector and immediately before all of the experimental 
halls and beam dumps. The cavities are cross calibrated and 
will trip the beam off if the beam loss is greater than preset 
limits. These limits are presently an integrated beam loss of 
over 2.5 uA, or an instantaneous loss of 2500 uA-us beyond a 
2.5 uA threshold. This new beam loss accounting system is a 
major improvement in the setup and operation of the machine 
in a safe manner. 

Machine Reliability and Reproducibility 

To maintain our present goal of over 70% (and ultimately 
higher) uptime during physics runs, machine reliability and 
reproducibility are very important issues. Improving 
reliability and reproducibility covers a broad scope of topics, 
some of which are described here. 

With over 2000 magnets, over 300 RF cavities, and 
120,000 database records, keeping track of all of the 
operationally important settings is a difficult task. An 
operator-friendly interface that allows machine settings to be 
saved, restored, or compared [11] performs this task. 
Particularly useful is the ability to compare the present 
machine state to previous settings to find values that have 
gone off nominal. 

In the early days, rebooting the IOC's (Input-Output 
Controllers) that run the EPICS control system caused great 
consternation in the control room as the beam would never 
come back exactly as before. To alleviate this problem, a 
system for saving before and restoring after a reboot was 
implemented. All of the volatile signals on each IOC have 
been determined and are saved and then restored in the 
appropriate order. One particularly pernicious problem was 
magnet irreproducibility. The only way to return the machine 
to its pre-reboot state was to cycle each magnet on that IOC 
through its hysteresis loop. A multidisciplinary group was 
dispatched to solve the problem and discovered that zero 
current was being sent to the magnets briefly during the 
reboot, thus causing them to fall off their hysteresis loop 
temporarily without informing the alarm handler. The 
problem was fixed and the machine reproducibility greatly 
improved. 

As was mentioned earlier, the high average beam powers 
require a tight control over the beam to limit accidental beam 
strikes. One way to do this is to provide a security system to 
keep unauthorized persons from changing any control system 
parameters. Such a system has been implemented in EPICS 
and presently gives access only to the accelerator operations 
staff. Others may be granted access for testing or other 
purposes by request to the control room. While the security 
system cannot stop malicious damage, most unintentional 
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changes will be caught. In addition to machine protection, the 
security system provides another way to increase machine 
reliability during physics runs. 

The EPICS alarm handler provides an efficient way to 
monitor systems to ensure that they stay within prescribed 
limits. A good example is the alarm handler for the magnet 
system. Numerous problems are monitored, with the 
mismatch condition and the off-loop condition being the most 
important. A magnet mismatch alarm occurs whenever the 
desired setpoint differs from the readback by a specific 
amount implying a hardware problem, while the off-loop 
alarm occurs whenever the software determines that the 
magnet has gone off its predetermined hysteresis loop. A new 
application of the alarm handler is its use in configuration 
control. Configuration control refers to a particular machine 
setup that is considered fixed and should not be changed by 
the operations staff. For example, a configuration alarm 
system has been implemented in the injector that includes 
settings for magnets, RF gradients and phases, and beam 
position monitor calibration factors. If any of these settings 
stray from their fixed values for whatever reason (operator 
error, computer error, etc.) an alarm will inform the operators. 

Setting up the machine in a reproducible fashion can be 
hampered when different people do the work in slightly 
different ways, even when following the same written 
procedure. To improve stability, an "auto tum-on" sequence 
is being developed that will guide the operator through the 
task of turning on the machine, and automate the procedure as 
much as possible. For some systems which are not fully 
incorporated into the control system, automation is not yet 
possible and the program will present a list of tasks to 
perform. Eventually, the "auto tum-on" will become a "one 
button turn-on", thus reducing the person-to-person variability 
in machine setup. 

A final topic for improving machine reliability is 
hardware tracking. Tracking hardware problems can show 
trends and identify common problems that need attention. A 
simple interface [8] allows operators and technicians to note 
hardware problems for RF cavities and control modules, beam 
position monitors, or magnets. A log of the problems for each 
item is kept and can easily be examined and compared to 
others. Another tracking system is the downtime logger. 
Whenever the beam is off for an extended time, the downtime 
logger is invoked and an operator enters the reason for the 
downtime. The operator then notifies the logger when the 
problem is resolved and the beam has been returned to its 
target. This system makes it easy to find the total up time, 
down time and tune time for the accelerator, as well as 
providing a simple mechanism for finding recurring faults that 
are limiting uptime. 

Operational Issues 

The setup and operation of an accelerator with such a 
large number of individual elements requires careful attention 
to written procedures that make use of quick, effective 
diagnostic methods. During commissioning, these procedures 

were developed by accelerator physicists and carried out by 
the operations staff. As mistakes were found and methods 
improved, the procedures were updated to reflect the 
improvements. All of the knowledge gained during the 
debugging of the machine setup was not forgotten, but turned 
into a trouble-shooting guide. The trouble-shooting guides are 
on-line information that guide the operators through a 
sequence of symptoms and solutions. The accelerator experts 
are thus relieved of having to respond to every crisis that 
occurs, leaving them more time to work on machine 
improvement and development. 

To facilitate machine setup and to verify that the 
accelerator meets the necessary specifications, a number of 
useful diagnostic tools have been developed, some of which 
are described below. 

One of the more important machine parameters is energy 
spread (specified to be < 10"4 , 1er). The beam emittance 

(specified to be e r m s < 2x10"^ m at 1 GeV) is typically lower 

than what is required by the end stations and is not an issue, 
except for betatron matching between accelerator sections. 
The origin of the energy spread is in the injector. If all of the 
cavities in the accelerator are perfectly crested, the injector 
must provide a bunch length of less than 2° (3.6 ps). The 
nominal bunch length for the injector (1°) is lower than this. 
The bunch length is measured and monitored using several 
different methods (see D.X. Wang, this conference, for more 
details). 

The first method uses a 6 GHz pickup cavity to measure 
the time of flight for small slices of the bunch as it is swept 
across a slit in the beam chopper[12]. A plot of the input 
phase versus the output phase at the pickup cavity yields the 
bunch length. An operator interface can carry out the 
measurement in about 10 seconds, and after a few iterations, 
the phases of the injector RF components can be set to within 
0.1° by matching the measured phase space to the optimum 
configuration as determined by PARMELA simulations. By 
doing a harmonic analysis of the data, the amount of phase 
change necessary to bring the phase space to its ideal 
configuration can be calculated and the whole process 
automated [13]. The disadvantage of this phase transfer 
method is that it cannot be carried out during normal beam 
operations, and that is it sensitive to space charge effects. 

A new method based on coherent synchrotron radiation 
(CSR) has recently been developed [14]. A magnetic chicane 
separates the injector from the linac, and a special diode 
sensitive to a wavelength corresponding to the nominal bunch 
length is positioned after the first dipole in the chicane to pick 
up the coherent synchrotron radiation. The radiated power at 
constant beam current is inversely proportional to the bunch 
length and can be calibrated against a backphasing 
measurement. The CSR method provides a non-destructive 
measure of the bunch length and can operate in pulsed or CW 
mode. The CSR signal is presently being incorporated into 
the control system. 

Two other important parameters affecting the energy 
spread are the path length and the M56, or the change in path 
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length with energy change. Both of these parameters are 
measured using sensitive phase detection methods. For the 
first pass in the accelerator, the maximum energy is set by 
phasing the rf cavities in each linac. For the upper passes, the 
phasing cannot be altered, and the path length through each 
arc is set by using "dogleg" magnets [15]. The path length 
from pass to pass is measured by detecting the phase 
difference in a 1497 MHz cavity in the line common to all of 
the passes. The signal from the first pass is used as a 
reference, and the phase error signal between the first pass and 
other passes gives a measure of the path length difference with 
an accuracy of 0.05°. The dogleg magnets can then be 
adjusted to zero the phase error. The whole measurement 
process has been incorporated into the control system and an 
operator can measure and correct the path length for all passes 
in less than ten minutes. 

The recirculation arcs are designed to be achromatic and 
isochronous, implying that the M56 matrix element should be 
zero. With a non-zero M56 the energy spread across the bunch 
will cause it to debunch through the arc, thus increasing the 
energy spread for the next arc. The same cavities used for 
measuring the path length are also used to measure M56. By 
modulating the beam energy before entering an arc, and 
picking up the phase error signal after the arc, the M56 can be 
measured to within an accuracy of 10 cm in 2 minutes. The 
M56 can then be set to zero by measuring it as a function of 
quadrupole scaling for a family of quadrupoles in the arc 
proper and choosing the scale factor that minimizes M56. 

All of the above measurements are difficult to perform 
unless all of the accelerating cavities are operating near their 
crest in phase. In the early stages of commissioning, this was 
a time consuming task requiring the operators to phase each 
cavity manually. Such methods are clearly not acceptable for 
an operational machine where machine time is at a premium. 
The energy of the beam can be calculated to 2xl0"5 by fitting 
the beam orbit through an arc to the machine model. Each 
cavity can then be automatically set by a program [16] which 
varies the phase of the cavity by ±30° and measures the fitted 
energy at several phase points. By fitting the results to a 
sinusoidal curve, the phase providing the maximum energy 
can be found. Each cavity requires 1 to 2 minutes to set with a 
resolution of 1-2°. 

Results 

The accelerator provided beam for its first nuclear 
physics experiment in November of 1995, culminating over 
10 years of design, construction, and commissioning. 
Highlights of the accelerator operation include: 

• the completion of 3 experimental programs in Hall C 
• delivering 25 uA, CW beam at five discrete energies 

in an 8 hour period 
• delivering beam from the polarized source to an end 

station 
• delivering CW beam to Hall A (5 uA) and Hall C (60 

uA) simultaneously 

• running at greater than 1 GeV for one pass 
• maintaining an average accelerator availability of 

over 70% during physics runs [17], and 
• delivering beam with a maximum power of over 300 

kW. 

The maximum delivered single beam current (see Table 1) for 
various energies are listed below. 

Table 1 Beam current results 
Energy (MeV) Max Current (JJA) '• 

\ 45 200 

j 1645 90 
244^ ^ 
3245 62 
4045 80 I 

Long Term Plans 

In response to the needs of the nuclear physics 
community, several longer term programs are under way to 
provide the wide range of beam parameters necessary for all 
of the planned experiments. These programs cover multiple 
guns, the ability to easily run the accelerator at any allowable 
energy, and future energy upgrades. 

The present injector has the capability of delivering three 
unpolarized beams with currents covering a dynamic range of 
about 1:2,000. It can also deliver one polarized beam (not at 
the same time as unpolarized). While this situation has been 
adequate for commissioning, it will not fulfill all of the 
upcoming experimental requirements. Hall B will require a 
few nanoamps when it comes on line and Halls A and C often 
need over 100 uA. All of the halls want polarized beam, and 
beams with the maximum polarization cannot be delivered to 
all three halls simultaneously for an arbitrary energy from one 
gun [18]. All of these requirements point to the need for 
multiple guns and an injector to merge the beams into 
alternating rf buckets. Work is under way to design an 
injector that will cover the whole range of current, 
polarization, and pulse structure needed for the planned 
physics program. 

During commissioning, the energy of the injector has 
been set to an energy of 45 MeV, and the linacs to 400 MeV, 
giving deliverable energies from 845 MeV to 4.045 GeV, and 
the beam optics have been optimized for this setup. Work on 
a momentum management system has begun which will set 
both the distribution of rf gradients based on the total desired 
energy and current and the optical lattice. Preliminary tests of 
this system were performed in a 1 GeV, single pass test, but 
much work remains to be done. For example, it is not yet 
known if simply scaling the magnet settings with the 
momentum change will work, or if a model based system will 
provide better results 



The last major aspect of the long range planning is an 
upgrade to push the maximum available energy above 4 GeV. 
The outstanding operation of the superconducting cavities 
makes running at energies approaching 6 GeV a possibility in 
the near future, requiring only upgraded dipole magnet power 
supplies. Ways to push to energies beyond this are also being 
studied, but will require considerably more time and money. 

Conclusion 

As the commissioning stage nears completion, the 
accelerator at the Jefferson Lab is becoming a fully 
operational machine. Experiments in Hall C have been 
underway since November 1995 with beam powers over 300 
kW at various energies. Hall A has received beam for 
spectrometer commissioning, and beam to Hall B is expected 
in the fall of 1996. Accelerator availability of greater than 
70% during physics runs and excellent beam quality have 
contributed to making Jefferson Lab a world class laboratory 
for accelerator-based electromagnetic nuclear physics. 

Considerable effort has gone into improving the 
reliability and reproducibility of the machine by concentrating 
on the many subsystems that make up the accelerator. This 
includes topics such as automation, trouble-shooting guides, 
useful alarm handlers, fast and efficient diagnostics, tight 
control over computer reboots, hardware tracking, and control 
system security. All of these topics not only improve the 
operability of the machine, but also give the operations staff 
the ability to efficiently run the machine without continual 
input from the accelerator scientists. 

Operational highlights include: delivering 25 uA CW 
beam at five discrete energies in an eight hour period; 
delivering beam from the polarized source to an experimental 
hall; running at greater than 1 GeV for a single pass; 
delivering 4.0 GeV, 80 uA CW beam to an experimental hall; 
delivering rf separated beam to Hall A and Hall C 
simultaneously; and sending three separate 60 uA CW beams 
to a dump. 

Plans for the future include a number of topics of interest 
to the users. To provide the widely varying beam 
requirements of the three experimental halls, the injector will 
be expanded to have multiple guns that can operate 
simultaneously. Improvements of the accelerator as a whole 
to further increase machine reliability are a must. Finally, a 
plan is being developed to upgrade the maximum beam 
energy to 5-6 GeV, and eventually to 8-10 GeV as feasible. 
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Abstract Design Description 

The proposed accelerator production of tritium (APT) 
project requires an accelerator that provides a cw proton beam 
of 100 m A at 1300 MeV. Since the majority of the technical 
risk of a high-current cw (continuous-wave, 100% DF) 
accelerator resides in the low-energy section, Los Alamos is 
building a 20 MeV duplicate of the accelerator front end to 
confirm design codes, beam performance, and demonstrate 
operational reliability. We report on design details of this 
low-energy demonstration accelerator (LEDA) and discuss the 
integrated design of the full accelerator for the APT plant. 
LEDA's proton injector is under test and has produced more 
than 130 mA at 75 keV. Fabrication is proceeding on a 6.7-
MeV, 8-meter-long RFQ, and detailed design is underway on 
coupled-cavity drift-tube linac (CCDTL) structures. In 
addition, detailed design and technology experiments are 
underway on medium-beta superconducting cavities to assess 
the feasibility of replacing the conventional (room-temperature 
copper) high-energy linac with a linac made of niobium 
superconducting RF cavities. 

Introduction 

A source of large numbers of neutrons has many 
applications [1], including the production of tritium. Nuclear 
fission reactors are traditional sources of neutrons, but a 
spallation process in which = 1 GeV protons produce multiple 
neutrons, is an alternative that avoids a critical assembly and 
circumvents the environmental and safety challenges of a 
reactor. A suitable target/blanket design permits the Creadon 
of about 42 neutrons for every incident proton (at 1300 MeV). 

The U.S. Department of Energy (DOE) is funding 
development of an accelerator-driven process (accelerator 
production of tritium, APT) for tritium production. 
Conceptual design of this production facility is being led by 
Los Alamos National Laboratory (LANL), with assistance by 
several other National Laboratories. 

The proton driver for this APT facility is expected to be a 
cw (100% duty factor), 100 m A beam at 1300 MeV. Beam 
energy or current may be upgraded to 1700 MeV or 135 m A, 
respectively, to provide a 50% increase in neutron production. 
The unprecedented beam power of 130 (or 170) MW means 
that particular attention must be paid to structure cooling and 
to extremely low beam losses (less than 0.2 nA/m, above 100 
MeV) to minimize component activation and permit "hands-
on" maintenance of the linac. 

In addition to the design of the entire accelerator, 
target/blanket assembly and tritium-extraction system, Los 
Alamos is proceeding with the design, setup and testing of a 
full-current prototype at approximately 20 MeV to confirm 
operational reliability of the accelerator front end. This low-
energy demonstration accelerator (LEDA) will permit a full-
power proton-beam test of the new, low-beta accelerating 
structures used on APT. 

A majority (from about 100 MeV to the final energy) of 
the APT accelerator may be a conventional coupled-cavity 
linac (CCL) or side-coupled linac structure. Alternatively, a 
super-conducting linac assembly [2] could replace most of the 
CCL structure, to effect power savings and provide improved 
operational flexibility. 

A conventional proton injector, including a number of 
enhancements described below, is used to create a 75 keV, 115 
mA beam. A radio-frequency quadrupole (RFQ) will be used 
to extend the energy to about 6.7 MeV. A relatively new 
structure, the coupled-cavity, drift-tube linac (CCDTL) [ 1 ] that 
combines the features of a conventional DTL and the CCL 
will accelerate the protons to approximately 100 MeV. 

Low-Energy Demonstration Accelerator (LEDA) 

LEDA will be constructed, assembled and tested at Los 
Alamos, and will be virtually identical to the first 
approximately 20 MeV of the APT accelerator. One of the 
few differences is that LEDA may have additional diagnostics 
to enable us to better characterize operation and measure details 
of the accelerated beam. 

Beam tests will be done in a sequential fashion, as each 
linac structure is completed. Beam testing, commissioning 
and operation will extend over several years. Meanwhile, 
injector beam tests have been underway for more than a year. 
The RFQ should be completed and ready for beam about April, 
1998. Beam operation with the first section of the CCDTL 
should start in the fall of 1998. Additional sections of the 
CCDTL will be added over the next couple of years and 
reliability testing and operations may extend past the turn of 
the century. 

LEDA is intended to reduce risk in the design of the APT 
accelerator. Most of this risk reduction will be achieved by 
increasing our confidence in accelerator design and simulation 
codes, providing an improved basis for cost estimates, reducing 
uncertainty on beam-loss levels, verifying beam quality and 
performance, and in giving data on operational reliability. 
Table 1 indicates the primary objectives for the several stages 
of testing. 

In addition, LEDA will provide an earlier opportunity for 
operator training, will serve as a "hot" spare for major low-
energy components, and can be available as a prototype test 
bed. 

Figure 1 shows a 20 MeV LEDA configuration, which 
will be the primary emphasis for the first few years of 
operation. However, we intend to assemble a full 40 MeV 
accelerator for better testing CCDTL matching, halo 
formation, and the use of RF "super-modules". In the event 
the APT accelerator is a room-temperature structure and more 
neutrons are required, LEDA may be used to test a 
configuration with a beam funnel, increasing the beam current 
to about 135 m A. 
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Fig. 1. Proposed LEDA configuration for testing the first 20 
MeV of a 100 mA cw proton linac. Circles beneath the RFQ and 
CCDTL structures depict the 1-MW rf systems. 

Table 1 
LEDA Technical Objectives 

Stage 1 — Operation of injector beam 
Detailed measure of beam at RFQ match point 
Match beam into the CRITS RFQ 
Show fault recovery 
Demonstrate long-term operation 
Demonstrate variable current (and beam pulsing) 

Stage 2 - Characterize 6.7 MeV RFQ beam 
Demonstrate integrated cw operation of injector and RFQ 
Confirm beam performance and benchmark simulations 
Evaluate reliability and long-term operation 
First test of klystron redundancy concept 

Stage 3a - Operation of 11 MeV CCDTL Beam 
Characterizes match between RFQ and CCDTL 
Confirm beam performance and benchmark simulations 
First use of 700 MHz rf power tube 

Stage 3 b — Operate 17 MeV beam test 
- Confirms matching across different structures 
- Tests multiple 700 MHz rf sources 
- Tests all critical beam dynamics 

Stage 4. Operation with 40 MeV beam test 
- Allows test of full rf "super module" 
- Confirms formation of beam halo and control 

mechanisms 
- Confirms design parameters of high-energy linac 
- Measures beam performance through 3-gap and 2-gap 

structures. 
Stage 5. Beam funnel demo — (reqd for RT 3 kg option only) 

- Is the most cost-effective means of increasing beam 
current by 50-100%. 

- Allows measure of impact on beam quality by funnel. 

LEDA will be assembled and tested in the former GTA 
(ground test accelerator) facility; this is being modified with 
the addition of more ac power and upgraded water-cooling 
systems. 

An environmental assessment (EA) was prepared for 
LEDA and a FONSI (finding of no significant impact) was 
issued in April, 1996. 

Figure 2 shows (by calendar year) the top-level schedule 
for the several LEDA experimental activities. The primary 
immediate focus of the LEDA program is to assemble and test 
the RFQ (stage 2, above). An equally important milestone for 
us is the testing of the first section of CCDTL, confirming the 
beam match and proper operation of the new 700 MHz 
klystrons. 

Activity Name 
, 1996 
2 3 4 

1997 1998 
1 2 i 3 ~ 4 1 2 3 4 

1999 
1 2 3 4 " 

2000 
2" 3 

Injector Demo at 110 mA 
Clëârï GTA eqljipmeni out 
of LEDA Facility 
Facility Modifications 
Complete 
Assemble RF Systems 

Assèmblë^tùne RFO 
6:7 MeV from RFQ 
iOOTrïAbëam'fforriTi MeV 
CCDTL 
20 Mëv Beam Opération 

Fig. 2. Top-level LEDA schedule for major assembly and 
beam testing. 

Ion Injector 
The LEDA injector was designed and partially assembled 

with funding from a former program [3,4]. However, all 
testing and refinements have been done with APT support. 
Figure 3 shows the present configuration for testing. 

Fig. 3. The LEDA injector test stand, showing (at left) the 
microwave feed into the ion source, the two-solenoid transport, 
and emittance measuring gear at the far right. 

The ion source for this LEDA injector was designed and 
built by a team at the Chalk River Laboratory (CRL) in 
Ontario, and is virtually identical to that used successfully on 
their cw proton accelerator program [5]. This source is 
particularly appealing because it has no filament, requires very 
little power =600 W of 2.45 GHz microwaves), has very high 
gas efficiency (requires <0.1 torr 1/s), is very stable, and has a 
high proton fraction (>90%). These excellent operating 
parameters lead us to speculate that this source can be far more 
reliable [6] than any previous cw proton source. 

The LEDA beam extractor is very similar to one 
developed on the FMIT (Fusion Materials Irradiation Test) 
facility [7] at Los Alamos in the early 1980s. Detailed beam 
and extraction simulations are done with the PBGUNS code 
that self-consistently solves for the plasma-emission surface. 
The low-energy beam transport (LEBT) and RFQ matching 
section are very similar to the two-solenoid system used on the 
GTA (ground test accelerator) [8] to provide a high-quality, 
tunable beam for RFQ injection. Space-charge neutralization 
in most of the transport region compensates for 98% of the 
beam space charge. In addition to vacuum pumps and non-
interceptive diagnostics, the LEBT will include steering and 
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focus magnets, an insertable beam stop, a variable iris for 
current control, and a fast deflector for beam pulsing. 

Operation with the pictured injector test stand has demonstrated 
the required cw (DC) 75 keV beams with more than 110 mA 
of protons, with a normalized transverse emittance of 0.2 n 
mm-mrad. Design and testing details of the LEDA injector are 
covered in a companion paper [9] at this conference. 

RFQ 
Although the RFQ is by now a commonplace accelerator, 

the APT and LEDA RFQ differ from previous structures in a 
few important respects. LEDA's eight-meter-long, 350-MHz 
RFQ will be built in eight sections, configured as four 
separately tunable segments. Structurally, it is a solid brazed 
structure with two minor vanes and two major vanes. 
Predicted if power losses on the interior surfaces of this solid 
copper (OFE) assembly are 1.27 MW, necessitating very 
effective water cooling. Full-current beam acceleration will 
require a total of 2.0 MW, so either two or three 1.0 MW if 
klystrons will be needed to supply rf power. Static slug tuners 
will be adjusted during final tuning, then custom machined to 
size and bolted into place. During operation, resonance control 
will be through control of cooling water temperature. 

A full-scale (8-meter long), low-power, "cold-model" was 
built and used to verify structure tunability and to confirm the 
details of the vane undercuts. In addition, a short length of an 
"engineering model" was built, brazed and tested to confirm the 
stackup of errors and to measure the structural rigidity. 

Photo of the 8-m long aluminum RFQ cold model, 
used to develop tuning procedures and tailor the 
design codes. 

Fig. 6. 3-D depiction of the first of eight RFQ sections. 

Of the eight RFQ sections shown in Figure 5, three (Al, 
A2 & C2) will have 12-each vacuum pumping ports, three 
other sections (Bl, CI & Dl) will support four-each if 
coupling ports and irises, while two sections (B2 & D2) will 
include neither vacuum nor rf ports. Power from each of the 
nominal 1 — 1.3 MW rf klystrons will be split four ways to 
keep the power applied to each rf window to a conservative 
250 kW. Each of the four major copper structures in each of 
the eight sections will require 5 major machining steps and 
three braze steps. 

Adequate cooling is 
imperative for this 
cw, high-power 
RFQ. A controlled-
temperature water 
flow of 1300 gpm 
(82 1/s) is needed for 
RFQ cooling. After 
initial tuning, RFQ 
section resonance is 
adjusted by control of 
the cooling-water 
temperature. 

The LEDA RFQ is in concurrent detailed design and 
fabrication. Machining is nearly complete on the first of eight 
sections (Fig. 5), most vane skirts have been roughed out, 
samples of the sixteen different vane tips were completed, and 
a start was made on the brazing cycles. 

APT/LEDA RFQ SCHEMATIC 

• [ • • • • • • • J i 
w g m n a p 

A1 A2 B1 B2 C1 C2 D1 D2 

Fig. 5. Depiction of the eight sections of the LEDA RFQ. 
Each is nominally one meter in length. 

Fig. 7. Cross-section of the LEDA RFQ, showing locations 
of cooling channels and braze joints. 

CCDTL 
Design details and advantages of the 700-MHz coupled-

cavity drift-tube linac are described in [10]. The CCDTL was 
invented to capture the major benefits of both the DTL 
structure and the ubiquitous CCL (coupled-cavity linac), both 
of which have seen extensive operation. The CCDTL 
promises to provide a higher shunt impedance than the DTL 
and has all transverse focusing magnets outside the accelerating 
cavities, relaxing alignment tolerances on the cavities. This 
configuration also allows many cells to be brazed into a solid 
one-piece structure, again with resonance control effected by 
cooling-water temperature control. 

Both a half-scale and a full-scale cold model of several 
contiguous CCDTL cells have been constructed to permit code 
comparisons, refinement of tuning procedures, and optimizing 
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coupling-cell configuration. Our standard design codes, 
including PARMILA, have been modified [11] (and bench-
marked) to accommodate the symmetric CCDTL accelerating 
cavities. 

LEDA will provide the first opportunity to test the 
CCDTL structure with high rf power and with beam. Like the 
RFQ, the CCDTL will be made of solid OFE copper. Singlet 
electromagnetic quadrupoles will be assembled in a split 
configuration to facilitate installation on the structure without 
breaking vacuum. Dipolar steering windings will be added on 
the quads, and used with beam-position monitors (BPMs) 
inside the magnet bore to facilitate beam steering through the 
linac. 

Fig. 8. Cutaway of the CCDTL structure, showing two drift 
tubes in each cell. 

Longitudinal matching (Fig. 9) between the RFQ and 
CCDTL will be done by adjustment of the synchronous phase 
in the last few RFQ cells and the first several CCDTL cells. 
The two structures will abut, creating a maximum drift 
distance without acceleration of only 2.5 $X. This matching 
feature is just one of many designed to control halo growth in 
the accelerated beam. [12] 

350MHz>RFQ 2-gap CCDTL, 1 cavity/segment 

Fig. 9. Configuration of the match between the LEDA RFQ 
and the first section of the CCDTL. 

Extensive end-to-end beam-dynamics simulations (usually 
with 100,000 particles) have been run to confirm that beam 
quality is preserved in this design. Special attention is paid to 
the formation and behavior of the beam halo [13], because of 
our concern about minimizing beam loss at higher energies. 
These computer runs show a very modest beam loss below 20 
MeV, mostly near II or 12 MeV. However, no particles are 
seen outside a radius of about 6.7 rms at higher energies. At 

higher energies, bore-to-rms beam ratios are at least 25:1 for 
the room-temperature structure and 40:1 for the 
superconducting structure. These simulation results increase 
our confidence that beam losses will not exceed 10 nA/m, and 
that "hands-on" maintenance will be feasible. 

LEDA Beam Commissioning 
Development of beam commissioning procedures will be 

an important part of LEDA. Primary LEDA commissioning 
objectives include: 
• Verification of all design and simulation codes and models. 
• Determination of best conditioning and turn-on procedures. 
• Demonstration of beam performance; current, quality, 
stability. 
• Measure of halo formation, causes and elimination. 
• Measure of operational reliability and failure predictions. 
• Monitoring of matching between structures. 
• Determination of what diagnostics are needed in what 
locations. 
• Development of optimum commissioning procedures for use 

in a plant or production accelerator. 
Initial beam commissioning will be started at a low duty 
factor, at a rep rate of 5 or 10 pps, and with pulse lengths of 
only about 100 u:s. This will help prevent equipment damage, 
accelerator activation and will facilitate use of conventional 
diagnostics for initial tune-up. We expect to use a cw mode 
with variable current (starting at about 1 mA) for start-up of 
the operational beam. On-line diagnostics with the operational 
cw beam will be limited to use of non-interceptive diagnostics, 
relying heavily on video-profile cameras and BPMs (beam-
position monitors) sensitive to the 350 MHz fundamental 
modulation. 

CCL 
A 700-MHz standard-configuration side-coupled linac will be 
used from the end of the CCDTL (about 100 MeV) to either 
the end of the accelerator, or to the match point into a super
conducting structure. Based on preliminary optimizations, the 
favored transition point to the SCRF structure is about 217 
MeV (Figure 10). 

Super-Conducting Structure Option 
A superconducting section of accelerator is being 

considered for use from approximately 217 MeV to the final 
APT energy. Use of a superconducting linac structure will 
dramatically reduce the required rf power for the plant, and also 
promises operational advantages in terms of stability and 
flexibility. One expected advantage is operational availability, 
as any single non-functioning module can be detuned and taken 
out of service. Details of the proposed superconducting 
structure are given in a companion paper [14]. 

The proposed complete APT accelerator configuration is 
shown in Fig 10. The exact transition point between the low-
energy room-temperature structures and the high-energy super
conducting structures will be made later, after a full 
optimization trade is made between cost savings, operational 
advantages, beam quality and design risk. Detailed discussions 
are given in reference [2]. 
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Fig. 10. APT's proposed configuration of accelerating 
structures to provide a 100 m A proton beam at either 
1300 or 1700 MeV. 
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Abstract 

A critical part of the design of a high intensity linear ac
celerator is to keep activation caused by particle loss below 
an acceptable limit. For bunch currents up to 200 mA it is 
possible to make a technical layout of a proton linac which 
allows operation in a non-space charge dominated regime. As 
a consequence almost no rms emittance increase is obtained in 
all three planes and the production of halo particles is reduced. 
A cylindrical bunch stays cylindrical. To examine the process 
of particles moving from the core into the halo, Monte Carlo 
simulations with a large number of macroparticles are nec
essary. Strong transverse-longitudinal coupling is observed. 
The simulation results are used also to study the effect of halo 
scraping. 

Introduction 

High intensity proton linacs can either be pulsed 
H~ - accelerators up to 5 MW average beam power [1] 
or cw H+ - accelerators up to 130 MW beam power [2]. 
The major design problem is to reduce the particle loss along 
the linac down to 1 W/m which corresponds to a loss rate 
below 10-7 /m. Losses above this limit prevent hands on 
maintenance. Therefore the linac design is determined by 
approaching these loss figures. 

Particle loss is caused by a small number of particles out
side the dense beam core, called the beam halo. The origin 
and the formation of the halo and its dynamics is an impor
tant issue for understanding the particle loss. There exist two 
different approaches. The first is a theoretical one based on 
simplified particle distributions and transport channels. Sig
nificant progress has been made in recent years on the basis 
of the so-called 'particle-core model' [3]. However, it is not 
obvious how to transform those results into loss rates for real
istic linac designs where the beam is bunched and accelerated. 
The other approach is to first set up a realistic linac design 
based on technical parameters. With the help of Monte Carlo 
simulations such a design is checked against particle loss. 

High Current Proton Linac Design 

For this investigation of halo properties the underlying 
realistic high current linac design is the linac of the European 
Spallation Source (ESS) [4]. The layout of the linac [5] is 
shown in Fig. 1. 

The low energy part consists of two H~ - ion sources with 
70 mA peak current each, two RFQs separated by a 2 MeV 
bunched beam transfer line for installing a fast chopping device 
and a 5 MeV funneling line after the second RFQ. The drift 
tube linac (DTL) operates at 350 MHz and accelerates a bunch 
current of 107 mA up to 70 MeV. The coupled cavity linac 
(CCL) has a frequency of 700 MHz resulting in an effective 

bunch current of 214 mA [6]. The CCL accelerates the beam 
up to 1.334 GeV. It is followed by a transfer line to the two 
compressor rings. The linac operates at 50 Hz and 6% duty 
cycle. 

Fig. 1 ESS linac layout: IS: ion source, CH: chopper, 
FU: tunneling, BR: bunch rotator 

The main task of the linac design is to reduce the losses 
along the linac and at ring injection [7]. For low loss ring 
injection the low energy chopper and a bunch rotator in the 
transfer line are foreseen. The transverse losses along the linac 
have to be minimized by choosing appropriate parameters. 

Beam currents of 107 mA in the DTL and 214 mA in the 
CCL are considered to be high and therefore it is expected that 
the beam is space charge dominated. Nevertheless, despite the 
high current it is possible to set the parameters for the CCL 
such that the beam dynamics is not space charge dominated, 
which reduces the sensitivity against mismatch and tolerances. 

1 0 0 1 • • • . . • . . • 1 

0 aOO 400 6O0 800 10OO 1200 1400 
Energy (MeV) 

Fig. 2 Designed tunes for 214 mA effective beam current 
along the ESS-CCL. Upper curve is for transverse 
direction, lower one for longitudinal direction 

To get a non-space charge dominated design the transverse 
tune has to be decreased along the CCL with increasing en
ergy. This increases the beam dimensions at higher energies 
giving a smaller space charge density. As a consequence lon
gitudinal focusing is still effective at high energies. The energy 
dependence of the transverse tune ax in the CCL is shown in 
Fig. 2. The transverse tune has been chosen to decrease like 
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crt = <7,0(7/7o)"2-5. Here 7 is the relativistic factor and the in
dex 0 refers to the input energy of 70 MeV. Other underlying 
numbers are the effective beam current of 214 mA, a trans
verse rms input emittance of 0.6 x mm mrad and a longitudinal 
rms input emittance of 1.2 it ° MeV. Transverse focusing is 
provided by doublets. 

The tune ratios cr/cr0 stay rather constant around 0.8 in 
the transverse and the longitudinal direction. The value 0.8 
is indicative of the non-space charge dominated design. Not 
shown is the zero current tune <7t0. For the CCL design a[0 

starts at 105° at 70 MeV. However, crto decreases quite fast. 
At 105 MeV its value has fallen below 90°. The longitudinal 
zero current tune a\0 is always below 90°. 

The equipartition ratio in the bunch system, the ratio be
tween transverse and longitudinal energy, is around 0.5 at the 
input. As a function of energy the ratio first increases up to 
0.9 and then falls down to 0.5 at the high energy end. A ratio 
of 1 at high energies would be possible by doubling the trans
verse tune and therefore reducing the transverse beam radius. 
The increasing space charge density would shift the design pa
rameters into a space charge dominated region [8], which we 
try to avoid. 

Monte Carlo simulation with up to 200000 particles have 
been carried through for the DTL and CCL. Hereby the DTL 
and CCL have been simulated as whole. No effect can be 
associated with the frequency jump and the change from a 
singlet to a doublet focusing system. The rms emittances 
along the CCL are shown in Fig. 3. Less than 10% rms 
emittance growth is observed. This indicates that no dangerous 
resonances are present and no temperature exchange takes 
place between the transverse and the longitudinal direction. 

linac. The forces of such a distribution can be calculated 
analytically [9]. 

200 400 600 800 1000 1200 1400 
Energy (MeV) 

Fig. 3 Transverse and longitudinal rms emittance as a 
function of energy in the ESS CCL 

Real space projections at the beginning and at the end of 
the CCL are shown in Fig. 4. At the input into the DTL the 
transverse and longitudinal phase space is filled independently 
with waterbag distributions. This is a reasonable assumption 
for the particle distribution produced by the preceding RFQ. 
The resulting cylindrical bunch shape is conserved along the 

CCLIupnt CCL Output 

-20.0 -10.D 0.0 10.0 20.0 - 1 0 . 0 - 5 . 0 0.0 5.0 
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Fig. 4 (A0,y)-projections at input and output of the CCL 

The transverse mismatch factor, which is not shown, has 
an average value of 0.3. Sources of mismatch are the changes 
of cell length and number of cells from cavity to cavity. The 
mismatch causes no rms emittance growth. 

In summary it can be said that the ESS linac is an exam
ple of a high current linac designed in the non-space charge 
dominated regime. This results in small rms emittance growth, 
conservation of the bunch shape and in less sensitivity against 
mismatch. 

Properties of the Halo 

It is understood that the halo consist of only a small number 
of particles outside the beam core. Small means that less 
than 10"3 particles are forming the halo. To understand the 
properties and dynamic of the halo particles one should try 
to answer questions about the halo production mechanism and 
the single particle motion. 

To answer these questions Monte-Carlo simulations with a 
large number of particles here up to 200000, have been made 
for the ESS Linac, a realistically designed linear accelerator. 
Results presented here refer to the CCL. The output distribu
tion of the preceding DTL was transferred into the CCL. Space 
charge calculations are fully three dimensional and no symme
tries have been assumed. Projections of the input distribution 
are shown in Fig. 5. Examining the distribution one can see 
that no halo has developed up to the end of the DTL. This 
is no longer true at the end of the CCL, see Fig. 6. Trans
versely less than 0.1% of the particles have entered the halo. 
A filamentation is seen in the longitudinal phase space which 
contains less than 1% of the particles. 

The evolution in the longitudinal phase space is shown in 
Fig. 7 at four different energies along the linac. The boundary 
of the longitudinal distribution at input differs slightly from 
an elliptical one. This is due to a 20 % rms emittance 
increase in the DTL. In order to study the sensitivity against 
longitudinal mismatch we have not corrected the injection 
parameters longitudinally. The non-elliptical distribution is 
connected with nonlinear forces which causes the filamentation 
in the longitudinal phase space. The mismatch enhances the 
development of a halo. This agrees with investigations made 
before [10]. Monte Carlo simulations with a longitudinally 
matched beam show much less filamentation [11]. While the 
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filamentation is acceptable for the linac, it cannot be ignored 
in a following high /3 transfer line either to a compressor ring 
or to a target station [12]. 
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Fig. 7 The evolution of the longitudinal phase 
space distribution along the CCL 

While we studied the filamentation in the longitudinal phase 
space, transversely we are interested in the particle motion of 
the radially outermost particles. The particle-core model as
sumes that halo particles are oscillating through the beam core 
[13,14]. For a space charge dominated beam, chaotic parti
cle trajectories have been found [15,16]. Analytical models 
for halo formation have been developed by different groups 
[17,18,19] and are confirmed by numerical simulations [19,20]. 

In order to compare the particle-core model with the results 
of the Monte Carlo simulation presented here Fig. 8 shows 
the real space (x,y) at four different energies. 200 selected 
particles are plotted , the outermost ones at the CCL output. 
Tracing those particles backwards one sees that the particles are 
inside the beam core around 1264 MeV. They are in the halo 
around 1166 MeV and again in the beam core at 1117 MeV. 
This corresponds to a full betatron oscillation consistent with a 
design tune design tune <rt is around 15° at this energy range. 
This confirms the particle oscillation predicted by the particle-
core model. 
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Fig. 8 Demonstration of the halo particles traversing the beam 
core, as predicted by the particle-core model 

Information about the halo production mechanism can be 
obtained if the position of halo particles at the CCL input are 
studied. Again the 200 outermost particles in the (x.y)-space 
at the end of the CCL are investigated, see Fig. 9. Their 
positions in phase space at injection are shown in Fig. 10. 
Comparing Fig. 9 and 10 several conclusions can be made. 

Halo particles in (x,y)-space at the end of the CCL come 
from the boundary of the longitudinal distribution and trans
versely mainly from the inner part of beam at injection, see 
Fig. 10. The conclusion cannot simply be reversed. Not every 
particle which is initially located at the boundary of the lon
gitudinal distribution and inside the beam will become later 
on a halo particle. All six initial coordinates in the whole 
phase space have to be considered. At the end of the CCL 
the same halo particles are found inside the longitudinal phase 
space distribution forming some clusters, see Fig. 9. In the 
transverse phase space the particles are uniformly distributed 
inside the core, see again Fig. 9. 

These observations lead to the following conclusion. Ra-
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dial halo particles are driven out of the beam by a transverse-
longitudinal coupling force. Initially they are located at the 
boundary of the longitudinal phase space projection. The cou
pling causes the particles to enter the halo in (x.y)-space and 
at the same time the pa ;les move inwards into the longitudi
nal distribution. Details of the amount of halo particles in the 
(x,y)-space at the end of the linac are correlated to the precise 
knowledge of the longitudinal input distribution. 
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Phase space projections of the 200 outermost particles 
in (x,y)-space the end of the CCL 
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Fig. 10 Phase space distributions of the same particles 
as in Fig. 9 at the beginning of the CCL 

Summing up, we come to the following explanation for 
the formation of the halo. The non uniform space charge 
density of a bunched beam is connected with nonlinear forces 
and coupling forces between the transverse and longitudinal 
direction. These forces are the driving terms for the generation 
of the halo. The transverse-longitudinal coupling cannot be 
neglected for understanding the properties of the radial halo 
particles. Mismatch, tolerances and errors are not additional 
sources, they just enhance the formation of the halo. 

Beam Scraping at Medium Energies 

Beam envelopes in y-direction are plotted along the linac 
in Fig. 11. There are less than 10"4 particles outside ±10 mm 
for all parts of the linac, except for two 'hot spots' at around 
1150 and 1250 MeV. The envelope of the outermost particle, 
representing the 10"5 - level, reaches values up ±15 mm. The 
pipe radius is 22 mm along the CCL. 

Scraping away some particles in the halo at medium en
ergies is tried for the CCL. Around 800 MeV scrapers in the 
x and y directions are positioned at two places. The distance 
from the axis is set to be 9 mm. The maximum absorbed beam 
power is limited to less than 0.5 kW on each scraping device. 
This corresponds to 30 particles at 800 MeV in a Monte Carlo 
simulation with 200000 particles. 

600 800 

Energy (MeV) 

Fig. 11 Beam envelopes in y-direction along the CCL. The 
different envelopes corresponds to (inward to outward) 90, 
99, 99.9, 99.99 and 100% of the particles 

Energy (MeV) 

Fig. 12 Beam envelope of the outermost particle without and with 
two scrapers. The two outer curves (filled circles) 
correspond to the unscraped beam, the two inner ones 
(open squares) correspond to the scraped beam. 

In Fig. 12 the envelope of the outermost particle in 
y-direction is plotted above 800 MeV. Less than 10"3 parti
cles in total are scraped away. Also shown is the effect of 
using two scrapers which are separated by about 40° in beta-
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tron oscillation. Quite obvious is the limitation of the beam 
envelope to about ±10 mm at most positions. At the two hot 
spots the number of particles outside ±10 mm and the maxi
mum amplitude are reduced. 

The two scrapers are positioned to get an overall 'global' 
effect on the beam envelope. For reducing the hot spots other 
scraper positions and probably more than two maybe neces
sary. For the ESS CCL 6 to 8 scrapers in the x and y direction 
each are considered in every second diagnostic section, which 
are separated by about 20° in betatron oscillation. With this 
arrangement it should be possible to have less than 10"5 parti
cles outside ±10 mm all along the linac after scraping, which 
is a reduction by one order of magnitude. 
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Abstract 

There is considerable interest worldwide in the research 
which could be done at a next generation, advanced radioactive 
beam facility. To generate high quality, intense beams of 
accelerated radionuclides via the "isotope separator on-line" 
(ISOL) method requires two major accelerator components: a 
high power (100 kW) driver device to produce radionuclides in 
a production target/ion source complex, and a secondary beam 
accelerator to produce beams of radioactive ions up to energies 
on the order of 10 MeV per nucléon over a broad mass range. 
In reviewing the technological challenges of such a facility, 
several types of modern linear accelerators appear well suited. 
This paper reviews the properties of the linacs currently under 
construction and those proposed for future facilities for use 
either as the driver device or the radioactive beam post-
accelerator. Other choices of accelerators, such as cyclotrons, 
for either the driver or secondary beam devices of a radioactive 
beam complex will also be compared. Issues to be addressed 
for the production accelerator include the choice of ion beam 
types to be used for cost-effective production of radionuclides. 
For the post-accelerator the choice of ion source technology is 
critical and dictates the charge-to-mass requirements at the 
injection stage. 

Introduction 

There are about 20 nuclear physics laboratories around the 
world which are either currently active in basic research with 
accelerated radioactive beams or are proposing new facilities for 
such research. Two major studies have been carried out recently 
to consider the research opportunities and technical options for 
future radioactive beam facilities, one by a North American 
committee [1] and the other by a European committee [2]. In 
the recently completed 1996 Long Range Plan for nuclear 
physics in the United States, the Nuclear Science Advisory 
Committee has recommended high priority for investment by 
the National Science Foundation and the Department of Energy 
in accelerator facilities to create advanced capabilities for 
research with radioactive beams. 

One method of generating energetic beams of short-lived 
isotopes is via peripheral nuclear reactions with primary beams 
of stable heavy ions which are directly accelerated to energies 
per nucléon in the range of 50-1000 MeV. At such high 
energies the kinematics of these reactions are such that the 
secondary beams have relatively good transverse and 
longitudinal emittances and, after separation in the beamlines 
via magnetic rigidity and differential energy loss in absorbers, 
are appropriate for a variety of nuclear reaction studies. There 
are several laboratories which are currently doing research with 
radioactive beams generated via this fragmentation mechanism; 

. Nolen 
ine National Laboratory 
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examples are GSI near Darmstadt in Germany, GANIL in 
Caen, France, NSCL in East Lansing, Michigan, and RIKEN 
near Tokyo, Japan. 

A variation on the fragmentation method is to create 
secondary beams of radioactive ions in the beamline at lower 
energies via nuclear transfer reactions utilizing inverse 
kinematics. The details of producing a beam of the short-lived 
radionuclide ,7F via this method for nuclear astrophysics 
studies at ATLAS are given in a contribution to this 
conference [3], 

A second general method of generating radioactive beams is 
known as the two-accelerator or ISOL (Isotope Separator On
line) method. The ISOL technique has been used for over thirty 
years to produce, ionize, mass separate, and study short-lived 
nuclear isotopes. ISOLDE [4] at CERN is a premier example 
of a facility based on this technique. At ISOLDE radionuclides 
are produced via nuclear spallation reactions with 1 GeV 
proton beams from the Booster synchrotron which is part of 
the high energy accelerator chain at CERN. Other ISOL 
facilities are based at research reactors and use thermal neutron 
fission of 235U as the radionuclide production mechanism; the 
OSIRIS facility at the reactor in Studsvik, Sweden is an 
example of this type. Using the ISOL method for the 
production of radioactive beams at energies high enough for 
nuclear reaction studies is a relatively new concept which has 
not been used extensively to date. Pioneering work to develop 
accelerated radioactive beams using this method has been 
carried out at Louvin-la-Neuve [5]. The present paper addresses 
the issues involved in selecting appropriate accelerators for 
both the driver and secondary beams for ISOL-type facilities. 

Typical ISOL-type Radioactive Beam Facilities 

An ISOL-type accelerated radioactive beam facility 
comprises several major components: the primary beam 
(driver) accelerator or reactor to create the radionuclides, the 
target/ion source complex, a high resolution mass separator, 
the secondary beam accelerator, and a variety of experimental 
areas and apparatus for the research program. A schematic 
technical layout of such a facility as envisioned by the Iso-
Spin Laboratory study [1] was presented by J.M. Nitschke [6]. 

Of the several laboratories around the world which are 
either constructing or proposing new radioactive beam 
facilities there are a wide variety of choices of primary and 
secondary beam accelerators. In most cases radioactive beam 
facilities are evolving via upgrades or modifications to existing 
nuclear physics laboratories by adapting and utilizing one or 
more existing accelerators. In some cases the radioactive beam 
facilities are attached to production accelerators or reactors 
which exist primarily for other applications. 
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Table 1 
Configurations of a few selected ISOL-type radioactive beam facilties, under construction and proposed 

Project/Laboratory Location Primary beam accelerator Secondary beam accelerator Status 
HRIBF Oak Ridge Cyclotron, k = 100 MeV Tandem, 25 MV Commission, '96 

Cyclotron, k = 200-250 p Tandem + SC Booster, 50 MV R&D 
INS Tokyo Cyclotron, k = 67 MeV RFQ + IH Linac, 14 MV Test, 1996 

Tsukuba Synchrotron, 3 GeV p RFQ + IH Linac JHP future 
ARENAS Louvain-la-Neuve Cyclotron, k = 110 MeV Cyclotron, k = 44 MeV Constr./1998 
SPIRAL/GANIL Caen Cyclotrons, k = 400 (HI) Cyclotron, k = 265 MeV Constr./1998 
REX-ISOLDE CERN Synchrotron, 1 GeV p RFQ + IH Linac, 16 MV Constr./1998 
ISAGTRIUMF Vancouver Cyclotron, k = 500 (H~) RFQ + IH Linac, 13 MV Constr./2000 
PIAFE Grenoble Reactor, thermal n Cyclotrons, k = 88, 160 MeV R&D 
ATLAS Argonne Linac, 245 MV RFQ + SC Linac, 70 MV R&D 

To illustrate some of this variety, the configurations of a 
few ISOL-type radioactive facilities are listed in Table 1. A 
review of these new projects and others, including 
fragmentation-type facilities, was given by A. Mueller [7]; 
progress reports on several specific facilities will be included 
in the proceedings of the recent Fourth International 
Conference on Radioactive Nuclear Beams. Some of the 
challenges to be confronted in developing powerful, broad-
based ISOL-type radioactive beam facilities are: 
High intensity radioactive beams, 
Cost effective solutions, 
Exotic beams/ far from stable isotopes, 
Excellent beam quality and energy variability, 
Broad mass range of secondary beams, 
High resolution isobar separation, 
Diagnostics for tuning weak exotic beams, 
Target/ion sources for high power primary beams, 
Shielding and remote handling at production target. 

Below, in separate sections, primary and secondary beam 
accelerators are discussed. 

Driver Accelerators 

A general-purpose facility for producing intense accelerated 
radioactive nuclear beams must incorporate a powerful driver 
device to generate large quantities of radionuclides. Some ISOL 
facilities have been located at high-flux research reactors to 
produce and study the neutron-rich isotopes produced via 
thermal neutron-induced fission of 235U. The new radioactive 
beam project PIAFE [8], listed in Table 1, will utilize the ILL 
reactor at Grenoble as the production device. All other present 
projects are using or planning to use some type of accelerator 
as the driver device; either a synchrotron, cyclotron, or linac in 
various implementations. Essentially all existing or proposed 
radioactive beam facilities utilize either a pre-existing driver 
device or post accelerator, or both. The only proposed "green 
field" facility listed in Table 1 is that planned as part of the 
Japanese Hadron Project. Even in this case, however, the 
radioactive beam capability will coexist with other major 
research interests in an extensive accelerator complex. 

Radionuclide-Production Mechanisms 

The choice of driver device for a radioactive beam facility is 
intimately related to the overall goals of the laboratory and the 
capabilities of the secondary beam accelerator. In many 
instances, as mentioned above, the driver device is pre-existing 
and the other components must be adapted to its capabilities. 
For example, a reactor is a prolific source of medium-mass, 
neutron-rich radionuclides which result from thermal neutron 
fission. Hence, Phase fJ of the new PIAFE facility will be 
dedicated to the acceleration and study of nuclear reactions with 
this class of radionuclides. On the other hand, high energy 
proton synchrotrons can prolifically produce both proton-rich 
and neutron-rich isotopes over a broad mass range via the 
spallation reaction mechanism. The REX-ISOLDE 
collaboration [9] is constructing a secondary beam accelerator 
at ISOLDE to utilize the existing synchrotron and ion source 
infrastructure at that facility. 

However, the costs of reactors and GeV energy proton 
synchrotrons probably exclude them from consideration as 
dedicated drivers for future radioactive beam facilities. For the 
production of radionuclides there are a variety of nuclear 
reaction mechanisms at the disposal of designers. With 
primary beams of protons and heavy ions in the energy range 
of 10's to 100's of MeV per nucléon several reaction 
mechanisms can be utilized: compound nucleus/fusion-
evaporation reactions, primarily for proton-rich products; light-
ion induced fission, primarily for medium mass, neutron-rich 
products; spallation reactions with intermediate energy 
(-100 MeV per nucléon) heavy ions; and fragmentation of 
heavy ions such as 180. A desirable driver accelerator for an 
advanced radioactive beam facility is one capable of delivering 
a variety of beam types over a range of beam energies. Such 
flexibility permits selecting a beam/target combination and an 
associated reaction mechanism to selectively populate 
radionuclides in a specific mass region. 

A Proposed Heavy-Ion Linac Driver 

A driver accelerator with a beam power of up to 100 kW 
would be desirable for radioactive beam production. Most 
experience to date is with up to a few kilowatts of beam power 

33 



and improvements in target/ion source technology are expected 
to lead to higher beam powers being feasible. A linear 
accelerator capable of delivering a variety of ion species with 
beam power up to 100 kW at energies per nucléon of 
100 MeV is shown schematically in Fig. 1. This is the type 
of driver accelerator suggested by the Argonne group in a 
working paper [10]. To accelerate light ions, such as 'H, 2H, 
and 4He, a multicusp or microwave ion source and a light-ion 
RFQ would be used in the injector. Whereas, for heavy ions, 
such as 1 80, would require an ECR ion source operating with 
an m/q of 6, pre-acceleration in an RFQ and ion linac to an 
energy per nucléon of 5 MeV for stripping a higher charge 
state for further acceleration to 100 MeV per nucléon. 

Heavy Ion Spallation Linac m 
Heavy ion source^ 

RFQ/ 
Linac 

gas stripper v^ rosa^ 
215 MV Linac 

t i l l _ 
Production target/ 
Ion Source 

RFQ-
Light ion source ~ Target shielding 

Concept for exotic isotope production 

Fig. 1. Schematic view of a high-beam-power linac to deliver a 
variety of ion beams for radionuclide production. 

Conventional Linac Option. The driver shown 
schematically in Fig. 1 could be implemented as a 
conventional linac with the parameters indicated in Table 2. 
The linac main stage could be a conventional DTL or possibly 
a CCDTL structure [11]. A preliminary physics design study 
of the DTL configuration for the heavy ions has been carried 
out by AccSys Technology, Inc. [12]. As indicated in Table 2 
the beam currents for the heavy ions would be limited by the 
ion sources rather than by the linac beam power capability, due 
to the high peak current requirement. 

Superconducting Linac Option. An alternative to 
the conventional DTL or CCDTL linac discussed above is a 
superconducting linear accelerator. This would involve the 
extension of the well-established technology now used for low 
energy heavy ion linacs to higher beam currents and to a 
somewhat higher velocity regime. Two technical advantages of 
a superconducting linac with CW beams are: (a) the 
continuous beam would eliminate a potential problem with 
voltage ripple at the production target/ion source, and (b) the 
heavy ion beam intensities available from a DC ion source 
would permit the achievement of much higher beam powers 
than with the low duty cycle conventional linac (as indicated in 
Table 2). Furthermore, the superconducting option is likely to 
be significantly less expensive to operate, by an estimated 
$2M/year, due to a much lower electrical power requirement 
and the elimination of the maintenance of the set of high-peak-
power klystrons required for the conventional linac. 

By using independently phased two- or three-gap 
superconducting resonators the velocity range possible with 
such structures would permit the nominally 200 MV linac to 
deliver beams of 200 MeV protons as well as the 100 MeV per 

nucléon heavy ions with m/q~2 as discussed above; this is a 
very useful additional beam for radionuclide production 
purposes. There are several well established superconducting 
structures for ion velocities up to about 0.15c [13], but this 
application would require the extension of this technology up 
to v = 0.55c. Prototypes of structures which could possibly be 
modified for operation in this velocity regime have been 
developed and tested by Delayen, et al. [14], one of which is 
illustrated in Fig. 2. Alternate geometries, including a "spoke" 
structure, have been proposed by Delayen, et al. [15]. 

Table 2 
Parameters of a Conventional Drift Tube Production Linac 

Max Output Beam Energy: 100 MeV per nucléon 
Max Output Beam Power: 100 kW 
Typical Light Ions: 
(microwave ion source) 
Typical Heavy Ions: 
(pulsed ECR ion source) 
Typical Max. Currents: 
(Light Ions @100kW) 
Typical Max. Currents: 
(Heavy Ions @100kW) 
Typical Ion Currents: 
(Source/Stripping Limits) 

H, 2H, "He 

lçl*,6*. I 6 . [ 8 Q 3 * , 8 + . 20.2/iyi 4 

H, 1 mA; 2H, 0.5 mA; "He, 0.25 pmA 

Os+, 55 puA; 36Arl6+, 28 puA 

8Os+, 20 puA; î6Ar'6+, 3 puA 

Linac Specifications: 

Injector RFQ/Linac: 
Main Linac: 
Duty Cycle: 
Input Power: 

5 MeV/u output @q/m = 1/6, (30 MV) 
100 MeV/u out @q/m = 8/18, (215 MV) 
2.5% @ 120 Hz 
1.75 MW 

Output Energy Variation: 15% increments 
Controls: Pulse-pulse ion source and energy 

variation possible 

Niobium Coaxial 
Half-Wave Resonator 
(355 MHz) p = 0.12 

Fig. 2. A two-gap superconducting niobium resonator which was 
constructed and tested at ANL by Delayen, et al. [14]. 

Papers presented at this conference by K.C. Chan and 
G. Geschonke discuss possible uses of superconducting linear 
accelerators for very high power applications, such as for 
neutron spallation sources, transmutation of waste, and 
production of tritium. To date these applications are 
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considering superconducting structures for velocities above 
0.5c, to be operated at higher frequencies and lower 
temperatures. For the radioactive beam driver accelerator 
application it seems desirable to keep the frequency below 
about 400 MHz so that operation at 4.5 K is economically 
feasible. To keep the capital cost of a superconducting driver 
competitive with that of a conventional linac, efficient 
fabrication methods for structures in this low-velocity regime 
will have to be developed [16]. 

Other Driver Accelerator Options. 

As indicated in Table 1 above several radioactive beam 
projects are using synchrotrons or cyclotrons as the driver 
accelerators. Synchrotrons are generally used in projects which 
share the accelerator with other applications, typically for high 
energy physics research, as in the case of ISOLDE and the 
Japanese Hadron Project. There is also the possibility that 
there will be a proposal to use the rapid cycling synchrotron of 
the ISIS facility at the Rutherford Appleton Laboratory in 
Great Britain as the driver for a future radioactive beam facility 
[17]. These synchrotrons use high energy protons to produce 
radionuclides via spallation reactions. 

The cyclotrons at GANIL will be used with beam power up 
to 6 kW and a variety of species from deuterons to heavy ions 
at energies up to 100 MeV per nucléon to produce 
radionuclides for the new SPIRAL facility [18] via various 
production mechanisms including fragmentation and light ion 
induced fission. The cyclotrons at GANTL have been in 
operation for several years for basic research in nuclear physics 
including the production of radioactive beams via the 
fragmentation mechanism. The SPIRAL project is an upgrade 
which gives the laboratory the option to produce radioactive 
beams via both fragmentation and the ISOL-method. 

Similarly, the existing 500-MeV H~ cyclotron at TRIUMF 
will be used as the driver for the new ISAC radioactive beam 
project [19]. The initial plans are to use beam currents up to 
10 \iA, and to increase to higher currents as the target/ion 
source technology permits. 

The HRIBF project [20], currently in commissioning 
stages at ORNL, is using the existing ORIC cyclotron as the 
driver, but there are plans to possibly upgrade to an advanced 
radioactive beam facility in the future, which would involve 
the addition of a more powerful driver accelerator. Various 
types of cyclotron are currently under consideration, including 
compact superconducting and conventional separated sector 
styles [21], either of which could deliver 250 MeV proton 
beams at currents of 100-200 uA. A review of cyclotrons 
which could be constructed for use as drivers was given 
recently by Y. Jongen [22]. 

Post -Acce lerators 

The requirements of the post-accelerator of an advanced 
radioactive beam facility are to a large extent dictated by the 
choice of ion source for the secondary beams. Two common 
classes of ion source are the standard ISOL-type 1+ sources as 
used at ISOLDE [4], GSI [23], and other on-line isotope 

separator facilities, and higher charge-state sources as are 
planned for use, for example, at SPIRAL [18]. The ISOL-type 
1+ ion sources have been developed to have high efficiencies 
and excellent emittances for a broad range of elements, but 
place great demands on the post-accelerator due to the very low 
q/m values for heavy masses. ECR ion sources generally have 
worse emittances, but have been demonstrated to have good 
efficiencies for noble gases, and are under development for 
other elements [24]. Other developments are in progress to use 
ISOL-type ion sources in combination with an ion trap plus 
an EBIS device [9] or with an ECR "catcher" [25] to increase 
the charge states. 

Post-Accelerators Based on Linacs. 

The Argonne Post-Accelerator Proposal. The 
Argonne concept for an advanced radioactive beam facility [10] 
is to build on the present capability of the ATLAS 
superconducting linacs to deliver beams from protons to 
uranium with excellent transverse and longitudinal beam 
quality [26]. The injector stage of the post-accelerator is being 
designed [27] to start with 1+ ions with masses up to about 
200 from ISOL-type ion sources; a schematic layout is shown 
in Fig. 3. The design of a CW, low-frequency RFQ for the 
first stage of this injector was presented at this conference [28]. 
This concept involves stripping of the 1+ ions to 2+ or 3+ 
after the first stage RFQ. High stripping efficiencies with very 
low multiple scattering (<1 mr) have been demonstrated for 
Kr, Xe, and Pb ions using a low-pressure windowless gas cell 
[29]; charge-state fractions for 1-MeV Pb ions in helium and 
nitrogen are shown in Fig. 4. 

Pre-acceleration and stripping of 1 + ions for injection into ATLAS 

lMeV 
+ . -300 kVHV platform l+to2 

100 keV 
l+ions 
q/m =1/132 

n-HRFQl H^^rH^-n—fRFQ2l - D - ^ 

r 
matching HV platform 

/ foil stripping to q/m = 0.15 
1 ' • ' = 3 

600 keV/A ions 
• 0 - # 

33 keV/A ions 

i beam matched to ATLAS 

Fig. 3. Block diagram of the ANL concept for a radioactive beam 
pre-accelerator beginning with 1+, mass 132 ions from an ISOL-
type ion source. 

RFQ + IH-Linac Combinations. Several radioactive 
beam facilities [19, 30, 9, 31] are using normally conducting 
low-frequency RFQ structures followed by IH-linacs to take 
advantage of the high shunt impedances obtainable with such 
structures. Two of these [19, 31] will operate CW. 
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Fig. 4. Charge state distributions for l-MeV 208Pb ions in thin 
helium and nitrogen gas, illustrating the enhancement of 3+ ions 
from helium relative to nitrogen [26]. 

Other Post-Accelerator Options. 

Cyclotrons. The SPIRAL [18], ARENAS [5], and 
PIAFE [8] projects will all use cyclotrons as the radioactive 
beam post-accelerators. The CIME cyclotron, currently nearing 
completion at GANIL for the SPIRAL project is shown 
schematically in Fig. 5. A specific advantage of cyclotrons 
over linacs is that being isochronous and with high turn 
numbers they are m/q selective with resolutions up to 10,000. 
A disadvantage is that, to achieve high beam energies, ions 
with relatively high q/m values are required. 

Fig. 5. CAD layout of the CIME k = 265 MeV cyclotron currently 
under construction at GANIL as the post accelerator for the SPIRAL 
radioactive beam project. 

Tandems. The HRIBF facility at Oak Ridge is using the 
existing 25 MV tandem as the post accelerator [20]. It 
produces beams with low transverse emittance at energies 
useful for nuclear physics over a broad mass range for any ion 
species which can be either directly extracted as or charge 
exchanged into a negative ion. 

This research was supported by the US DOE Nuclear 
Physics Division under contract W-31-109-ENG-38. 
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Abstract 

The Argonne Wakefield Accelerator (AWA) 
facility has begun its experimental program. This 
unique facility is designed to address advanced 
acceleration research which requires very short, intense 
electron bunches. The facility incorporates two photo-
cathode based electron sources. One produces up to 100 
nC, multi-kiloamp 'drive' bunches which are used to 
excite wakefields in dielectric loaded structures and in 
plasma. The second source produces much lower 
intensity 'witness' pulses which are used to probe the 
fields produced by the drive. The drive and witness 
pulses can be precisely timed as well as laterally 
positioned with respect to each other. We discuss 
commissioning, initial experiments, and outline plans 
for a proposed 1 GeV demonstration accelerator. 

1. Overview of the AWA Facility 

The generation of high gradients (> 100 MV/m) in 
wakefield structures requires a short pulse, high 
intensity electron drive beam. The main technological 
challenge of the AWA program is the development of a 
photo injector capable of fulfilling these requirements. 
The goal of the AWA is to demonstrate high gradient 
and sustained acceleration of charged particle beam by 
using wakefield method. In the past year we have made 
considerable progress towards attaining the design goals 
of the AWA. 

Fig. 1 shows the schematic diagram of the AWA 
facility, consisting of 3 major components: 1) an L-band 
rf photocathode and Linac capable of producing a 100 
nC electron drive beam; 2) a second L-Band 
photocathode gun generates a low emittance and low 
charge beam which probes the wakefield produced by 
the intense drive beam and 3) An experimental test 
section for wakefield experiments. 

AWA Facility Schematic Layout 

Witness Gun 

^ v Test Section 

„P finn B e a m combining \ 

Figure 1. Schematic layout of the AWA facility. 

A picosecond UV laser with up to 8 mJ/pulse 
output is used to illuminate the photocathode for both 
guns. 

In this paper we present detailed descriptions of 
the facility and initial characterization of its 
performance. The preliminary results of dielectric and 
plasma wakefield experiments are discussed. The near 
and long term plans for experiments and facility 
upgrades will be described. 

2. Photocathode Gun and Drive Linac System 

The gun and drive linac are shown in Fig. 2. The 
laser photocathode sources was designed to deliver 100 
nC bunches at 2 MeV to the drive linac. The 
photocathode gun is a single cell standing wave cavity 
with designed peak field of 90 MV/m on the cathode 
[1]. Some of the novel features incorporated into the 
gun to attain high intensities include a large (2 cm 
diameter) cathode, the use of a curved laser wave front 
and nonlinear focusing solenoids matched to the angle-
energy correlation computed for the 100 nC bunch. So 
far, only flat laser pulses have been used for the 
experiment. However, for most AWA experiments, 
only 40 ~ 60 nC pulses are needed as discussed below. 
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A B B 

Figure 2. Drive Linac. A: High current photocathdoe 
gun. B: Focusing Solenoids (bucking solenoid not 
shown), C: Linac Cavities, D: Laser and diagnostic 
port. 

The AWA drive linac [2] consists of two sections of 
7C/2 standing wave structures. Each section is about a 
meter long. The linac is designed to deliver 18 MeV 
electron beam with 5 ~ 10 % of energy spread at 100 
nC. 

3. Witness Gun 

The witness gun a six-cell, copper, iris loaded, rf 
photocafhode operating at 1.3 GHz in a p/2 standing 
wave mode. A low charge, low emittance witness 
beam (0.1 nC charge, 1 p mm-mrad 90% physical 
emittance) is produced to probe (i.e. witness) the 
wakefields left behind by the drive beam . The witness 
gun is a scaled down version of the s-band Mark IV 
accelerator that was used at SLAC, as described in 
reference [3]. Since the Mark IV Accelerator was a 
linac, some adjustments were made to turn it into a 
photocathode gun using the rf design code URMEL. 
The witness gun has a photocathode in the first 1/2 
cell, a coupling iris in the fourth full cell and a beam 
exit hole in the last half cell. 

In order to probe the test devices properly, the 
witness beam must have a kinetic energy of 4 MeV, a 
physical emittance of 1 p mm-mrad, an energy spread 
of less than 1% and a bunch length of about 5 ps. 
Extensive simulations with PARMELA have shown 
the Mark IV type gun to be capable of achieving the 
design parameters. Using a 1.5 mm spot size and a 
phase launch of 65 degrees we obtain the following 
results 

Energy 

4.53 MeV 

90% 
Emittance 
0.76 p 
mmmrad 

Energy 
Spread 
0.5% FW 

Bunch 
Length 
5.6 psec 

4. Lasers and Control 

The picosecond KrF laser system 

The laser consists of a front end that produces 
picosecond pulses at 248 nm and a final KrF amplifier. 
The central component of the front end is a 

synchronously pumped mode locked dye oscillator 
(Coherent 702). The dye laser is tuned to the desired 
wavelength of 497 nm by a single-plate birefringence 
filter. Coumarin 102 dissolved in benzyl alcohol and 
ethylene glycol is the lasing medium, and DOCI 
dissolved in benzyl alcohol and ethylene glycol is the 
saturable absorber. A harmonic tripled mode locked 
Nd:YAG laser is used to pump the dye laser. The 
frequency of the mode locker is 40.625 MHz of which 
the 32nd harmonic is exactly 1.3 GHz. 

A single pulse from the dye laser output train is 
amplified to 300 uJ through a three-stage amplifier. 
The dye amplifier is Lambda-Physik FL2003 pumped 
by 100 mJ, 308 nm pulses from a Lambda-Phyisk 
LPX105i excimer laser. The duration of the pump 
pulse is shortened to 10 ns so only one pulse from the 
dye oscillator can be amplified. The output from the 
dye amplifier is frequency doubled in a 3x3x7mm 
angle matched BBO crystal. Output at 248 nm is 
typically 25 - 30 uJ. Because the length of this 
doubling crystal, temporal broadening of the input 
pulse is expected. 

Amplification of the ultra-short UV pulses is done 
in a single stage KrF excimer laser (Lambda-Physik 
LPX105i). The input pulses pass through the amplifier 
twice in order to fully utilize its stored energy. Typical 
output of 8 -10 mJ is obtained routinely. The length of 
the final pulse is measured by Hamamatsu streak 
camera (model CI587) which has resolution of 2 ps. 
The typical measured pulse length (FWHM) is 3 - 4 ps. 
No satellite pulses observed. Repetition rate of the of 
the laser can be as high as 35 Hz. 

In order to have certain flexibility of the 
experiment, we can run the Coherent 702 dye laser in a 
single jet mode. In the single jet mode, the laser is 
capable of producing pulse length from 5 ps to 30 ps. 
We have verified the laser pules length by using the 
autocorrealtor and streak camera. The laser energy is 
from 5 - 7 mJ/pulse with nominal fluctuation of 10% 
for the long laser pulses.. 

Controls and data acquisition 

The design of the AWA control system[6] is based 
in part on the experience gained at the Advanced 
Accelerator Test facility (AATF), and also on more 
extensive data acquisition systems used for high energy 
physics experiments. The goal of the AWA system is 
to provide easy selection and adjustment of accelerator 
and beamline parameters, as well as the online analysis 
of diagnostic and physics data. 

At the core of the system is an HP-750 RISC 
workstation using the UNIX operating system. The 
workstation is interfaced to VMEbus via a high speed 
adapter with dual port RAM. A 68060 CPU board on 
the VMEbus handles command requests from the 
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workstation and provides auxiliary processing 
capabilities. Most of the control and monitoring 
functions are handled through a VME-CAMAC 
parallel bus interface. Video signals from beam 
position monitors and from the streak camera, 
comprising the actual physics data from the 
experiment, are acquired using a high resolution VME-
based frame grabber. The AWA control software was 
developed in house and is based on the Tcl/Tk 
scripting language. The various codes comprising the 
system are written in C and FORTRAN77. 

5. Initial Characterizations of the drive 
and witness beam 

Detailed characterization of the both AWA drive 
and witness beam is currently underway. We have 
made an initial measurement of the beam properties at 
the exit of the Linac. Attempts were made to measure 
the pulse length and emittance vs the charge. 

One unexpected problem encountered during the 
experiment was the low observed quantum efficiency of 
Magnesium photocathode, compared to measurements 
reported in the literature [4]. The QE found for Mg is 
1~ 1.5xl0"4. Hence almost all the available laser 
energy is required to generate a 100 nC beam. 
However, a higher intensity laser pulse generally 
induces the photocathode to emit electron continuously 
("explosive mode") [5]. Therefore, our initial 
measurements were made with charges generally less 
than 100 nC. 

A diagnostic port at the exit of the Linac consists 
of an insertable pepper pot and a phosphor screen for 
emittance measurements. A calibrated integrated 
current transformer (ICT) device is used here for 
online nondestructive charge monitoring and a thin 
quartz (1 mm thick) plate is used as a Cherenkov 
radiator for pulse length measurement. 

High Charge Generation 

A 20-27 nC beam can be produced by 1 mJ laser 
pulse regardless the laser pulse length. It appears that 
we run into the space charge limit when we increase 
the laser power to 2 - 3mJ for short laser (5 ps). The 
maximum charge produced is 55 nC with 5 mJ of laser 
power. Increasing the laser pulse length resulted in 
higher charges as expected. A lOOnC per pulse were 
observed, and 90nC pulses can be reached consistently 
with 5mJ laser power 

Pulse Length Measurement 

The electron pulse length is measured by using a 
streak camera situated in the laser room. The 
Cherenkov light from the quartz plate in the diagnostic 
port is collected and transported to the laser room. The 
Cherenkov light transport line was carefully built to 
ensure that no electron beam information can be lost. 

Electron Pulse Length vs Charge 
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Fig 3 Electron pulse length vs charge 

Results of the measurement are summarized in 
Figure 4. Because the electron pulse is not a gaussian, 
all the data were characterized by the full width half 
maximum (FWHM). The bunch length has a strong 
dependence on the charge. The shortest bunch length 
is 11 ps for 18 nC beam. At each charge, we average 
several data points to minimize the "random error" due 
to the pulse to pelse charge fluctuations. For 80 nC 
beam (with long laser pulse length), the measured 
electron pulse length is 48 ps, longer than the design 
goal (100 nC, 30ps). We are in the process of setting 
up an experiment for further investigation to attempt 
to reduce the bunch length. Note that while the Linac 
focusing is optimized for the curved laser bunch, only 
planar wavefront laser beam have been used 

Emittance Measurement 

A "pepper pot" with 0.5 mm holes and 2.5 mm 
spacing with a phosphor plate placed 40 cm 
downstream used for emittance measurement. Because 
of the small electron beam spot and relatively large 
holes of the pepper pot, and the resolution is about 10 
mm mrad. Therefore, we have only estimated an upper 
limit on the emittance. 

The following table summarizes the results of 
several measurements. 
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Charge 

20nC 
55nC 
70nC 

Measured rms physical 
emittance 
10 mm mrad 
13 mm mrad 
20 mm mrad 

The Witness Beam 

The witness gun and its associated beam lines 
were recently installed and commissioned. 
Properties of the witness beam are being studied. 
The charge produced in the witness gun ranges from 
0 . 1 - 3 nC. The beam energy is 4 MeV. The beam 
has been used for the initial dielectric wakefield 
measurements. Emittance measurements using a 
quadrupole scan technique and bunch length 
measurements using Cherenkov radiation are 
underway. 

Synchronization of the drive and witness beam 

Once the drive beam and the witness beam are 
generated, both beams are transported to the 
experimental section and combined. Since both the 
drive and witness beam are generated using the same 
laser pulse, a laser beam splitter is used to reflect a 
small amount of the laser beam through an 
adjustable delayed. Time delay between the two 
beams can be adjusted precisely using a mirror 
mounted on a movable stage for the witness laser 
beam line, while at the sametime, adjusting the rf 
phase to the witness gun to maintain a constant laser 
injection phase. The typical delay range used in the 
wakefield experiments is -50 ps to 400 ps. Delays up 
to 10 ns are possible using this system limited only 
by the adjustable stage. 

6. Initial Wakefield Experiment Results 

We have performed several collinear wakefield 
experiments to verify the performance of the AWA 
facility. Initial choice of the wakefield device were 
dielectric structure fabricated from Borosilicate 
glass. This material has a sufficiently large DC 
conductivity to minimize charging effects during 
beam tuning when scraping of the drive beam is 
worst. 

Dielectric Wakefield Experiment 

We have measured the wake field in two 
different dielectric structures (7 and 15 GHz). The 
results for the 7 GHz structure are shown in Figure 
4. The wake amplitude is 1.5 MV/m for 20 nC drive 
beam. The structure has an inner radius of 1.25 cm 
and an outer radius of 1.6 cm with dielectric 

constant of 4. The measured wakefield amplitude 
and frequencies agree well the theory. This directly 
tested all the components of the AWA facility, and 
the results are satisfactory. 

Another dielectric tube with inner radius 5 mm 
and outer radius 7.7 mm was also studied in the 
wakefield experiments. The resonant frequency for 
this tube is 15 GHz. A wakefield amplitude of > 5 
MV/m was observed. Further tuning of the drive 
beam (more charge and shorter pulse length) should 
produce a wakefield in the excess of 15 MV/m in 
this structure. 

Wake Field Data for 7 GHz Dielectric Structures 
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Figure 4. Measured longitudinal wakefield for the 7 
GHz dielectric wakefield structure. The peak 
corresponds to 2.5 MV/m. 

Plasma Wakefield Acceleration and Focusing 
Experiment 

In collaboration with an UCLA group, we have 
performed several preliminary experiments to study 
the plasma wakefield acceleration in the blowout 
regime. The first set of experiments demonstrated 
acceleration of a witness beam as a result of the 
plasma wave excitation caused by the drive beam. 
There is a current effort to study the self focusing of 
the drive beam. In order for the drive beam energy 
to be optimally coupled to the plasma wave, the drive 
beam must be focused to a very small spot, and the 
radius of a significant part of the beam must be kept 
nearly constant by the plasma's focusing force for 
the length of the plasma. The aim of the current 
experiment is to quantify this focusing and 
propagation, which depends greatly on the beam's 
emittance, charge and initial matching, as well as on 
the plasma properties. 

7. Future Planned Experiment 

Near term plans 
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a). Fully characterize the AWA beams, particularly 
the drive beam. Studying the beam properties 
(bunch length and emittance vs charge) dependence 
on the machine parameters. 
b). High gradient collinear wakefield experiments 
using a dielectric structures. Generation of a electron 
pulse train and test the step-up transformer concepts. 
Ultimately to test the dielectric breakdown of the 
dielectric materials. 
c). Continuation of nonlinear plasma focusing and 
acceleration experiments. 
d). Colinear Wakefield Plasma Experiment. This 
experiment will be very similar to the AATF 
experiment [6]. Since the drive beam charge from 
the AWA is much higher than the charge from 
AATF, one should expect much more intense 
wakefield. Although this experiment will be in the 
non-blowout regime, we still believe it is very 
interesting. We can scan the charge from 2 nC - 40 
nC in the range of plasma densities of 1012 ~ 5xl013. 
The justification of this experiment is that although 
PWFA has been a subject of the intense theoretical 
investigations, no one has experimentally studied 
PWFA in detail. Since we have the capability of 
mapping out the wakefields, this experiment should 
be straightforward to carry out. The expected 
acceleration gradient produced in the plasma would 
be in the range of 10 - 50 MV/m. 

Long term plan 

Its well know that a major constraint of 
collinear wakefield acceleration is the transformer 
ratio. To overcome this difficulty, an accelerating 
field step-up transformer scheme of the dielectric 
wakefield accelerator was proposed[7]. The approach 
is to extract rf power from an intense drive beam 
traveling in a relatively large diameter dielectric 
wake field tube (stage I). This power is then 
transferred to a smaller diameter dielectric loaded 
guide (stage II) where the enhanced axial electric 
field is used to accelerate electrons. Field 
enhancement results both from a lower group 
velocity in stage II than in stage I ( longitudinal 
compression), and from geometrical effects made 
possible by the use of the dielectric loaded guide 
(transverse compression). High net acceleration can 
be realized if one uses a train of large number (10 -
20) electron pulses. The spacing of the drive pulses 
can be arranged in such way that a long rf pulse is 
generated to fill stage II. This also permits us to 
identify less stringent parameters for the drive beam 
than previously described. Using this new procedure 
we predict that Phase-I of the AWA (20 MeV drive 
beam) can accelerate a witness beam to over 100 
MeV in a meter or less. 

The current plans for the AWA (phase I) is to 
generate 40 nC, 20 ps long electron pulse train 
consisting of 10 -20 pulses. Further upgrade of the 
drive beam energy in excess of 100 MeV (phase II) 
without changing any of other parameters would 
enable us to achieve net acceleration of the witness 
beam to 1 GeV energy in a less of 10 meters. 
Therefore, successful demonstration of the multiple 
pulse driven step-up transformer is critical. 

8. Summary 

Installation of the AWA Phase I facility has been 
completed. The facility was successfully 
commissioned. The drive gun and Linac has 
produced up to 100 nC beam with maximum pulse 
length of 50 ps (FWHM). The witness gun has 
produced high quality beams being used for the 
wakefield experiments. More detailed 
characterizations of both beams are currently 
underway. Initial collinear dielectric wakefield 
experiments verified the new wakefield measurement 
system. High gradient wakefield acceleration 
experiments in dielectric structures and in plasma 
are being pursued. 

We would like to thank L. Balka, A. Caired, C. 
Keyser, B. Taylor and K. Wood for their technical 
support. This work is supported by the Department 
of Energy, Division of the High Energy Physics, 
Contact No. W-31-109-ENG-38. 
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RFQ-, CHOPPING- AND FLNNELING-STUDIES FOR THE ESS-INJECTOR-LINAC* 

A. Schempp, J. Madlung, A. Firjahn-Andersch, H. Deitinghoff, G. Parisi 
Institut fur Angewandte Physik, Johann Wolfgang Goethe-Universitat, 

60054 Frankfurt am Main, Germany 

Abstract 

The front end of the ESS Linac has to provide a bunched 
high current H-beam with a special time structure for 
injection into the following DTL. This can be achieved by a 
system of two 175 MHz RFQ lines, each with a current of 
54 mA, whose beams will be combined in a funnel section to 
a 107 mA beam with a bunch repetition rate of 350 MHz. For 
a proper operation of the compressor rings the linac beam 
must be chopped with a 60 % duty factor at the ring 
revolution frequency of 1.67 MHz which implies beam pulses 
of 360 ns and gaps of 240 ns during the macro pulse of 
1.2 ms. A layout of the chopping line will be presented. A 
new concept for beam funneling using a two-beam RFQ and 
a multigap funneling deflector will be discused. 

Introduction 

The RFQ (Radio Frequency Quadrupole) injector for the 
ESS linac provides a bunched beam of 107 mA at 5 MeV. 
This will be achieved by a system of two 175 MHz RFQ 
lines, each with a current of 54 mA, whose beams will be 
combined in a funnel section. For proper operation of the 
compressor rings the linac beam must be chopped with a 
60 9c duty factor at the ring revolution frequency of 
1.67 MHz which implies beam pulses of 360 ns and gaps of 
240 ns during the macro pulse of 1.2 ms. The chopping 
system shall also be used to achieve sharp edges at the head 
and the end of the macropulse. 

RFQ 

Each RFQ line is split into two sections with the 
chopping line between the two RFQs to enable chopping with 
an unneutralised, bunched beam at a moderate energy to 
reduce the required chopping voltages but at an energy high 
enough so that the beam can be transported through the line 
with a minimum emittance growth. Figure 1 shows a 
schematic drawing of the ESS RFQ injector system. 
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respect to a small output emittance and a reduced output 
divergence of the beam to match to the chopping line. The 
operating frequency of the RFQs will be 175 MHz in order to 
be well below the current limit. In table 1, the main 
parameters of the ESS RFQs are shown. 

Table 1: Main parameters of the ESS RFQs. 

fofMHz] 
E^ [MeV] 

Eout [MeV] 
Length [m] 

Ncav [kw] 

Nfeeam [ k w ] 

RFQ 1 

175 
0.05 
2.0 
2.95 
360 
132 

RFQ 2 

175 

2.0 
5.0 
5.1 
700 

169.5 

Chopping 

A fast beam chopper has to be included into the injector 
to create voids for a loss free extraction from the compressor 
rings. In addition the head and the tails of the macro bunches 
could be cut away, where the beam intensity may vary due to 
space charge neutralisation effects. In the EHF-proposal [1] 
the layout of such a chopping line was presented, which 
could be adapted to the ESS requirements in a first step. 
Beam dynamics calculations showed high transmission 
(< 95 %) at a transverse emittance growth of 50 %. The 
bunch width could be kept smaller than ±45° [2]. Never
theless the length of the line is about 7 m and the transverse 
beam dimensions become inbetween rather large, therefore 
the investigation of a more compact line has been started [3], 

The chopping line has been designed with the chopper 
and the beam dump placed in the same drift section. It 
consists of single quadrupoles and buncher cavities. The 
beam dump will be in front of the third buncher cavity, where 
enough space for cooling is available. A drawing of the 
chopping line is shown in figure 2. 
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Fig. : Drawing of the chopping line. 

Fig. 1. Schematic drawing of the ESS RFQ injector system. 

The design of the first RFQ has been optimised for a 

total normalised input emittance of l i t mm mrad with 

*supported by the EC under contract CHRX-CT94-0503. 

The chopper structure will be a pulsed electrostatic 
deflector, based on the BNL design [4], with deflection plates 
segmented into strips transversal to the beam direction. They 
are connected by coaxial delay lines, so that the pulse 
velocity along the beam direction is matched to the beam 
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velocity. One set of strips above and below the beam will 
halve the magnitude of the voltage needed for deflection, A 
drawing of the chopper structure is shown in figure 3. 

pulse • 
structure 

Fig. 3. Schematic drawing of the chopper structure. 

The output distribution of RFQ 1 (which is the input for 
the chopping line) and the output of the chopping line are 
shown in figure 4 and figure 5. 
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Fig. 4. Particle input distribution of the chopping Une. 
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To avoid that bunches at the head or the end of the 
macropulse are not totally filled, the chopping voltage must 
rise in less then one rf-cycle. So the rise and fall time of the 
chopping voltage of 2 kV has to be less than 4.5 ns to achieve 
a clean chopping and this seems to be within technical 
possibilities. Beam dynamics calculations for this layout have 
been done with the PARMTRA-code using an rz-Poisson-
solver and a beam current of 59.5 mA. The results show a 
transmission of 99 % through the chopping line. The 
separation of the chopped and the unchopped beam at the 
position of the beam dump is about 5 mm. Figure 6 shows the 
transversal behaviour of the unchopped and figure 7 of the 
chopped beam along the chopping line. The particle 
distributions both for the chopped and unchopped beam at the 
position of the beam dump are plotted in figure 8 and 
figure 9. 

ESS C h o p p i n g L i i 
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V e r s i o n 3 , JM 0 6 / 9 6 
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Fig. 6. Transversal behaviour of the unchopped beam along the 
chopping line. 
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Fig. 7. Transversal behaviour of the chopped beam along die 
chopping line. 

Fig. 5. Particle output distribution of the chopping line. 
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Fig. 8. Chopped beam at the beam dump. 
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Fig. 9. Unchopped beam at the beam dump. 

Funneling 

To achieve the required beam current of 107 m A two 
identically bunched beams have to be combined into a single 
beam with twice the frequency, current and brightness. This 
so called funneling, proposed first by Montague and 
Bongardt [5], has to be done with a well bunched beam, 
which is needed for low emittance growth in a system of 
dipoles, quadrupoles, rebunchers and a deflector. Figure 10 
shows the principle of funneling. 

Fig. 10. Principle of funneling. 

Now a new system with a two-beam RFQ and a 
resonator driven deflector has been investigated. A first two-
beam funneling experiment includes a two-beam RFQ where 
the beams are bunched and accelerated with a phase shift of 
180° between each bunch. In the two-beam RFQ the beam 
separation is kept small. Therefore the rf-funneling deflector 

system can operate at low voltages. The new concept, based 
on a resonator driven multi-gap deflector, where the ions are 
deflected several times, facilitates some constraints in beam 
funneling like the limitation of the electric field by rf-
sparking. To study the properties of the new two-beam RFQ, 
different types of prototype resonators were built and tested. 
Also calculations with the electrodynamics CAD program 
MAFIA have been done for comparison with the low-level 
measurements. A combination of a two-beam RFQ, which 
joins the two separated RFQ 2-resonators, and a single- or 
multi-gap deflector will be used for the ESS linac. Figure 11 
shows a scheme of the ESS funneling section and table 2 the 
main parameters of the two-beam RFQ and the rf-deflector. 

RFQ2.175MHZ, TwotMm RFQ. 175 MHt rt-drttetor. 175Mfe 
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Fig. 11. Scheme of the ESS funneling section. 

Table 2: Main parameters of the two-beam RFQ and die rf-deflector 
two-beam RFQ 

fo [MHz] 
Ein [MeV] 

Eout [MeV] 
Length [m] 

Ncav [kw] 
Angle between beam axes [mrad] 

rf-deflector 
f„[MHz] 

Voltage [kV] 
Length [cm] 

Ncav [kw] 
Beam separation at input [mm] 

175 
5 
5 
1 

250 
284 

175 
500 
8.8 
65 

12.6 
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Abstract 

The separated sector cyclotron at the ISL (Ionen-Strahl-
Labor, Berlin) will get a new injector. The RFQ-part of the 
injector consists of two closely coupled VE- (Variable Energy) 
RFQs with an input energy range of 15 to 30 keV/n and an 
output energy range of 90 to 360 keV/n. For direct injection 
into the cyclotron a small energy spread and a duty factor of 
100 % are needed, which is difficult for RFQs. Calculated and 
measured rf-properties of the RFQs will be discussed. 

Introduction 

The scientific program at the ISL, the former VICKSI-
(Van de Graff Isochron Cyclotron Kombination fur Schwere 
Ionen) facility has changed from nuclear physics to solid state 
physics [2]. The VICKSI-facility consists of two external 
injection beamlines, a Van-de-Graff and a Tandem injector 
with a separated sector cyclotron as postaccelerator. To meet 
the demands of the solid state physics users the Tandem 
injector will be replaced by a combination of an ECR source 
mounted on a 200 kV platform and a two stage VE-RFQ. The 
ECR-RFQ-combination will accelerate the ions to energies 
between 0.09 and 0.36 MeV/n to cover the range of final 
energies out of the cyclotron between 1.5 and 6 MeV/n. 

The VE-RFQ-Structure 

In an RFQ structure [3] the accelerating longitudinal fields 
are achieved by a geometrical modulation of the quadrupole 
electrodes, as shown in figure 1. The shape of the electrodes is 
characterized by the parameters aperture radius a, modulation 
m and the cell length L. 

Fig. 1: The shape of the modulated electrodes. 

Due to the Wideroe resonance condition [4], where P is 
the normalized particle velocity, v the particle velocity and / 
the frequency: 

L Œ ! 1 E _ = _ E . ( 1 ) 

2 2 / 
the fixed particle velocity profile can only be varied by either 

changing the cell length or the frequency. The second 
possibility is the way which has been used for RFQs with 
variable energy [5]. For this reason it is possible to change the 
output energy EM using the same electrode system: v <*/ 
E «v . 

out p 

To change the frequency of the 4-Rod RFQ, a type of 
resonator developed in Frankfurt [6], the resonator can be 
tuned capacitively or inductively. Figure 2 shows the inductive 
tuning by a movable tuning plate, which varies the effective 
length of the stems. 

* Work supported by the BMBF. 

movable tuning plare 

Fig. 2: Scheme of the VE-RFQ. 

In Frankfurt the VE-RFQ was developed at first for the 
application as a cluster postaccelerator at the 0.5 MV 
Cockroft-Walton facility at the IPNL (Institut Physique 
Nucléaire Lyon, France) [7, 8]. This accelerator is designed for 
an input energy between £k=5 keV/n and 10keV/n and an 
output energy between £^=50 keV/n and 100 keV/n. 

Based on the positive experiences of this project, a first 
combination of an ECR source with a VE-RFQ has been built 
for the IKF (Institut fur Kernphysik, Frankfurt). The RFQ is 
designed for a minimum charge-to-mass-ratio of 0.15, an 
output energy of E^=100-200 keV/n, a maximum electrode 
voltage of 70 kV and has a structure length of 1.5 m. 

The RFQ-concept for the ISL-cycIotron 

To inject into a cyclotron, the RFQ has to provide a 
bunched beam at a well defined injection energy determined 
by the inner radius of the cyclotron. The energy variability of 
the separated sector cyclotron will be kept by using an injector 
which has a variable energy and a variable frequency like the 
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VE-RFQ. The operating frequency of the RFQs must be 
synchronized with the cyclotron frequency. RFQs have a fixed 
ratio of input to output energy given by the cell length of the 
first and last acceleration cell. This is similar to the energy 
gain factor of a cyclotron. For these reasons a VE-RFQ is well 
suited as an injector for a cyclotron [9], 

The new injector consisting of an ECR source and a VE-
RFQ has to fit into the existing Tandem beamline. To stretch 
the energy range of the injector the RFQ will be split into two 
RFQ stages, mounted in one vacuum-chamber. Each stage 
with a length of 1.5 m consists of a ten stem 4-Rod RFQ-
structure. With a power consumption of 20 kW per stage an 
electrode voltage of 45 kV will be possible. 

The RFQs will be driven in two different modes of 
operation. In the high energy mode both RFQs accelerate, the 
output energy of the cyclotron is between £M=3 MeV/n and 
£^=6 MeV/n with a harmonic number of 5 for the cyclotron. 
In the low energy mode the second RFQ has a detuned phase 
and works as a quadrupole transport channel. The energy range 
of the cyclotron in this mode is between £^=1.5 MeV/n and 
£^,=3 MeV/n. The cyclotron works on the harmonic number 7. 
In both modes the frequency of the RFQ is tuned to the eighth 
harmonic of the cyclotron frequency. Parameters are given in 
table 1. 

Fig. 3: ECR source mounted on the platform. 

The vertical beam is bent by 90°, passes through the 
buncher-chopper system and will be injected into the RFQs. 
The final matching into RFQ, will be done by a triplet lens. 
The beam from RFQ2 is transported into the injection beamline 
of the cyclotron, to which a rebuncher has been added to make 
a proper time focus for the cyclotron. 

Table 1 
Main accelerator parameters. 

RFQ: 

min. / max. Ein 
min./max. Eow RFQi 
min./max. Eom RFQ2 

energy gain factor RFQi 
energy gain factor RFQ2 

charge to mass-ratio 
frequency 

max. electrode voltage 
length / diameter 

15/30[keV/n] 
90/180[keV/n] 
180/360[keV/n] 

6 
2 

1/5 - 1/8 
85- 120 [MHz] 

45 [kV] 
3/0.5[m] 

Cyclotron: 
injection radius 

extraction radius 
frequency 

max. dee-voltage 
energy gain factor 

0.43 [m] 
1.8 fm] 

10 - 20 [MHz] 
140 [kV] (peak) 

16.8- 18.6 

The RFQ output emittance depends largely on the input 
conditions. For matched input beams with an energy spread 
AE/E < 1.5 %, a normalized emittance en < 0.5 n mm mrad and 
a bunch length At< 1 ns a transmission of 100 % is expected. 
To reach this beam quality it is necessary to have a buncher-
chopper system between the ECR and the RFQs [10]. 

The ECR source is mounted on the 200 kV platform 
formerly used for the Tandem(see figure 3). 

Rf-Properties 

The rf-properties were calculated with the code MAFIA 
Ver. 3.2 [\\], to check several structural details. The main 
point of interest is the relation between the tuning plate 
position and the frequency as well as the dépendance of the 
shuntimpedance and the Q-value on the frequency, as shown in 
figure 4. 

! 
240 90 140 190 

tuningplate position [mm] 

90 100 110 
frequency [MHz] 

90 100 110 120 

frequency [MHz] 

Fig. 4: Relation between the position of the tuning plate and the rf 
parameters. 
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Another point of interest is the electrode voltage along the 
RFQ (flatness), which should be constant. Calculations have 
shown that the flatness is a function of the frequency. The 
value of 3 % at the highest frequency is noncritical, at lower 
frequencies it decreases, as shown in figure 5. 

Status and schedule 

The vacuum chamber is copper plated and leak tested, the 
stems are aligned and mounted in the cavity. The components 
(tuning plate, vacuum pumps, etc.) are installed (figure 7). 

-T=& 

-800 

Fig. 5: Flatness. 

With MAFIA the loss distribution at the different RFQ-
components has been calculated. Results show that 64 % of the 
power will be lost at the stems (at 85 MHz). At 120 MHz the 
losses are: electrodes 31 %, tuning plate 19 % and electrode 
supports 12%. 

The duty factor of 100% and the maximum power 
consumption of 20 kW together with the calculated losses at 
the different components were the arguments for a modified 
electrode material with an integrated cooling channel. 

To compensate the frequency shift caused by thermal 
effects at high power level an additional tuning element is 
required. The effect of the slow tuner to the frequency varies 
with the resonance frequency as shown in figure 6. 
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Fig. 6: Frequency to tuner position. 

100 

Fig. 7: View of the resonator. 

The electrodes and their supports are manufactured and 
will be brazed together with the water cooling. First low level 
measurements are scheduled for September 1996, the high 
power tests at NTG* will start in Oktober 1996. 
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Abstract 

New features have been put into the design of RFQ 
accelerators, which result in small emittance growth, reduce 
the length of the RFQ structure and can be used to improve 
the matching to the following linac, buncher, chopper or 
funneling line. Design examples are presented for the new 
high current linac at GSI, for the ESS study, and for the HÏÏF 
injectors. 

Introduction 

The interest in high intensity particle beams has been 
pushed by high energy and heavy ion physics demands as well 
as by applications like neutron sources, military material 
testing, and inertial confinement fusion. The work on ion 
sources, injectors and accelerator structures has increased the 
pulse as well as the average current significantly. 

Injectors are a combination of an ion source, a low 
energy beam transport line (LEBT), a preaccelerator, mostly 
an RFQ, and an intermediate matching section (IMS) which 
matches the beam to a following structure e.g. an IH or an 
Alvarez accelerator. Despite being relatively short, the 
injector defines the phase space density for the following 
stages in which the effective emittance can only grow. The 
development of the RFQ (Radio Frequency Quadrupole)-
structure was a major step for the improvement of injectors 
[1,2]. It is giving the option of high overall transmission from 
the ion source dc-beam to a well bunched beam. 

The variety of RFQ-accelerators covers the full ion mass 
range from H to U, frequency range from 5-500 MHz and 
duty factors from below 0.01 up to 100% [3,4]. The physics of 
transport and acceleration of high current ion beams in RFQs 
have been solved to such extent, that the best beams, which 
can be produced by ion sources and transported in a LEBT, 
can be captured and transmitted with very small emittance 
growth by RFQs. 

Fig. 1 Scheme of RFQ electrodes. 

The RFQ basically is a homogeneous transport channel 
with additional acceleration. The mechanical modulation of 

* supported by the BMBF 

the electrodes, as indicated in figure 1, adds an accelerating 
axial field component, resulting in a linac structure which 
accelerates and focuses with the same rf fields. For a given 
injection energy and frequency the focusing gradient 
G=X*Uo/a2; (X<1 for modulated electrodes) determines the 
acceptance in a low current application. A maximum voltage 
UQ has to be applied at a minimum beam aperture a , if the 
radial focusing strength is the limiting factor. The highest 
possible operating frequency should be chosen to keep the 
structure short and compact. Besides the choice of UQ and 
operating frequency f of the "RFQ design", the values of 
aperture a, modulation m and the length Lc along the RFQ, 
determine the electrode shape (pole tips) and the beam 
properties. 

The principles of "RFQ design" are based on early work at 
ITEP and LANL. The spatial homogenoues focusing and 
adiabatic bunching AB, where the beam is continuously 
bunched and accelerated with small axial fields, are basic 
ingredients of the RFQ to which sections for the radial- RM 
and axial matching (shaper) SH to the dc-beam have been 
added. The last part of the RFQ is the accelerator section 
ACC where the synchronous phase and the modulation or the 
axial field are kept constant like in a normal linac. 

This is the basic content of the RFQGEN and RFQUICK 
codes and its relatives which generate parameter sets for the 
RFQ electrodes and the input for the simulation code 
PARMTEQ [5], which is a reference multiparticle code to 
study the transport of the beam through the cells of an RFQ 
and check emittances and losses. These successful tools have 
been used with some minor variations for a number of 
injectors and for the generation and studies of space charge 
dominated beams. 

For low current heavy ion beams first major changes have 
been introduced. For the MSI injector and later on for the 
second injector at SATURNE a prebuncher with only a few 
cells followed by a short drift has been put into the first part 
of the RFQ without adiabatic bunching to reduce the length 
and power consumption of this injector. Also current limits or 
tune depressions have been used as design criteria along the 
RFQ rather than synchrotron frequencies to increase the 
overall currents [6]. 

In the development for the GSI-HLI-RFQ designs have 
been studied, in which basically all parameters were varied 
adiabaticly with a decreasing radial err and longitudinal ai 
like a broad hill resulting in short RFQs with rather low long 
emittances and a very small radial emittance growth without 
shaper, adiabatic bunching and ACC sections [7]. 
Surprisingly this method could also be applied for high 
current proton RFQs resulting in beam properties, which 
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could be achieved only with rather long classical designs. It 
should be mentioned, that these designs are independent of 
the kind of RFQ rf-structures used. 

In the following examples of RFQs are presented, which 
make use of these design features. In addition new accelerator 
sections are added, which give an improved matching to the 
following IMS and accelerator stages. 

combining of bunches and doubling of the accelerator 
frequency. Examples where funnelling is essential are the 
spallation sources studies e.g. ESS [11] and Heavy Ion Inertial 
Fusion- (HIIF-) injector schemes which have the typical tree 
of injectors. For the first funneling stage a new two-beam 
RFQ, where two beams are bunched and accelerated in a 
single rf cavity has been proposed, as shown Fig. 5. 

The GSI High Current RFQ 

The GSI accelerator facility consists of the 18 Tm Heavy-
Ion Synchrotron (SIS) and the Experimental Storage Ring 
(ESR). In order to feed these rings up to their space-charge 
limit a new High Current Injector (HSI - Hochstrominjektor) 
is under construction now [8], consisting of a 36 MHz RFQ 
and a IH linac from 120 keV/u to 1.4 MeV/u as shown in 
Fig. 2. 
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rrrmcC « 
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Fig. 2 Scheme of the HSI Injector. 
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The HSI-RFQ electrode design follows the method used 
for the Spiral-RFQ prototype which has been built for rf-
testing as well as for beam experiments [9, 10]. A very short 
IMS line to the IH-linac with an RFQ-lens has been selected 
to provide the special shape of the beam to the IH-linac with 
radially and longitudinally converging beam ellipses. To 
produce the longitudinal profile the beam has to drift first and 
then has to be rebunched. To reduce the IMS length the 
accelerator section of the RFQ has been modified in a way 
that in the last cells the stable phase was shifted to zero, to 
accelerate the beam without restoring force. The electrode 
parameters are shown in fig. 3, the output distribution for the 
design input current of 16.5 mA for IT4* is shown in fig. 4, 
with only 10% emittance growth in the RFQ. 

Table I : Main parameters of the HSI RFQ. 
fofMHz] 

Em, Eout[keV/u] 
Ue,rkVl 

Nceii, Length (m) 
Embout fa nim rnrad] 

Ion, I design [ m A ] 

36.1 
2.2, 120 

125 
356, 9.22 

0.05, 0.055 
U4+, 15 

Two beam RFQ 

For a given emittance of an ion beam the current limit 
for rf-accelerators is proportional to the ion velocity and to the 
rf-wavelength, assuming rf-electrical focusing and field 
strength limitations. Due to the limited perveance of the ion 
sources a significant increase in beam current can be achieved 
e.g. by funnelling, which in an ideal case, doubles the ion 
beam without increase of emittance by a zipper like 
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The two-beam RFQ consists of two sets of convergent 
quadrupole electrodes driven by one resonant structure. This 
brings the two beams very close together while they are still 
radially and longitudinally focused. A short funneling 
deflector at a rather low voltage placed directly behind the 
twin beam RFQ will combine the beams. 

Matching to the funnel deflector will be done with the 
RFQ. The emittance growth in an rf-funnel deflector is 
minimal for a point-like bunch. So a x,y focus is in the midth 
of the funnel deflector, while the axial focus should be 
somewhat later to match also to a transport line to the next 
accelerator stage. This has been achieved by a modified 
ACC section of the RFQs: A drift section DS with a number 
of cells with reduced sychronous phase and focusing strength 
is followed by refocusing cells RF, rebunching cells RB and a 
matching out MO section. 
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Fig. 6: Output particle distribution for the twin beam RFQ. 

Fig. 6 shows results for the beam distribution at the 
funnel location. The simulation was done for a He+ beam 
funneling experiment under way at the IAP [12]. The beam is 
converging in the x,y,z planes, although not totally 
symmetric. This beam shaping facilitates the funneling and 
should reduce emittance growth in the funneling line. It can 
be adopted e.g. to a high current chopping line as well, where 
the beam has to drift in the deflector without focusing [11]. 

Other work 

Beam dynamics design procedures have been 
investigated by many authors, with mostly small deviations 
from the basic approach given by the ITEP and LANL 
groups, where the main work concentrated on high flying 
RFQs, emittance growth mechanism, halo formation and 
beam losses. The smooth parameter variation approach 
discussed above does not help in all cases but e.g. surprisingly 
helps keeping equipartitioning in the RFQ and small 
emittance growth [13,14], The adding of a debuncher section 

was first done for the first SATURNE-RFQ [15] (no space 
charge), resulting in a rather long RFQ-structure. The short 
second SATURNE-RFQ worked with an internal prebuncher, 
like the MSI-RFQ, and an external debuncher [16]. The new 
designs for the HSI and the Two beam experiment have a DS 
incorporated into the ACC-section, and the radial focusing for 
both planes is added in the twin-beam structure example. 

The smooth parameter variation design procedures also 
are used to reduce the power requirements of ion RFQs, 
which is an important parameter for applications. In low 
current applications the power has been reduced by more than 
50% with only small reduction in acceptance and 
transmission [17]. 
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Abstract 

A Spiral-RFQ has been built and operated with Ar+-beams 
up to 8 mA. In rf-tests very high electrode voltages were 
reached at design duty factor. The aim of the experiments 
was the test of the Spiral-RFQ for the High Current Injector 
(HSI), which is planned at GSI to fill the Heavy Ion Syn
chrotron (SIS) up to its space charge limit. This Spiral-RFQ, 
a prototype for the HSI-RFQ, covers the crucial matching 
and bunching section of the electrodes. It is capable to pro
duce ion beams of high brilliance. The results of recent beam 
experiments with Ar+ and rf-tests will be presented together 
with work for future plasma physics experiments. 

Introduction 

In 1990 the 18 Tm Heavy Ion Synchrotron SIS and the 
storage/cooler ring ESR went into operation. The linear 
accelerator UNILAC however, serving as injector for the SIS, 
had not been changed until then. To improve the UNILAC in 
a way of being able to fill the SIS up to its space charge limit 
several modification studies have been undertaken. 

One possible solution is the combination of an ion source 
and a 27 MHz-Four-Rod-Spiral-RFQ with a length of 35 m, 
known as HSI (Hochstrominjektor) replacing the first 
Wideroe section of the UNTLAC [1]. This RFQ should be 
capable to accelerate heavy ion beams of 25 mA U2+ from 
particle energies of 2.2 keV/u up to 216 keV/u. The particle 
charge would then be increased to U1(H by a gas stripper, 
further acceleration by the remaining second UNILAC 
Wideroe section would follow. At 1.4 MeV/u the ion charge 
would again be increased to U28+, and with postacceleration 
in the final UNILAC sections the beam would be ready for 
injection into the SIS. 

Later studies deal with a layout for U4+ [2], where one 
stripper could be omitted. The RFQ-prototype could well be 
used for these ions, too. For even higher performance the 
rod-electrodes would simply have to be changed. 

The Spiral-RFQ Prototype 

A prototype for the U2+-layout of the Spiral-RFQ has been 
built for both, rf-testing and beam experiments [3, 4]. It is 
only 4 m long but consists of the first 231 resonator cells, a 

third of the total HSI cell number. Nevertheless, the most 
critical part of the electrodes where the beam is matched and 
bunched is totally covered. 

The resonator structure is mounted in a rectangular 
vacuum chamber made of aluminium. The structure itself 
can be easily accessed by eight lids in the side wall of the 
chamber. It consists of 20 spirally shaped copper stems; onto 
these the electrodes are mounted. The electrode alignment is 
achieved by precisely milled washers, it has been checked via 
an opto-mechanical system and is as precise as ±0.1 mm, 
less than 3 % of the aperture radius. 

Table 1 gives an overview on the main parameters of the 
RFQ-prototype, Fig. 1 shows a schematic view of a 4-stem 
Four-Rod-Spiral-RFQ structure. 

Fig. 1 : Schematic view of a Four-Rod-Spiral-RFQ-Structure 
with four stems. 

Table 1 
Parameters of the Spiral-RFQ-Prototype 

Length 
Operating frequency 
Cell number 
Input energy 
Output energy 
Synchronous phase 
Aperture radius 

3.95 [m] 
27 [MHz] 
231 
2.2 [keV/u] 
17.6 fkeV/u] 
39 [°] 
6 [mm] 

' Work supported by BMBF and GSI 

Max. electrode modulation 1.458 
Normalized acceptance 0.9 [7fmmmrad] 
Electrode voltage 1.51-A/4 [kV] 
Rf-powerconsumption n f t i c - A2't2 

Space charge limit 
0.018 -/TAf [kW] 
0.2 • A/4 [mA] (i.e. 8 [mA] Ar+ ) 
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Beam Experiments 

After having accelerated a He+-beam of 980 uA at the IAP 
Frankfurt (Institut fur Angewandte Physik) - however, due 
to a mismatched injection, at twice the design rf-level -
further beam tests with heavier ions were done at GSI. The 
ion beam was extracted from a CHORDIS (Cold or Hot Re
flex Discharge Ion Source) and focused for RFQ injection by 
one magnetic quadrupole doublet lens and one magnetic 
quadrupole triplet lens. Therefore an optimized matching 
could be achieved. For beam measurement three beam 
transformers (behind the ion source, in front of and behind 
the RFQ), two fast Faraday cups as well as an emittance 
measurement device were available. Fig. 2 shows a photo
graph of the experimental setup. 

Fig. 2: Experimental setup. 

The quadrupole parameters of the injection system were 
optimized with numerical methods. The actual input beam 
quality could be observed by mounting an emittance measu
rement device in place of the RFQ. The results confirmed the 
computer simulation well. 

With Ar+-ions a maximum pulse beam current of 8 mA 
could be reached at design-rf-level; this is the space charge 
limit for the RFQ calculated with PARMTEQ (Phase and 
Radial Motion in Tranverse Electric Quadrupoles) assuming 
ideal electric field distribution. The peak bunch current was 
30 mA. Extrapolation to U2+-ions would lead to a pulse beam 
current of 24 mA (i. e. a peak bunch current of 90 mA). 
Fig. 3 shows the pulse beam current at RFQ input (upper) 
and RFQ output (lower); the scale is 2 mA/div. vertically and 
1 ms/div. horizontally. The peak bunch current is shown in 
Fig. 4; the scale is 10 mA/div. vertically and 10 ns/div. hori
zontally. 

Fig. 3: Pulse beam current at RFQ input (upper) and RFQ 
output (lower). The scale is 2 mA/div. vertically and 
1 ms/div. horizontally. 

Fig. 4: Bunch current at RFQ output. The scale is 
10 mA/div. vertically and 10 ns/div. horizontally. 

The measured transverse emittance was 50 7i-mm-mrad. 
the energy spread was ±1.5 %, again well-corresponding to 
computer simulations. Fig. 5 shows the output emittance 
after 530 mm drift in the xx'-plane (left) and the yy'-plane 
(right). 
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Fig. 5: xx'- and yy-emittance behind the RFQ and a drift of 
530 mm. 
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Rf-Experiments 

For accelerating ions with yet a higher mass-to-charge 
ratio higher electrode voltages (and so rf-levels) are required. 
The ability of the RFQ to operate under such conditions has 
been tested. After a considerable time of conditioning the 
maximum applied rf-power was as high as 260 kW at a duty-
cycle of 0.4 % / 50 Hz. The electrode voltage, measured with 
an rf-pickup probe calibrated with Ar+-beam, was 185 kV. 
This leads to a very high maximum field gradient of 
340 kV/cm, corresponding to a Kilpatrick value of about 3. 
The ^p-value (= shunt impedance) is 520 k£>m, which con
firms previous low-level measurements [3]. The RFQ be
haved stable, no excessive sparking and no ponderomotive 
effects could be observed. Adequate cooling of the RFQ-
structure ensured that the resonance frequency showed no 
drift. Higher rf-levels could not be applied due to the limited 
rf-amplifier power. 

Forthcoming Plasma Experiments 

Further use of the 27 MHz-Spiral-RFQ-Prototype will be 
providing a high-current He+-beam (0.8 mA) for experiments 
in plasma physics. The beam will be fed onto a luminescent 
target, allowing the bunch structure being observed with high 
time-resolution by a streak-camera. Another planned expe
riment is the interaction of the ion beam with thin plasmas 
for space charge neutralisation purposes. 

The ion beam will be extracted from a CHORDIS source 
and will be injected into the Spiral-RFQ via two solenoid 
lenses. The final focus will be achieved by a magnetic qua-
drupole triplet lens. For beam current and bunch structure 
observation there are beam transformers and Faraday cups 
installed. 

The work for setup of the experiment is almost completed 
so that first beam measurements are scheduled for September 
1996. 

Conclusions 

The objective of the recent experiments, proving the capa
bility of the Four-Rod-Spiral-RFQ serving as an injector 
providing highly brilliant high-current heavy-ion beams, 
could be fully achieved. Beam current as well as the rf-para-
meters were in very good correspondance to PARMTEQ 
simulations. Therefore the Spiral-RFQ-prototype can supply 
high-current ion-beams for experiments in plasma physics as 
well as working as a compact implanter for singly charged 
heavy ions like 0+, P+, As+, up to Kr+. 
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Abstract 

Heavy ion inertial fusion (HIIF) injector linacs start with 
a set of low frequency radio-frequency quadrupoles (RFQs), 
because of the small values of the current limits of linear 
accelerators in the low energy part. For a higher ion energy, 
the frequency is increased to reach a better accelerator 
efficiency. The accumulation of ion beam current in such a 
driver linac is done by multiple stages of funneling: in each 
stage the accelerator frequency is doubled and two beams 
with 180 degrees phase shift are combined to fill all the rf-
buckets of the high frequency accelerator stage. In the ideal 
case, there is no change of the emittance and the beam 
current and brightness are doubled. 

For the first funneling stage a two-beam RFQ, where two 
beams are bunched and accelerated in a single r.f. cavity and 
a novel scheme for an rf funneling deflector operating at low 
voltages has been developed. With the use of convergent 
beams, a short funneling structure placed around the beam 
crossing position seems to be possible. 

Introduction 

A heavy ion inertial fusion (HIIF) driver could start with 
a set of low frequency radio-frequency quadrupoles (RFQs) 
which employs electrical r.f. focussing and provides bunched 
ion beams with high transmission[l,2]. The layout of a HIIF 
injector is shown in Figure 1. 

27 MHz 54 MHz 108 MHz 216 MHz 

12.5MeV 125MeV 2.1GeV 
60keVAi 600keV/u lOMeV/u 
7.4Tm 23.3Tm 95Tm 

Fig. 1. Layoutof a 27...216 MHz HIIF injector system for 
200 mA of Bi\ 

Initial funneling experiments have been done with 
systems of discrete elements such as quadrupole doublets and 

* Work supported by the BMBF. 

triplets, debunchers, deflectors and bending magnets [3,4,5], 
Another solution for beam funneling is the use of an 
accelerator structure which provides two beams within one 
cavity and a single r.f. deflector structure which bends the 
two beams to one common axis. 

The two-beam RFQ 

The two-beam RFQ consists of two sets of quadrupole 
electrodes driven by one resonant structure. For this reason 
the new two-beam RFQ brings the two beams very close 
together while they are still radially and longitudinally 
focused. For the beam funneling experiment an electrode 
geometry of the two-beam RFQ that gives identical radial 
beam orientations is favourable. The two possible electrode 
geometries are shown in Figure 2. 

Fig. 2. Different electrode geometries for the two-beam RFQ. 
a) the standard geometry for a 4 rod RFQ, 
b) the preferred geometry for the two-beam RFQ. 

The electrode capacity should be as small as possible to 
achieve an efficient r.f. structure. Therefore the inner 
electrodes of the two quadrupoles have the identical r.f. 
phase. With such an electrode geometry a smaller beam 
separation and convergent beam axes have become possible. 
For the support of the chosen electrode geometry (Figure 2 b) 
an RFQ structure with symmetric stems from the bottom to 
the top of the cavity is taken to minimise the dipole effects. 

To study the properties of the new two-beam RFQ 
resonator, various kinds of prototype resonators were built 
and tested [6,7], Also calculations with the MAFIA code 
were done for comparison with the low level measurements. 
A prototype resonator with a reduced length and parallel 
beam axis has been designed and built. The resonator consists 
of two pairs of electrodes with a length of 100 cm supported 
by four symmetric stems in linear arrangement. In high 
power tests the maximum r.f. input power in pulsed mode 
was limited to 12 kW by the r.f. power amplifier. At this 
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power an electrode voltage of 27 kV was measured. For the 
beam funneling experiments a two-beam RFQ 2 m long with 
convergent beam axes is under construction. Figure 3 shows 
a view of the two-beam RFQ. 

Fig. 3. View of die two-beam RFQ. 

The multigap deflector structure 

The electrode geometry of the multigap deflector 
consists of some deflector plates divided by spaces or 
sections with larger aperture with equal length. In this 
geometry, the particles will see the deflecting field in one 
direction several times but the deflection in the opposite 
direction is always less. The length of the capacitors have to 
be proportional to the particle velocity and to the inverse of 
the frequency of the deflector system. Figure 4 shows a 
scheme of the electrode geometry and the behaviour of the 
particles along the multigap deflector. 

Fig. 4. Scheme of the multigap deflector. 

For beam funneling, the frequency of the deflector has to 
be the same as the accelerator frequency, so that the bunches 
from different beam axes will see opposite field directions 
because of the phase shift of 180° between each bunch. If the 
two incoming beams are parallel, the cell length of the 
deflector has to be PA, fP = v/c with c = speed of light and 
X = wavelength of the deflector frequency) to get a 
displacement only. If the two beams are not parallel, the cell 
length has to be PA./2 to reach a maximum change of the 
beam angle [8]. The r.f. resonator for the multi-gap deflector 
will be a structure as it is used for 4-Rod-RFQs with two 

stems. Each stem is electrically contacted with one of the 
deflector electrodes and will sustain the other electrode by a 
ceramic support. For longer electrodes it is possible to use an 
if structure with more stems to preserve mechanical stability. 
Figure 5 shows a view of the multigap deflector. 

Fig. 5. View of the multigap funneling deflector. 

The two-beam funneling experiment 

The funneling experiments will be carried out with He+ 

ions to facilitate ion source operation and beam diagnostics. 
Two small multicusp ion sources and electrostatic lenses, 
built by LBNL [9,10], will be used. A IGUN [11] simulation 
of one lense is plotted in figure 6. 

Fig. 6. IGUN simulation of the electrostatic lense. 

The ion sources and injection lens will be attached 
directly on the front of the RFQ with an angle of 76 mrad, the 
angle of the beam axes of the two-beam RFQ. Figure 7 shows 
a photograph of the multicusp ion source attached to the 
injection system. 

With this angle of 76 mrad the distance between the two 
beams at the RFQ input will be more than 160 mm and about 
40 mm at the output. The electrodes are supported by eight 
flat stems. To achieve a proper voltage distribution along the 
electrodes, the distance between the supports has to be 
reduced along the resonator. The RFQ electrode design is in 
progress with the use of the PARMTEQ code. For the phase 
shift of 180° between the bunches of each beam, two 
different electrode designs with different electrode lengths 
are required. 
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Fig. 7. Photograph of the multicusp ion source attached to the 
injection system. 

Behind the RFQ the funneling deflector will be placed 
before the beam crossing. Figure 8 shows the experimental 
set-up of the funneling experiment. Beam diagnostics in front 
of and behind the RFQ and behind the funneling deflector are 
in preparation. The funneling resonator is under construction 
and a prototype for r.f. measurements has been finished. 

scuxa injections two-beam RFQ rf deflector 

Fig. 8. Experimental set up of the two beam funneling 
experiment. 

In Table 1 the main parameters of the planned 
experiment with He* and the design parameters of a first HIIF 
funneling stage for Bi* are shown. 

Tablel 

Two-beam RFQ 
fo [MHzl 

Voltage [kV] 
RP-value [kOhmm] 

Qo-Value 
Tin TkeVl 

Tout TMeVl 
Length [m] 

Angle between beam axes [mrad] 
Multigap funneling deflector 

fo rMHzl 
Voltage TkVl 
Length [cm] 

Beam separation at input [mm] 

He* 
54 

10.5 
150 

2000 
4 

0.16 
2 
76 

54 
6 
54 
40 

Bi* 
27 
180 
250 
3000 
230 

12.54 
16 
76 

27 
273 
233 
44 

Conclusions 

The experiments and results achieved by building and 
evaluating the two-beam RFQ prototype resonators have 
provided the needed knowledge to proceed with the final 
design of the two-beam RFQ resonator for funneling. The 
MAFIA calculations for the RFQ structure and the 
PARMTEQ calculations for the electrode design are finished. 
A multigap deflector for funneling is under development. A 
first deflector prototype for low level measurements has been 
built. The ion sources and injection systems are manufactured 
and are running on a test stand. Next steps are the assembly 
of the experimental setup and the synchronisation of the two 
ion sources. 
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Abstract 

Heavy ion linear accelerators are well suited as driver in 
heavy ion inertial fusion facilities. In present scenarios the 
acceleration of different ion species or the simultaneous accel
eration of different isotopes in the same linac are discussed. 
Beam dynamics calculations have been performed to check the 
beam behaviour and the conditions for such a kind of operation 
in RFQ and DTL. 

Introduction 

Heavy ion inertial confinement fusion is considered to be 
an attractive method to create a future powerful source of en
ergy. Several studies are underway to design a driver facility for 
the generation of the required very intense heavy ion beams for 
pellet ignition. 

One possible way is an rf-linac / storage-ring approach 
[1,2], where the beam is accelerated in a long main linac to the 
final energy and then injected into the rings for storage and 
compression. In all parts severe limitations exist due to space 
charge effects and emittance growth. 

While the first driver proposals dealt with the acceleration 
of only one ion species, like Bi+, recendy the use of different 
ion species or isotopes has been suggested to overcome espe
cially space charge limits. 

In the proposal for a charge symmetric driver [3], the si
multaneous acceleration of the four main isotopes of Pt, both 
positively and negatively charged, is foreseen to increase the 
current limit in the final transport channel by space charge 
neutralisation. The idea of telescoping of ion bunches [4] 
propagates the non-Liouvillian time overlap of bunches of 
ions with different masses but same momentum, which allows 
the use of the same final focusing channel. 

In the latter proposal the ion species changes in the accel
erator from macropulse to macropulse, which may allow the 
switching of the linac parameters from pulse to pulse (already 
routine operation for the UNILAC of GSI at low currents [5]), 
while in the case of the space charge neutralised driver the ion 
species is changing from micropulse to micropulse, i.e. only 
simultaneous acceleration is possible. 

Proposed Driver Layout 

In the main linac of the driver facility, heavy ion currents 
in the range of some hundreds of mA up to some A must be 
accelerated to meet the power requirements for pellet ignition. 
Limitations for the accumulation of such intense ion beams at 
low particle energies are the maximum cun nt that can be ex
tracted from a single ion source and the current transport capa-

Work performed in Frankfurt in the framework of INTAS 94-1713 

bility of LEBT and RFQ. Therefore in all rf linac designs a 
funnelling scheme [6] is under consideration, in which the 
beams of 8 or 16 ion sources are bunched and pre-accelerated 
and then bent together in successive steps, where the rf fre
quency is doubled in each step. 

In the MRTI - ITEP (Moscow) proposal [7] the linac 
starts with 4 ion sources producing positively charged Pt ions 
of the isotope masses A = 192, 194, 196 and 198 and another 
4 sources for negatively charged Pt ions. The beams with iden
tical current and emittances are bunched and accelerated by 
4 x 8 Radio Frequency Quadrupoles (RFQs) and then merged 
into one main linac, consisting of Wideroe and Alvarez type 
Drift Tube Linacs (DTLs). It is proposed to design all RFQs 
for an average mass number 195; in this case, transmission 
and output emittances for the 4 isotopes accelerated with the 
same electrode voltage differ only slightly at low beam cur
rents [8]. For a design current near the theoretical current limit, 
this is still investigated. 

As another example, the beam behaviour for the 4 posi
tively charged Pt isotopes has been examined for the first part 
of an Alvarez DTL, following the MRTI proposal. Again the 
linac parameters were chosen for the intermediate mass 195 
(Table 1); the generation of the linac for particle dynamics 
calculations has been done with the code packages CLAS, 
GENLIN and ADAPT. 

Table 1 
Parameters for Alvarez-1 from MRTI [7]. 

Energy 
Cell length ((&) 
Gap length (|tt/5) 
Frequency 
E-field gradient 
Bore radius 
Synchronous phase 
Total length 

input 

600 MeV 
32.42 cm 
6.484 cm 

output 
2500 MeV 
65.67 cm 
13.134 cm 

75 MHz 
35 kV/cm 
1.44 cm 
-37 deg 
683.4 m 

The tank radius and the drift tube outer diameters were 
optimized with CLAS in order to get the right frequency for 
both the first and last cell of the linac. Then results were inter
polated with GENLIN in order to get the features of all the 
intermediate cells. The quadrupole lengths were set to 92% of 
the tube lengths and their gradients were computed with 
ADAPT for the first 250 cells of the linac (86.9 m), corre
sponding to an energy range from 600.0 to 798.3 MeV. Each 
focusing period is formed by 5 lenses of the same sign fol-
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lowed by 5 lenses of the opposite one (i.e. FFFFFDDDDD), 
in order to limit the maximum gradient, which is now between 
34.2 and 28.5 T/m, smoothly decreasing from a quadrupole to 
the next one, though it was found that using the same value 
for all the 5 quadrupoles of the same sign within a period gives 
nearly identical output results. 

For the beam input, the following parameters were used: 

Table 2 
Beam input parameters for Alvarez-1 from MRTI [7]. 

Horizontal beam size 
Vertical beam size 
Horizontal emittance 
Vertical emittance 
Bunch length 
Momentum spread (dp/p) 
Current 

0.91 cm 
0.60 cm 

1.50 cm mrad 
1.50 cm mrad 

38.6 deg 
0.32% 

400 mA 

The quoted emittances are full values, not normalized; rms 
normalized emittances may be obtained dividing by 5 and mul
tiplying by Py. The Twiss parameters p\.y are obtained from 
the emittances and the beam size values, assuming ax.y = 0. 
Similarly, the longitudinal emittance is the product of bunch 
length and momentum spread, while p\ is obtained from the 
emittance and the bunch length values, assuming a z = 0. Cal
culations were started at low current, that was then raised 
stepwise to pulse currents of 30-40 mA (total current 400-
500 mA), which are presently available from heavy ion 
sources. 

The acceptance of such a linac was computed running 
MAPRO for the first 250 cells only (due to limited storage and 
computing time), using the above input values. It was then 
possible to adjust ax.y in order to match the acceptances and 
maximize the number of transmitted particles. 

Preliminary Results 

With the input Twiss parameters above, an input distribu
tion for 2000 particles was generated, using a 4-dim waterbag 
random distribution in both transverse planes and, independ
ently, a 2-dim waterbag distribution in the longitudinal one 
(Fig. 1). Then particle dynamics calculations were performed 
with MAPRO on the linac structure generated by CLAS, 
GENLIN and ADAPT, for the intermediate atomic mass A = 
195 and for the 4 isotopes (A = 192, 194, 196 and 198) with 
positive charge only, where matching of the beam and reduc
tion of emittance growth turned out to be rather time consum
ing. 

Preliminary results show that it is possible to accelerate 
different isotopes in the considered part of the linac: for all 
masses, the transmission is higher than 97% and the emittance 
growth is similar, as shown in Table 3 (full emittance) and 
Table 4 (95% emittance). 

The output emittances are given in Figures 2 to 4. 
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Fig. 1 Input emittances. 

Table 3 
Output parameters for Alvarez-1 from MAPRO. 

A 

192 
194 
195 
196 
198 

Transmission 

98.85% 
98.80% 
98.60% 
98.10% 
97.55% 

Aex/£x 

54.1% 
54.5% 
59.2% 
60.7% 
64.5% 

ACy/Ey 

55.8% 
59.5% 
59.2% 
60.5% 
63.2% 

Ae,/ez 

-8.3% 
-9.3% 
-10.2% 
-11.1% 
-13.3% 

Table 4 
Output parameters for Alvarez-1 from MAPRO 

(for 95% emittance). 

A 

192 
195 
198 

Aex/£x 

46.8% 
51.7% 
57.3% 

A£y/£y 

48.1% 
50.8% 
55.3% 
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Conclusions 
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The acceleration of different ions in the same linac with a 
fixed parameter setting is proposed in new heavy ion fusion 
driver design. For a perfect neutralisation of the beam current 
in the final focus transport line, beams of identical current and 
bunch dimensions must be delivered from the driver linac. In a 
first attempt, beam dynamics calculations indicated that varia
tion of beam current and emittances within a few percentages 
can be achieved for the simultaneous acceleration of different 
masses. More work will be done for lower emittance growth 
and higher beam currents. 
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Abstract 

Unbunched beam components from the injection beam 
bunching system must be removed prior to acceleration in the 
ATLAS Positive Ion Injector Linac(PII). A sine-wave 
chopper has been used for this purpose up to now. Such a 
device can have a significant detrimental effect on the 
longitudinal and transverse beam emittance of heavy-ion 
beams which can be sufficiently severe to limit the overall 
beam quality from the ATLAS accelerator. 

A study of the optimum chopper configuration and 
chopper type was undertaken as part of a new ion source 
project for ATLAS. A transmission-line chopper and a two-
harmonic chopper were investigated as alternatives to the 
conventional sine-wave chopper. This paper reports the 
results of that investigation and discusses the design of the 
selected transmission-line chopper. 

Introduction 

The acceleration of heavy-ion beams in the ATLAS 
superconducting linac[l] is accomplished with a minimum of 
emittance growth. In order to achieve heavy-ion beams 
possessing the lowest possible emittance, a two-stage bunching 
system is used to convert the continuous (DC) beam from the 
ion sources into a sharply pulsed beam for injection into the 
linac. The bunching system is 60-70% efficient in this 
process. The remaining unbunched portion of the beam must 
be removed to avoid increased emittance and secondary partial 
bunches interspersed among the intended beam bunches. 

Removing the unbunched beam components is presendy 
accomplished with a 'sine-wave' RF chopper which deflects 
particles with significant time errors vertically, alternately 'up' 
and then 'down'. The chopper is installed in the low energy 
beam transport section of the PII where the particle velocity is 
typically 0.0085c. 

'Sine-wave' choppers introduce beam degradation by 
causing emittance growth through increased beam divergence 
in the deflection plane and by adding additional energy spread 
to the off-axis particles. Keeping the beam well bunched and 
physically small reduces these negative effects, but the reality 
of beam transport systems does not usually allow the chopper 
to be placed in the most desirable location from this viewpoint. 

As part of a new ion source project for ATLAS [2], a 
design review of the injection bunching and chopping system 
for the ATLAS Positive Ion Injector(PII) has been undertaken 
with a goal of improved performance with regard to space 
charge limitations and to the performance of the chopping 
system. The bunching system study has been published 
previously[3]. In this paper, the present 'sine-wave' chopper 
performance is compared to what appears to be an attractive 
alternative - a segmented transmission-line square-wave 
chopper. The results of this study come from calculations of 
the chopper electric field components using the program 
POISSON[4] and ray-tracing particles through those fields 
using MATHCAD[5]. 

Chopper Options Considered 

Sine-Wave Chopper 
The resonant sine-wave chopper is a simple, cheap, low 

power alternative for such applications. In a number of 
situations, it is possible to find configurations which reduce the 
detrimental effects of the sine-wave deflection. In most 
applications, such as the present ATLAS implementation for 
the tandem and the PII injector, beam transmission occurs at 
the zero-crossing point of the waveform. The chopper 
operates at half the bunching frequency, alternately deflecting 
unwanted beam components in opposite directions. At 
ATLAS the deflection plane is the vertical plane. 

Because of the finite size of the chopper plates and the 
continuous waveform of the resonant chopper, all particles see 
some electric field as they traverse the plate region. The result 
is that they emerge from the chopper with an additional 
divergence and position offset that is almost linearly 
proportional to time error relative to the bunch center. Since 
the initial divergence of a particle is assumed to be 
independent of time, this induced chopper divergence is 
uncorrelated with the transverse emittance and therefore adds 
in quadrature to the original value. For a well bunched beam, 
the divergence will be increased by from 10 to 40%. If the 
beam optics make it desirable to place the chopper far from a 
time waist, then the emittance, especially longitudinal, can be 
increased much more than this value. 

Even more important than the transverse emittance 
growth, a significant increase in energy spread will generally 
occur for all particles which are off-axis. Since the chopper 
plates will not be at a waist, this effect can be quite significant. 
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This growth results from the plate fringing fields yielding an 
accelerating /de-accelerating field component which is phased 
additively at the entrance and exit of the plates. In addition, 
alternate bunches are accelerated/de-accelerated doubling the 
effect when averaged over many bunches. For the ATLAS 
PII geometry, this effect can produce an energy spread at ±1 
cm off-axis which is comparable to the bunching-induced 
energy spread and in total exceeds the buncher voltage when 
the effect from alternate bunches is considered. Since this 
energy spread is time correlated in a highly nonlinear manner 
and has a strong radial dependence, it functions as a 
longitudinal emittance growth. 

Two Harmonic Chopper 
The effect of adding an additional frequency to the sine-

wave chopper was investigated. This approach can be 
beneficial to limiting emittance growth when the transit time of 
a particle is a small fraction of the chopper period and when 
the beam is well bunched in the chopper plates. Neither 
situation is realized for the ATLAS PII injector. The beam 
transit time through the buncher field is a total of 65° and we 
wish to use the chopper at a location some distance from the 
buncher waist, so the time width of the transmitted beam will 
be the equivalent of 30° in chopper phase. Under these 
conditions flattening of the sine-wave at 90° cannot be 
extended over a sufficiently large phase range to significantly 
alter the effect on emittance of the chopper. Ray-tracing 
calculations showed no significant reduction in emittance 
growth compared to the single frequency chopper. 

Transmission-line Chopper 
The transmission-line chopper is a series of short pairs of 

electrodes which can be biased to a high voltage, deflecting all 
ions sufficiently to be stopped on a downstream aperture or slit 
system. The electrodes are arranged in a 'parallel strip-line' 
configuration allowing an impedance matched system for fast 
time response. When transmission of a beam bunch is desired, 
the electrode voltage is pulsed to zero while the beam bunch 
traverses the electrode. The voltage pulse transmits 
downstream to the other electrodes in the chopper system 
delayed sufficiently so as to stay in phase with the beam 
bunch. Similar chopper electrode systems have been 
employed by others[6,7] but with different transmission 
requirements and electronic implementations. 

The transmission-line chopper is a non-resonant system, 
so the details of the waveform can be varied with a sufficiently 
sophisticated pulse generator. This allows the function of a 
chopper, described in the introduction, to be combined with 
that of a beam sweeper - a device which removes some 
bunches from the bunch train created by the injection bunching 
system. This feature is needed for some of the experimental 
program supported by ATLAS and is now accomplished with 
a separate set of deflection electrodes and electronics. 

The attractive feature of this implementation of the 
transmission-line chopper is that the electrode geometry 
indicated in figure 1 can be chosen, in the limit of a sharp field 
boundary, so that the main body of the transmitted particles 
see no deflecting field. Therefore, the emittance growth in 

transverse and longitudinal phase space can be significantly 
reduced. Only the fringe particles of a bunch, which constitute 
the transition region from full transmission to full cut-off, 
experience a transverse kick or an energy change. 

The angular deflection which particle T in the transition 
group with charge q, mass A, and velocity p\ experiences is 
given simply by: 

( 

ft =0.322' 
A & 

E-dt, l 

where dt; (which is designed to be less than L/Bj) is the time 
spent in the field region of length lc. The number of electrode 
pairs is chosen so that the maximum deflection is similar to the 
maximum deflection in the present sine-wave chopper - 6 to 8 
mr. The detrimental effect on the beam emittance is much 
reduced because the deflection is in only one direction, not 
equally in two directions, and the chopper geometry can be 
designed so that dt is zero for the main transmitted body of the 
ensemble. As an example when using a cutoff point of ±5 ns, 
the deflection seen by particles at ±2.5 ns is only 35% to 50% 
in a transmission-line chopper compared to a sine-wave 
chopper. 

Calculated Chopper Fields 
Transmission Line Chopper 
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Fig. 1. Calculated transmission-line chopper electric field profile 
for pulse transmission condition. The biased DC clamp 
electrodes limit the extent of the fringing fields. The blue 
lines show the strip-line geometry assumed. 

The induced energy spread from the transmission-line 
chopper is significantly less than that seen in the sine-wave 
chopper. There is no phase flip while the particles are in the 
chopper plates nor do alternate bunches see opposing field 
patterns which double the ensemble effect compared to any 
one bunch. The main component of the ensemble sees little or 
no electric field; only a small acceleration from the residual 
fringe field is observed. 

For the transition group particles, the leading particles 
sees an accelerating (let us say) field, while the those trailing 
see a de-accelerating field. These residual acceleration fields 
act as additional bunching components but they have an 
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undesirable radial dependence (essentially a spherical 
aberration). Overall the energy spread increase in a typical 
case is less than 25% of that experienced in a sine-wave 
chopper. 

The most compact geometry which gives the minimum 
emittance growth to the beam is one in which each electrode is 
approximately the width of an individual bunch and is 
separated by a similar width field-free (nearly) gap which 
serves as a 'staging' region for the bunch while the previous 
electrode turns 'on' and the next electrode turns 'off. 
Multiple sections of parallel strip-line deflectors are arranged 
transverse to the beam path. Figure 2 is a cartoon schematic of 
the geometry and electrical properties of the transmission-line 
chopper. Each strip-line section will be 1.5 cm wide in the 
beam direction by 5.0 cm long transversely with 3.6 cm total 
vertical gap required by the beam size in the chopper region. 
Between the strip-line sections will be 1 cm wide DC biased, 
or grounded, electrodes which will serve to clamp the fringing 
fields as indicated in Figure 1. The physical strip-line period 
is 4.5 cm long. 

TRANSMISSION LINE 
CHOPPER 

ELECTRODES 

DELAY 
LINE 

STRIPUNE 
TERMINATION 

STRIPLINE 
TERMINATION 

200Q 
STRIPLINE 

DEFLECTOR 
SECTION #1 

PHASE 
SHIFTER 

125 MHz 
CLOCK 

Fig 2. Schematic picture of the symmetric parallel plate 
transmission-line chopper electrode structure. The plates 
will be driven symmetrically by separate pulse generators 
synchronized off the master oscillator. The transmission-
line will consist of ten deflection regions spaced as 
indicated in figure 1 requiring a pulse delay of 
approximately 17 ns. 

halves. Transmission-line impedance is therefore dominated 
by edge effects and surrounding structures. A test strip-line 
has been constructed with the requisite dimensions, but 46 cm 
long. Measurements indicate each strip-line half has an 
impedance of 200 Q and overall bandwidth of 3.0 GHz. 

Each strip-line deflector is connected in series to the next 
deflector through an impedance matched delay line section that 
provides the strip-line propagation delay of 17.6 ns required to 
match the bunch arrival time at the next section. The voltage-
off pulse width has been chosen, at this time, to also be 17.6 
ns. This means the transition to the transmission state for the 
next deflector section occurs when the pulse is at the midpoint 
between deflectors. Shorter voltage-off times are possible, 
narrowing the pulse acceptance, but with some additional 
detrimental effects on beam emittance and energy spread. The 
coaxial spiral delay line[8] chosen is a coaxial transmission-
line with a helical inner conductor. The axial wavelength is 
very long compared to the diameter which produces the 
desired compact length necessary for this application. The 
entire strip-line and delay line system will be mounted in the 
beam vacuum. 

Construction of a prototype chopper electrode structure is 
underway. Beam tests of the structure are expected to occur 
by the end of 1996. 

This work was supported by the U.S. DOE Nuclear 
Science Division under contract No. W-31-109-ENG-38. 
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Strip-line sections terminate in a lumped constant delay 
line which matches the deflection pulse propagation to the 
arrival time of a beam bunch at the next strip-line section. The 
complete traveling wave deflector will have 10 sections and 
operate at a pulse rate of 12.125 MHz and a maximum voltage 
of ±1000 volts. Frequency response will have to be better than 
100 MHz to produce pulse rise times of 5 ns. 

The deflector sections have an extreme geometry which 
results in a large vertical space between two narrow strip-line 
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Abstract 

A design for a split-coaxial, normally-conducting, 12 
MHz RFQ structure is being developed to accelerate singly 
charged ions of mass 132 and heavier to a velocity v/c = 
0.008, suitable for injection into the ATLAS superconducting 
heavy-ion linac. Numerical studies have shown that a 
transverse (normalized) acceptance of 0.25 n mm-mrad can be 
achieved while maintaining a longitudinal emittance as small 
as a few keV-nsec. A novel feature is die use of drift-tubes at 
the entrance and exit of the RFQ which make use of the 
voltage offsets intrinsic to the split-coaxial structure to 
increase the voltage gain by about 30%. A half-scale model 
of the RFQ has been built and tested. The model, with no 
provision for cooling, was not operable cw but was pulsed to 
vane-vane voltages as high as 59 kV for periods of several 
milliseconds. The achieved level, limited by arcing in an if 
feedthrough and so not a fundamental limit for the structure, 
corresponds to 1.2 times the (frequency and gap dependent) 
Kilpatrick limit. Assuming the model results scale, a 2 meter 
long 12 MHz RFQ, with 8 mm minimum aperture radius, will 
operate at 100 kV intervane voltage with an RF input of 
slightly less than 25 kW. Design and construction status of a 
full-scale prototype is discussed. 

Introduction 

RFQ structures have already been developed that operate near 
the frequency and fields required [4]. 

Injecting the RFQ with a pre-bunched beam maintains the 
longitudinal emittance at a smaller value than is practicable 
using adiabatic bunching within the RFQ structure [5]. Also, 
by removing the bunching function, the length of the RFQ is 
reduced and the efficiency enhanced. A suitable bunching 
system exists: the 12 MHz gridded-gap, four-harmonic system 
which is presendy in use on the ATLAS accelerator can bunch 
70% of a dc beam into 1 nsec bunches[6]. The efficiency can 
be further improved by development of a finer grid structure, 
which should be straightforward for the very low beam 
currents anticipated. 

Placing the RFQ on a variable voltage platform (350 kV) 
allows operation at a constant velocity profile for a wide range 
of ion masses and also increases the velocity at the entrance of 
the RFQ, thus increasing the transverse acceptance. 

RFQ Design and Numerical Modeling 

We have analyzed an RFQ structure configured for beams 
of charge to mass ratio of 1/132 [2]. Ions of higher charge 
state are accommodated by scaling the platform voltage to 
maintain a constant injection velocity and the RFQ voltage as 
the ratio of mass to charge. The RFQ parameters are as 
follows: 

This paper discusses the ongoing development of a low-
frequency RFQ as the initial element of a secondary beam 
linac for an ISOL-type radioactive beam facility. The 
proposed facility would upgrade the existing ATLAS 
superconducting heavy-ion linac for the acceleration of 
radioactive beams [1,2]. In its present form, ATLAS can 
accelerate any ion with a sufficiently high charge state (q/A > 
0.1). For efficient production of most radioactive beams, 
much lower charge states must be accelerated, at least for the 
first few MV of the linac. Adapting ATLAS to radioactive 
beams, therefore, requires development of a low-charge-state 
injector which can maintain the good features of ATLAS, i.e. 
large transverse acceptance, flexibility in configuration, and 
most particularly, excellent beam quality [2,3]. To meet these 
goals, it is necessary to maintain substantially smaller 
longitudinal emittance than is typical for RFQ implement
ations. Several features of the RFQ discussed here ensure this 
result 

The RFQ should operate at as low a frequency as is 
practicable both to minimize longitudinal emittance growth 
and also to maximize the transverse acceptance. The split-
coaxial RFQ geometry is appropriate for mis frequency range; 

Operating frequency 
Resonant Structure 
Vane-vane voltage 
Maximum Electric field 
Minimum Aperture 
Modulation factor 
Entrance Velocity 
Exit Velocity 
Number of cells 
Length 
Synchronous phase 

12.125 MHz 
split-coaxial 
100 kV 
12.8MV/m(1.2KP) 
8.00 mm radius 
1.5 
0.00247 c 
0.00493 c 
44 
222 cm 
-30 degrees 

The split-coaxial structure is characterized by a voltage 
offset of Vi the vane-vane voltage (Vv) at both entrance and 
exit. We make use of this offset to provide accelerating 
potential by attaching a drift tube to the high-voltage vane pair 
at both the entrance and exit of the RFQ. The energy gain 
provided by the two drift tubes is somewhat greater man twice 
Vv and, as shown below, increases the voltage gain through 
the RFQ by more than 20%. 

The electric fields near the vane tips have been 
numerically modeled using TOSCA and also RELAX3D. 
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Fig. 1.Electric fields at the entrance of the RFQ, from TOSCA. 
A drift-tube 20 mm long, centered at z = .06 meters, is tied to 
the high-voltage vane pair. 

The vane geometry used has a constant radius of curvature of 
10 mm, 1.25 times the minimum aperture radius. At entrance 
and exit the vanes are tapered over a 4 cm interval. 

Figure 2 shows the transverse and longitudinal 
dimensions of a beam bunch numerically traced through the 
RFQ and includes matching electrostatic triplets at the 
entrance and exit Some parameters for the beam shown are: 

Species 
Charge state 
Entrance Velocity 
Exit velocity 
Emittance (normalized) 

Input: 
Transverse 
Longitudinal 

Output: 
Transverse 
Longitudinal 

Sn'" 
1+ 
.00247 (378 keV) 
.00493 (1508 keV) 

0.27 7t mm-mrad 
4.7 n keV-nsec 

0.27 it mm-mrad 
6.1 rckeVnsec 

The small increase in longitudinal emittance through the 
RFQ indicates that beam quality in this system will be 
determined primarily by the bunching system. It should be 
noted that the transverse acceptance projected above is sub
stantially greater than required for the ISOL - type ion sources 
contemplated for this machine. In fact, for the vane voltage 
assumed above, it is possible to accelerate singly charged 
uranium ions and achieve similarly small longitudinal 
emittance values by reducing the RFQ modulation factor from 
1.5 to 1.3, and the transverse acceptance from 0.27 to 0.17 7t 
mm-mrad. 

Hardware Modeling and Tests 

An roughly half-scale model (19.6 MHz) of the RFQ, 
with unmodulated vanes, has been constructed of copper and 
aluminum. Measurements of the electromagnetic fields in the 
model yielded the following results (where we have scaled 
both the structure size and the observed RF surface resistance 
to 12.125 MHz) for Vv = 100 kV: 

RF Input Power = 23.6 kW 
Peak surface electric field = 12.3 MV/m 
RF Energy = 2.3 joules 

Even though no efforts at vibration isolation were made, 
the effects of ambient mechanical vibrations on the RF eigen-
frequency were much less than the intrinsic resonator band
width and should pose no operational problem. 

The model was so constructed that it was possible to 
evacuate the resonator and operate it at high fields. No 
provision for water cooling was made, however, so that high-
field operation was limited to periods of a few milliseconds at 
a repetition rate of a few pulses per second. 

An rf pickup loop to monitor the vane voltage was 
calibrated by three different methods. The first method, using 
the results of perturbation measurements of the field together 
with direct measurements of the rf energy content of the 
resonator, gave values for Vv in good agreement with a direct 
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exit matching electrostatic quad triplets and through the 12 
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Fig. 3. Electric field limits in the Kilpatrick model, showing both gap 
and frequency dependence. The model test results and 
extrapolation are discussed in the text. 

measurement using a high-impedance probe. The third 
method was to observe the high-energy cutoff energy for 
bremstrahlung produced during high-field tests: this indicated 
voltages some 20% higher than the voltage determined by the 
two previously mentioned methods. This may be due to 
bremstrahlung resulting from electron trajectories which 
traverse an appreciable portion of the length of the RFQ while 
traveling between vane pairs. In the split-coaxial structure, 
such trajectories can yield voltages greater than Vv. The 
calibration for the results discussed here was from the first two 
methods discussed. 

On operation following initial pumpdown, the structure 
exhibited low-level multipacting, which conditioned away in 
less than an hour. High power operation was with pulses of a 
few milliseconds duration, and with a duty factor less than 
1%. At higher field levels, the structure arced between the 
RFQ vanes repeatedly but within a few hours had conditioned 
to Vv = 59 kV. At this level the input power was limited (at 
approximately 15 kW) by arcing in a vacuum feedthrough to 
the power coupling loop 

Figure 3 shows the results of this test, in the context of 
the Kilpatrick model for limiting electric fields in RF 
structures [7]. It should be noted that for most RFQ 
implementations, the rf frequency is sufficiently high that for 

practical vane-vane spacing, the Kilpatrick limit is in the 
asymptotic limit of large gap, and the gap dependence is 
generally ignored. For the present case of a very low 
frequency RFQ, however, we are not in the asymptotic region 
for the Kilpatrick model, and the gap dependence is quite 
important. This is born out by the experimental result for the 
19 MHz model shown in Figure 3, which is nearly three times 
the asymptotic Kilpatrick limit for this frequency, but only 
1.23 times the Kilpatrick limit when the gap dependence is 
included. Using the complete Kilpatrick model to scale the 
present result to a 12 MHz structure, it appears that operation 
at an intervane voltage of 100 kV is feasible. 

Conclusions 

By operating at low frequency, and by pre-bunching the 
beam, it seems feasible to provide good transverse acceptance 
and excellent longitudinal beam quality in an RFQ structure 
for singly-charged ions heavier than mass 132. It should be 
noted that two two-meter sections of 12 MHz RFQ will be 
required for an injector for ATLAS. This paper has focused 
on the critical entrance section, as subsequent sections are 
similar, but technically less demanding. 

A two-meter section of 12 MHz RFQ is presently under 
construction. Tests are planned initially to be with unmod
ulated vanes, for the purpose of demonstrating cw operation 
and determining voltage limits. Subsequently, the vanes will 
be modulated and tests with beam performed. 
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Plasma Modified Production of High-current, High-purity cw H+ , D+, and 
H" Beams from Microwave-driven Sources* 

D. Spence, K. R. Lykke, and G. E. McMichael 
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Abstract 

We have recently reported [ 1 ] the production of cw proton 
beams from magnetically-confined microwave-driven sources, 
operating under non-resonant (non-ECR) conditions, with 
proton fractions greater than 0.95, the remaining fraction 
consisting of H2* (0.05) with no H3

+. We achieve this by the 
addition of H20 to the plasma at molecular concentrations of 
-1.0% and about 700 W 2.45 GHz RF power to the source. 
High-current (45 mA) high-power (45 kV) beams of >92% 
proton purity have been produced using this technique [2]. 
Additional impurity ions, 0 + at 4 parts per thousand (ppt) and 
OH* and H20+ at « lppt are produced. We report further 
progress using this technique and similar results we have 
achieved for cw D* beams with D20 and H ;0 additives. 
Finally, we report progress we have made in the direct 
extraction of cw H" beams from microwave-driven sources in 
terms of ion source surface material and confining magnetic 
field configurations. Mechanisms are discussed. 

Introduction 

High-current cw proton sources of high reliability are a 
current requirement for several proposed accelerator 
applications, including spallation neutron sources and 
accelerator production of tritium. A desirable property of such 
sources is that the proton fraction of the extracted beam be as 
high as possible so as to avoid the need for selection of the 
desired ion, i.e., to enable direct injection into an accelerating 
structure. A number of sources have been described in the 
literature that yield proton fractions on the order of 80% of the 
extracted beam, the other unwanted components being H2

+ and 
H3

+.[3,4,5] Techniques to enhance the proton fraction above 
80% are highly desirable. 

Similarly, high current H" sources are a requirement for 
advanced spallation sources based on circular accelerators and 
other circular proton accelerators that use stripping injection, 
and for tandem accelerators. 

Background 

It has long been known that addition of minor constituents 
to microwave-generated plasmas can modify the species 
composition of the plasma and can increase atomic neutral 
fractions relative to molecular species. Systematic studies of 
atomic hydrogen fractions from microwave-driven plasmas 

have produced atomic hydrogen beams with close to 100% 
purity,[6] leading us to recognize that this may be a viable 
technique for the production of high purity ion beams. 

In the case of H~ production, pioneering studies by Hall et 
al. [7] demonstrated the effectiveness of freshly evaporated 
tantalum surfaces in producing copious quantities of 
vibrationally excited molecular hydrogen (a required precursor 

to H" formation). The observations of Hall et al. appear to 
never have been deliberately, or successfully, applied to the 

production of high-current cw H" beams. 

Apparatus, Diagnostics, and Experimental 
Techniques 

Figure 1: Schematic of apparatus including modifications 
necessary for production of H . 

The major components of our apparatus shown in Fig. 1 
include a magnetically-confined microwave-driven (ECR) 
source purchased from AECL powered by a 2.45 GHz 
microwave generator (2 kW). The microwave generator is 
coupled to the source via a circulator and a four-stub autotuner. 
The ion source is attached to a large high-vacuum oil-free 
diagnostic chamber with a base pressure of 1x10s Torr. 

Ion beams extracted at a few hundred volts from the 5 mm 
source aperture by an accel-decel arrangement are primarily 
collected on the decel electrode that is in the configuration of a 
faraday cup. A 0.5 mm aperture in the decel electrode allows a 
small portion of the beam to be transported to a quadrupole 
mass spectrometer (QMS) via an electrostatic zoom lens for 
quantitative beam composition measurement. Light from the 
ion source is monitored by an optical monochromator by a 
clear line-of-sight through the QMS (sapphire window). The 
monochromator continuously monitors the atomic hydrogen 
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Balmer a radiation (656 nm) to give a measure of the atom 
concentration in the source under varying conditions. 

Additives, in this case H20 and D20 (gas), are introduced 
into the source along with the H2 or D2 via a micrometer leak 
valve. The composition of gas in the source (H2, D2, H20, 
D20, etc.) is monitored by a residual gas analyzer (RGA) 
mounted in the diagnostic chamber. 

Results 

Most of the measurements reported here are conducted with 
the ECR source operating slightly off-resonance, as chosen by 
the magnitude of the magnetic confining field. Although 
operation off-resonance usually produces a smaller fraction of 
protons in the extracted beam, such is not the case in the 
present experiments with H20 as an additive. 

A)Proton production 

; 
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Figure 2: Mass spectrum of positive ion beam with H20 additive. 

Figure 2 shows a beam composition obtained with - 1 % 
H20 added to the source for 1 seem H2 flow and 700 W 
microwave power. In this case, the proton fraction of the total 
beam (consisting of H+ + H2

+) is slightly higher than 0.95. 
Under similar conditions with no H20, the proton fraction of 
the total beam (consisting of H* + H2* + H3

+) is about 0.75, 
consistent with the measurements of Taylor and Wills [3] 
obtained under similar non-resonant conditions. 

Figure 3 shows the proton fraction (H+/(H++H2
++H2

+)) 
and Hot atom emission from the source versus percent H20 
added to the plasma. As expected, the proton fraction extracted 
tracks the concentration of H atoms in the source. The 
hysteresis in the two sets of curves occurs because the 
measurements were taken under increasing and decreasing 
amounts of H20, which takes a finite time (minutes) to reach 
equilibrium. 

Figure 3: Proton fraction and light vs percent water in the source. 

Figure 4 displays the proton fraction (H7(H* + H2
+ + H3

+)) 
and Ha emission from source with - 1 % H20 additive vs 
magnetic field. Light and proton fraction do not correlate well 
around the resonance condition. Indeed, maximum proton 
fraction is obtained al the resonance condition indicated by the 
arrow, where light is at a minimum. This probably occurs 
because efficient ionization of H atoms at resonance reduces 
their concentration and hence the intensity of H a emission. 
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Figure 4: Light and proton fraction vs magnetic field. 

b) Deuteron Production 

Although not illustrated here, similar increases can be 
achieved in the deuteron fraction (D7(D* + D2

+ + D3
+)) by 

addition of H20 or D20 to D2 plasmas, though this increase is 
less than in the case of H2 as already high deuteron fraction can 
be obtained in pure D2. Maximum deuteron fractions of about 
0.93 are obtained. D20 and H20 are equally effective, although 
tiie use of H20 results in minor impurities (H+, HD+) from 
ion-molecule reactions in the source. 
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c) H" Production of 4-5 mA being extracted from the 5 mm diameter source 
aperture. 

Production of H" ions in ion sources is known to occur by 
dissociative electron attachment of slow electrons to 
vibrationally excited hydrogen, H2(v). 

C,.» + H,(v) "> H,"* "> « + H' (1) 

where H,"* is an intermediate temporary negative ion state. It 
is generally accepted that H,(v) may be formed by the reaction 

H, + e\asl - > H,(v) + e, (2) 

Attempts at direct extraction of negative ions from the 
standard magnetically-confined microwave-driven ion source 
described above by ourselves and others [8] have proved 
fruitless. 

This probably arises from several causes. First, the mean 
energy of the electrons is generally low (-20 eV, Taylor and 
Wills [3]) and is not conducive to production of H2(v) via 
equation (2). Second, the electrons in the source are 
magnetically confined along the axis between the extraction 
aperture and the microwave window. Thus, even if the weakly 
bound (0.75 eV) H" species were formed in the source, it likely 
would be destroyed by collisional detachment by the 20 eV 
electrons. 

However, Hall et. al. [7] have demonstrated alternative 
techniques for producing H2(v), the precursor for H". They find 
that H2(v) can be generated in copious quantities by 
recombinative desorption of H atoms at surfaces coated with 
tantalum atoms. We have made use of this observation of 
Hall et. al. to achieve the first direct extraction of H" ions from 
a magnetically confined microwave driven ion source. 

In order to produce H2(v), the precursor of H", we have lined 
the inside of our source with a tantalum sheet to produce 
H,(v), via the reaction 

H + H + tantalum surface-> H,(v) (3) 

In order to reduce the flux of 20 eV electrons at the 
extraction aperture, the source solenoids were moved back from 
being centered on the source to being centered on the 
microwave window. This results in the magnetic field 
diverging and thus diverting electrons at the extraction 
aperture. Immediate extraction of H ions was achieved as 
measured hv the QMS. 

Electrons necessarily extracted along with the negative ions 
were removed from the beam prior to mass analysis by a weak 
(-30 Gauss) transverse magnetic field in the region of the 
accel-decel electrodes. About 100 m A of extracted electrons 
were collected on these electrodes. 

Shown in Figure 5 is a mass spectrum of H" extracted from 
the source. Based on the ratio of total H+ extracted to H* 
sampled by the mass spectrometer, we estimate this first 
successful attempt to produce H' resulted in a total H' current 
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Figure 5: Mass spectrum of H" extracted from the modified source. 

This first data was obtained on August 20, 1996, and so 
optimal conditions for H" production have not yet been 
achieved. Effects of additives have not yet been studied. 
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Abstract 

The H" Injector at ANL consists of a 750 keV Cockcroft-
Walton preaccelerator and a Alverez type 50 MeV Linac. The 
accelerator was originally constructed as the source of protons 
for the Zero Gradient Synchrotron (ZGS). The first proton 
beam was extracted from the preaccelerator in 1961. The 
accelerator is presently used as the injector for the Intense 
Pulsed Neutron Source (IPNS), a 500 MeV rapid cycling 
synchrotron with a spallation-neutron target. During most of 
the time since turn-on over 15 years ago, the IPNS facility 
availability has rarely dropped below 90% and has averaged 
95% over the last ten years. During the same period, the 50 
MeV injector availability has averaged 99%. Performance and 
improvements over the 35 year period is discussed. 

Introduction 

The ANL 50 MeV Injector has proven itself to be a very 
versatile and reliable machine. The linac has been used as a 
source of protons, H" ions, polarized protons, polarized 
deuterons, and neutral particle beams during it's many years 
of operation. Ground was broken for the injector in June 1959. 
The first 750 keV proton beam was obtained in December 
1961. The first 50 MeV protons were accelerated in the linac 
ten months later in October 1962. The injector was used as the 
proton source for the ZGS 12.5 GeV synchrotron until 1976 
when the ZGS became the first accelerator to utilize direct 
injection of H' ions as a normal mode of operation. The last 
two years before the ZGS was shut down in October 1979, 
were dedicated to the acceleration of polarized protons. A 
Rapid Cycling Synchrotron (RCS)[1] was developed and 
constructed in the mid 1970's as a proposed booster for the 
ZGS. Due to the scheduled shutdown of the ZGS the booster 
concept was abandoned. However, the RCS evolved into the 
500 MeV accelerator for injecting protons to the IPNS 
spallation-neutron target. The linac has now supplied H~ ions 
at a 30Hz rate to the RCS for over 15 years. We expect to 
inject the 5 billionth pulse into the RCS in late November of 
this year. 

Injector General Discription 

The layout of the IPNS accelerator system including 
linac, RCS, and the spallation target is shown in Figure 1. The 
preaccelerator houses the 750 kV Cockcroft-Walton power 
supply, the H' ion source, and the high gradient accelerating 
column. The H" ion source is a magnetron type[2] in which 
negative ions are extracted directly from the hydrogen plasma 
on the surface of the cathode. The extractor electrode and 

magnet poles are at terminal ground and the source, including 
the pulsed arc supply, pulsed hydrogen supply, and cesium 
supply are pulsed to a negative 20 kV potential. After 
extraction, the beam is bent 90° by a magnetic dipole, 
focussed by three quadrupole magnets, and injected into the 
high gradient column. The 750 keV beam is transported 6 m 
to the linac in a beamline containing two quadrupole triplets 
for beam focussing, a vertical and horizontal steering magnet, 
one 200 MHz buncher, and a fast beam chopper for beam 
shaping. The linac cavity is a copper clad structure 0.94 m in 
diameter and 33.5 m long operating at 200.070 MHz. It was 
constructed in eleven sections, which are bolted together. The 
linac contains 124 drift tubes, each containing a dc quadrupole 
magnet. Rf power is supplied to the linac via a rectangular 
waveguide to a single feedloop in the center of the cavity. A 
50 MeV beam line transports the H" beam 38 m to the RCS 
accelerator. Beam steering and focussing is provided by a total 
of eight horizontal and two vertical dipole magnets and 
sixteen quadrupole magnets. 

Figure 1. Layout of the IPNS accelerator. 
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System Evolution 

Preaccelerator 

The 750 kV power supply for the preaccelerator is a 
standard four stage Cockcroft-Walton. The input transformers 
to the four stage multiplier are driven with a 400 Hz motor 
generator set. There have been no failures of the high voltage 
transformers, rectifiers, or capacitors since construction. Parts 
of the regulating system have been updated but some of the 
amplifiers are still original. 

The original ion source used to supply protons to the ZGS 
was a standard duoplasmatron which produced enough beam 
current to supply the synchrotron with a 20 mA, 100 us pulse 
at a one-pulse-every-four-second rate. When we switched to 
H" injection, a modified duoplasmatron with a hydrogen 
charge exchange cell[3] was used. This source was quite 
adequate for supplying the ZGS with enough beam current but 
the RCS was close to being input limited. Also, the hydrogen 
flow needed in the charge exchange cell required two 30,000 
1/s bulk titanium sublimator vacuum pumps in the high 
voltage terminal. The titanium slugs in these pumps had to be 
replenished every two or three weeks requiring many man-
hours of maintainence. In 1983 the magnetron type H" ion 
source was installed. This source produces 45-50 mA, 70 us 
beam pulses at a 30 Hz rate, which is more than sufficient to 
supply the RCS 50 MeV input requirement of 10 mA. The 
source has been very reliable, requiring only dissassembly and 
cleaning after several thousand hours of operation. 

The original accelerating column was a multi-gapped low 
gradient structure and required frequent cleaning to enable it 
to hold the 750 kV. In 1970 a single gap high gradient column 
was developed and installed, increasing the linac output 
capability from 20 mA to over 40 mA. A six megohm résister 
in series between the 750 kV supply and the column results in 
only a few second trip during a column arc. The column arc 
rate averages about four per hour. The column hasn't required 
dissassembly and cleaning in nearly ten years. 

Linac RF System 

The rf system was the first linac amplifier built utilizing 
the 7835 triode. It was the first and only amplifier to transport 
the rf from the power amplifier to the cavity via a rectangular 
waveguide. The 7835 cavity is not pressurized, but we have 
had very few problems with voltage breakdown. We have had 
continuing problems with blocking capacitor voltage punch-
through. These failures seem to come in bunches every several 
years. Presumably the cause is a void or foreign particle in the 
irrathene insulation. Besides upgrading most of the power 
supplies to accomodate the 30 Hz rep-rate, the only major 
changes in the rf system have been with the plate modulator 
for the 7835. The modulator has been redesigned and 
replaced twice due to problems with output switch tube 
voltage holding capabilities. The tube we have been using for 
the past 15 years is the ML7560. The tube lifetime has been 

excellant, over 25,000 hours, and the arc through rate is 
maybe one per week. 

Linac Cavity 

The ANL linac was patterned after the 50 MeV 
Brookhaven Alternating Gradient Synchrotron (AGS) linac, 
with the main difference being that the quadrupole magnets in 
the 124 drift tubes are dc instead of pulsed. Originally each 
magnet had a transistorized shunt attached for individual 
control. Presently, transistorized shunts are utilized on only 
the first 58 magnets. The cavity vacuum system started out 
with nine 2000 17s ion pumps and one 20" mercury diffusion 
pump for pump-down. The present system uses seven ion 
pumps, two cryo-pumps and a 1500 1/s turbo-pump. The ion 
pumps in use are the original pumps. We try to overhaul at 
least one per year which means each pump operates about 7 
years before removal and cleaning. 

To keep gas stripping of the H" beam at a minimum, we 
try to keep the cavity vacuum below 5 x 1 0 ' Torr. We have 
an ongoing problem involving water leaks into the linac high 
vacuum system. There are 57 water cooled tuning balls 
mounted along the length of the linac. These are 14 cm 
diameter copper balls both threaded and silver soldered to a 
2.54 cm stainless tube which extends through the cavity wall. 
A smaller diameter water distributor tube runs down the center 
of the 2.54 cm tube to supply water for cooling the copper 
ball. Water leaks (apparently through the threaded and silver 
soldered joints) into the cavity vacuum have developed over 
the years in 15 of these tuning balls. A method of repairing 
these leaks without removing the tuning ball or breaking the 
linac vacuum was developed. A smaller diameter cooling tube 
is placed inside the original tube making good thermal contact 
with the inside of the ball to allow for sufficient heat removal. 
The space between the tubes, which now contains the leak, is 
evacuated, virtually eliminating what would now be an air 
leak into the cavity. We presently have a water leak in one of 
the tuning balls so small that we have yet to locate it. 

Polarized Beams 

In 1973, the first high energy polarized proton beam [4] 
was developed at the ZGS. It operated very successfully until 
1979 when the ZGS was shut down permanently. The source 
was installed in a new preaccelerator located just west of the 
original as shown in Figure 1. To house the large polarized 
proton source, a high voltage terminal 2.5 m x 3.5m x 4.5 m in 
size was required. The terminal was built by a company that 
manufactures campers. The source weighed over 4,500 kg 
and consumed over 35 kW of electrical power. It contained 
three rf systems; six magnets; six beam line elements; and 
nine vacuum pumps including diffusion, ion, turbo-molecular, 
sublimator, and mechanical. A pulsed bending magnet at the 
high energy end of the linac allowed both a polarized proton 
pulse to be injected to the ZGS, and a burst of H" beam pulses 
to be injected to the RCS. 
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In 1978 the first ever high energy polarized deuteron 
beam[5] was accelerated. The deuterons were accelerated to 
375 keV in the preaccelerator and to 25 MeV by the 50 MeV 
linac. The rf level and quadrupole magnet currents used for 
accelerating deuterons in the 2(3X mode were essentially the 
same as normally used for protons. Normal tuneup resulted in 
a deuteron transmission through the linac of about 25%. 

Neutral Particle Beams 

Proton Therapy 

In 1983 the H° beam resulting from gas stripping at the 
high energy end of the linac was studied as a possible proton 
therapy facility at Argonne[6]. The H' beam was separated 
from the H° beam by a bending magnet and the H° beam 
drifted through the beamline to the previous ZGS area. An 
intensity collimator and halo foil reduced the lower energy 
components produced by gas stripping earlier in the linac. The 
beam was then converted to H+ by passing through a thin foil. 
It then passed through a spectrometer magnet into the 
experimental enclosure. 

Strategic Defense Initiative 

One of the objectives of the Strategic Defense Initiative 
(SDI) was to put a medium energy (50-200 MeV) H" linac into 
space to evaluate the promise of Neutral Particle Beam (NPB) 
devices. The beam intensity and quality requirements were far 
beyond those of any operating linac so a great deal of research 
was required. The only operating H" linac in this energy 
range was at IPNS, so the Neutral Particle Beam Test Stand 
(NPBST)[7] was developed in 1986. Two beam lines were 
constructed in the old ZGS tunnel. The first line provided 
basic physics information on beam diagnostics and high 
energy neutralization devices. The second line was used to 
study the magnetic optics required to produce large diameter 
beams with low divergence. 
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Figure 2. Accelerator Availability. 

Accelerator Operations 

Figure 2 shows the availability ratio (ratio of beam hours 
available to beam hours scheduled) for the entire RCS 
accelerator system. As can be seen the yearly average is 

around 95%. The availability of the linac alone averages 
above 99%. Scheduled and operating time are shown in Figure 
3. For several years budget constraints have limited operation 
to less than 20 weeks per year. The Scientific Facilities 
Initiative (SFI) funding included in the FY 1996 budget 
provides for an increase in operating time in 1996 to 25 weeks 
and should eventually result in an operating schedule of up to 
32 weeks per year. 
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Figure 3. Scheduled and actual operating times. 
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Abstract 

The 4 GeV CEBAF accelerator at Thomas Jefferson 
National Accelerator Facility (Jefferson Lab) is arranged in a 
five-pass racetrack configuration, with two superconducting 
radio-frequency (SRF) linacs joined by independent magnetic 
transport arcs. The 1497 MHz continuous electron beam is 
composed of three interlaced variable-intensity 499 MHz 
beams that can be independently directed from any of the five 
passes to any of the three experimental halls. Beam extraction 
is made possible by a system of nine warm sub-harmonic 
separator cavities capable of delivering a 100 urad kick to any 
pass at a maximum machine energy of 6 GeV. Each separator 
cavity is a half-wavelength, two cell design with a high 
transverse shunt impedance and a small transverse dimension. 
The cavities are powered by 1 kW solid state amplifiers 
operating at 499 MHz. Cavity phase and gradient control are 
provided through a modified version of the same control 
module used for the CEBAF SRF cavity controls. The system 
has recently been tested while delivering beam to Hall C. In 
this paper we present a description of the RF separator system 
and recent test results with beam. 

Introduction 

The 4 GeV CEBAF accelerator is arranged in a five pass 
racetrack configuration, with two superconducting radio-
frequency (SRF) linacs joined by independent magnetic 180° 
transport arcs. The continuous electron beam is composed of 
three interlaced variable intensity beams that can be 
independently directed from any of the five passes to any of the 
three experimental halls. This allows three simultaneous 
experiments at the same or different energies and currents. 
Electrons are emitted through a thermionic cathode or a 
polarized laser cathode that is being commissioned. Presently 
only one experimental hall is fully operational, Hall C, with 
Hall A in the final commissioning stages. 

To develop the three independent beams the CEBAF 
accelerator uses a chopping cavity system in conjunction with 
separator cavities operated at the third subharmonic (499 MHz) 
of the accelerating cavities. The separator cavities are 
positioned in each of the five passes and allow for different 
combinations of energy to be delivered to the experimental 
halls. The accelerator can deliver only a single lower energy 
(845, 1645, 2445, 3245 MeV) to any one hall at a time or the 
maximum energy (4 GeV) to one, two or all three 
experimental halls. Each pass has been designed to deliver the 
100 (Jrad kick necessary to extract the beam. The separator 

phase arrangements for the first through fourth pass and fifth 
pass are shown in Fig. 1. 

2 Way Beam Split 

Pass 1-4 
3 

0° 90» 210° 330o 

3 Way Beam Split 
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- > - • • • 
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0o 60o 180o 300° 

Fig. 1: Separator Cavity Phasing. 

The nine cavities are arranged in the following fashion: 
pass one and two each have one cavity, pass three and four 
each have two cavities and the final fifth pass has three cavities 
(Fig. 2). The reason is that it was more economical to build 
cavities than to buy high power amplifiers. In addition the 
arrangement allows for energy upgrade in the future without 
the addition of hardware. 

Accelerator Tunnel tmi 

Fig. 2: RF Separator System. 

The cavities are powered by six solid state amplifiers that 
can be manually switched to any cavity in any pass. The most 

' Work supported by the Department of Energy, contract DE-AC05-84ER40150. 
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amplifiers that will be needed at any one time is five, so one 
acts as a hot spare. Eventually it is envisioned to have an 
electromechanical switch matrix for drive and probe cables so 
that one can switch remotely between passes. 

Cavities 

The CEBAF separator cavity is a new design which 
achieves a high transverse shunt impedance in a package with 
compact transverse physical dimensions [1]. Two B field 
coupled 7J2 cells make up each separator cavity. Each cell is a 
resonant cylindrical cavity with four internal coplanar field 
perturbing rods that are parallel to the cavity axis (Fig. 3). As 
reported in other papers the cavity is operated in a TEM dipole 
type mode at 499 MHz and the beam path is along the cavity 
axis [1, 2]. The frequency of each cell is adjusted by a 
manually operated capacitive frequency tuner. Power is 
delivered to the separator cavity by a critically coupled 
inductive copper loop probe mounted to a 1 5/8" coaxial EIA 
adapter. Cavity gradient is measured by a small highly 
undercoupled monitor loop probe. 

Fig. 4: End Flange and Rod Assembly. 

' 60 cm • 

LJLJ; 

CEBAF Separator Cell 
Length 
Radius 
Beam pipe diameter 
Rod diameter 
Rod gap longitudinal 
Rod center transverse spacing 
Cavity resonant frequency 
Cavity loaded Q 
Transverse shunt Impedance 

27.6 cm 
14.6 cm 
1.43 cm 
2 cm 
2 cm 
3.5 cm 
499 MHz 
2500 
350 MQ/m 

Fig. 3: Two Cell Separator Cavity. 

The separator cavity is constructed from two cylinder body 
assemblies, one center flange/rod assembly and two end 
flange/rod assemblies. These parts are then joined together 
using Confiât vacuum hardware. 

The flange/rod assemblies are quite intricate [3]. The rods 
are made from a tellurium copper alloy for strength and are 
brazed into an OFHC copper end slug. The end slug is brazed 
to a stainless steel collar which is then electron beam welded 
to a stainless steel Confiât flange (Fig 4). The entire assembly 
is then copper plated. Water channels in each flange assembly 
deliver coolant to the rods, which are hollow and fitted with 
septum plates. A water channel also surrounds each cylinder 
body. 

An interesting feature of the cavity is that the stainless 
steel cylinder body does not require copper plating. The fields 
and therefore the currents are very weak at the cavity perimeter, 
making plating irrelevant. Tests made during prototyping 
showed that copper plating the cylinder body resulted in less 
than a 5% increase in the intrinsic Q. This amounted to a 
substantial cost savings in manufacturing the cavity. 

14 6 cm Separator Cavity Transverse Shunt Impedance 

The transverse shunt impedance is an important figure of 
merit for a deflecting cavity, and we have determined this value 
through three separate means. The first method was to perform 
a MAFIA code simulation of the cavity. Next we conducted a 
beam test with an installed separator in the accelerator, where 
we measured the beam deflection. Finally, a bead pull 
measurement was conducted in the lab [4]. Given the 
complicated geometry we believe the MAFIA results are in 
fairly good agreement with the other two methods. 

MAFIA' 

Beam Test* 

V2 

R. =-^=175 MQ. 
1 P, 

V2 (&45 MeV-131 uiad -llij 
/?, = — = - — =208MQ 1 P, 26 W 

Bead Pull* 

* * - « 

2 Qn\jJATcos—dz 

2jtf2r\, 

Amplifiers 

212MQ 

The amplifiers for the system were built by a private 
company on contract with Jefferson Lab. They are of a 

' includes transit time effects 
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modular design that moves away from the traditional chassis 
style used by many high power solid state amplifiers. The 
amplifiers are capable of 1300 W of saturated power and 1 kW 
of linear power. The amplifiers are modeled after broadcast 
amplifiers where quick repairs are a necessity. Each amplifier 
has four (250 W) power modules that can easily be removed 
for repair. In addition the power modules can be removed and 
the amplifier operated with one, two, or three modules to 
reduce the power consumption. Each power module is identical 
and can be switched between amplifiers if necessary. The 
amplifiers can be controlled either locally for maintenance or 
remotely through the CEBAF control system during operation. 
Interlocks consist of a load-missing fault for personnel safety 
and over temperature to protect the unit. 

Table 2 
Amplifier Specifications 

Power out (linear) 
Power out (saturated) 
Frequency 
Class 
Gain 
VSWR (in/out) 
Noise figure 

lkW 
1.3 kW 
499 MHz +/- 5 MHz 
A 
70 dB 
1.3:1/1.5:1 
< 8.0 dB 

Cavity Control 

Cavity control is accomplished through a modified 
superconducting (SC) cavity control module [5]. In a 
superconducting mode the cavity provides the first pole in the 
feedback system. In the normal conducting case that is not 
feasible since the cavity's bandwidth is 200 kHz. Therefore the 
control modules have been designed to include a removable 
artificial pole at 10 Hz. This allows high gain (30 dB) 
operation without the possibility of oscillation. The control 
system is based on a traditional phase and amplitude system 
that controls on each individually. The signal processing 
components were chosen to minimize AM to PM and vice 
versa. We have not had problems with the SC cavities and 
therefore do not foresee any problems with normal conducting 
cavities. 

Calibration 

The RF control modules are unique in that each is 
calibrated in an environmental chamber. The modules are 
completely characterized to remove offsets, phase shifts, and 
amplitude shifts. A complete record of temperature drifts is 
then downloaded into the control module where custom 
algorithms use the information to compensate for them. Local 
operational information such as cable attenuations and cavity 
coupling parameters are downloaded to the control module in 
situ. 

Software control 

The EPICs control platform provides the user interface in 
the form of control displays and state machine logic [6]. 
Because there are only six RF control modules and nine 
separator cavities, operators must have ability to switch RF 
controllers between the cavities. This posed a dilemma for the 
RF controls because each RF control module needs to have 
operational data (cable attenuations, cavity Q) specific for each 
cavity. To facilitate this a matrix database has been developed 
that allows operators to download any operational information 
to any RF control module. 

Interlocks 

The CEBAF accelerator is set up so that any experimental 
hall can have a number of different options of beam energy and 
current. Hall B in particular will require currents three to four 
orders of magnitude lower than the other halls. Any beam 
reaching this hall that is larger than lu.A could destroy the 
target; therefore an interlock is needed such that the separator 
phase cannot slip 120°. In addition directly downstream are 
very thin septa magnets that are susceptible to beam burn 
through. A phase slip of 20 degrees could put the beam onto 
one of the thin septa, causing a vacuum accident. Therefore a 
fast shutdown system that compares the chopping cavity 
phases to the separator cavity phase is being installed and 
tested. 

Status 

Presently all of the cavities are installed and have been 
tested to 1 kW. The phase slip interlock is undergoing beta 
testing and it is expected to be fully operational by January 
1997. Operations with beam have also been successful. The 
system has been used to deliver 4 GeV, 70 |iA beam to Hall C 
while concurrently delivering 845 MeV, 5 nA beam to Hall A. 
Multibeam delivery to all three experimental halls is planned 
for early 1997. 
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Abstract 

Low energy beam transport (LEBT) of high perveance ion 
beams suffers from high space charge forces. Space charge 
compensation reduces the necessary focusing force of the lenses 
and the radius of the beam in the lenses and therefrom the 
emittance growth due to aberrations and self fields. The use of 
electrostatic lenses is restricted due to decompensation by the 
electric fields. On the other side magnetic lenses suffer, for high 
mass ions, from the necessary high magnetic fields and the 
resulting technical problems. A different approach for LEBT is 
a lens using a static non neutral plasma confined in a magnetic 
and electrostatic field configuration allowing strong electrostatic 
focusing with only small influence on space charge 
compensation. Modeling of the plasma in respect to low lens 
aberrations is very difficult and there is no closed theory 
available. New measurements at low residual gas pressure as well 
as theoretical work will be discussed. 

Introduction 

For prediction of the transport capabilities of a low energy 
transport line using compensated transport it is necessary to 
know the density distributions of the compensating particles and 
the beam particles. So far the distribution of the compensating 
particles can only be calculated in a selfconsistent way, in a drift 
region [1,2,3]. This is not possible inside magnetic structures 
now. The theory for determination of the electron density (for 
positive ions) in compensated transport might benefit from the 
theory of charge density distribution in a Gabor plasma lens 
(GPL) where the electron enclosure is performed by magnetic 
and electrostatic fields. The advantages of a Gabor lens for 
measurements are higher electron densities and therefore 
enhanced influence on the beam. Therefore solving the density 
distribution problem for the GPL might be a step forward for 
description of compensated transport. An indication therefore 
give [4,5] where some aberrations in compensated transport are 
explained by a high electron density on axis. Apart from the 
forecast of self fields in compensated transport the GPL is still a 
very promising candidate for a LEBT line. 

Theory 

The theory of electron density in a Gabor lens was 
originally given by [6]. The maximum density is only determined 
by the (homogeneous) magnetic field and given by 

Other studies [7,8] assume that the focal strength of a Gabor lens 
is linear with the applied electric potential of the center electrode. 
Results of numerical calculations using eq. (1) for the radial 

*Work supported by BMBF (contract 060F359) 

'. Gross, H. Klein 

:, Frankfurt, Germany 

Fig. 1 : Theoretical maximum electron density in a Gabor lens as 
a function of the external fields. 

electron enclosure density and a Poisson solver for the 
longitudinal confinement by the electrode potential assuming a 
homogeneous filled cylinder of 106 mm length and 35 mm 
diameter (this is the free space inside the Frankfurt Gabor lens) 
is shown in fig. 1. The maximum electron density is a function 
of the free external field parameters. This calculated theoretical 
maximum density might not be reached in an experiment. 
Furthermore a homogeneous density distribution was assumed 
which has to be proven experimentally. 

Experimental set up 

Two experiments have been set up. One for determination 
of the electron density by examination of the light emitted by the 
plasma. This radiation is produced by collisions between the 
residual gas and the captured electrons. A second experiment was 
set up to measure the focusing capabilities of the GPL using a 10 
keV He beam. The results will be compared with numerical 
simulations. 

Density measurements 

The set up for the measurement of the radial density 
distribution is shown in fig. 2. The GPL was mounted on a turbo 
molecular pump with an adjustable valve for residual gas 
pressure control. The plasma is produced by a gas discharge 
below the Paschen limit. The emitted light was measured by a 
CCD camera installed on top of the lens. Therefore the measured 
light intensity is integrated along the z axis. The results are used 
to determine the electron density distribution. The pressure was 
adjusted to be comparable to the beam experiments. Helium, 
argon and hydrogen where used as residual gas. 

Beam measurements 

The set up for the measurement of the focusing capabilities 
is shown in fig. 3. The ion beam (He+, 10 keV, 4 m A, DC, p= 
7*10"5 hPa) was extracted from a HIEFS [9] like ion source and 
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Fig. 2: Experimental set up for the measurement of the light.. 
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Fig. 5: Radial density distribution of the emitted light as a 
function of the electrode potential for a fixed magnetic 
field of 105 G. 
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Fig. 3: Experimental set up for beam measurements. 

a parallel beam of app. 40 mm diameter at the entrance of the 
Gabor lens was formed by the LEBT consisting of two solenoids. 
The Gabor lens was followed by a diagnostic tank (profile, beam FiS- 6 : R a d i a l d e n s i t y distribution of the emitted light as a 
potential and emittance measurements). function of the magnetic field for a fixed lens potential 

of3kV. 
Experimental results 

Density measurements 

Fig. 4 shows a result of a light intensity measurement. The 
intensity of the emitted light is strongly peaked on the lens axis 
and therefrom the electron density is assumed to be distributed 
in a similar way. In fig. 5 the radial light intensity distribution is 
shown as a function of the potential on the center electrode, the 
form of the radial density distribution seems to be constant and 
the height growths linear in a first approximation except for the 
lowest fields where the gas discharge is off. In fig. 6 the light 
intensity is shown as a function of the external field. The intensity 

e m i s s i o n o f l i g h t 

Fig. 4: Intensity of the emitted light as a function of x and y for 
a CCD exposure time of 5 s and a lens potential of 3 kV 
and a magnetic field strength of 105 G. 

Fig. 7: Maximum and minimum intensity of the emitted light as 
a function of the electric and magnetic field. 

rises more than linear for low fields and then levels off. In fig. 
7 the maximum (upper graph) and the minimum (lower graph) 
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Fig. 8 : Emittance behind the not active lens. 

Fig. 9 : Emittance behind the lens for 3 kV potential and B=66 
Gauss, 

light intensity of the profiles is shown as a function of the external 
parameters electrode potential and magnetic field strength. The 
contour of these light intensity plots are similar to the pattern of 
the theoretical expected maximum electron densities (fig. 1). 

Beam measurements 

The results of the emittance measurements behind the 
Gabor lens are shown in fig. 8 and 9. Fig. 8 shows the emittance 
with the lens off, fig. 9 with the lens in operation. Fig. 10-12 
show numerical calculations of the transport capabilities of the 
lens. In fig. 10 the emittance in front of the lens is shown. This 
was calculated from the measured emittance behind the lens (fig. 
8) using 250 beams and neglecting the space charge of the beam 
(degree of compensation in the measurements was > 90 %). Fig. 
11 shows the result of a transport calculation for operational lens 
starting with this emittance (fig. 10). A homogeneous electron 
density distribution calculated from the radial limitation criteria 
for the lens (pe=38*10~ As/m ) was assumed. The beam space 
charge was neglected. Fig. 12 shows the result of a transport 
calculation using the 'peaked' electron distribution from the 
CCD measurements scaled to the same density in the maximum 
(pemax.=38*10-6As/m3). 
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Fig. 11 : Numerical simulation of the emittance behind the lens 
under the assumption of homogeneous distributed 
electrons. 

Fig. 10 : Reconstructed input emittance (in front of the lens) for 
numerical simulation of the transport properties of the 

Fig. 12 : Like fig. 11 under assumption of a peaked electron 
distribution. 

Conclusions 

Comparison between the measured emittance and the 
calculated emittances show in focusing strength and in aberration 
forecast a better result for the peaked than for the homogeneous 
distribution. Nevertheless the experiments indicate that the 
electron density is between these two cases. This could be 
explained by additional electrons produced by the beam traveling 
through the lens and the influence of the beam potential on the 
plasma. The principle for the electron concentration on the axis 
is unknown. Therefore theoretical work using selfconsistent 
density distributions for the thermalized electrons will be done. 
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Abstract 

Low energy beam transport of high perveance beams with 
magnetic quadrupole focusing requires a high degree of 
space-charge compensation. Furthermore the build-up time of 
space-charge compensation has to be short compared to the 
beam-pulse duration. In order to study the space-charge com
pensation in the drift sections between the focusing elements 
of the existing GSI UNTLAC injector, the energy spectrum of 
the residual gas ions produced by the beam and accelerated 
radially by the space-charge potential can be measured. Here
to a compact electrostatic energy analyser of the Hughes-
Rojansky type [1] has been built allowing for time integrated 
as well as time resolved measurements. First measurements in 
time integrating mode have been performed. 

Introduction 

Residual gas ions (RGI) are created locally by collisions 
of beam ions (BI) with residual gas atoms (RGA) proportional 
to beam current density jBi(r) and to the cross section of the 
production of RGI oRGi and the density of RGA nRGA- (A 
thinning of the residual gas by that interaction only takes 
place at beam densities not reached under our experimental 
conditions.) Under the assumptions of 1-dim. cylindrical 
symmetry, positive beam potential $/(r) and RGI created at 
rest, the RGI are accelerated outwards radially in the beam 
potential. The energy distribution of the RGI dr^a/dW (with 
^ R G I W the line current of RGI with energies below W) con
tains information on jBi(r), «tKO and oRGi «RGA in a folded 
form. It can be evaluated from measurements with an RGI 
spectrometer, taking into account the spectral sensitivity of 
the instrument. E. g. the radial potential distribution <|>(r) of a 
compensated DC beam has been reconstructed from dT^dW 
andjeiW- For a decompensated DC beam jBi(r) and <J<r) have 
been derived directly from die RGI energy spectrum drRGi/dW 
and the total beam current 7Bi via an analytical inversion [2]. 

Time resolved measurements of the build-up of space-
charge compensation can be performed with a spectrometer 
using a channeltron detector and a multi-channel scaler [3]. 

Quality of Measured RGI Energy Spectra 

Besides the energy resolution of the spectrometer given 
by slit width and acceptance angle (here: 1,6 % due to slit 
width, +0,4 % due to acceptance angle) some effects can 
deteriorate the quality of measured RGI energy spectra. 

1-dim. cylindrical symmetry is essential for a simple in
terpretation of RGI energy spectra. The symmetry of the beam 
potential is supported by a cylindrical drift tube of sufficient 
length surrounding the beam at the axial position of the 
spectrometer. Disturbing external electric fields are minimi
sed by it but the effect of an asymmetry of the beam cannot be 
suppressed. 

An asymmetry of the beam (or total charge configuration) 
as well as charging of isolating surface layers in drift tube and 
spectrometer or external magnetic fields can diminuate the 
number of RGI arriving at the spectrometer under proper 
angles. 

The detected RGI current is lowered in the same way due 
to the non-radial movement of RGI created with non-zero 
energies. For the given geometry and thermal start energies 
this is significant only for detected RGI energies below 3 eV 
and can be corrected to some extent [2]. 

The space charge of RGI on the way from the drift tube to 
the entrance slit of the spectrometer causes a widening of the 
RGI "beam". This can be significant because it is not unusual 
that the perveance of the RGI "beam" exceeds that of the ion 
beam. The resultant decrease of detected RGI intensity is 
strongly chromatic. Hence the spectrometer has to be posi
tioned as near as possible to the cylindrical drift tube. 

In the case of strong production of secondary electrons by 
the beam, a negative signal is superimposed at the low energy 
end (up to a few eV) of the RGI energy spectrum. This is due 
to secondary electrons irregularly passing the spectrometer by 
multiple reflexions. 

Fluctuations of beam current or beam diameter can result 
in a broadening of the RGI energy spectra. (An indication for 
the quality of a spectrum is a sharp decrease at the high-
energy end.) 

The build-up of space-charge compensation with time re
sults in a broadening of spectra measured time integrated at 
pulsed beams. 

Electrostatic Energy Analyser 

An electrostatic energy analyser with an energy resoluti
on of 2 % at an acceptance angle of - 6° for both directions 
has been built (Fig. 1). It has been operated with Faraday cup 
and electrometer amplifier for time integrated absolute mea
surements. Operation with channeltron in single particle 
counting mode for time resolved measurements [3] and mea
surements at low intensities is foreseen. (The channeltron is 
not mounted yet.) The RGI flux has to be adjustable to the 
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pulse counting capability of the channeltron (106 s'1). This is 
provided by accelerating the RGI to an electrode (the bottom 
of the Faraday cup) and detecting the secondary electrons. 
The secondary electron flux to the entrance of the channeltron 
is controlled by a (second) variable accelerating voltage. Both 
modes of operation can be performed without changes of the 
spectrometer. 

heat shield 

low-thermal 
conductivity 
mounting 

electric 
heating 

deflection 
electrodes 

entrance 
Slit 

particle 
shield 

cold 
channeltron 
support 

channel
tron 

faraday 
cup 

drift tube 0 100 mm 
with opening <t> 30 mm 

Experimental Set-Up 

The RGI energy analyser was mounted in a standard dia
gnostic box in the GSI injector after the mass separating dipo-
le magnet (Fig. 2). A drift tube of 100 mm inner diameter and 
270 mm length was inserted into the box. A pulsed Ne+ beam 
of 232 keV, approx. 16 mA, 25 Hz repetition rate and 0.67 
ms pulse duration was used. The 20Ne+ fraction was adjusted 
to the axis of the beam tube with a diameter of approx. 10 
mm. A 10 % 22Ne+ fraction hit the drift tube approximately at 
the axial position of the RGI energy analyser (Fig. 3). 

residual gas km 
spectrometer 

profile grid, hor. slit 

faraday cup 

JET CHORDIS 
SOURCE 

dipole magnets 
quadrupole magnets 

Fig. 2. Present location of the RGI energy analyser in the UNILAC 
injector. 

ion beam 

Fig. 1. RGI energy analyser and drift tube. 

The spectrometer is well shielded against irregular par
ticles but no measures are taken to prevent secondary 
electrons from irregularly passing it by multiple reflexions at 
the deflector plates. 

Electric heating of the spectrometer is possible in order to 
prevent gaseous surface layers. Due to a separate heat shield 
and a mounting with low thermal conductivity, only 12 watt 
are required to maintain a temperature of 200 °C (more seems 
possible). At the same time the channeltron which is mounted 
in a separate housing stays below 50 °C. Non-magnetic ma
terial was used throughout. All stainless steel parts are annea
led at 1000 °C. The analyser is mountable in a tube of 100 
mm diameter. 

analyser 
entrance slit 

direction of beam 
deflexion i dipole 
magnet strength 
is varied 

Fig. 3. Relative position of RGI energy analyser and beam fractions. 

20 cm downstream of the RGI energy analyser the beam 
passed between the two electrodes of a motorised slit (spacing 
55 mm). These could be biased positively in order to decom
pensate the beam. 1.3 meter further downstream (after a qua
drupole doublet) the beam was stopped without secondary 
electron suppression. 
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First Measurements 

The influence of an increase of residual gas pressure on the 
RGI energy spectra is shown in Fig. 4. The maximum beam 
potential decreases as well as the potential drop inside the 
beam which falls from approx. 20 V to below 5 V. Compared 
to a theoretically estimated maximum potential of approx. 
500 V and a potential difference of approx. 100 V in the de
compensated beam this indicates high degrees of space-
charge compensation. At 7 10"7 hPa the steep decrease at the 
high-energy end of the spectrum points to a build-up time 
shorter than the theoretical build-up time x = (oRG( rtRGA VBD"1 

of approx. 200 |is (vB[ velocity of BI). 
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Fig. 4. Pressure dependence of RGI energy spectra of compensated 
beam. 

Nevertheless, caution has to be taken with this interpre
tation because two anomalous facts were observed: 1. Gene
rally at low pressure or with decompensated beam the beam 
position had an unusual strong influence on the spectra. 2. At 
high decompensation voltages the maximum of observed RGI 
energies was far below the theoretically expected 500 eV. 
This effect persisted even if the decompensating electrode was 
moved into the beam. Up to now these effects are not fully 
understood. A possible reason is the disturbed symmetry due 
to the space charge of the 22Ne+ fraction and the secondary 
electrons produced by it. If this is confirmed by experiments 
with a pure 20Ne+ beam or a He* beam the RGI energy analy
ser will be shifted to an other location. 

Planned Experiments 

The influence of beam parameters as diameter, pulse 
length, current and current fluctuations and of residual gas 
pressure on the space-charge compensation will be studied. 
As well time resolved measurements (time resolution 2 |j.s) of 
the build-up of space-charge compensation in the pulsed 
UNILAC beam are planned for the near future. The hard- and 
software for channeltron operation and data analysis are in 
preparation. 
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Design and construction of standing wave accelerating structures at TUE 
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Abstract 

Two standing wave accelerating structures have been built for the 
operation of two AVF racetrack microtrons (RTM). For the first 
RTM a 3 cell 1.3 GHz on axis coupled standing wave structure 
has been designed to accelerate a 50 A peak current beam in 9 
steps from the injection energy of 6 MeV to a final energy of 25 
MeV. The beam will be used as drive beam for the free electron 
laser TEUFEL. The second structure accelerates a 7.5 mA beam 
in 13 steps from the injection energy of 10 MeV, to a maximum 
energy of 75 MeV. This 9 cell on-axis coupled structure operates 
at 3 GHz and was designed with a relatively large aperture radius 
(8 mm) in order to avoid limitations on the RTM's acceptance. 
Design, fabrication and testing of the structures have been done 
in house. For the design of the structures the combination of the 
codes Superfish and Mafia has been used. Low and high power 
tests proved that the structures live up to the demands. With the 
experiences gained a design for the accelerating structure of the 
H~ linac of the ESS project has been made. The design of the 
cells as well as a novel type of single cell bridge coupler will be 
presented. 

Introduction 

The Racetrack Microtron Eindhoven (RTME) has been designed 
to accelerate a pulsed 7.5 mA electron beam from the injection 
energy of 10 MeV to the final energy of 75 MeV [1]. The ac
celeration is achieved in 13 subsequent passages by a 5 MeV, 3 
GHz standing wave on-axis coupled cavity, see sec. . 

The free electron laser project TEUFEL is a cooperation be
tween the Dutch universities of Eindhoven and Twente. Part of 
this project is a 25 MeV racetrack microtron which is being built 
at Eindhoven [2]. The microtron cavity is a standing wave on-
axis coupled strucure that consists of three accelerating cells and 
two coupling cells, see sec.. 

The linac of the accelerator based neutron spallation source 
ESS project will accelerate a 100 mA H_-beam over 660 m 
length from 70 to 1334 MeV. This paper describes the cell and 
brigde coupler design in sec.. 

The RTME cavity 

Fig. 1 depicts i schematic lay-out of the on-axis coupled 
RTME cavity. Table 1 lists some of the measured and related 
parameters of this cavity [3]. 

•Present adres: IBA.Chemin du Cyclotron 2, B-1348 Louvain-la-Neuve, 
Belgium 

Figure 1 : Schematic layout of the RTME cavity. 

Table 1 : Measured and related parameters of the RTME cavity, 
Ten = 298 K. 

resonant frequency (MHz) 
stopband (MHz) 
accelerating voltage (MV) 
coupling coefficient (%) 
direct coupling coefficient (%) 
loaded quality factor 
coupling ratio /3 
cavity length (m) 
eff. shunt impedance (Mf2/m) 
dissipated power (MW) 
beam power (MW) @ 7.5 mA 

2998.70 
-0.06 

5.0 
-4.61 
-0.24 
4125 
2.35 
0.45 
62.3 
0.90 
0.50 

The 9 accelerating and 8 coupling cells are formed by stack
ing 18 accurately fabricated square bricks of OFHC-Cu. These 
square bricks are used for a repetitive mounting on the lathe and 
for the alignment of the total cavity in a ridge. Here the pieces are 
kept together with a force of ~ 3000 N by a multi-spring based 
clamping mechanism. 

For the tuning the parts are mainly stacked in sets of 2 and 4 
terminated with plates forming respectively 3 and 5 coupled res
onators with 3 and 5 mode frequencies. From the three mode fre
quencies the accelerating and coupling cell resonant frequencies 
and the coupling coefficient are obtained. From the five mode 
frequencies also the direct coupling coefficient for the accelerat
ing cells is obtained. 

To tune the end parts they are stacked with their two tuned 
nearest neighbour parts. This structure is covered with a plate. 
The ir/2-mode resonant frequency of this structure is adapted to 
the tuning frequency by adapting the frequency of the end part. 
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Figure 2: The measured electric field profile in the RTME cavity. 

The dimensions of the waveguide-cavity coupling iris are de
termined by repetitive VSWR measurements in the waveguide. 

Since in a perfectly tuned structure there will only flow major 
RF currents on the outher surface of the accelerating cells, it was 
decided to only join the two halves of the accelerating cells by 
brazing, whereas the two halves of the coupling cells are joined 
by O-rings. As brazing material Ag72Pdo.2Cu27.8 with a melting 
temperature of 780° C has been used. After constitution of the 
different parts in the ridge no vacuum leaks could be detected. 

After the completion of the structure the electric field profile of 
the 7r/2-mode has been determined by means of the pertubating 
ball method, see fig. 2. The standard deviation in the measured 
field amplitudes corresponds with 1% of the average amplitudes 
in the cells, indicating that the structure is properly tuned. It is 
not possible to quantify the magnitude of the electric fields in the 
coupling cells. 

The high power tests have been done with a 2 MW EEV 
M5125 magnetron that was connected to the cavity via a 4-port 
circulator. By means of an EH-tuner located after the second port 
of the circulator the amount of power sent to the cavity at the 
third port could be regulated [3]. At most as much as 1.6 MW of 
power was sent to the cavity, implying an energy gain of 6.1 MeV 
for the electrons. This means operation at a maximum field sur
face strength of 1.17 Kilpatrick field limit. At this field strength 
hardly any voltage breakdowns occured and no sign of multipact-
ing was observed. 

The TEUFEL cavity 

The fabrication of the TEUFEL cavity was done similarly as the 
RTME cavity. Table 2 lists some characteristics of the TEUFEL 
cavity [4]. 

Due to the high peak currents in the cavity the structure will 
operate under high beam loading conditions. Therefore the cou
pling ratio is relatively high, (3 — 6.7. The precise beam current 
to be accelerated in the microtron is not known yet. The genera
tor and reflected power in dependence of the macro pulse current 

resonant frequency (MHz) 
stopband (MHz) 
accelerating voltage (MV) 
coupling coefficient (%) 
direct coupling coefficient (%) 
loaded quality factor 
coupling ratio /3 
cavity length (m) 
eff. shunt impedance (MQ/m) 
dissipated power (MW) 

1300 
0.8 

2.22 
-4.9 
+0.2 
2380 

6.7 
0.425 

15.9 
0.31 

Figure 3: Required RF generator power and reflected 
power as a function of the average macropulse current for 
the TEUFEL cavity 

is depectid in fig. 3. This was calculated with formula[5] 

, = fi±^ + i l ± J £ ( w . ,«*,., (1) 

where r is the normalized reflected power (normalized w.r.t. 
the wall losses), p is the normalized beam power, t a n ^ = 
-2QL(V — a>o)/w0, tan^o = — ptan<£/(l + /?), « is the RF 
frequency and <j> is the accelerating phase. 

The ESS linac 

The proposed lay-out of the linac of the European Spallation 
Source (ESS) project [6] has two front ends, each with a H~ 
source (70 mA, 50 kV, 10% d.c), low energy beam transport, an 
RFQ, a beam chopper and a second RFQ. Funneling is at 5 MeV. 
A drift tube linac (DTL) operating at 350 MHz accelerates the 
beam up to 70 MeV. In the reference design a 700 MHz normal 
conducting side coupled cavity linac (CCL) further accelerates 
the beam to 1.334 GeV to feed the rings [7]. 

In the CCL a single 2 MW klystron will feed 2 tanks connected 
via a bridge coupler. The tank length is determined by limiting 
the peak power per tank to 0.75 MW. It than varies from 1.27 
(16 cells at 70 MeV) to 1.95 m (10 cells at 1.334 GeV), short 
enough to allow constant cell length in one tank (the phase slip 
per tank is 4 deg.). The intertank gaps have a length of 5/2/3/A 
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• corrected effective R. 
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0.9 

Figure 4: Calculated shunt impedance as a function of the ve
locity /3. The lower curve represents the values for the shunt 
impedance lowered by 20 %. 

and 3/2 J3/X. Over the shorter gap the two tanks are connected 
via a bridge coupler. 

In the design of the CCL first the shunt impedance and the 
transit time of the individual cavities is maximised. Various pa
rameters determining the shape of a cell are of importance. The 
shunt impedance increases with decreasing bore hole radius, web 
thickness between cells and nose cone thickness. 

Fig. 4 depicts the values for the shunt impedance as optimised 
with Superfish. It is reasonable to lower this values by 20 % 
to account for the losses due to the coupling slots between ac
celerating and coupling cells and manufactoring imperfections. 
In previous designs of long side coupled CCL's the outher di
ameter of the cells has been kept constant in order to minimise 
fabrication costs. With modern machining techniques, as pro
grammable lathes, this is no longer necessary. The extra costs 
due to the variating outher diameter will not imply a significant 
cost increase. The diameter will be kept constant within a single 
tank. 

For the calculation of the cell geometries we have the avail
ability of the accurate 2D code Superfish and the less accurate 
3D code Mafia. For the calculation of the coupling coefficient 
between the accelerating and coupling cells we need accurate 
3D results. Therefore for this calculation the combination of the 
codes Superfish and Mafia has been used as described in ref. [8]. 
By varying the offset of the symmetry axis of the coupling cells 
to the symmetry axis of the accelerating cells the coupling coef
ficient can be varied between 2 and 8 %. 

Due to the varying length of the bridge couplers a number of 
higher order modes in these bridge couplers are within the pass-
band of the accelerating tanks [9]. At lower energies the T E m 

mode crosses the passband. This mode can easily be expelled 
from the passband by placing two round disks with a diameter 
of about half the coupler diameter at the end of the coupler at 
the locations where the electric field is maximum. At higher en
ergies the TE112 mode crosses the passband. This mode is ex-

pellled from the passband by placing two rings in the coupler 
where the amplitude of the TE112 mode is maximum. The rings 
are large enough to expell the perturbing mode from the pass-
band, but small enough to assure that the resonator still operates 
as a single cell resonator. Mafia calculations on the combination 
of two accelerating cells that are connected via coupling cells to 
the bridge coupler show that the method works. One has to as
sure however that the shifted mode is well outside the passband 
to avoid mixing with one of the chain modes. 
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Abstract 

An analytical description of the electromagnetic field in a peri
odically disk-loaded circular waveguide is given. The field is ex
pressed in terms of the waveguide modes. The main advantage 
of this approach is that each mode matches the boundary con
ditions in the empty waveguide. These modes have convenient 
orhogonality properties. First, a single diaphragm in the waveg
uide is considered and the reflection problem arising from one in
cident waveguide mode is solved with the mode-matching tech
nique. Then a matrix eigenvalue equation is derived for the peri
odically loaded waveguide. The solution of this equation yields 
the dispersion curve for the structure and leads to the full field 
description for a given operating mode of the accelerator. 

TMon modes of a circular waveguide 

A circular waveguide of radius b, centered around the z-axis is 
considered. For the acceleration of particles in the disk-loaded 
waveguide, only the transverse magnetic (TM) modes of the 
electromagnetic field are of interest. A time dependence of eVJi 

and a z dependence of er',z is assumed and substituted into 
Maxwell's equations. The axially symmetric TMnn mode so
lutions are: 

e,n = in lfiTnUan)
Jo{Tr)e 

y/2 

bJ\{an 

= ±Yn<pne 

•M -r„= _ „=pr„ 

=Fr„z 

^ 2 . 
b2 = r 2 + —. 

( i) 

(2) 

(3) 

(4) 

For the nth mode, the z-component of the electric field is ezn, the 
radial electric field- and azimuthal magnetic field components 
are ern and h.^n respectively. The wave admittance Yn = ^^ 
and a n is the nth root of the Bessel function JQ(X). The func
tions on defined in equation (2) are orthonormal: 

ànàmrdr — 6nr (5) 

The mode-matching technique discussed in the next section 
makes use of this orthonormality. For linear travelling wave ac
celerating structures it is customary to choose the radius b and the 
frequency u> in such a way that only the propagation constant r x 

is imaginary. All other { r n } are real and represent attenuating 
modes. 

" Corresponding author 

Reflection from a single diaphragm 

In the circular waveguide of radius b, an infinitely thin diaphragm 
with a circular aperture of radius a is placed at z = 0, see Fig. 1. 

aim --

z=0 

Figure 1 : reflection at a diaphragm 

The coefficients of the incident modes are airn so a general 
incident field is given by: 

2 j aim4> - L : (6) 

Here, the reflection problem is solved for one incident propa
gating mode: an = 1 and all other aim are zero. At the di
aphragm, there will be an infinite number of reflected and trans
mitted modes with coefficients arm and a'rm respectively, be
cause at z = 0 a linear combination of all the modes is needed 
to satisfy the boundary conditions at the diaphragm. The total 
radial electric field Er and azimuthal magnetic field Hv are: 
For z < 0: 

Er = <p\e -r^z E ,T,nz 

H^ = Yi<pie VlZ - ^2 Ymarm4>mer" 
7 7 1 = 1 

For z > 0: 

K = /I a'Tm4>me r '"2. 
m~l 

Hv= ^Yma'rrn4>me r ' " ; 

(7) 

(8) 

(9) 

(10) 

By using the boundary condition ET = E'r — 0 at the diaphragm 
for a < r < b and the continuity of the tangential field com
ponents in the aperture (z = 0): Er = E'r and H^ = H'„ 
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for 0 < r < a, a matrix equation can be derived, whose so
lution yields the coefficients arm and a'rm. In the derivation, the 
orthonormality of the <pn functions is used. This procedure is 
known as the mode-matching technique, see Masterman [1]. 
To obtain a matrix equation of finite size, the series of reflected 
and transmitted modes have to be truncated; therefore only a fi
nite number of coefficients are calculated. Once the coefficients 
arm and a'rm are found, the total field can be calculated at every 
position in the waveguide. The most important coefficients are 
aT\ and a'rl. These are better known as the reflection coefficient 
R and transmission coefficient T. The coefficients are in general 
complex numbers, and as a measure for R, the susceptance B is 
defined as: 

2iR 
B = ~. (11) 

l+R J 

B is a real-valued quantity [2]. The susceptance B has been 
calculated as a function of the frequency w, see Fig. 2. The solid 

neighbouring diaphragms and that only the reflected and trans
mitted propagating mode is of importance [2]. Once the coeffi
cients for the back and forth propagating modes are found, the 
coefficients of the decaying modes can be calculated from the 
single-diaphragm theory discussed in the previous section. 

ai —>-

b, . < _ 

ai —> 
b'i x— -b': 

z=-d •-all z=0 
z=d/2 

Figure 3: A section of the infinitely long periodic strucure. 

Figure 2: The susceptance as a function of the frequency, using 
b = 39 mm and a = 10 mm. 

line is calculated by using the mode-matching technique and 
the dashed line represents an approximation for the susceptance 
given by an analytical formula derived with the small-aperture 
theory [3]: 

2,-K.Jl{a1)b
Ak 

B = 
2 Q 2 

(12) 

where ik = TV This formula was derived by assuming that 
the aperture diameter is small compared to the guide wavelength 
Xg = ^r. Calculations for smaller aperture radii show an even 
better agreement between the mode-matching solution and the 
approximation formula [2]. 

The periodic structure 

In Fig. 3, a section of an infinitely long periodic structure is 
shown. The structure consists of an empty waveguide with ra
dius b, containing diaphragms with aperture radius a, equally 
spaced at a distance d. It is assumed that the decaying modes 
excited at the diaphragms decrease to a negligible value at the 

The radial electric field of the propagating modes is: 
For -d < z < 0: 

El =a'1<è1e- l fc-+6'10ie I kz 

For 0 < 2 < d: 

E2
r = a^4>ie'lkz + b'^e ̂ikz 

(13) 

(14) 

Similar equations can be found for the azimuthal magnetic field. 
In the expression for E$, the term a\4>ie~lkz represents the 
field of the mode propagating in the positive z-direction. When 
a[e~lkz is seen as an effective coefficient for this mode, the coef
ficient at the diaphragm (z = 0) is a[, see Fig. 3. The coefficient 
at z = —i is called ai and is given by: 

ai = axe 
ifcS (15) 

The other coefficients are defined in a similar way. The coeffi
cients a[ and b[ are linked to a'2 and b'2 in the following way: 

a2 = Rb'2 + Ta\, 

b[ = Ra[ + Tb'2. 
(16) 

(17) 

By using equations (16) and (17) together with equation (15) and 
similar equations for the other coefficients, a transfer matrix can 
be found which connects the coefficients ax and 61 at z = — | 
with the coefficients a2 and 62 at z = § : 

<Zl 

61 j 

" l_pikd 

R 
L T 

(T-

R -1 
T 

- f)e~M . 
0.1 

L 6 2 J 
(18) 

The Floquet theorem, see Collin [3], links the fields at position 
z — —% to the fields at position z = | : 

02 

b2 
= e~l0d 

61 
(19) 

where /3d — <p is the phase shift per cell. With this equation, a 
phase velocity can be defined, because at the time ujt — 0d the 
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fields at z + d are the same as the fields at position z for t = 0. 
This gives a phase-velocity: 

vp = ^. (20) 

By combining equations (18) and ( 19), a matrix eigenvalue equa
tion can be derived, which has the characteristic equation: 

B 
cos (3d = cos kd — — sin kd. (21) 

With B the susceptance. From equation (21) it can be observed 
that the phase shift per cell à = 3d can also be negative, which 
yields a solution for waves travelling in the negative z-direction. 
Since B has been calculated as a function of w and k is also 
known as a function of a; from equation (4), the phase shift per 
cell O can be calculated as a function of w, see Fig. 4. This fig
ure was made using the parameters of the periodic structure of a 
10 MeV linear travelling-wave electron accelerator with an oper
ation mode p = §TT. From Fig. 4. the frequency of this |TT mode 
can be deduced. Once the frequency has been found, the eigen
value problem can be solved and the coefficients of the propagat
ing modes are obtained. With these, the coefficients of the decay
ing modes can be calculated by using the single diaphragm the
ory. For a phase shift of |TT per cell, three cells are needed for the 
field description. Figure 5 shows the total longitudinal electric 
field on the z-axis in the three cells. The dashed line represents 
the field calculated from the Fourier coefficients of the §TT mode 
given by the computercode Superfish [4]. 
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Figure 4: The frequency v as a function of the phase shift 4> per 
cell, using a « 10 mm, 6 « 39 mm and d « 33.33 mm. 

Concluding remarks 

The empty waveguide modes are a useful tool for the description 
of the electromagnetic field in periodically disk-loaded waveg
uides. With the mode-matching technique, the reflection of 
waves from an infinitely thin diaphragm is described accurately. 
The dispersion curve of the infinitely long periodic structure 
can be calculated and the calculated fields for a given frequency 
x agree reasonably well with the fields calulated by Superfish. 

— / (mm) 

Figure 5: The Ez-field on the axis for the |TT mode. The solid 
line is the field calculated with the theory and the dashed line 
represents the field calculated with Superfish. 

To obtain more accurate results, the theory could be extended to 
include diaphragms of finite thickness [2] [5] and also to a de
scription of aperiodic structures [6], which is important for the 
design of low-energy travelling-wave linacs. 
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Abstract 

The 10-75 MeV Racetrack Microtron Eindhoven (RTME) is 
designed to serve as injector for the electron storage ring EU
TERPE. In RTME electrons are injected at 10 MeV by a travel
ling wave linac. The microtron's 5 MeV standing wave cavity, 
which is synchronized with the linac, accelerates the electrons 
13 times. The main RTME magnets are two-sector magnets, 
which are tilted in their median planes, to provide strong focus
ing forces for optimal electron optical properties. Closed orbit 
conditions are fulfilled with the help of small correction dipoles 
located in the microton drift space; these dipoles are adjusted on 
the basis of beam position measurements. Isochronous acceler
ation is accomplished by position and phase measurements. An 
elaborate diagnostic system will be used for efficient commis
sioning of the combination of the 10 MeV linac and RTME. 

Injector for EUTERPE 

A 10-75 MeV racetrack microtron (RTME), which is shown in 
figure 1, has been chosen as injector for the 400 MeV electron 
storage ring EUTERPE [1], because a microtron offers a beam 
with small energy spread at low RF requirements. In RTME elec
trons are injected by a totally revised 10 MeV travelling wave 
linac (type M.E.L. SL75/10). The microtron's 5 MeV standing 
wave cavity, which is synchronized with the linac, accelerates the 
electrons in 13 times to their extraction energy of 75 MeV [2]. 

MEDIAN PLANE VIEW 

Figure 1: The 10-75 MeV Racetrack Microtron Eindhoven. 

Basic Design 

The design of the microtron is basically dictated by the two res
onance conditions. First, the revolution time of the first orbit, 
t\, is an integer multiple, /x, of the RF-period 1 / / {t\ = /j,/f). 
Second, each revolution time must exceed the preceding one by 
another multiple (At = tn - tn_i = v/f). From these res
onance conditions two basic relations for a racetrack microtron 
are derived: 

* = G- , -2L/A) E*> (1) 

and 

where A = c/f, Einj is the injection energy, L is the field-
free region between the magnets and Br is the resonant or 
isochronous magnetic field, corresponding to the energy gain per 
turn, Er. The maximum energy is given by NEr + Einj, with 
N the number of cavity passages. 

The RF-frequency of the RTME cavity, / , must be the same 
as the RF-frequency of the 10 MeV linac. The mode number, 
v, and the number of orbits, N, should be as small as possible to 
maximize the phase acceptance and to minimize phase errors due 
to imperfections of the construction [3]. The field-free region 
must be large enough to place the microtron's cavity. As we want 
to use normal conducting magnets, the magnetic field strength in 
the air gaps is limited by the maximum field strength in the iron 
(about 2 T for ordinary steel). The basic parameters that have 
been chosen for RTME are summarized in table 1. 

Table 1: Basic microtron parameters. 
Kinetic energy at injection [MeV] 10 
Kinetic energy at extraction [MeV] 75 
Energy gain per turn [MeV] 5 
Number of orbits 13 
RF-frequency [MHz] 2998 
Resonant magnetic field [T] 0.524 
Mode number /J, 26 
Mode number v 2 
Distance between magnets [m] 1 

Two-Sector Bending Magnets 

The main bending magnets of RTME have two magnetic field 
sectors to provide strong focusing forces. Sector 1 and 2 have 
magnetic field strengths of BL and Bn = aB^a > 1), respec
tively. The trajectories in the bending magnets consist of two cir
cular arcs, defined by their centres Mi and Mi, radii p and p/a 
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and angles 20 and (n - 20), respectively (see figure 2). The tilt 
angle, r, is retrieved from geometrical considerations: 

t a n r 
sin 2© 

s ± f - c o s 2 0 ' 
a— 1 

(3) 

The magnetic field BL is to be chosen: 

BL = l - + - ( l - - \ (20 + s i n 2 0 ) | s r , 

such that resonant acceleration is not violated. 

(4) 

Figure 2: Two-sector magnets. 

Uniform field bending magnets Two-sector bendin 

•O 45 50 

Figure 3: Trajectories in the horizontal and vertical plane for a 
parallel beam and for a divergent beam at injection. Homoge
neous option: (a) x0 = -1..+1 mm, x'0 = 0, (b) xo = 0, x'0 - -1. . 
+ 1 mrad, (c)zo = -l-+l mm,z'0 = 0,(d)zo = 0,z'0--l.. +1 mrad. 
Two-sector option: (e) xo = -1..+1 mm, x'0 = 0, (f) XQ = 0, x'0 -
-1. . +1 mrad, (g) z0 = -1..+ 1 mm, z'0 = 0, (h) z0 = 0, z'0 = -1.. 
+1 mrad [2]. 

The parameters a and 0 , not prescribed so far, determine the 
focusing properties of RTME. Therefore, the transversal accep
tance of RTME has been calculated for many combinations of o 
and 0 , where estimations for the fringing fields of the bending 
magnets with their field clamps have been taken into account [4]. 
Consequently, a = 1.17 and 0 = 45° have been chosen, which 
give a horizontal and vertical acceptance of 40 mmmrad and 
10 mmmrad, respectively. With eq.(3) this yields T = 4.48°. 

The racetrack microtron with two-sector bending magnets has 
been compared with a microtron with homogeneous magnets. 
For both types of microtrons the trajectories in the horizontal and 
vertical plane are plotted both for a parallel and a divergent beam 
at injection (see figure 3). The main difference is the periodicity 
of the betatron oscillations. 

For the horizontal plane motion the tune of the two-sector op
tion is 1.15 for the first and 1.07 for the final orbit. For the ho
mogeneous option these numbers are 1.10 and 1.04, respectively. 
This leads to a smaller beam size in case of the two-sector mag
nets. 

The stronger focusing would also lead to smaller vertical beam 
sizes if the defocusing of the fringing fields would be less. How
ever, the fringing fields lead to a blow-up of the beam in the first 
turn (the trace of the matrix is larger than 2 [5]). The tune of the 
two-sector option is 0.22 for the second and 0.30 for the final 
orbit. For the homogeneous option these numbers are 0.09 and 
0.05, respectively. 

Misalignments and Magnetic Field Imperfections 

Because of the strong focusing forces provided by the main bend
ing magnets RTME operates further from integer resonances 
than conventional microtrons. Therefore the sensitivity for mis
alignments of the bending magnets is smaller. It has been inves
tigated that all alignment tolerances can be met by mechanical 
alignment except for the tilt angle, T. 

Furthermore, the magnetic field maps of the main bending 
magnets have been measured. These field maps have been used 
for numerical orbit calculations, which have shown that it is not 
possible to obtain 180° bends for all orbits, simultaneously. 

However, the effects of the alignment error of the tilt angle as 
well as the magnetic field imperfections can both be counteracted 
by an array of correction dipoles that is located in the field-free 
region halfway the two dipoles. 

Diagnostics 

An elaborate diagnostic system will be used for efficient com
missioning of the combination of the lOMeVlinac and the 10-
75 MeV racetrack microtron [6]. The commissioning will take 
place in two stages. 

In the first stage the cavity will be replaced by a temporary 
beamline with a quadrupole and an OTR-set-up, which are 
used to measure the shape of transversal emittances [7]. Con
sequently, the emittance of the injected beam can be matched 
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to the calculated acceptance of the microtron by adjusting the 
quadrupoles in the beam guiding system between the 10 MeV 
linac and RTME [8]. 

In the second stage the combination of the linac and RTME 
will further be assembled. Then the energy of the injected elec
trons, the cavity potential and the phase difference between the 
accelerating voltage of the linac and the cavity are adjusted. The 
energy of the beam is measured by means of the left RTME bend
ing magnet, see figure 4. This is done for several different posi
tions of the phase-shifter, which determines the phase difference 
of the accelerating voltage between the linac and the RTME cav
ity. Consequently, the energy will appear as a sine-like function 
of the position of the phase-shifter: 

E = Einj + Ecav cos <f>, (5) 

where Einj is the energy of the injected beam, Ecav is the cavity 
potential and <f> is the phase difference between linac and cavity. 
The mean of this function is the injection energy; the amplitude 
of the harmonic part is the cavity potential. Further, the measure
ment yields a calibration for the phase-shifter. 

In the microtron many stripline beam position monitors 
(BPM's) are used to adjust the array of correction dipoles dis
cussed in the previous section [9]. A phase-probe measures the 

Elm + Ecav C0S(<|>) 

Standing wave cavity 

^ÏÏÏÏTTffl •» 
Ecav COS(<|>) 

Figure 4: Left-hand RTME magnet used as spectrometer. 

phase difference between the cavity voltage and the first har
monic of the electron bunches in the field-free region of the mi
crotron. This phase-probe can be placed in each of the twelve 
orbits. The phase-measurements as well as the beam position-
measurements are used to optimize the adjustable microtron pa
rameters. 
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Abstract 

The PLS 2-GeV electron linac at the Pohang Accelerator 
Laboratory (PAL) has been served as a full energy injector to 
the storage ring called the Pohang Light Source (PLS) since 
September 1994. The linac uses eleven 80-MW klystrons 
driven by 200-MW modulators. There are 42 constant 
gradient accelerating sections and 6 quadrupole triplets. 
During the period from September 1994 to December 1995, 
the accumulated beam operation exceeded 4,000 hours. 
However, the average operation time of individual klystron 
reached to 17,200 hours as of December 1995. This time was 
counted after the installation of individual klystron starting 
from November 1992. We have lost one klystron which was 
the oldest one placed at the module #2 during the summer 
maintenance period in 1995. The expected beam operation in 
1996 is about 5,000 hours. We report the current status of the 
linac and several upgrades - mostly computer control system 
and beam diagnostics - based on our operational experiences 
achieved during the commissioning and normal operations. 

Introduction 

The PLS 2-GeV linac was completed at the end of June 
1994 as a full energy injector to the storage ring. The PLS, a 
third generation synchrotron radiation source, is designed to 
serve as a low emittance light source for various researches 
such as basic science, applied science, and industrial and 
medical applications [1]. The 2-GeV linac consists of 11 
klystrons and modulators, 10 pulse compressors, and 42 
accelerating sections including those for the preinjector. 

The electron beam is generated from the thermionic e-gun 
applied with DC 80 kV. The pulse length of the electron 
beam is 1-ns and its repetition rate is 10 Hz. Electron beams 
from the e-gun are then entered to the bunching system which 
consists of a prebuncher and a buncher. The prebuncher is a 
re-entrant type, standing-wave cavity, and the buncher is a 
traveling structure with four cavities including the input and 
output coupler cavities. The bunched beam is then accelerated 
to 2-GeV by passing through 42 accelerating sections. The 
accelerating section has a SLAC-type constant gradient 
structure with 27t/3 operating mode. Its length is 3.072 m. 
The RF frequency used is 2,856 MHz. 

In order to obtain 2-GeV beam with 42 accelerating 
sections, the accelerating gradient of the linac should be at 
least 15.5 MV/m. If we take one or two klystrons as stand-by, 
this number is increased to 17.5 or 19.5 MV/m, respectively. 
In order to achieve this requirement, we adopt high power 
klystrons of 80-MW maximum output and SLAC-type pulse 

compressors with TE015 operation mode. In addition, the RF 
pulse length should be at least 4 us for a higher energy 
multiplication factor from pulse compressor cavities. Major 
parameters of the PLS linac are shown in Table 1. 

Table 1 : Major parameters of the PLS linac 

Beam Energy 

Machine Length 

Energy Spread 
E-Gun 
RF frequency 
Length of Accelerating Section 
Operating Mode 
Repetition Rate 
No. of Klystrons 
No. of Pulse Compressors 
No. of Accelerating Sections 
No. of Quadrupole Triplets 
Beam Exit 

2GeV 

150 m 

+ 0.3 % or less 
> 2 A/ 1,2, or 40 ns 
2,856 MHz 
3.072 m 
2TI/3 

60 Hz (max.) 
11 
10 
42 
6 
0.1, l ,2GeV 

The beam transport line (BTL) which connects the 
storage ring and the linac consists of 5 bending magnets, 24 
quadrupoles, 5 vertical correctors and 8 horizontal correctors. 
The 2-GeV electron beam leaving the linac is bent 20 degrees 
horizontally by two bending magnets toward the injection area 
of the storage ring. After the beam travels about 65-m from 
the end of the linac, the beam is bent upward to the beam 
plane of storage ring which is 6-m higher than that of the 
linac. 

Subsystems of the PLS 2-GeV Linac 

The PLS 2-GeV linac consists of several subsystems such 
as klystron-modulator, vacuum, control, and cooling system. 
Here, we report the performance of individual subsystems. 

Klystron and Modulator System 

The klystron-modulator system provides high-power 
microwave to accelerate electron beams. One module of the 
klystron-modulator system consists of a s-band (2,856-MHz) 
klystron of which maximum output is 80-MW and a matching 
modulator which supplies 200-MW peak power with a 
repetition rate of maximum 60-Hz. The pulse length of the 
modulator output is about 7 \is [2]. 

Run-time data of the klystron tube are shown in Fig. 1. 
The first failure in eleven klystrons using in the linac occurred 
at #2 klystron after 18,800-hour operation time. The cause of 
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this failure was a faulty lead connector of the focusing 
solenoid. Even though this unit is not able to provide 
designed output, it is still being used in the test lab as an RF 
source to the resonant ring. Thyratron tubes installed in the 
PLS 200-MW modulator are originally F-303 type from ITT. 
We had a few problems such as a high infant failure (which 
occurrs in less than 500 hours of run-time), frequent self-firing 
phenomena, and premature turn-off symptoms. However, six 
tubes out of 11 are still running, and they reached over 18,000 
hours of run-time. The most frequent failure of the klystron-
modulator system comes from thyratron switch tubes. 

General failures occurred during the linac operation are 
summarized in Fig. 2. 

Accumulated HV Run Time Statistics 
(4.1mlcrosec,10pps,ED Tuned; 06/29/96) 

> 1 0 
I o 

> 
I 

10 "^ 
15 • 

u 
u 
< 

Modulator Unit Number 

| | DCHV(05/96) | DCHV(06/96) - RUNTIME(05/96) -m- RUN TIME(06/96) 

Fig. 1 : Accumulated run time of klystrons. 

2.08% 
1.83% 0.92% 

I Sep. - Dec. '95| 

Total Number : 48 

Faults List 
• Control System a Timing 
• Modulator • E-Gun 
a Vacuum H/W H utility 
a M/W system 

Jan. - June '961 

Total Number : 109 

Fig. 2: Relative ratio of the linac operational faults. 

RF Drive System 

There are three parts in the drive system; the signal source 
to drive the first klystron, the main drive line to transmit the 
drive power to remaining 10 klystrons, and IPA (isolator, 

phase shifter, and attenuator) units to adjust the power level 
and the phase angle of the drive power to the klystron. A high 
precision synthesized signal generator is used as a master 
oscillator. The frequency stability of the master oscillator is 
5xl0",0/day. A solid-state amplifier boosts the input RF power 
of 1-W CW coming from the PSK (phase shift key) unit to the 
maximum 720-W. The PSK is a phase reverse unit required to 
the pulse compressor. 

The main drive line is an 1&5/8" coaxial line. It 
transmits the 2,856 MHz RF power from the cross coupler 
waveguide located in the preinjector waveguide system to the 
remaining klystrons. Approximately, 120-kW RF power is 
supplied to the main drive line. The output power of each 
directional coupler located at about 14 meter interval is in the 
rangeof2to3kW. 

The IPA unit provides an isolation of the main drive 
signal from the reflected drive signal at each klystron as well 
as best conditions of the drive RF signal in phase and 
amplitude. The IPA unit consists of an RF unit and a 
controller unit. There are two key components in the RF unit; 
a phase shifter and an attenuator. The phase shifter is a rotary-
field type. It is digitally controllable from 0° to 360° with a 
step of 1.4°. The attenuation of the attenuator is variable from 
0 to 20dB and it is controlled by a DC motor. The remote 
control of this unit is made by a VME computer system. 

Vacuum System 

The vacuum system of the PLS linac maintains the 
average pressure at about 2.0 x 10"8 Torr under high-power 
microwave loading of average 54 MW peak power per module 
with a pulse width of 4.1 |j.s and a repetition rate of 30 Hz. 
The base pressure is 1.0 x 10s Torr without 45°C cooling 
water supply. With cooling water, this pressure increases up 
to 1.8 x 10"8 Torr. The outgassing rate of this system has 
decreased from 2.0 x 10"'2 Torr-1/sec-cm2 at the end of 1994 to 
9.5 x 10"13 Torr-1/sec-cm2 at present. 

Control System 

The linac control system is based on the VME realtime 
control system linked with the SUN UNIX workstation as an 
operator interface to the linac. There are two important 
features added after the commissioning of the linac. During 
the summer maintenance period of 1995, a feature of 
automatic report generation was added. Since then, most of 
the activities done by duty operators can be recorded in the 
report. As an additional beam diagnostic system, 53 beam 
loss monitors are installed and linked to the main control 
system [3]. 

Cooling System 

The cooling system for precision temperature control of 
45 ± 0.2°C is in operation with the total flow rate of 180 m3/hr 
and the pump output pressure of 3.5 kg/cm2. The temperature 
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of accelerating sections and pulse compressors are precisely 
controlled by this system. The normal water cooling system 
of about 32°C for solenoids and other conventional 
components is maintained with the total flow rate of 85 m3/hr 
and the pump output pressure of 6.0 kg/cm2. 

The heat dissipation rate for normal operation is about 
225,000 kcal/hr, which is about 85% of the design capacity of 
the heat exchanger. 

Operation Results 

As an injector to the storage ring, primary duty of the 
PLS linac is to provide stable beams with an energy of 2-GeV 
precisely. The beam energy depends on the RF power and the 
phase between RF and the electron bunches. The RF phase 
influences not only the beam energy but also the beam 
qualities such as the energy spread, the beam emittance and 
the current delivery ratio. The RF phase of high power is 
controlled by adjusting the RF phase of the driving signal for 
the klystron by the IPA system. Either the prebuncher or the 
buncher influences the beam qualities significantly. 
Throughout the normal operation in 1995 - 1996 period, we 
improve the relation between the RF phase and electron 
bunches. Thus, we can get same 2-GeV beams with less RF 
power [4]. This condition reduces the required high voltage in 
the modulator system and it provides more stable beam 
operations. 

The operational parameters of the PLS linac and the BTL 
are summarized in Table 2. 

Table 2 : Operation parameters of the PLS linac 

Normal Beam Energy 
Accumulated Operation Time 
Accelerating Gradient 
Beam Pulse Length 
E-Gun High Voltage 
Energy Spread 
Klystron Output Power 
Pulse Compressor Gain Factor 
Beam Delivery Rate BTL 

2GeV 
7,000 hours 
15.5 MeV/m (average) 
1 ns 
80 kV 
< 0.4 % 
50 MW (80 MW max.) 
1.51-1.63 
> 50% 

There are 13 beam-current-monitors (BCM) and 12 beam 
profile monitors (BPRM) for the beam diagnostics in the PLS 
linac and the BTL. There are also two beam analyzing 
stations in the linac. The delivery ratio of the beam current 
depends mainly on the beam optics. This ratio was less than 
20 % in the linac and 60 % in the BTL at the early stage of the 
operation. Currently, it becomes more than 60 % in the linac 
and 90 % in the BTL by improving the optics. 

There are 42 beam loss monitors in the linac and 11 units 
in the BTL to measure the loss of electrons during the 
acceleration. The loss monitor consists of an air dielectric 
coaxial cable placed inside an aluminum case. A voltage of 
500-V DC is applied between the inner and the outer 
conductor to detect the particles ionized by radiation resulting 

from the lost electrons. The ionized particles are accumulated 
for about 100 ms. 

Summary and Future Plans 

The PLS 2-GeV linac is served as a full energy injector to 
the storage ring of the Pohang Light Source (PLS) since 
September 1, 1994. The beam operation was carried out for 
192 days in 1995 and 82 days in the first half of 1996. The 
total operation time is about 7,000 hours by the end of June 
1996. The average availability of RF system was about 85 % 
in the first half of 1995, and it increased to 90 % in the latter 
half of the year by improving the protection circuits. The 
accumulated operation times of most klystrons reached over 
20,000 hours. 

Most of vacuum troubles occurred at the high power 
dummy loads because of severe outgassing. Also, troubles 
occurred occasionally at the ceramic windows of the pulse 
compressors due to the vacuum leak from very small crack. 
This problem was normally cured by applying the vacuum 
seal. 

We have a plan to install one more klystron and four 
accelerating sections just after the end of the linac. At present, 
this section is a part of BTL. This extra section will provide 
the electron beam to 2.5-GeV. Also, we are planning to 
replace current high power loads to newer and better 
performed ones. 
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Abstract 

The PLS 2-GeV electron linac at the Pohang Accelerator 
Laboratory (PAL) has been served as a full energy injector to 
the storage ring called the Pohang Light Source (PLS) since 
September 1994. The linac uses eleven 80-MW klystrons 
driven by 200-MW modulators. There are 42 constant 
gradient accelerating sections and 6 quadrupole triplets. A 
graphic-based real-time control system has been developed 
and used for the commissioning and the normal operation 
since 1994. The system has three layers of hierarchy; 
operator interface for machine control, device interface for 
data acquisition, and the supervisory layer which provides 
effective data processing and networking. After providing 
basic skeleton of machine control system, we added several 
features such as modulator control windows and RF signal 
display windows. Also, for beam diagnostics, beam loss 
monitors are added in the linac and the beam transport line. 
In this paper, we report the current status of the control 
system and upgrades during 1995-1996 period. 

Introduction 

Pohang Accelerator Laboratory (PAL) has completed 
the 2-GeV synchrotron radiation source named Pohang Light 
Source (PLS) by the end of 1994 [1]. The PLS consists of a 
2-GeV electron linear accelerator as a full energy injector 
and a 2-GeV storage ring. The PLS project was started from 
April 1988, and its construction was completed in December 
1994. After the successful commissioning of the linac and 
the storage ring, the PLS has started its service as a low-
emittance light source from September 1, 1995 for various 
research areas such as material science, surface physics, 
biology, and semiconductor applications using X-ray 
lithography. 

When the PLS opened to the public service, there were 
only two beamlines; one for vacuum ultra-violet (VUV) 
application and one for X-ray application. However, by the 
end of August 1996, there are four more beamlines 
constructed; one NIM (normal incident monochromator) 
beamline, one XAFS beamline, one lithography beamline 
belong to the company named LG electronics, and one white 
beamline. The first undulator beamline will be ready in 
1997. The number of beamlines will be increased drastically 
in next several years. 

The 2-GeV linac employs 11 klystrons and modulators 
in the ground floor and 42 accelerating sections in the tunnel. 
Its overall length is 150-m and the average accelerating 
gradient is 1 5 - 2 0 MV/m. In order to achieve such a high 
accelerating gradient, 80-MW klystron and SLAC-type RF 
pulse compressor are used. There are also many magnet 
power supplies (MPS), vacuum monitors, and various beam 
diagnostics devices. The circumference of the storage ring is 
280.56-m. The storage ring lattice is based on the triple-
bend-achromat (TBA) with a 12-fold symmetry. There are 
36 bending magnets, 144 quadrupoles, and 48 sextupoles. 
There are three re-entrant type RF cavities with 60-kW 
klystron per each cavity. In order to correct the beam orbit, 
there are 108 beam position monitors and corrector magnets 
around the storage ring. There is a 96-m long beam transport 
line (BTL) to connect the linac and the storage ring. 

Even though the control systems of the linac and the 
storage ring are developed by different teams, there are three 
common factors. Each system has a three-level hierarchy 
structure and a VME-based system with OS-9 operating 
system. And all custom-made codes are written by C-
language. 

The linac control system includes the main linac and the 
whole beam transport lina (BTL) except the Lambertson DC 
septum magnet which is located at the injection straight 
section of the storage ring. There are also two beam 
analyzing stations (BAS) to analyze the properties of electron 
beams up to 100-MeV and 2-GeV, respectively. The 
structure of control system was finalized by January 1993. 
At this stage, it was decided that we would use commercial 
products for all hardware such as CPU boards and I/O boards 
and concentrate our effort to develop necessary software with 
the help of commercial development toolkit named RTworks. 
Before starting the major work, we made the signal list and 
the design manual for the linac control system [2,3]. The 
actual SAV development started from May, 1993, and the 
initial phase of the control system was completed by the end 
of June, 1994. It played an important role during the 
commissioning of the 2-GeV linac which started at the 
beginning of January, 1994. 

At present, the linac control system provides a reliable 
function in daily operations [4]. However, it is obvious that 
the linac control system is continuously being upgraded 
based on operational experiences and diagnostic equipment 
added. 
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Hierarchy of Linac Control System 

Our aim for the linac control system is to provide a 
reliable, fast-acting, distributed real-time system. There are 
three layers in the control hierarchy; operator interface layer, 
data process layer, and data acquisition layer. Last two 
layers are based on the VME realtime system. There are also 
three subsystems divided into their own functional 
characteristics; modulators and microwave system (MK), 
magnet power supplies (MG), and beam diagnostic (BM) 
subsystems. Several special systems are connected directly 
to the data process layer. These layers are linked with four 
independent ethemets. 

Device Interface Computer (DIC) 

This layer is directly connected to the individual 
devices to be controlled or monitored. The local computer 
connected to the individual devices is called the device 
interface computer (DIC). There are eleven units for the 
modulator and microwave control systems (MK), three units 
for magnet power supplies (MG). There are also two units of 
beam profile monitors and other diagnostic equipment in the 
linac and the BTL. All DICs are located in the klystron 
gallery. 

Each DIC is consisted of an ELTEC E-16 CPU board, a 
14" EGA graphic monitor, a draw-type keyboard, and 
several I/O boards mounted on the standard 19" rack. The E-
16 board includes a Motorola 68030 CPU, 4 MDRAM, an 
EGA compatible video port, and an ethernet port. There is 
an extra memory board with 4 MDRAM in each DIC. All of 
the I/O boards used in the VME system are commercially 
available. The operating system is OS-9 with the MGR 
graphic development tool. On-demand local computer 
control is available to all DICs. This feature is extremely 
useful for the local commissioning and testing of an 
individual device, especially 200-MW modulators. Each 
modulator is now controlled by its own DIC such as the self-
recovery from various dynamic interlocks. 

Supervisory Control Computer (SCC) 

In order to avoid heavy work loads on the main 
computer, we divide the linac control system into three 
subsystems; modulators and microwave system (MK), 
magnet power supplies (MG), and beam diagnostics (BM). 
The role of SCCs is an intermediate data manager for the 
assigned subsystem. Thus, there are three units assigned to 
their own functions. 

Each SCC unit consists of an ELTEC E-7 CPU board, a 
19" monitor mounted on the sub-control console, a 3.5" 
floppy disk, a 900-MB hard disk, and a streaming tape 
backup system. The E-7 board has a Motorola 68040 CPU, 
16 MDRAM, a workstation graphic board. And there are 

two ethernet ports in each SCC; one for the data acquisition 
layer and one for the operator interface layer. 

All SCCs are installed in one standard 19" rack in the 
sub-control room which locates next to the main control 
room only separated by large glass windows. 

Three more such units are installed in another standard 
rack in the same room. Even though the major role of these 
extra units is to develop the system software without 
disturbing the main control system, these can provide backup 
functions for the main SCCs in case of troubles. 

Operator Interface Computer (OIC) 

This is the main computer for the PLS linac control 
system. The OICs are actually one SUN-4 sparcstation and 
two X-terminals connected to this SUN workstation. They 
are located on the main console. A duplicated system is 
placed in the sub-control room. This is the backup system 
which is normally used for the development work along with 
backup SCCs. The operating system is UNIX, and RTworks 
is intensively used to optimize graphics and data handling 
between the UNIX system and the OS-9 system. 

There is one more SUN-4 workstation in the main 
control room for physics-related researches. Accelerator 
physicists can develop various simulation codes and apply 
their results to real operations later. 

Software 

In parallel with the hardware structure, we use three 
layers in the S/W structure. Subsystems such as MK, MG, 
and BM are monitored and controlled by an individual task 
running on the appropriate layer. There are two important 
features in the linac control S/W; the client/server routines to 
exchange data and commands between layers, and the 
separation of monitor/control tasks. When the operator 
selects a command from an appropriate window, it sends 
down to the designated device via control client/server 
routines in the realtime system. The data collected by a 
given command returns to the operator's window through a 
separate route. The communication between layers is made 
by TCP/IP protocol. 

Data Acquisition Layer 

The major roles of the data acquisition task in DICs are 
as following; to store monitored data from individual devices 
to the designated buffer (m_buffer) regularly, and to send 
updated data to the SCC upon request. For the control 
command from the SCC, the corresponding control task 
sends data or messages to control individual device in 
realtime through proper I/O ports. Other important roles of 
the data acquisition task are to monitor any malfunction of 
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connected devices and to provide emergency cures if 
possible, and to report the status to the SCC. 

Data Processing Layer 

The major role of the data process task is to collect the 
updated data from attached DICs and to store them in the 
realtime database. These data are sent to the RTdaq running 
on the OIC upon requests made by the operator. Also a 
corresponding task sends control commands to the proper 
DIC in realtime. All the required application software are 
running in realtime in this layer including client/server 
routines for the ethemet communications. Every data in the 
linac operation are stored in the RAM area temporarily and 
hard/floppy disk for permanent records. 

Operator Interface Layer 

A commercial S/W package named RTworks is used to 
develop graphic-based operator interfaces. The RTworks is 
actually an integrated development toolkit for an optimum 
data handling between client/server systems. Using this 
toolkit, it is possible for one S/W engineer to develop all 
required operator interfaces for the linac control in a year. 

The data received in the RTdaq from realtime CPUs are 
sent to the RTserver by inter-processing communications, 
and they are displayed in the monitoring windows by RThci 
routine. A command selected by a mouse action drawn by 
an operator is sent to the SCC through user defined 
processes. 

There are several windows for operators to control and 
monitor individual system such as MPS, bunchers, IPAs 
(isolator, phase shifter, and attenuator to provide best 
microwave condition to electron beams), and modulators. 
Each window has a value display area and a control sub-
window. All the control action can be made by selecting 
areas with a mouse or select items from pull-down menus. 
The main control window includes the status of 11 
modulators and phase angles for IPAs. Subsystems such as 
magnet control and monitoring windows can be started by 
selecting proper commands from the pull-down menu. 

Upgraded Features and Future Plans 

As of the end of June 1994, most of the linac control 
system was completed [5]. It has been used for the 
commissioning to obtain 2-GeV beams and for the routine 
operations to provide beams to the storage ring being 
commissioned in 1995. Since then, there have been several 
features added in the linac control system. 

During the summer maintenance period in 1995, a 
feature of the automatic report generation was added in the 
linac control system. So, duty operators can report activities 

carried out during their duty period. This report includes 
various setting values of magnet power supplies and phase 
angles and amplitudes of IPAs. 

In April 1996, the control subsystem for beam loss 
monitors (BLM) were completed. Now, the BLM signals 
from 42 detectors in the linac and 11 detectors in the BTL are 
displayed in the main control window. 

Signals from beam current monitors are about to ready 
to display in the main console. This work involves a fast 
signal processing due to the 1-ns pulse duration of the 
electron beam. At present, necessary electronics including 
fast sample/hold circuits for BCM are completed. Full tests 
of BCM electronics and data acquisition routines was also 
carried out in June 1996. However, due to the huge amount 
of digitized data coming from 13 BCMs, the current OIC is 
not adequate to handle these data properly. Thus, the main 
computer of OIC is required to upgrade to faster and larger 
one. This upgrade will be done in next year. 

The timing system will be incorporated to the main 
control system after completing the optical communication 
circuit between the individual time delay unit located at the 
sub-control room and the corresponding modulator in the 
klystron gallery. At present, new optical network is installed 
but not tested yet. New timing system will be tested in 1997. 
There will also be a new e-gun control system. 
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Abstract 

PLS Linac has been injecting 2 GeV electron beams to 
the Pohang Light Source(PLS) storage ring since September 
1994. PLS 2 GeV linac employs 11 sets of high power 
klystron-modulator(K&M) system for the main RF source for 
the beam acceleration. The klystron has rated output peak 
power of 80 MW at 4 microsec pulse width and at 60 pps. 
The matching modulator has 200 MW peak output power. 
The total accumulated high voltage run time of the oldest unit 
has reached beyond 23,000 hour and the sum of all the high 
voltage run time is approximately 230,000 hour as of May 
1996. In this paper, we review overall system performance of 
the high-power K&M system. A special attention is paid on 
the analysis of all failures and troubles of the K&M system 
which affected the linac high power RF operations as well as 
beam injection operations for the period of 1994 to May 
1996. 

Introduction 

The PLS 2 GeV linac employs 11 units of high power 
pulsed klystrons(80 MW) as the main RF sources. The 
matching modulators of 200 MW(400 kV, 500 A) can 
provide a flat-top pulse width of 4.4 sec with a maximum 
pulse repetition rate of 120 Hz at the full power level. For the 
good stability of electron beams, the pulse-to-pulse flat-top 
voltage variation of a modulator requires to be less than 0.5%. 
In order to achieve this goal, we stabilized high voltage 
charging power supplies well within requirement by a phase 
controlled SCR voltage regulator(both AC and DC 
feedbacks). The K&M system are normally operating in 
70% to 80% of the rated peak power level to avoid the 
multipactoring phenomena occasionally occurring in a 
random fashion inside the waveguide networks and 
accelerating structures of the linac system. The sum of all 
high voltage run time for total 11 K&M systems installed in 
the PLS linac, is approximately 230,000 hours. 
In this paper, we analyzed the overall system availability and 
the system fault statistics during the PLS commissioning 
operation. During this period the availability was -90% for 
the case of 24 hr maintenance mode with 2-shift works and the 
availability drooped down to -75% for the case of day-time 
only(44 hr per week) maintenance mode. The most frequent 
type of static fault which requires the attendance of a 
maintenance crew has been identified as main circuit 
breaker(CB) trips due to the abnormal behavior of thyratron 
switches. For the improvement of the system availability the 
SCR gate hold interlock and the slow start of the DC high 

voltage together with the automatic remote reset of the static 
faults using the computer control are adapted. 

K&M System Performance 

The key features of the K&M system design include the 
3-phase SCR controlled AC-line power control, resonant 
charging of the PFN, resistive De-Qing, end-of-line clipper 
with thyrite disks, pulse transformer with 1:17 step-up turn 
ratio, and high power thyratron tube switching. The major 
operational parameters of the PLS-200-MW K&M system are 
listed in Table 1. 

For the fault free stable operation of the system, the 
thyratron tube is one of the most important active components 
which require continuous maintenance and adjustments. 

Table 1. Operational parameters of K&M systems. 
Peak beam power 

Pulse width 

Pulse rep. rate 

PFN impedance 

Voltage stabilization 

Pulse transformer 

Thyratron switching 
loading 

Klystron tube 

~150MW(200MWmax.) 

ESW 7.5ns, 4.4ns flat-top 

30 pps(120 pps max.) 

2.64Q(5% positive mismatch) 

SCR, DC feedback & 5% De-Q'ing 

l:17(tum ratio), Lik:1.3uH,Cs,:69nF 

Heating factor: 46.8xl09, 
8.5 kA peak anode current 

Drive power:-300 W, gain:~53dB, 
peak power: 80/65 MW 
(currently running at 50 to 65MW) 

The thyratron tubes which meet the PLS-200-MW system 
specifications are listed in Table 2 together with their 
specifications. Three types of thyratron tubes, ITT/F-303, 
Litton/L-4888, and EEV/CX-1836A are installed in our 
system, and the performance evaluations are underway. This 
effort is initiated to improve the system from the frequent 
occurring faults(see Fig.3) caused by the irregular recovery 
action of the thyratrons, which strongly depends upon the 
reservoir control. 

There are three types of system interlocks, namely 
dynamic, static, and personal protection interlocks. All the 
static fault activation is initiated by the relay logic circuit, and 
the dynamic faults which require a fast action response are 
activated using the electronic comparator circuit. When the 
system operation is interrupted by the static fault, it can be 
recovered either by the remote control computer or manual 
reset. However, we have been performing all manual resets till 
July 1995 for the purpose of the experience accumulation, 
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such as to find the type of troubles and system bugs which 
could provide ideas of the system improvement. 

Table 2. Comparison of the 
ITEM 

Heater(Vac/A) max 

Reservoir(Vdc/A) max 

Peak anode(kV/kA)/oA-

Peak anode vol.(kV) inv 

Avg. anode cur.(A) max 

min DC anode vol.(kV) 

Heating factor(xl09) max 

dI/dt(kA/us) max 

Anode delay(us) max 

Trigger jitter(ns) max 

thyratron 1 
ITT 

F-303 

6.6/80 

6.0/20 

50/15 

50 

8 

2 

300 

50 

0.3 

2 

tubes. 
Litton 

L-4888 

6.7 / 90 

5.5/40 

50/10 

n/c 

8 

10 

400 

16 

0.4 

10 

EEV CX-
1836A 

6.6 / 90 

6.6/7 

50/10 

50 

10 

5 

n/c 

10 

0.35 

10 

4 5 6 7 8 
Modulator Number 

10 11 

(1) Klystron replaced with Toshiba E-3712, (2) Thyratron replaced with L-4888 
(3) Thyratron replaced with F-241, (4) Thyratron replaced with CX-1836A 
(5) Thyratron replaced with L-4888 

Fig. 1. Accumulated run times of the K&M systems. 

The statistical analysis of the machine availability 
presented in this paper is applied to two different periods. 
One period is based on the operational method of the manual 
reset mode by the maintenance crew only for the period of 
September 1994 to May 1995. The other is based on automatic 
reset mode by the remote computer control for the period of 
May 1995 to May 1996. The major circuit change for the 
computer controlled reset mode is the CB trip interlock 
modification ; instead of CB trip activates SCR gate hold and 
the soft start of the DC high voltage. 

System Availability Statistics 

Since the completion of the PLS 2 GeV linac installation 
in December 1993, all the K&M systems have been in 
operation continuously except scheduled short-term shut 
downs. Fig. 1 shows the total accumulated times of klystron 
and thyratron heater operation, and the high voltage run. Sum 
of the high voltage run time of each modulator has reached 

over 230,000 hour, and the experience accumulated so far 
provides the valuable information for the stable operation. 
Fig. 2 shows the monthly failure and down time statistics for 
the period of September 1994 to May 1995 (manual reset) and 
the period of May 1995 to May 1996(auto reset). 

50 
( Manual Reset Mode ) I ( Automatic Reset Mode ) 

16 

14 

5 7 9 
Month 

11 1 
1996 

Fig. 2. Monthly failure and down time status of klystron-
modulator system. 
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Fig. 3. Monthly availability and MTBF status of klystron-
modulator. 

Machine availability analysis has been performed based 
on the data using the techniques described in detail in 
reference[3]. Fig.3 is the monthly availability and MTBF 
(mean time between failure) statistics of klystron-modulator 
system. The table 3. is the summary of the average fault 
analysis data. The MTBF calculated by dividing the sum of 
the accumulated modulator run time with the total fault 
count(MTBF=N*TO/FC). The MTTR(mean time to repair) is 
equal to the total down time divided by total fault counts 
(MTTR=TD/FC). 

One can see in table 3, approximately 76% of the machine 
availability(A=l-MTTR*FC/TO) has been improved to 
approximately 96% by applying auto reset mode operation 
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with the simple CB trip modification, which is also shown in 
Fig 2 & 3. It indicates most of the system troubles are not so 
serious, and in many cases they are easily recoverable. 

1E3 

o 
o 

1E3 

- 1E2 

1E1 

1E0 

I 

1E-1 
1 3 5 7 9 11 13 15 17 19 21 23 25 

Fault Name 

1E-1 

Fig. 4. Interlock status of klystron-modulator system for the 
period of September 1994 to May 1995. 

Table 3. Fault analysis of klystron-modulator system for PLS. 
Item 

Number of modulators, N 
Spare no. of modulators 
Operation time(hr)*', TO 
Total failure counts, FC 
Total down time(hr) 
MTBF(hr) 
MTTR(hr/failure count) 
System availability, A 

94.9-95.5 
11 
0 

6000 
226 
1468 
26.5 
6.5 
0.76 

95.5-96.5 
11 
0 

7560 
115 
344 
65.7 

2.998 
0.96 

* 1) Operation time for the statistical analysis. 

Fig. 4 shows the total systems static fault count data 
collected during the period of September 1994 to May 1995. 
Fig. 5 is the total system static fault count data collected for 
the period of Jun 1995 to May 1996. From Fig. 4 & 5 one can 
see the significant decrease in CB trip count by the CB trip 
modification and the apparent relative increase in klystron 
troubles as the accumulated run time increases. 

Summary 

It is approximately 2 years since the PLS 2 GeV linac has 
started its operation. We have analyzed the klystron-modulator 
systems performance record for the period. It is observed that 
the reliability of klystron is well over our expectations 
compared with other components in the modulators. The life 
time of thyratron tubes appears to be reasonable except the 
occurrence of infant failures. However, the major 
improvement is necessary for the reservoir control which is 
the main source of system troubles. The machine availability 
statistics of the K&M system for the manual reset mode is 
calculated to be approximately 76%. It appears to us that there 

are still lots of rooms for the improvement toward the 
availability more than 96% with proper choices of the 
protection circuits and the automatic reset mode. During the 
period of Jun 1995 to May 1996 we have modified our OCR 
(over current relay) interlock not to interrupt main CB but 
SCR gate(with static fault action) as an attempt to reduce 
major source of static fault. During the period no system 
damage has been occurred, and we have activated remote reset 
control in the case of static fault. Just one year old statistics 
shows an excellent system's availability of approximately 
96%. 
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Fig. 5. Interlock status of klystron-modulator system for the 
period of Jun 1995 to May 1996. (1)CB trip, (2)klystron 
vacuum, (3)fan, (4)magnet flow low, (5)SCR ac over current, 
(6)magnet temp, high, (7)cooling temp., (8)thyratron heater, 
(9) triaxial cable, (lO)klystron heater, (1 l)magnet current low, 
(12)EOLC, (13)core bias current low, (14)core bias current 
high, (15)key switch, ( 16)thyratron driver, (17)thyratron grid 
circuit, (18)replaced charging inductor, (19)replaced klystron, 
(20)replaced thyratron, (21 Replaced MPS, (22)replaced ion 
pump controller, (23)PFN RC snubber, (24)De-Q'ing fault. 
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Abstract 

The commissioning of the experimental superconducting 
(SC) RF linac LISA (working at 4 K) has been completed and 
conclusions can be drawn regarding the performance of this 
low energy ( 25 MeV), high average power machine. 

The illustration of the difficulties encountered in 
commissioning and operating this rather compact accelerator 
with few people can give suggestions for improvements to 
those interested in the application of such machines (as FEL 
drivers, gamma and neutron generators, etc) in a non 
specializaed environment. 

1.Introduction 

The INFN Frascati National Laboratories (LNF) started 
the LISA project, concerning the construction of an SC-RF 
linac in 1988, in the mainframe of an effort to promote 
activities in the field of SC-RF technology applied to 
accelerators. 

At the beginning of the '90s however INFN decided the 
construction of the DAFNE Phi-factory to become the first 
priority of the Laboratories, thereby moving RF-SC activities 
and the LISA project to a lower priority level. The 
construction of the machine, started at the end of 1989, was 
nevertheless completed in 1993. 

Lisa has been described in various conferences [1]. For 
ease of the reader we recall that the SC linac is composed of 
four independent cryostats, each housing a 4-cell 500 MHz 
cavity of the Desy-Hera design. We report the parameters of 
the machine in Table 1, where achieved and design values are 
shown. Question marks regard parameters that could not be 
measured for lack of specific instruments . 

Table 1 - Parameter list of the LISA accelerator. 

Energy(MeV) 
Bunch lensth(mm) 
Peak current(A) 
Duty cycle(%) 
Macropulse current(mA) 
Invariant emittance(ranrads) 
Energy spread 
Micropulse frequency(MHz) 
Macropulse frequency(Hz) 

Achieved 
20 
(?) 
(?) 
2 
1 
10 -̂5 
2xlOA-3 
50 
3 

Goal 
25 
2 
5 
2 
2 
10^5 
2x10^-3 
50 
10 

In the following two years the commissioning of LISA 
has been concluded with the limited forces of our small group 
(6 graduates and 3 technicians) and the support of external 
industries for maintenance and repairing of apparatus. 

This has been possible thanks to the high degree of 
automation of the whole machine and to the easy use of the 
Apple Macintosh man-machine interface. This experience 
should encourage those who are doubtful about installing a 

SC linac in University or research Lab environment that 
cannot afford a numerous team of specialized personnel. 

On the other hand, a limited number of operators implies a 
careful organization of shifts in order to keep the machine 
running for long periods, as is necessary for an efficient use. 
In fact, as it takes about three days to cool-down the cavities 
and one day to warm-up, to which are possibly to be added a 
couple of days to recover the cold state in case of a transient 
electrical power failure, it is evident that the running period 
should not be less than one month. This can be achieved if an 
efficient automatic system of He gas recovery is provided, so 
that permanent presence of experienced personnel on the site 
is not requirted. In our case, in the absence of such a system, 
the compressor had to be restarted by an operator in a few tens 
of minutes, otherwise the gas was lost in air through the 
exhaust valves. This fact limited the running periods of Lisa 
to about two weeks, which resulted in a very lengthy and 
unefficient commissioning. 

2. Commisioning of the linac 

The most difficult problem we had to face durins 
commissioning, and which ultimately limited the 
performance of the machine, was the presence of cavity 
vibrations in the cold machine, due to thermo-acoustic 
oscillations in the refrigerator-cryostat system. They seem to 
be mainly due to the close interconnection of the gas circuits 
of the cryostats through the common return line between 
valve box and refrigerator. In fact a relevant reduction of 
vibrations has been achieved by closing partially the gas 
return lines from the cryostats to the valve box, thus 
decoupling somehow the circuits [2]. In other similar 
structures ( JAERI, Japan,) where each cryostat carries on top 
its small refrigerator, no such vibrations have been detected. 
A centralized scheme like ours is therefore not to be 
recommended. One should at least decouple each cryostat from 
the system by a local phase separator. 

Two of the cavities show much stronger vibrations than 
the others. This may be due to some internal defect of 
insulation between the 4 K body and the 70 k shield. When 
ultimately we succeeeded in limiting the vibrations of these 
cavities so that the corresponding frequency deviation was 
within the loaded bandwidth, it was evident that the voltage 
and phase stabilizing systems have to work at their best in 
order to keep the beam energy fluctuations below 1%. 

The phase feedback is the more critical as it has to cope 
with ±45 degrees deviations. The corrections require 
supplementary power from the klystrons, setting a limit to 
the voltage obtainable from these two cavities and therefore 
on the maximum stable beam energy (15 MeV, well below 
the 20 MeV peak achieved). 

All cavities show structure deformations and consequent 
field unflatness as deduced from the measurements of their 
dispersion curves [3]. The maximum deviations of the inter-
cell coupling factors Ke from their average are shown in 
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Table 2 for the two worst Lisa cavities in comparison with a 
not well tuned Desy cavity of which the field unflatness has 
been measured. It is therefore to be expected thast in our 
cavities the field unflatness is of the same order (i.e.70%). 

Table II 

Kjt/4 

KK/2 

K371/4 
<K> 
ÔK/<K> 

Emax/Emin 

CAV-1 

1.91 % 
2.32 % 
3.27 % 

2.5 % 
54% 

CAV-4 

1.91 % 
2.27 % 
3.16 % 

2.45 % 
51 % 

DESY NOT 
TUNED 
2 % 
2.17 % 
2.89 % 

2.35 % 
3 8 % 
1.7 

All cavities show also Q degradation with respect to the 
values originally measured at the factory in horizontal tests 
on the cavity fully assembled in the cryostat. As shown in 
Fig.l. there is a decrease of the low field Q by about a factor 
2. and a decrease of the field emission threshold by about 
30%, 

Q I 
l 
I 

10 
F" 

1 
-I 
I 

""3 
A 
3 
-I 

Fig.l- Typical Q vs E curve(empty dots are factory values). 

This however has not been the ultimate energy limiting 
factor, as the pulsed regime (with several % duty cycle) is 
widely compatible with the cooling power of the refrigerator. 
Quench has rarely occurred for gradients well above 5 MV/m. 

After the original degradation following the installation on 
the accelerator, the cavities have suffered no apparent further 
deterioration even though their inner walls have been hit 
frequently by the beam and moreover no laminar flow clean 
air has been employed during the frequent disassembly 
operations on the vacuum chamber. The machine has shown 
to be much sturdier in handling than feared at first. 

3.Diagnostics issues. 

Beam diagnostics have played an important role in the 
commissioning of the accelerator. The types of devices used 
are: toroids for average macropulse current, strip-lines for 
transverse position and beam time structure, fluorescent and 
OTR targets for both transverse position and shape. 

Strip-lines are essential for a good beam transport through 
the 1 MeV arc where no fluorescent targets are available. The 
data acquisition system allows to display a trajectory on line 
(see Fig. 2). so that manual corrections can be made to 
minimize the distance of the trajectory from the axis. The 
automation of this process has not been implemented due to 
lack of control software manpower. 

Trajectory differences 

c 
£ 
o 

I 
1 2 3 4 5 

Longitudinal position [m] 
Fig. 2 - BPM measurement of the relative 
beam displacement in the arc varying the 

bending field of -2% (square points) and -4% 
(dot points) 

The drawbacks found in the strip-lines system are scarce 
sensitivity, so that the readings are reliable only above 1 mA 
beam current, and thermal drifts that oblige to perform 
frequent offset calibrations. The experienced acquired in Lisa 
has however allowed us to design better electronics for the 
Desy-TTF experiment [4]. 

Strip-lines have also been employed in an unusual way as 
broadband detectors to obtain information on the time 
structure of the beam. The shape of the envelope of the 50 
MHz lines spectrum of the signal induced by the beam on the 
strips gives information on the proper settings of inflector, 
chopper and prebuncher parameters (see Fig. 3) [5]. A proper 
time structure is essential for a good capture of the beam by 
the SC cavities. 

0.6 

0.4 

0.2 

- Ideal [50Mhz] 
-Good [50+500MHZ] 
•Bad [50+2500MHZ] 

500 1000 1500 2000 
Frequency [MHz] 

2500 3000 

Fig.3- Normalized square amplitude of spectrum envelopes 
vs frequency. The outer full line is the ideal one(only 500 

MHz buckets evenly filled), the inner full line is a good one( 
mainly 500 MHz buckets filled. The dashed line is a bad one, 

with many 2500 MHz side buckets filled. 

As to fluorescent targets, in order to avoid saturation, it 
was found very useful to use simple oxidized Aluminium 
ones in the lower energy part of the injector. Optical 
Transition Radiation foils, originally planned only to test the 
prototypes for the Desy-TTF experiment, have shown to be a 
very effective instrument for the beam transverse charge 
distribution measurement at higher energies. 

Measurement of bunch length, which is expected to be a 
few ps, was not possible because of lack of specific 
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instruments. A tentative to use the traditional indirect method 
consisting in detecting energy spectrum variations vs the RF 
phase of one of the cavities [6] failed because the beam after 
the SC cavities was not stable enough over long periods. We 
have however prepared the hardware for a measurement on the 
1 MeV injector beam, which is sufficiently stable, based on 
coherent transition radiation spectrum [7] and we hope to 
perform it in the near future. 

4- Reliability. 

A question that is often posed by potential users of SC 
linacs is about the reliability of operation of such a machine. 
Only the non traditional parts will be discussed here. It must 
be stated first that the operation has been too discontinuous to 
allow for statistics and that this machine was not intended for 
users. The various sectors have worked for about two months 
per year (in 4 shifts of two wees each) from 1992 to 1995. 
Only in the last two years the machine has been 
commissioned as a whole. 

The hardware of the SC cavities has behaved well. No 
discarges were detected in the main couplers, due to their large 
oversizing, and we did not need to use the antenna cooling 
system. No troubles came from the HOM suppressors, which 
were left unterminated, due to the negligible interaction of the 
beam with HOMs. 

The refrigeration system has performed well. We had only 
to substitute, after the first two years, die gas exhaust valves 
on the cavity LHe container, which had lost their tightness 
due to frequent blowing in preliminary manoeuvres. 
Occasional interruption of operation during the shifts was 
mainly caused by electrical power failure due to 
thunderstorms. 

Another peculiar accident connected with the high charge 
of the beam pulse regards the glass windows through which 
the cameras look at the fluorescent targets. Several of these 
windows were broken due to charge accumulating on the 
surface. We solved the problem by a metalization of the 
surface itself. 

5. Conclusions 

Regarding general features of the accelerator, it is to be 
remarked that the 1 MeV injection energy is too low for a 
good beam capture efficiency by the SC cavities. A few more 
MeV would be advisable. It would also be better to place the 
injector on axis with the cavities, to avoid beam position 
fluctuations due to imperfections in the achromaticity of the 
arc in connection with injector beam energy variations (in our 
design the arc was required by the planned recirculating beam 
transport after die EEL interaction for energy recovering). 

In conclusion, the correction of the defects of two of the 
cavities and some modifications of the LHe distribution 
system would allow LISA to attain the design goals. It is the 
priority given to other projects that has stopped the work on 
this machine. In fact many potential uses of this machine 
have been proposed besides the original FEL application. 

The intense, high quality beam of this machine, that has 
allowed us to detect OTR radiation without difficulty even at 
1 MeV [8], is a precious source, and many experiments have 
been proposed, among which the generation of high brillance 

monochromatic X rays through channelling in crystals, a 
medium intensity cold neutron source, and the test of coherent 
inverse Compton scattering . 
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Abstract 

A proposal for a 10-120 mA proton linac employing supercon
ducting beta-graded, CERN type, four cell cavities at 352 MHz 
is presented. 

The high energy part (100 MeV-1 GeV) of the machine is split 
in three /3-graded sections, and transverse focusing is provided 
via a periodic doublet array. All the parameters, like power in 
the couplers and accelerating fields in the cavities, are within the 
state of the art, achieved in operating machines. 

A first stage of operation at 30 mA beam current is proposed, 
while the upgrade of the machine to 120 mA operation can be ob
tained increasing the number of klystrons and couplers per cav
ity. The additional coupler ports, up to four, will be integrated in 
the cavity design. Preliminary calculations indicate that beam 
transport is feasible, given the wide aperture of the 352 MHz 
structures. 

A capital cost of less than 100 MS at 10 mA, reaching up to 
280 M$ for the 120 mA extension, has been estimated for the 
superconducting high energy section (100 MeV-1 GeV). 

The high efficiency of the proposed machine, reaching 50% 
at 15 mA, makes it a good candidate for proposed nuclear waste 
incineration facilities and Energy Amplifier studies [1,2]. 

Choice of the 352 MHz Frequency 

Our design is based mainly on the choice of a low RF frequency 
for the SC linac. A wide experience in the design, construction 
and operation of 352 MHz cavities and RF systems is available 
at CERN [3]. The 352 MHz frequency at moderate gradient op
eration (around 5 MV/m) allows for large geometrical irises and 
lower beam current densities. A critical issue for such a machine 
will be the control of the beam halo growth [4], and the choice 
of a low frequency allows to lower both the space charge tune 
depression and the ratio of the beam (core) size with respect to 
the beam line aperture. 

Another important issue, the future availability of several 1.3 
MW CW klystrons of the CERN LEP RF system, that will be 
decommissioned before year 2000, gives an economical impulse 
for the investigation of a scheme based on the LEP 352 MHz fre
quency. Moreover, we have also to take into account the experi
ence of several European companies for cavities production and 
the cavity tooling machines already available at the companies 
[3]. 

In our view the developement of new /3-graded structures 
[5, 2], with up to four coupler ports, at 352 MHz could allow 
to reach a beam current of 120 mA employing present techno
logical RF components (simply by incrementing the number of 

klystrons and couplers/cavity, limiting the power per coupler to 
approximately 200 kW). 

In the following we present a preliminary parameter set for the 
high energy part (100 MeV-1 GeV) of the machine, as presented 
to C. Rubbia in the framework of a possible INFN collaboration 
to the Energy Amplifier and waste transmutation project. The 
low energy part should be composed of two sections: an RFQ 
[2] (up to « 7 MeV) and a conventional DTL linac (up to « 100 
MeV). This design has been recently included as the candidate 
for the high energy accelerator section of the Energy Amplifier 
proposal [6], and work is in progress for a full optimization of 
the optics and for the development of the RF cavities. 

The /3-graded structures for the high energy section 

We have chosen to cover the energy range from 100 MeV to 1 
GeV with three different families of /3-graded four cell cavities 
at 352 MHz, with cell length defined as LCeii = /?ARF/2. Four 
cell cavities have been chosen in order to reduce the number of 
cavities and the physical structure length, that has to include cut
off tubes, coupler and HOM ports. 

This choice of three energy ranges (and consequently of three 
0 values for the different sections) allows to keep the transit time 
factor of a particle in each cavity always greater than 0.9, along 
the whole machine. The main characteristics of the cavities in 
each section are given in Table 1. 

Table 1 : Energy range, design 0, active length and length of the 
focussing period, for the three families of 4 cell cavities. 

Energy (MeV) 0 (m) L F I D O (m) 

100-185 
185-360 
360-1000 

0.47 
0.60 
0.76 

0.800 
1.022 
1.294 

7.5 
8.4 
9.5 

The energy gain in each cavity is given by: 

ATcav(MeV) L*ctive(rn)EaLCC{MV/m)g ( ^ ) COS(^RF) 

where Inactive = NLcei\ is the active cavity length (in Table 1), 
E&cc is the accelerating field in the cavity, g(0~/0) is the transit 
time factor of the cavity, depending on the design 0 and the actual 
beam 0, and fay is the operating RF phase. 

In our design, considering the requirement of phase stability, 
we have chosen <£RF = —30°, and g > 0.9 all over the machine. 
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The role of the transit time factor g can be seen in Figure 1, where 
we plot the energy gain of each cavity along the machine. Here 
we chose a constant EACC in each section (the values are given in 
Table 2); as an alternative approach one can individually set the 
cavity gradients to provide a constant energy gain in the sections. 

> 6 

< 3 Q 

>> 
o> 
<5 
c 
U J 4 

r^ 
0 20 40 60 80 100 120 140 

Cavity Number 

Figure 1 : Energy gain along the three linac sections, as a func
tion of die cavity number, keeping the nominal accelerating gra
dient fixed in each section (see text for details). 

The basic accelerating cell of each linac section consists of 
one cryomodule containing four cavities, transverse focusing is 
provided by quadrupole doublets every cryomodule. 

Focusing Structure 

The focusing structure is a FIDA cell, where the beam accelera
tion is provided by four RF cavities, in one cryomodule, between 
successive quadrupole doublets, as seen in Figure 2. The possi
ble use of quadrupole triplets to allow for 'rounder' beams will 
also be considered. 

LF1DA 

RF Cavity 1 RF Cavity 2 RF Cavity 3 RF Cavity 4 

For this reference design the zero current maximal phase ad
vance per cell has been set to 90°, although a value close to 60° 
or 72° should be more appropriate. In the first unit of the first 
section there is a strong longitudinal phase advance and a reduc
tion of Eacc will be investigated. 

Preliminary calculations with the linear space charge code 
TRACE-3D [7] in the current range of 10-120 mA show that 
beam transport with a beam radius/aperture ratio in the range 10-
50 along the machine is possible. 

Section details 

In Table 2 we report the main characteristics of the three sections 
of the high energy part of the linac, including RF power distribu
tion. The maximum RF power in the couplers is approximately 
200 kW, the current upgrade would require the insertion of addi
tional couplers (up to four) in each cavity. The four coupler ports 
should be integrated from the beginning in the cavity design. 

Table 2: Section details. 

N. of structures 
/? 
£ a c c (MV/m) 
Section length (m) 

S. 1 
24 

0.47 
5.2 
45 

10 mA beam current 
RF Power/section (MW) 
RF Power/cavity (kW) 
couplers/cavity 
Klystron/section 

0.85 
35.4 

1 
1 

120 mA beam current 
RF Power/section (MW) 
RF Power/coupler (kW) 
couplers/cavity 
Klystron/section 

10.2 
212 
2 

«10 

S. 2 
36 

0.60 
5.8 
76 

1.81 
50.3 

1 
2 

21.72 
201 

3 
«20 

S. 3 
96 

0.76 
6.0 
226 

6.35 
66.1 

1 
6 

76.2 
198 
4 

«80 

Figure 2: Focusing structure of the linac. 

A total of 156 cavities and 350 m of physical length are re
quired for the three sections of the superconducting linac, in this 
reference design. These two numbers could slightly increase in 
the final design, in order to: decrease the cavity gradient, employ 
quadrupole triplets focusing, include beam diagnostic elements 
inside the cryomodules or matching elements between sections. 

Cost of the linac, and efficiency considerations 

The capital cost of the superconducting linac, excluding the RF 
power costs, is approximately 72.5 M$, and the cost breakdown 
is indicated in Table 3. 

The three sections of the linac have different cell lengths. The 
active cavity length and the corresponding lattice periodicity in 
the three sections are indicated in Table 1. 

The quadrupole integrated field Gl ranges from 1 to 3.5 T 
along the machine, hence it is possible to place warm normal 
conducting quadrupoles between the cryomodules. 

Estimated RF Capital Cost 

Assuming, 1.5 M$ per klystron (1.3 MW, CW with power sup
plies) and 50 k$ per coupler (including the RF distribution), in 
Figure 3 we plot the total capital cost of the linac (including the 
RF system), and the total capital cost per MW of beam power, 
as a function of the beam current (in mA). 
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Table 3: Capital cost of the SC linac. 

Item 
Cavities (with tuners) 
Quadrupoles 
RF Controls 
Vacuum Pums 
Vacuum Valves 
Cryostats 
Beam Monitors 
Controls 
Cryoplant Cost (8 kW @ 4.2 K) 
Ancillary Equip. 
Total Cost 

(350 m) 

Number 
156 
78 
156 
40 
78 
39 
80 
1 
1 

M$ 
39.0 
3.1 
4.2 
1.0 
1.0 
8.0 
0.8 
3.0 
8.9 
3.5 

72.5 

10 20 30 40 50 60 70 80 90 100 110 120 
Beam Current (mA) 

Figure 3: Lower curve: Linac total capital cost (in M$, including 
RF system). Upper curve: Total cost per MW of beam power vs. 
beam current (mA). 

Overall Linac Efficiency vs. Beam Current 

Assuming a klystron efficiency of 58%, a refrigeration power of 
approximately 2.5 MW and a contingency power of 1 MW ded
icated to the ancillary components of the linac, the overall effi
ciency of the machine as a function of the beam current is pre
sented in Figure 4. Note that 50% plug efficiency is reached at 15 
m A operation. The operation at the full 120 mA current would 
allow to reach nearly the nominal klystron efficiency. 

Conclusions 

A preliminary study for a low frequency, high current supercon
ducting proton linac for nuclear waste incineration and energy 
amplifier applications has been proposed. The machine operates 
at the 352 MHz of the LEP RF system with three sections of /?-
graded superconducting cavities. 

Preliminary calculations indicate that beam transport at high 
current is possible, and further studies to address cavity design, 
both from the electromagnetic and the engineering point of view, 
and beam halo formation are in the starting phase. 

The choice of the RF frequency and of the machine parame
ters provides a very good plug efficiency at high beam current, 
a crucial issue for the proposed applications. 

Figure 4: Overall linac plug efficiency vs. beam current (mA) 
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Abstract The Sputtering System 

In the framework of the ARES project and as a possible The sputtering system is schematically shown in Fig.l; 
application for TESLA [1] we realized a test set-up to study we have different stainless steel TESLA type cavities [7] in 
the deposition of Nb films inside a single-cell TESLA type the inner walls of which, along all cavity profile, we can 
cavity. The plasma confinement was obtained with two place small copper and sapphire (A1203) samples that allow 
external coils centered on the cavity axis in a magnetic bottle us to make a complete film diagnostic. We can characterize 
configuration. The system is operational and optimization of the Nb film through RRR (Residual Resistivity Ratio), T c 

the discharge parameters is in progress: samples are been 
produced to test the film quality. 

This paper covers a brief description of the test set- up and 
preliminary results on samples (thickness, RRR, and XRD 
measurements). 

Introduction 

The Nb coated copper cavities provide higher stability 
against quench respect to cavities traditionally made of Nb 
sheet. This is a very important characteristics for high 
acceleration field application, because quenching is still a field 
limitation above 10MV/m for high frequency cavities [2]. 

Sputtering is a well known [3] and useful technique for 
coating copper RF cavities with superconducting thin films 
[4L [51. 

Magnetron sputtering to coat accelerating cavities with 
superconducting film was developed at CERN for 500 MHz 
cavities, and is at present used in industry to coat 350 MHz 
copper cavities for LEP with Nb films [6]: the magnetic field 
is produced by a coil placed inside the cylindrical cathode and 
displaced in steps along the cavity axis to achieve a uniform 
coating. 

Because oui- setup is designed to coat 1.3 GHz cavities for 
TESLA that are 3 times smaller than the CERN ones, 
external coils placed on the outside of the cavity cut-off pipes 
(see Fig.l) and producing a magnetic mirror field 
configuration have been adopted, so as to preserve full 
control over the field shape and intensity. 

The two coils aie contained in a soft iron shield (low 
carbon contents) 4 mm thick realized so as to be taken down 
completely and changed according to needs. This 
configuration has the aim to obtain a magnetic field 
concentrated along the axis of cavity with a minimum at 
center of about 200 Gauss and a mirror ratio ( B m m / B m a x ) 
of about 2. 

The field simulation has been obtained with Poisson-
Superfish program, on which is based the whole coil design. 

thickness and XRD (X Ray Diffraction) measurements. 
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Fig.l Sputtering system scheme 

The vacuum on the system is performed by an 
ultracleaned pumping group consisting in a 4 m3/h diaphragm 
pump for the primary vacuum and two on fall turbo 
molecular pumps (nominal pumping speed respectively 180 
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1/sec and 300 1/sec) one of which is provided with magnetic 
bearing, in this way we have a very good compression ratio 
for hydrogen besides a good ultimate pressure (~10'10 mbar) 
and total absence of hydrocarbons. 

The system is provided of a residual gas analyzer (RGA) 
which besides finding the ultimate pressure gas composition, 
permits to check, during sputtering process, the percentage of 
gas produced, as for instance hydrogen, that damages the film 
structure if it is over a certain threshold. To use the RGA 
during sputtering process, due to relatively high operating 
pressure (~10? mbar). we need a differential pumping, i.e. the 
RGA communicates with cavity through a diaphragm of .6 
mm and it is provided with another pumping system in such 
way as to decrease the pressure of 3 order of magnitude respect 
to tire pressure of the cavity vacuum chamber. 

The cathode consists of a vacuum tight stainless steel 
tube (17 mm inner diameter) surrounded by a niobium liner 
(20/24 mm inner/outer diameters). The liner is an high purity 
Nb tube (RRR value better than 150) without welding. The 
stainless steel tube is provided of an inner support that holds 
and centers 7 SamCo permanent magnets (small cylinders 8 
mm diameter 16 mm long) along all the cavity length that 
will be cooled through a liquid freon circuit to take away 
about 2 KW of power. We have performed the preliminary 
tests to optimize discharge parameters; in those preliminary 
tests we used magnetic bottle configuration without 
permanent magnets inside cathode. 

Discharge parameters optimization 

To characterize our system we produced I versus V curves 
for different pressures, typical curves are shown in Fig. 2. 
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Fis.2. Discharge characteristics at different pressures 

The current in our coils was 80 A and the distance 
between the coils 17.5cm. After a coil shields optimization 
and coils distance reduction (10.8cm) to increase plasma 

and higher current (1.5 A) with same voltage; we obtained the 
I versus V curves showed on Fis. 3. 
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Fig.3. Discharge characteristics at different pressures with new 
magnetic shields configuration 

We produced 4 samples, the discharge parameters for each 
sample are listed on table 1. The sample 4* is produced with 
new magnetic shield configuration. 

Sample 

1 

2 

3 

4* 

Current 

[A] 

1.0 

1.0 

1.2 

1.5 

Power 

[W] 

400 

400 

480 

600 

Pressure 

[mTorr] 

4.5 

4.5 

5.1 

3.0 

t 

60 ' 

60 ' 

60 ' 

50 ' 

Table 1 
Discharge parameters 

As one can observe the discharge current for last sample 
was increased at lower pressure due to a better plasma 
confinement with new magnetic field configuration. 

Measurements on samples 

The crystalline quality of the samples has been 
investigated by means of x-ray diffraction in the 9-29 mode 
using Cu Kct! radiation. Diffraction data from sample 4* are 
shown in Fig 4. 

Indexing of the lines allowed the identification of three 
different orientations, namely (110). (211), (321). die latter 
being barely discernible as a bump in the experimental data. 

confinement, we could work at lower pressure (3xl0'3 Ton) T h e l a t t i c e constant d0 has been estimated by careful 
extrapolation in order to minimize systematic errors (see 
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Tab.2). a comparison can be made with the value d0=3.30 A 
quoted for bulk Nb crystals. The samples have thus the same 
lattice parameter within the experimental uncertainties (± 
0.006 À). 
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Fig.4 Diffraction data for sample 4* 

Other conclusions can be drawn from an analysis of the 
relative intensities of the diffraction peaks from the (110), 
(211) orientations. For a polycrystalline sample the ratio of 
the intensities can be calculated using standard crystallography 
packages (including temperature factor corrections), yielding 
the value hn^no = 0.305. The same ratio has been estimated 
from the experimental data (see Tab.2). From these results it 
is readily seen that the films have a tendency to grow along a 
preferred orientation, in this case the (110). The effect is 
particularly evident in samples 3 and 4*, where the intensity 
from the (211) orientation is depressed by a factor of 30 
compared to the predicted intensity from a poly crystal. 

Conclusions 

We need more statistics, but preliminary results on RRR 
measurements show that this new magnetron sputtering 
configuration is competitive with the CERN one [8]. 

In the near future we plan to optimize the magnetic field 
in order to further improve the discharge confinement. 

Surface resistance measurements are also foreseen to 
obtain a more complete diagnostic picture of film quality. 
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Sample 

1 

2 

3 

4* 

Depos.rate 

[A/sec] 

4 . 4 

4 .4 

6.1 

8.7 

do 

[Â] 

3 .312 

3 .314 

3 .316 

^ l l ^ H O 

9 .2x l0" 2 

9 . 7 x l 0 " 3 

l . l x l O " 2 

Thickness 

[u-m] 

1.6 

1.6 

2.2 

2.6 

RRR 

9 

10 .5 

12 .5 

16 

Table 2 
Results on samples measurements 

An analysis of RRR shows that the values increase with 
the deposition rate and with the thikness: for sample 4* a 
lower deposition pressure works together producing a further 
increase. 
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Abstract 
In 1995, Fermilab and SAIC formed a collaboration with 

partners from the University of Washington (UW) and the 
Biomedical Research Foundation of Northwest Louisiana 
(BRF) to explore an innovative approach to the production of 
radioisotopes. The accelerator system that is being developed 
accelerates 3He to 10.5 MeV and then delivers this beam to the 
target to produce the short lived radioisotopes of interest to the 
PET community (18F, 1 5 0, 13N, n C ) . Research is being 
conducted to investigate the contribution that this promising 
approach can make to clinical and research PET. 

The accelerator system has several very interesting 
aspects. These innovations include multiple RFQ accelerators 
configured in series, a gas stripper jet to doubly charge the low 
energy (1 MeV) 3He beam, and an isochronous matching 
section to manipulate the transverse and maintain the 
longitudinal profile of the beam (without the use of an RF 
buncher) in the charge doubler transition section between 
RFQ's. This paper updates the progress of the PET 3He RFQ 
accelerator, the current status of the design, and some of the 
interesting ongoing research. 

Introduction 

The idea of using 3He for the production of radioisotopes 
for PET is not new. Development work on this concept was 
conducted by SAIC and the University of Washington in the 
early 1990's.1 When the original program was being 
formulated, the PET environment in which it could make a 
contribution was significantly different than it is today. The 
original development was based on the belief that 18F labeled 
compounds would be favored by the PET community. Also 
important was a global shortage of 1 80 which made the 
standard approach of producing 18F using H2180 expensive and 
potentially unpredictable. 

Since that time things within the PET community have 
changed significantly. There is no longer a significant 
shortage of H2180. Also, FDA policy has changed regarding 
regulation of PET radiopharmaceuticals (Federal Register, 
February 27, 1995). The new policy no longer gives an 
advantage to 18F labeled compounds. This means that U C 
agents are now no more trouble than 18F. Carbon opens up a 
much larger array of molecules to label. Furthermore, recent 
developments in radiochemistry for preparing the important 
precursor, ^CH^, avoid the use of liquid solvents and L1AIH4 
which are very air and moisture sensitive, and make the 
precursor directly in the gas phase and at substantially higher 
specific activity. This leads to a smaller yield (mCi) 
requirement of nCC>2. But, to take full advantage of this new 
technology, higher specific activity is necessary (i.e. new PET 

•Operated by the Universities Research Association under 
contract with the U. S. Department of Energy. 

machines must be good producers of n C as well as 18F). In 
these several ways the environment in which 3He RFQ 
technology can make a significant and meaningful contribution 
to the advance of PET has changed. 

While there have been interesting developments of 
several new low energy accelerators over the last 2-3 years -
the Cyclone 3D (IBA), the TR13 (EBCO), PETtrace (GE), the 
tandem cascades from SRI or the new deep valley machines 
(CTI Siemens) - all of these machines use essentially the same 
nuclear reactions and target chemistry. The RFQ using 3He, 
on the other hand, is a different approach and thus holds 
significant potential and research opportunities for advancing 
the state of the art in PET isotope generation. 

System Description 

Before the radiochemistry and targetry for 3He could be 
investigated, an accelerator was needed that would supply a 
beam with the desired characteristics and parameters. The 
accelerator that had been developed by SAIC and the University 
of Washington in the early 1990's was a good starting point 
but needed to be upgraded to provide a more powerful tool for 
researching 3He in light of current information. Analysis and 
a series of discussions resulted in the baselining of new 
operating parameters as indicated in Table 1. 

Table 1 Acc( 
Energy 
(MeV) 

Existing Sys 8 
New Sys. 10.5 

îlerator Design Parameters 
le (MA) 
average 
300 
200 

Rep. Rate PW 
(Hz) (jisec) 
360 55 
360 70 

Since the radiochemistry and targetry associated with 
pulsed high intensity 3He beams was to a large extent 
unknown, it was decided that the system being developed 
needed to follow a conservative approach, i.e. it needed to be 
flexible and powerful enough to accommodate a wide range of 
targetry options. In particular it needed to be able to produce 
large quantities of n C since this isotope is likely to be used 
increasingly in PET. Table 2 indicates the beam required as a 

Table 2: 3He Current Required for PET RFQ 

Radionuclide mCi EOB 
in target 

uAe |xAe |iAe 

8MeV* 9.5MeV" IOMeV" 
18p 
nC(lowSA) 
U C (high SA) 
13N 
1 50 (low SA) 
1 50 (high SA) 

600 
1000 
440 
100 
800 
200 

333 
202 
298 
266 
517 
899 

207 
140 
195 
168 
360 
559 

177 
125 
163 
104 
318 
460 

* 1 MeV energy loss in target window 
** 1.5 MeV energy loss in target window 
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function of the final energy for the target quantities of the 
various PET isotopes. The requirements of Table 2 led to the 
accelerator current and energy requirements stated in Table 1. 
With this baseline information from our radiochemistry 
collaborators at UW and BRF, the existing 8 MeV 3He 
accelerator was redesigned to meet the new requirements. The 
results of this redesign are shown in Figure 1. This layout 
makes the most efficient use of the existing equipment while 
solving some of the more challenging technical problems. 
Some interesting aspects of this accelerator system are: 

Ion Source 

Since one can achieve a much more efficient acceleration 
(length and power) with a doubly charged beam, a very 
attractive approach would be to make use of a doubly charged 
ion source. Unfortunately, nature works against this goal. 
With the second electron being bound with an energy of about 
54.4 eV, common ion sources do not produce sufficient 
quantities of the doubly charged ion (15 m A required). As an 
alternative, the singly charged beam can be accelerated to an 
energy where it can be efficiently stripped (1 MeV). It is this 
approach that has been taken. 

Charge Doubler 
LEBT 

Ion i L t fL—f .PrcSffiP,,» 
Source 

Target 

RFQ 

ttz3fljP##^ RFQ-C I RpQ-B 1 RFQ-
HEBT 

Figure 1. Layout of the BRF PET Accelerator. 

Charge Doubler 

At an energy of 1 MeV and a current of 400 nAavg (20 
mApeaif), carbon foil strippers could not survive the high 
power density. Both gas cells and gas jet strippers have been 
investigated. A jet stripper has been developed and tested with 
very promising results. 

Medium Energy Beam Transport (MEBT) 

The most difficult aspect of this accelerator system is the 
matching element between the prestripper and the post stripper 
RFQ's. This transition section needs to accomplish several 
things. It must provide sufficient space to accommodate the 
gas stripper (gas containment) while maintaining the 
longitudinal bunching of the beam and transversely matching 
the beam into the second RFQ. To overcome experimental 
realities, tunable components are desired. The longitudinal 
phase space of the beam must be maintained in order to 
eliminate the buncher/shaper section from the second RFQ 
(which at this beam energy would add about 1.5 m to the 
length of the second RFQ). Previous attempts to utilize an 
RF buncher to contain the beam longitudinally had been 
unsuccessful due to the very tight space constraints and the 
large number of free electrons (due to the proximity of the 
charge doubler). Based on this, it was decided to build an 
isochronous beam transport system that maintains the 
longitudinal and manipulates the transverse phase space of the 
beam. 

Radio Frequency Quadrupole 

The accelerator that had been developed under the earlier 
program had been designed for a final energy of 8 MeV. In 
order to achieve the higher energy requirements of the new 
system, it was decided that the most direct approach would be 
to add a third RFQ (manufactured by SAIC) to the high energy 
section to go from 8 MeV to the final energy of 10.5 MeV. 
This resulted in three RFQ's operating in series. The RFQ 
cavities are not resonantly coupled. Each cavity must be 
synchronized to and resonant at the same frequency. To 
accomplish this the resonant frequency of each cavity is 
controlled through adjustment of the temperature of the cavity 
cooling water. No mechanical tuners are used. Tests on this 
tuning system at full (2.5%) duty factor have been successful. 

Status 

The development of this system has taken place in two 
phases. A 1 MeV test stand was assembled from the 
accelerator components of the old system. Using this test 
stand, a number of the more difficult aspects of the system 
were addressed. Among the things that were studied are: low 
energy and medium energy beam characterization, ion source 
operation with He, charge doubler stripping efficiency, and 
charge doubler gas containment. The results of these tests 
have been incorporated into the design of the new components. 
Some of the information gained in the 1 MeV tests are 
summarized below. 

Ion Source 

He+ ions are obtained from a fairly standard 
duoplasmatron ion source. The source operates at 360 Hz with 
a pulse length of 70 |Lis. It requires a gas consumption of 2-4 
std cm3/min (~ 1 liter / day of operation). Since 3He is 
relatively expensive all attempts are made to minimize loss by 
reducing the source button (aperture) and pressure. Also the 
source is started and operated on 4He except when 3He is 
necessary. Because of the heavier ion and high duty factor, 
filament shielding is critical to prevent overheating and fast 
erosion. The filament is enclosed in a cylindrical shield with a 
sufficient opening to extract electrons while minimizing back-
streaming ions. Several weeks of reliable and stable source 
operation have been obtained. A 25 mA beam is extracted at 
20 kV from an ~ 1 cm plasma cup through a 0.8 cm grounded 
extraction electrode with an electron suppression electrode. 
Slightly after extraction the -90% normalized beam emittance 
was measured to be 0.5 - 0.7 n mm mrad. One magnetic 
solenoid is used to focus the 20 keV beam into the RFQ. At 
the entrance of the RFQ, 0.7 m beyond the source, 75% of the 
beam is within ~0.5 n mm mrad emittance (normalized)2. 
Measured Emittance of the 1 MeV beam 

After the Prestripper RFQ, at 1 MeV, the rms emittance 
has been measured to be 0.2 mm mrad (or -34 n mm mrad 
unnormalized for 90% of the beam)2. This was measured with 
5.5 - 7 mA at 1 MeV from the RFQ. Better matching and 
understanding of the RFQ transmission is needed. A 
maximum beam of 11 - 13 m A has been observed from the 
RFQ and appears to have similar characteristics. This was 
achieved with a larger solenoid in the 20 keV transport line. 

114 



Charge Doubler tests 
A prototype stripper cell based on a pulsed gas jet was 

built to determine efficiency and gas flow in a realistic 
geometry. A mechanical injector (Nissan fuel injector) 
provided gas pulses to a converging-diverging nozzle. A 
directed gas jet of line density approximately 3-6xlOi6cm"2 was 
created at the nozzle. It passed across the beam and was 
directed into a vacuum pump. The flow rate of the gas jet was 
sufficient to prevent excessive heating of the gas by the beam, 
and the injected gas was pumped out between beam pulses. 

A magnetic spectrometer that bends the 1-MeV He* and 
He** beam ions into Faraday collectors at bend angles of 11.5° 
and 23.6° respectively, was used to test operation of the gas 
jet. Stripping efficiency was determined by measuring the 
relative distribution of beam current on the two collectors. 
Stripping efficiency for several gases is shown in Figure 2 as a 
function of back pressure on the injector. 

Performance of gas-jet stripper on He+ beam 
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Figure 2 Performance of gas-jet stripper on He* beam 
The best performance was obtained with argon gas, which 
reached 80% stripping efficiency at a pressure of 25 psia. 
Pressure measured at the RFQ was 2.8xl0"6 Torr for this 
operating point, at a repetition rate of 60 Hz. We expect to be 
able to operate at no less than 70% stripping efficiency at the 
design rate of 360 Hz by increasing pumping capacity. An 
operational version of the stripper cell is now in fabrication. 

Medium Energy Beam Optics 

As part of the design effort for the new MEBT (Figure 3), 
a number of options were investigated. It was recognized that 
folding the machine would accomplish the goal of keeping the 
length of the system manageable and could also do the 
longitudinal dynamics. Designs were investigated that 
included 180 degree bends, two 90 degree bends, three 60 
degree bends, four 45 degree bends, and 30-60-60-30 degree 
combinations. In each case where multiple dipole designs 
were tried, quadrupoles were placed between the dipoles and 
varied in strength and position. Various internal gradients and 
edge angles were also tried. While it is possible to make a 
180 degree bend which has the proper transition energy, it has 
not yet been possible to have a 180 degree bend design which 
is isochronous. For this and other reasons it was decided to 
use 2 x 270 degree bending MEBT which could be made 
isochronous. 

harge Doubler 

Figure 3 MEBT Mechanical Layout 

The beam optics of the MEBT are shown in figure 4. The 
major magnets for this transport system have been fabricated 
and are being tested. The installation and commissioning of 
the transport system is scheduled to take place over the next 
two months. 
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Figure 4 MEBT optics 

Schedule 
The modifications to the accelerator system are scheduled 

to be completed and tested in late 1996. Once completed, the 
accelerator will be run at Fermilab for 6 to 8 weeks in order to 
test shielding and do some initial targetry development. 
Following this run, the machine will be disassembled and 
shipped to the Biomedical Research Foundation. The 
accelerator system has been built in a modular fashion in order 
to facilitate moving. We anticipate that the move and 
commissioning will take about 8 weeks, after which the in-
depth targetry and radiochemistry research will begin. 
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Abstract 

Paper is dedicated to description of the operating 
performances and current status of the Laser Injector 
Complex Facility (LIC). This linac was constructed for 
investigation of physics of the high-brightness electron beam 
forming and acceleration. The linac consists of a 
multipurpose RF gun and a novel acceleration structure. LIC 
can be operated with microsecond (thermionic emission) and 
nanosecond (laser stimulated emission) duration of current 
pulse and energy of electrons 13-20 MeV. In thermionic 
regime we have obtained electron beam duration 0.5-1 u.s, 
beam current about 1 A and normalized rms emittance about 
20 Tt mm mrad. The results of experimental measurements of 
beam performances are given.. 

Introduction 

LIC, ( Linear Injector Complex ), facility was 
developed and constructed in view of forming and 
acceleration of high - brightness electron beams. This R&D 
was to be followed by beam research in the following arias: 

- ultra - short wave generation; 
- wake-field generation in plasmas and other systems; 
- relativistic electron beam focusing in plasmas; 
- testing of the diagnostic equipment developed within the 

framework of the VLEPP program. 
The electron energy at the accelerator output was to be 

15 to 20 MeV which is sufficient to carry out the above 
programs. One of the major factors taken into account during 
development of the facility was limitation of the RF - power 
(20 - 25 MW) obtainable using the available klystron KIU-
12. LIC accelerator complex was commissioned during 2 
years ( 1991 -1992 ). In 1994, the facility was shut down in 
order to reconstruct the injector and assemble experimental 
devices in the area of plasma physics. The work was renewed 
in 1995. 

Its basic components are an RF-gun [2,3], the 
accelerating section, beam steering and its focusing elements, 
beam diagnostics, cooling water system and control elements. 
The RF system includes a klystron with the maximum power 
operation up to 25 MW, a set of waveguides, controllable 
phase shifter and attenuator. 

Having in view the multipurposeness of the facility 
under development, we brought out the following major 
criteria which were taken into account while choosing the 
necessary type of the accelerating structure: 

- the feasibility of acceleration of beams with high charge 
in the stored energy mode at moderate values of RF-power 
input (P = 20 MW); 

- reduction of amplitudes of TEM waves which are exited 
by high-intensity electron beam and lead to emittance 
enhancement or even to shortening of pulse length (BBU 
instability); 

- the feasibility of intense electron beam acceleration 
with small radial dimensions with the minimum number, or 
even absence, of external focusing elements. 

Table 1 
Operating mode 
Length (m) 
Disk hole diameter, 2a (cm) 
Disk thickness, t (cm) 
Periodic length, D (cm) 
Attenuation, a (1/cm) 
Group velocity 
Freguency, / (MHz) 
Shunt impedance (for fundamental space 
harmonic amplitude/for synchronous space 
harmonic amplitude), (Megohms/m) 

47t/3 (27t/3) 
2.31 
5 
5 
7.145 
2.44 10"1 

0.01c 
2797 
31.3/11.3 

The most attractive was the accelerating structure 
STRAM-90 (the abbreviation standing for STRucture 
Accelerating Modified) developed at NSC KIPT which has 
been designed to accelerate intense short -pulsed electron 
beams in the stored energy mode at moderate values of RF 
power input values (P = 15-̂ 20 MW) [4,5]. This structure 
represents a disk-loaded waveguide with the period being two 
times higher than that in the disk-loaded waveguide with 
27i/3 mode. Particle acceleration in such structure is made by 
the first spatial mode of the electromagnetic wave 
propagating in the opposite direction to the electron beam. 
Beside increasing the charge value, which can be accelerated 
in the stored energy mode, the STRAM-type structure has the 
RF-focusing owing to the presence of a large non-
synchronous spatial mode [6,7]. 

The period increase also leads to a considerable 
reduction in the TEM-wave generation, since the particles are 
synchronous with higher spatial modes of these oscillations. 

However, employment of such a structure in the linac 
under development was hampered by two factors. The first 
one being in the fact that due to a small shunt impedance at 
the first spatial mode there was the necessity to make use of 
the traveling wave resonant ring in order to increase the 
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acceleration gradient. The second one was the structure 
losing its advantages during transition to the single-bunch 
acceleration mode [4]. We have developed a new version 
STRAM-91, producing acceleration at the first spatial mode, 
but having both an increased value of the accelerating field 
and a low level of higher mode amplitudes irradiated by 
particles [4]. This was achieved by making use of unusually 
thick disks with large values of the coupling hole. 

Major parameters of this section, developed and 
fabricated at NSC KIPT, are given in Table 1. The dispersion 
characteristics measured at a six-cavity assembly are given in 
Ftg.l. 
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Fig.l. Dispersion characteristics of STRAM-91 

The beam characteristics measurement system consists 
of two pulsed beam current monitors, a magnetic particle 
energy analyzer, a unit of movable slot collimators, a A1,0, 
screen with a TV camera and a multi-sectional Faraday cap. 
Beam emittance measurements at the linac exit are 
performed by the three gradient technique. A quadruple lens 
is used for this purpose together with the particle spatial 
distribution monitor, placed at a distance of 2 m from the 
lens, and consisting of a set of moving slots 0.3 mm wide. In 
order to make estimations of the transverse dimensions a 
A1,0, screen with TV-camera as well as a sectional Faraday 
cap consisting of several coaxial ones are employed. 

Calculation Results 

At all stages of the accelerator development 
calculations were performed both analytically and as 
computer simulations. In this way, during development of the 
acceleration section its geometrical dimensions were 
calculated, as well as basic RF-characteristics for operation at 
4rt/3 mode. Besides, the calculations were done of the 
particle dynamics in the sections allowing to evaluate the 
degree of RF- focusing and peculiarities of wake-field 
generation. 

During designing of the gun, in order to optimize its 
resonators and determine the beam characteristics a set of 
calculations and simulations (the SUPERFISH and 
PARMELA codes were used) was performed. In a more 
detail, the calculation results are given in [3]. From the 
calculations it follows that the gun can be used successfully 
both in photo- and thermionic emission modes. 

In order to study the particle dynamics in the 
accelerator using the numeric simulations within the 
PARMELA code, a model of the entire accelerator was 

constructed including the RF gun, beam-forming elements 
and the accelerator section. At first stage we began to study 
the thermoemission regime with long pulse duration. 
Preliminary results show that despite of the high injection 
energy (W„=l MeV) there is a strong phase movement of the 
particles at the initial part of acceleration process. We 
connect this fact with the smallness of accelerating field 
amplitude at the entries of our section. Under such conditions 
a strong phase movement can take place at sufficiently high 
energy of the injected electrons. Under optimum conditions 
the length of bunches can be strongly reduced (from 50° at 
the exit of the RF-gun to 4°- T- at the exit of the accelerating 
structure)'. 

Very interesting are the results of radial motion. As it 
have been mentioned in previous papers [5,6], in the 
accelerating structure under consideration there is RF-
focusing and at the accelerator exit we should have 
converging electron beam. Besides, we modeled various 
accelerator operation modes and beam relationship vs. 
different parameters in order to compare them with 
experimental results. 

Experimental Results 

Experimental studies in the operation mode of forming 
and acceleration of single picosecond pulses require 
utilization of very complicated and costly laser system. Over 
and above, studies on wake-field generation in plasmas in 
1995 called for beams of microsecond duration. In this 
connection, research into accelerator characteristics during 
the initial stage was done at a microsecond beam current 
pulse. With this in mind, the gun had been outfitted with a 
thermionic emission cathode 5 mm in diameter [2]. The RF-
tuning provided for the equal field strength in the first and 
second cavities which is optimum in case of the thermionic 
emission cathode at field strength inside the cavity of 25 to 
30 MV/m. 

In stable accelerator operation regimes (pulse 
repetition rate <6.25 PPS, current pulse duration 2 |is, RF-
power input -1.8 MW) the typical current pulse amplitude at 
the exit was 1.5 - 2.0 A. With an optimum phasing of the 
acceleration section the output pulsed current was 1- 1.1 A 
making the capture rate near 70% which is in accordance 
with the calculated data. Experimentally shown is the 
possibility of current pulse reduction at the linac exit from 2 
to 0.25 u.s by way of decreasing of RF-power input or 
increasing of cathode heating. This is accompanied by 
particle energy decrease at the gun exit due to beam loading, 
and only the most energetic electrons become involved in the 
acceleration process. 

In the experiments was observed a ramp in pulse 
current of RF-gun and a drop of field strength in the cavities 
on account of the electron back bombardment of the cathode 
surface. This phenomena was studied during the experiments. 
It was found that at a pulse repetition rate exceeding 
6.25 PPS the overall average cathode surface temperature 
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went up above 90° C which called for a decrease of the 
heating, leading under certain RF-power input conditions to 
an unstable gun operation. 

An analysis of the particle energetic distribution at the 
linac exit showed that at a pulsed current -1 A and pulse 
duration 1.4 us the energy spectrum possesses an additional 
maximum in the high-energy region. The shape of the energy 
spectrum is determined by particle energy coherent losses 
(beam current loading). In this way, at 7=1.05 A the mean 
energy was 13.5 MeV, the width of the integral energy 
spectrum 1% (Fig.2-1), while the width of particle spectrum 
distribution, as they were injected into the section after -1 |is 
from the beginning of the pulse, did not exceed 3% (Fig.2-2). 

For the same accelerator operation regime a three 
gradients method was used to measure beam emittance. From 
this measurements it follows that in the vertical plane the 
integral (during the entire pulse) normalized emittance was 
26Trmmmrad. During emittance measurements in the 
vicinity of the temporal Q(rclmits) 

point corresponding to the ' 1 A 
current maximum (-1 (is °'8l ft 
after the beginning of the 
pulse) this value did not 
exceed 16 7tmmmrad. 

Experimental 
results show that at the 
accelerator exit we have 
converging electron beam. 
As there is a dependence of beam dimensions on the beam 
injection phase into the accelerating section (Fig.3), we can 
make a conclusion that this phenomena is determined RF-
focusing. 

14 16 
E (MeV) 

Fig.2. Energy spectrums. 

Y(FWHM),mm 

50 60 70 

Phase shift (degree) 

Fig.3. Beam dimension (Y) vs. 
injection phase. 

During the 
tests after upgrading 
the beam 
characteristics were 
also studied in the 
photo-emission 
operation mode. At 
the first stage, BaNi 
cathode was used as 
a photocathode at 
such a temperature 
that practically 
excluded operation in the thermionic emission mode. During 
cathode irradiation at the wavelength 355 nm the gun 
produced pulsed current 2 - 2.5 A, with the pulse width 6 -
7 ns. At the accelerator output the pulsed current value was 
1.3 - 1.6 A. Beam current measurements were done relative 
to cathode temperature and field strength in the gun cavity. 

At present, an experimental research on wake-field 
excitation in plasmas of various density is carried out at the 
accelerator. Having this in view, an experimental device was 
assembled at the accelerator exit, including a coaxial plasma 
gun (plasma density being 1010- 10'6cm') and a diagnostic 
set for plasmas and the wake-field. During the assembly, the 

problem was solved of in-vacuum separation between the 
accelerator part of facility and its plasma-relation portion. 
Taking into account the fact that the beam has small 
dimensions, an extended collimator was placed at the 
accelerator exit (4 cm long, 4 mm in diameter), as well as 
auxiliary vacuum pump. Such a set up allowed to maintain 
the necessary vacuum condition in accelerator during plasma 
gun operation. Particle losses in the collimator do not exceed 
10%. 

Conclusions 

Thus, NSC KIPT has built and put into operation a 
multipurpose accelerator facility for R&D purposes. Our 
simulations and experimental data allow to state that 
combination of an RF gun with the accelerating section 
operating at the 1-st spatial harmonic makes it possible to 
create injector accelerators with a high beam brightness. The 
subsequent research on particle dynamics in the accelerator 
should be continued in the direction of studies on the radial 
dynamics and clearing out the conditions to provide at the 
linac exit for intense beam production with the minimum 
emittance. Over above viewing to employ LIC as an FEL 
driver, we are planing to increase the current pulse duration 
to 8- 10 (is. 
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Abstract 

A description of different types of the accelerating 
structures that have been studied and constructed in NSC 
KIPT for electron linacs during last years is given in this 
paper. The accelerating structures consist of the 
inhomogeneous disk-loaded waveguides and input and output 
couplers. The disc-loaded waveguides operate a t / = 2797 
MHz in 2TC/ 3 mode and have different laws of variation of 
the disk apertures. Before brazing cups were tuned with using 
special method. This method is discussed in this paper. 

Introduction 

During development and tuning of linac accelerating 
sections, based on homogeneous disk-loaded waveguides, 
widely used are various cavity stacks, shorted at each end or 
at only one (plunger method) (see, for example, [1]). In case 
of homogeneous structures, the possibility of their 
employment for E-modes is based on the fact that in the 
infinite periodic waveguide there exists for E-modes an 
infinite number of symmetry planes whose replacement with 
metal planes does not affect the field structure. For such 
short-circuiting, despite the fact that only the finite number 
of cavities are involved in the cavity stack, the characteristics 
of the both traveling waves ( into which the standing wave of 
the stack can be expanded) are completely identical to those 
of the wave propagating through infinite (or matched at the 
ends) waveguide. 

A more complicated is the case of inhomogeneous disk-
loaded waveguides for which the periodicity condition is 
violated and, strictly speaking, the grounds disappear not 
only for utilization of cavity stacks, but for existence of 
traveling waves which are synchronous with charged 
particles. If the disk-loaded waveguide parameters vary 
slowly along the waveguide, then, the amplitudes of reflected 
waves are small, and in the system there is a traveling wave 
with slow-varying parameters. Tuning of such waveguides, 
using cavity sets, is performed with a low systematic error 
which is proportional to the inhomogeneity value. As far as 
the possibility of using for acceleration (generation, 
amplification) purposes disk-loaded waveguides with highly 
variable parameters, in each specific case, there is necessity 
to analyze the types and structures of waveguide fields and, 
then, develop techniques for tuning the components of this 
slow-wave structure. In general case, there are no stringent 
laws which could guarantee one or another property of the 
inhomogeneous structure, as different from homogeneous 
ones. 

One more requirement imposed on the cavity stacks is 
the possibility of a consecutive tuning (i.e., a selection the 
geometrical dimensions one way or another) of waveguide 
cells. In case of cavity stacks, which model the homogeneous 
disk-loaded waveguides, this requirement is fulfilled 
automatically: when one has tuned K cells he can tune 
(K+l)-cell. In case of inhomogeneous structures, such 
condition becomes realizable depending upon the degree of 
coupling between different resonators that form rNe disk-
loaded waveguide. 

The calculations performed by us on the base of a new 
disk-loaded waveguide model (coupled cavity chain) [2] 
indicate that for waveguides with the period D>XI3, where 
X is the free-space wavelength, the "remote" coupling 
influences weakly on the phase-shift per cell. For 
cp = 2 7t/ 3, taking into account the "cross-cavity coupling" 
((i,i-l), (i, i+1), (i-l,i+l), i - is the cavity number) at 
a/X<0.\4 (a - is the coupling hole radius), one can expect 
to achieve an accuracy of forming a phase-shift per cell of 
the order of Aç < 0.05°. If one restricts oneself only "paired 
coupling" ((i, i-1), (i, i+1)), then, the accuracy of phase-shift 
per cell is getting worse - Acp<0.5o. Development of the 
techniques of disk-loaded waveguide cell tuning that should 
allow to make feasible the cross-cavity coupling is a difficult 
task, since during tuning of the i-th resonator one has to take 
into account, somehow, the effect from the (i+l)-th resonator 
which has not yet been tuned. 

This paper presents the results of our research on the 
technique of cell-tuning in a strongly inhomogeneous disk-
loaded waveguides which realizes paired coupling. 

Underlying Theory 

From the paper [2] it follows that an infinite chain of 
cylindrical cavities of the length d and the radii £>,, coupled 
through co-axial cylindrical holes with the radii a, in the 
cavity dividing walls with the thickness t (inhomogeneous 
disk-loaded waveguide with the period D = d + t) at D>Xl 3 
can be, with a definite accuracy, described by a set of 
coupled equations 

[co2 (1 + a(") + a ( " , ) -o) : ] u =CÙ2(B ,u , + B , « ,)(1) 

where un - are the amplitudes of E{)W -modes in the n-th 

cavity, 0)„ - is the n-th cavity eigen frequency, ^a{*\ V°C 

- are the relative n-th cavity eigen frequency shift due to 

coupling with (n+1) and (n-1) cavities, Bn n+1 , Bn n_, -are the 

coupling coefficients. If a'n
+> and p\ n+, are determined by 

geometrical dimensions of only the n-th and (n+l)-th 
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cavities, as well as by the coupling hole radius an 

(OL{~} , Pn n_, are determined by geometrical dimensions of the 
n-th, (n-l)-th cavities and the hole radius a„_,), then we shall 
say that the cavity coupling is paired. If these coefficients 
depend on geometrical dimensions of three cavities (n-th, 
(n+l)-th and (n-l)-th), as well as two coupling hole radii 
a ; , a w , then, such coupling we shall call "cross-cavity 
coupling". 

Let's find the conditions, when the set (1) at co = co, (co, 
- is the operating frequency) has the solution of such form 
un =«„<> exp(incp), where unf) - is the real value. From (1) it 

follows that in order to achieve this, the following conditions 
is to be fulfilled P„ „_, u„+i „ = (3„ „., «„_,,« • F o r t h e n - t h c a v i t y 
(1) will take on the form 

[co (̂l + a ^ ) + < , ) - c o ? ] M „ ( ) = 2a)^ p„„_, «„_, „ cos(cp), (2) 

and for the (n-l)-th cavity 
[coLia + <t ,

1+al: ,,)-co^]u„_u, = 2(o^_lp„_l„ «„,, cos(cp). (3) 

From (2) and (3) it follows that, if aJ,+) is independent 
from the parameters of the (n+l)-th cavity, a^, - from the 
parameters of the (n-2)-th cavity and p„_, „ , p„ n_, depend 

only upon the parameters of the n-th and (n-l)-th cavities, 
then, two equations (2) and (3) become closed and determine 
fully the relation of geometrical dimensions of the n-th and 
(n-l)-th cavity. In this case, having tuned the (n-l)-th cavity, 
one can find the conditions which must satisfy the 
geometrical dimensions of the n-th cavity, and, consequently, 
allow to consecutively tune all waveguides cavities. It can be 
shown that at the paired coupling Pn_, „ = P„ „_, and these 

coefficients are determined by the geometrical dimensions of 
the n-th and (n-l)-th cavities, only. Things are more 
complicated with the dependence of coefficients <x(„+' on the 
parameters of the (n+l)-th cavity and aj,"' on the parameters 
of the (n-2)-th cavity. Even under the assumption of paired 
coupling such dependence exists. However, our calculations 
shown that this dependence is considerably weaker than the 
dependence on the parameters of the n-th ((n-l)-th) cavity, 
and can be neglected, as a result. 

Cavity stacks for tuning inhomogeneous waveguides with 
(p = 2rc/3 

From the equations (2) and (3) it follows that in order to 
achieve the traveling wave mode in an inhomogencous disk-
loaded waveguides with the mode type (p = 27t/3 it is 
necessary that the parameters of the (n-l)-th and the n-th 
cavities be connected via the relationship 

[ a t , ( 1 + cCi + oCi ) - Co.2 ] [co2. ( 1 + a<+) + a;,"' ) - co; ] = 

:C02 CO2 , P , B , . 
(4) 

Fig. 1. Cavity stack. 

Suppose we have placed the n-th and (n-l)-th cavity 
into some sort of a cavity stack. It can be shown that the 
conditions (4) is fulfilled in the case, when in the cavities A 
and B (see Fig. 1),adjoining the cells under consideration, the 

amplitudes of £„,„ -modes equal to zero. For cavity stacks, 
shorted at both ends, this condition can be accomplished by 
coupling the cavities A and B to terminal cavities, resonance-
tuned at the frequency co=co, with taking into account the 
frequency shift due to the hole effect. Such cavity stacks 
have already been used for tuning separate parts of quasi-
constant impedance sections for LIL accelerator [3]. 
However, there the cells were tuned not consecutively , i.e. 
beginning from the entrance (or exit), but in different stacks 
being then simply joined one-to-one. 

The above results 
indicate that it is 
possible to use a 
consecutive tuning of all 
cells for disk-loaded 
waveguides with an 
arbitrary law of the 

coupling hole radius variation. With that, at the operating 
frequency co=co, the traveling wave mode with the phase 
shift on the order of 2n/3 with a certain accuracy is 
guaranteed in a waveguide. However, a quite natural question 
arises about the characteristics of such traveling wave, since 
the inhomogeneity in a disk-loaded waveguides is created 
with the purpose of optimizing its characteristics. Let's 
consider, for instance, a quasi-constant impedance section. 
Such a waveguide is supposed to consist of several 
homogeneous (a, = const) segments with different radii of 
the coupling holes and transition sells which provide the 
matching of these segments. Our analysis indicates that 
fulfillment of such a requirement is realizable only under a 
certain law (unknown a priory ) of hole radius variation. If 
one use the disks in the transition sells with some law of the 
hole radius variation (for instance, the linear one) and 
consecutive tune all cavities following the above technique, 
he can obtain a waveguide which will operate in a traveling 
mode at co=to:k, but its segments which are homogeneous 
relatively the hole radius will not be homogeneous relatively 
the waveguide inside diameter. Thus, under application of the 
above technique to the consecutive cell tuning in the case of 
the linear law of hole radius variation in the transition sells, 
the waveguide inside diameter will be periodically change 
within the second segment, i.e. the second segment of the 
section will be bi-periodic. For the subsequent 
"homogeneous" segments the law of the waveguide inside 
diameter variation will be more complicated. In the case of 
the linear law of hole radius variation in the transition sells 
two homogeneous segments cannot be matched together 
without violation of the condition cp = 2 î i / 3 . and the precise 
matching is impossible and from the transition there occur 
certain reflection with a small phase jump. What is more 
expedient for the accelerating section: the traveling wave 
mode with cavity frequency variation along the length of the 
structure, and, consequently, with the acceleration amplitude 
variation causing a certain decrease in the energy gain or a 
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joining of segments with a small phase jump and reflection 
that, also, leads to a certain decrease in the energy gain? 
There is no unambiguous answer to this question. In each 
case one will have to analyze the energy gain (or other 
characteristics) with taking into account the above factors. 
Our calculations indicate, for instance, that in the case of a 
structure with two homogeneous segments and for the linear 
law of hole radius variation in the transition sells more 
preferable would be the situation with the periodic cavity 
frequency variation in the second segment from the 
standpoint of energy gain. 

Consecutive tuning feasibility is determined by stability 
of the technique, as well. The numerical analysis indicates 
that small errors in the tuning of individual cells should not 
lead to the exponential growth of subsequent deviations, i.e. 
the technique must be stable. 

Inhomogeneous accelerating sections 

The National Science Center "Kharkov Institute of 
Physics&Technology" (NSC KIPT) has created a 
technological base for building accelerating structures on the 
base of disk-loaded waveguides. The basic elements of a 
disk-loaded waveguides is asymmetric cell ( disk and cup). 
The high-precision copper cups and disks are made on 
diamond tool lathers. Prior to brazing, the cups are tuned 
using different cavity stacks. Brazing a segment of cups and 
irises, segments and couplers are made in a vacuum RF-
furnace at 779°C using the KIPT technology. 

We have developed and manufactured four short 
inhomogeneous accelerating sections with (3 h = 1 and 

tp = 27t/3, three of which (SI, S2, S3) have quasi-constant 
law of coupling hole radius variation with a linear decrease 
of radii in transition cells, while in the fourth one (S4) the 
coupling hole radii decrease linearly from entrance to exit. 
Calculated characteristics of the first three sections are given 
in Table 1. 

Prior to brazing the first section sells were tuned using 
the method completely coinciding with the one presented in 
[3]. Cavities in the second, third and fourth sections were 
consecutively tuned in the cavity stack using the above 
described method. While doing so, as compare with [3], the 
number of auxiliary cells was reduced to the minimum - we 
used only four auxiliary cells (see Fig. 1). Cells A and B 
were composite ones (A=A,+A„, B=B,+B„, A„=B„)and during 
tuning process cells A„ and B„ were unchanged while the 
radii of cells A, and B, were changed according to a certain 
law. For sections S2 and S3 the radii of cells A, and B, were 
changed after tuning the transition sells, for section S4 - they 
were consecutively tuned together with the main sells. After 
brazing the sections cells were tuned by way of a small 
external deformation of the cups until the needed phase shift 
was achieved (5cp = 4 7i/3) during the shorting plunger 
movement. Since such a tuning cleaned away all the errors of 
the first tuning (before brazing) we did not see the difference 
in the characteristics between sections SI, S2 and S3. 

Table 1 
Calculated characteristics of the SI, S2, S3 sections 

Frequency, MHz 
Input Power, MW 
Energy Gain, MeV 
Beam Power, MW 
Gradient, Mev/m 
Section Length, m 
Filling Time, p,sec 
Field Attenuation, 
Nep/sect. 
Output Power, MW 
Number of Homoge
neous Segments (Iris 
Diameters, mm) 

1=0 A 
2797.2 

13 
17.8 

14.3 
1.227 
0.31 

0.24 
8 

1=1.2A 
2797.2 

13 
9.5 
11.4 
7.6 

1.227 
0.31 

4.2 
0.03 

4(25.441,23,630,21.821, 
19.620) 

During measurements of the after-brazing phase shifts it 
was found that the operating frequency of all sections was 
150 to 200 kHz lower than the calculated one. It can be 
explained as errors of used cavity stack. Indeed, the above 
stacks are just for paired cavity coupling. According to the 
results of our calculations [2] the negligence of the "remote" 
coupling can produce errors during tuning about A cp < + 0.5° 
which agrees in value and sign with the obtained deviation of 
the operating frequency. 

The section SI was installed on KUT accelerator [4]. 
The results of beam characteristics measurements agreed 
with simulations. 

Thus, our R&D has shown that the feasibility is there to 
tune (with a certain error) of disk-loaded waveguides with 
arbitrary law of hole radius variation. In order to achieve the 
necessary characteristics the choice of such law must be 
made with taking into account both the properties of 
inhomogeneous waveguides as the feasibility of tuning such 
waveguides. In view of all the above-said, a procedure should 
be worked out to optimize the structures considered. At 
present, based on the approach [2] we have begun to 
investigate this problem. 
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Abstract 

The partly built line of the ECR ion source Alice, mainly based 
on electrostatic elements, needs several optimizations for differ
ent ion beam (A/q ranges from 2 to 9). Numerical codes easy to 
maintain and fast to execute were in demand. Beam optics codes 
are usually implemented as a kind of object oriented programs 
followed by a purposely written high level interpreter. This level 
was here replaced by general programs, combining symbolic and 
numerical capability, which therefore support different program
ming styles and a much finer physical description. Highly effi
cient linear tracking of electrostatic elements was obtained com
bining piecewise analytical solutions for quadratic and linear el
ements; some basic formulas and a sample result for Alice line 
are shown. Extension of elements to nonlinear case is given here, 
with detail for the anode lens. 

Introduction 

The beam transport system of the ECR [1] ion source Alice 
is mainly constituted by electrostatic elements (extractor, three 
einzel lens and the accelerating column), with one magnetic 
dipole for charge selection (Fig. 1). Due to the relative impor
tance of fringing fields, our need for a flexible and easily adapt
able matrix tracking code was apparent; nonlinear effects were 
also considered a second goal. We wrote some application pro
grams, executed (interactively) by Mathematica [2]. Usual for
mulas for sources, drifts, thin lens and dipoles were easily im
plemented, as well as graphic capabilities. This paper describes 
the nontrivial approximations and equations that we used in sim
ulating round electrostatic elements in some detail. 

Paraxial analysis of einzel lens was indeed possible, by de
composing the lens in seven regions (or elements), where the ax
ial field Ez is assumed either constant (linear elements) or lin
early increasing (quadratic elements) [3]. Use of more than three 
regions allows a closer fit to actual fields. A noteworthy non
linear approximation (nonlinear means applicable to nonparax-
ial rays), namely the Piecewise Quadratic Approximation (PQA) 
is first introduced and briefly discussed; matching between lin
ear and quadratic element is extended off-axis, allowing region 
boundaries to make a arctgv^ angle with z axis and introducing 
fictitious charges on element boundaries. We apply this general 
concept to anode lens effect. 

We follow SI units in the code (generally) and use nonrela-
tivistic mechanics, as suitable for ion sources. Since orbits do 
not depend on mass and charge in electrostatic fields, in section 
2 and 3 we set unit mass and charge e = m = 1 for brevity. 

SOURCE 

Figure 1 : Beam line from platform (scale is approximated; trans
verse dimension exaggerated). 

Einzel Lens Paraxial Model 

Let E be the total particle energy, a constant of motion, valid for 
every element of our beamline. First, we review the quadratic 
element. Consider a vacuum region where the electrostatic po
tential 4>{r, z) is exactly: 

<P{r,z) = A + Bz + C(\r2 - \z2) (1) 

Hamiltonian separates as H = Hz + HT with Hr = (2p2 + 
Cr2)/4, whose value H$ is a constant of motion; also the value 
of Hz is the constant of motion H% — E - H£ . Solving motion 
equations and eliminating t in favour of z we write the motion 
from Zi to z0 as 

cosV' 
-\ /C/2sini/> 

^/2/Csimp 
cost/) 

1 „ , Cz-B 
ib(z0,Zi) = —r=Arsh—. VK ° J V2 J2HC

ZC - 2AC B2 

(2) 

(3) 

with 2EC
Z —2E- p2(zi) ~ Cr2(zi)/2 . From these nonlinear 

formulas a linear approximation in (r, pr) is obtained by putting 
HI = E in eq. (3). In case C < 0 analytic continuation is taken. 
Case C = 0 is the linear element. 

The potential of einzel lens $(r, z) can be fitted by elements 
like eq. (1) on intervals of z axis r — 0; interval borders zn 

are called breaking points here. In present code, we find con
venient to use the well-known approximation for symmetrical 
einzel lenses [3] : 

V[U'Z) 2w(zb-za)
 ë c h K * + za)\ch[u{z - za)\

 ( ) 

with u> = 1.31&/R where R is the radius of electrodes and 
z = za, z — Zb their faces; in perspective, also the potential 
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$(0 , z) numerically computed (by POISSON) and adequately 
interpolated can be fitted by the same elements. 

Elements are easily counted by plotting (see Fig. 2a) the sec
ond derivative $ . 2 Z and associating a C > 0 element to some 
maximum (region III) and a C < 0 element to some minimum 
(region I) or low plateau. Between these elements, a C = 0 ele
ment (region II) will certainly improve matching. At z = 0 we 
can include a C = B = 0 element (region 0) or not, depend
ing on lens dimension za. In these regions, potential elements 
on axis are better written: 

cf> = a 0 < z < ZQ 

4>= a+ \b(z- z0)
2 z0 < z < z\ , 

4> = c + d(z — zo) z\ < z < Z2 
4> = \e{z - z3)2 Z2 < z < z3 

and <t> = 0 for z > z$ . Imposing continuity of 4>(0, z) and 
<j>,z (0, z) everywhere, we get c = a - \d{z\ - z0), e = d/(z2 -
z3) and Z3 = —2(a/d) + z0 + z\ - Z2 • 

Figure 2: a) Breaking point determination from potential deriva
tives on z axis; 2b) Regions at a breaking point. 

We choose a = $ ( 0 , 0 ) to exactly reproduce the field at lens 
middle . The remaining parameter ZQ, Z \ , Z2 (breaking points) 
and d can be determined by fitting <j> to the actual potential $ , 
that is by minimizing the norm 

^2 WO(0 - $ ) 2 + Wi {4>,z ~ $,z)2 + Wl{4>,zz - $,zz)2 (6) 

where z ( j ) = j(L/N) and L is long enough (L = z& + 3.R 
suffices). Considering also the second derivative is essential for 
sound results of the fit, even if weights WQ, W\ and w-z ̂  0 may 
be varied; we choose wn = Rn. Note that XQ < Ois our criterion 
to drop region 0, which case leaves five intervals in total instead 
of seven. 

In the paraxial approximation we can take region boundaries 
as z = zn planes, and extend potential off-axis according to (1). 
Indeed, at any zn, 4>,zz is discontinuous, so that a r 2 disconti
nuity in potential arise; this term may be neglected in paraxial 
approximation. 

Piecewise Quadratic Approximation 

To apply the quadratic elements in nonparaxial case, imagine to 
have matched the potential 4> and field Ez on axis at breaking 

point z n between two element intervals; to fix ideas, let zn = 0. 
The two elements are <pi = A + Bz + C / ( r 2 / 2 - z 2 / 4 ) and 
4>n = A + Bz + Cjj(r2/2-z2/A), with A and B equal because 
of matching for r = 0. Requiring potential continuity <j>j = 4>n 
implies 

r = y/2(z - zn) or r = V2(zn - z) (7) 

These two lines (in fact cones) are the element boundaries and 
separate three regions; in region III we may have another element 
as eq. (1) with a different Cm if desired. 

Matching <j>^z off-axis is not possible. Discontinuity of Ez is 
equivalent to a charge (say positive), which implies a balancing 
charge (negative) to be located at lines (7). More quantitatively, 
$ t be the true potential (E t the true field), <j> our collection of 
elements (so that E = - g r a d 0 is a part of the electric field) and 
<£c = $ t - <p the correction (localized near eq. (7) lines ) that 
restores matching between elements. From Laplace eq. A $ t = 
0 we indeed get: 

A $ c = divE (8) 

From eq. (7), boundaries associated to different zn may inter
sect at r = (z,, — zi+i)/^/2, which determines the maximum 
radius of validity of our element decomposition. 

Non paraxial analysis is more easily applied to the remarkable 
case of the anode lens [4], a hole of radius R in a conducting 
metal sheet (at "J>t = 0) separating a semispace z < 0 with field 
Ez = E\ = Es—Edfot z —> — oo from a semispace z > 0 with 
field Ez = E2 = Es + Ed for z —» + o o . Our field elements 
are explicitly 

4>T = -Esz +Edz for r - y/2z - Rp > 0 > z 
<pv = -Esz -Edz for r + y/2z - Rp > 0 < z 
4>u = -Esz +{Ed/Zp){\r2 - \z2 - \Z2) 

(9) 
elsewhere, with Zp = Rp/V2 . Here Rp is a parameter; break
ing points are at ±ZP . Choosing Rp = Ay/2/n gives the exact 
values for 4>u(0,0), similarly to einzel lens [4]. 

From (9) we can compute the fictitious charge of (8): 

A$c = ¥&klHz ~Zp + (r/V5)) + s{z + Zp~(r/V5))! 

(10) 
The effect of 4>c on particle motion can be approximately de
scribed by a (small) transverse kick K when passing boundaries; 
for example crossing T-U boundary gives 

Kr = ~2J^hy+2_5/2QÎ _ °-7 5 û ? + 0 [ a i ] 3 ) (11) 

where r , , Zj are r, z at the crossing; Vi is vz at this time; a* is 
pr/pz at this time. Component Kz is such to maintain energy 
unchanged. This kick does not contribute to linear focusing, but 
to aberations. 

We can now formulate a fast tracking for the anode lens. For 
convenience we project initial and final states on z = 0. The 
initial motion: 

r{z) = r0 + po[v7 + 2(E. - Ed)z - y/f]/(E. - Ed) (12) 
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with f = 2E — pi is therefore parameterized by (ro,p0), which 
would be the values of (r ,p r) at z = 0 , if our particle would 
propagate in a constant field Ez — E\ up to there. From (12) and 
boundary eq. r — \[2z = Zp crossing values r%, zt can be easily 
determined. After crossing we have pt = pr(zl) = p0 + Kr 

with the kick (11). Motion follows eq. (2) up to crossing with 
U-V boundary, at z = z0; z0 is determined by 

Z p - —^ cos ip(z0, Zi) + —— smip(z0, z j (13) 

which can be solved iteratively. A good starting value for ip is 
i)(zp,-Zp) = 

71 Arsh 
y/g + El-Eï 

Arsh 
Es - Ed 

s/9 + Ei-E* 
(14) 

with g = 2H^Ed/Zp . Final value of pr is pr(z+) = p0 + Kr 

where the second kick is given by eq. (11), with r* replaced by 
r0 (and similar replacement for z. Pi at ). 

Remarks on Programming 

As a general remark, programs become more involved with their 
size; in our opinion, no recipe can guarantee order and clarity 
(and absence of error). It is then natural to break a program into 
several parts, mainly a "physics part" [5], where formula as (1)-
(14) are coded as plainly as possible, and an "interpreter", ul
timately relating with numbers and graphics; for example, as 
COSY and FOXY (interpreting COSY to Fortran [5]). Our try 
in this direction is the use of an external interpreter, at present 
Mathematica [2]; advantages of this approach are more evident 
at the beginning (as now), when the physics code is small enough 
to make errors unlikely, and reformulation is possible. 

A Mathematica applicative program (code in brief) con
sists of definition of transformation of symbols, with pos
sibility of delaying or conditioning their execution: almost 
any kind of programming style is possible. It is probable 
that object programming, implemented by "UpSetDelayed" [2], 
will be a fairly good recipe to order information about the 
several treated objects: dipoles, regions of einzel lenses or 
of accelerating tubes, drifts. At present, a traditional style 
was used: an element is a list, including the element name, 
kind of approximation used, and parameters. For exam
ple, {dipolex,fringe,.R, 4>, a, /3, n, D, ^(in), /^(out)} represents 
H.Enge's model of dipole [4]. Simbols "matrix2" and "matrix3" 
represent actions on (x, px) phase-space and (x, px, S) space re
spectively. An einzel lens is converted into a sequence of seven 
lists. A beamline is a list of lists, on which a traditional loop dis
tributes the action of "matrix3". Operation on lists may be more 
concisely done with in-built symbols "Thread" and "Map", in an 
advanced style. Graphics rendering was very flexible and satis
fying. We plan to merge fitting of elements to einzel into some 
post-processor of Poisson equation numerical solvers. 

platform. Fig. 3a) was computed for a beam of He2 + , setting 
Vi = 9 kV, (i.e. E = eVi = 18 keV), V2 = 3.45 kV for 
the first einzel and optimizing (V3, V4) Vp) = (7,5.65,67) kV; a 
6V\ = 10 V perturbation was added. Simulation for Ar14+ and 
U28+ beams proved even better transport, provided that latter 
voltages (and intermediate waists) are changed: (V3, V4, Vp) = 
(0,0,99.6) kV and (0,6.3,314) kV respectively . Fig 3b) shows 
that also aberration can be reproduced by PQA, in fairly good 
agreement with RungeKutta computations. 

Figure 3: a) Paraxial ray r versus z (in m) for the ECR 
line; 3b) Focal distance/iî versus TQ/R for anode lens (dots: 
RungeKutta), when Ex = 0 and E2 = 0AE/(eR). 
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Simulation Results 

Let (V2, V3, V4) be the voltages of the three einzel lenses, V\ be 
the source voltage and — Vp be the linac voltage, referenced to 
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Abstract 
Following the demand of very heavy ion beams at the 
Laboratori Nazionali di Legnaro a new injector for ALPI is 
foreseen. At present ALPI is fed by a 16 MV XTU Tandem 
providing, routinely, beams up to masses of the order of 90 
amu. In order to upgrade the possibilities of the complex and 
accelerate masses up to 200 amu the novel injector has been 
designed. The new machine consists of an ECR source on a 
high voltage platform, capable of 350 kV, followed by two 
superconducting RFQ resonators operating at 80 MHz and 
boosting the beam energy up to about 570 keV/amu. 
Downstream the SRFQ's eight Quarter Wave Resonators 
similar to the ALPI bulk niobium cavities are foreseen, to 
reach a proper ALPI injection energy of about 950 keV/amu. 
This paper describes the project. 

Introduction 

The new positive ion injector for the Legnaro heavy ion 
facility PIAVE (Positive Ion Accelerator for Very-low Energy ) 
will increase the capability of the complex in delivering very 
heavy ion beams to the experiments. The user request, after 
more than a decade of operation of the XTU tandem, is to have 
very heavy ion beams with intensities of few particle-nA onto 
the target. The new machine will allow the simultaneous 
operation of the two main accelerators operating at Legnaro, 
the XTU tandem and the post accelerator ALPI. that are forced 
to work in alternative, at present, being the tandem the only 
injector for ALPI [1,2,3]. Figure 1 shows the PIAVE technical 
layout from the ion source to the injection in ALPI. 

The beam is formed in the ECR source Alice [4] which is 
located on a high voltage platform and accelerated by the 350 

kV applied voltage. As shown in figure 1 the HV platform is 
placed 4 m higher than the ALPI vault floor on a concrete 
support. This solution, dictated by the dimension of the 
platform and the required distances from the wall, calls for a 
transport line which displaces the beam by about 5 m in the 
vertical direction and about 2 m in the horizontal one [5]. 

The transport line contains the double-drift double-frequency 
bunching system operating at 40-^80 MHz for the proper 
injection into the SRFQ. 

The first accelerating section of PIAVE which consists of 
two superconducting RFQ cavities housed in the same cryostat 
(see fig. 1.). The output energy of the RFQ section has been 
optimized with respect of the acceleration efficiency of the 
structure. Following the SRFQ's there are eight accelerating 
Quarter Wave cavities of the same type of the bulk niobium 
low-p section of ALPI[6]. with some minor modifications in 
order to decrease the (30pI value from 0.055 to 0.05. The 
QWR's are housed in two cryostats and in between there is a 
quadrupole doublet for transverse focusing. 

Downstream the accelerating sections of PIAVE there is the 
transport and matching line to ALPI which includes two room 
temperature bunchers (in fig. 1. only one of them is shown 
being the second one hidden in the chosen view). 

The choice of using superconducting structure has been 
driven by the fact that ALPI is capable of running in CW 
mode, being itself a superconducting machine. This follows 
the traditional use of electrostatic machines in nuclear physics 
and fulfill the request of the high efficiency multi-array y-
spectroscopy detectors which need a beam intensity of some 
pnA with 100% duty cycle. 

in, 
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Fig. 1. The PIAVE layout 
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Table 1 
Injector parameters 

Source and LEBT 
Ion source 
Mass to charge ratio 
Platform voltage* 
Energy 
Beam emittance 
Bunching system 

A(p 
AW 

RFQ Accelerator 
Radio Frequency 
Input Energy 
Output Energy 

Average acceleration 

Max. Surface E field 

Max. stored energy/RFQ 
Acceptance 
Output emittance 

Vanes length 
Output energy 

Voltage 
Number of cells 
Average aperture Ro 
Modulation factor m 
Synchronous Phase <ps 

Tank diameter 

Max. surface B field 
Shunt impedance Rsh/Q 
Quality factor Q 

Power dissipation (4K) 

QWR Section 
Number of resonators 

Output energy 
Radio Frequency 
Optimum p 
Accelerating Field 
Shunt impedance Rsh/Q 
Quality factor Q 
Power per cavity (4K) 
Synchronous Phase l(psl 

Matching Line to ALPI 
Number of bunchers 
Buncher Eff. Voltage VT 

ECR 
8.5-1 
350 
41.2 
0.5 
DDDF 
±6 
±0.55 

80 
41.2 
578 
2.16 

25 

<4 

>0.9 
0.5 
<0.7 

SRFQ1 
134.7 
341.7 
150 

41 
0.8 
1.2-3 
-40+-18 
46 
280 

22.7 
7e8 
<7 

948 

80 
0.05 
3 
3.2 
109 

<7 
20 

14 GHz 

kV 
keV/u 
mm mrad 
40+80 
deg 
keV/u 

MHz 
keV/u 
keV/u 
MV/m 

MV/m 

J 

mm mrad 
mm mrad 
ns keV/u 

SRFQ2 
76.3 
578.3 
280 

13 
1.53 
3 
-8 
62 
295 

23.7 
9e8 
<7 

keV/u 

MHz 

MV/m 
kŒ/m 

W 
deg 

(p-0094) 
(norm.) 
MHz 
(80 MHz) 

(p=.0094) 
$=.0352) 

(norm.) 
(norm.) 

cm 
keV/u 
kV 

cm 

deg 
cm 
G 

Qm 

W 

(p=.045) 

Beam Dynamics 

The new injector has to provide the very heavy ion beam for 
ALPI replacing the tandem, which means that the beam quality 
of the machine has to compete with the very good transverse 
emittance of an electrostatic machine. Moreover the 
longitudinal structure of the beam has to be acceptable for the 
injection into ALPI. These requests have to be combined with 
the optimization of the acceleration efficiency due to the very 
high costs of the superconducting structure and ancillary. 

The main features of this design are the bunching of the 
beam outside the RFQ, the optimization of the acceleration 
efficiency with proper choice of voltages and apertures and the 
minimization of the output longitudinal emittance, that 
determines the modulation law[3,5,7]. 

The ion velocity for the transition between the RFQ structure 
and the QWR has been chosen balancing the acceleration 
efficiency of the two structures. Indeed at higher beam energy 
the rf stored energy in the RFQ becomes prohibitive, at lower 
beam energy the transit time factor in the two gaps QWR's is 
too low. 

The result of the design study is summarized in table 1. 

The Superconducting Structures 

The project foresees two different resonators for the RFQ 
section for a total structure length of ~ 2.5 m, housed in a 
single cryostat mainly to reduce the unavoidable drift space 
between the cavities. We are forced to split the RFQ into two 
resonators otherwise the rf energy stored in the cavities would 
make the phase lock with a reasonable rf power amplifier 
impossible [3]. 

The first of the two cavities to be built is the second RFQ, 
named SRFQ2, because it is the most critical one concerning 
the rf electronics demands. The drawing of the cavity is shown 
in figure 2. 

2 (room temperature) 
<100 kV 

+28 238 

The values are referred to a mass to charge of ratio 8.5, ( U ). 

Fig. 2. The SRFQ2 resonator 

The SRFQ's are made of e-b welded niobium sheets. The 
choice of this construction technology is advised by the 
tightness of the time schedule of the project, but a parallel 
research experiment on the feasibility of this kind of structure 
in OFHC copper with a sputtered niobium film is in progress. 
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From the mechanical point of view, effort has been put in 
the calculation and modification of the eigenfrequencies of the 
mechanical vibrations of the cavities to minimize the effect on 
the rf operation[3,8]. The stiffening ribs and the bars push the 
mechanical resonant frequency to -150 Hz, whereas the 
frequency without any stiffening but with the already optimized 
shape of the supports is -50 Hz; this is more convenient 
considering the environment mechanical noise. 

The SRPQ resonators will work in a self-excited loop mode 
and one needs a rf amplifier power of at least 500 W [3,9] in 
order to have a dynamic range of ±10 Hz, considering the quite 
high stored energy. This high rf power needed for the feed back 
control loop puts both rf and thermal constraints on the rf feed 
lines and on the cryostat. 

The slow tuner range is of ±100 kHz, through elastic 
deformation of the two end plates by ±2.5 mm. A tuning 
system to compensate the ±50 mbar pressure variation of the 
liquid helium bath is under investigation. 

As mentioned above, the second part of the accelerator is 
made of eight superconducting QW resonators operating at 80 
MHz similar to the low energy section cavities of ALPI [6]. 
The only modification we foresee is the variation of the (3opt 

through modification of the beam port geometry. This minor 
change will not require a new study of the structure, that has 
been constructed and successfully tested. 

Infrastructures 

The most demanding ancillary system of the whole project is 
the liquid helium production and distribution system. PIAVE 
requires a cooling power of 130 W at 4.5 K and 600 W at 80 K 
and it is connected with the ALPI cryogenic complex. To avoid 
the overloading of the 80 K circuit the use of a separated liquid 
nitrogen refrigeration system is foreseen. 

Another important constraint on the cryogenic system is the 
quietness concerning the mechanical noise because of the 
sensitivity of the SRFQ cavities to the vibrations. Different 
solutions are now under investigation ranging from an 
inexpensive system made of a dewar for the phase separation of 
the liquid helium to the use of superfluid helium. 

All the other accelerator systems are an upgraded replica of 
the well proven ALPI systems [2]. 

The main novelty, concerning the beam diagnostics, is the 
design and construction of a beam emittance measuring box 
essential for the tuning of the transfer lines. 

Status of the Project 

PIAVE has been approved as a "Special Project" by the 
executive committee of INFN in its meeting of July 1996. It 
is a three years project with a cost of -7.7 Billion Lit. 

The feasibility studies of the project are going on since the 
middle of 1995 and in March 1996, before presenting officially 
the project to the INFN, an international committee reviewed 
the design in all aspects, giving scientific approval. 

The SRFQ cavities are in a prototyping stage and the internal 
parts of the stainless steel full scale model of SRFQ have been 
e-b welded. The model is meant to check all the construction 

details of the cavities and to construct the proper mechanical 
jigs because the construction of the niobium cavity will 
immediately follow. 

Fig. 3. The test cryostat and the SRFQ2 cavity 

A test cryostat, able to house both the different SRFQ 
cavities, is under construction. The main feature of the design 
is the use of titanium for the liquid helium reservoir to avoid 
the stresses due to the different thermal contraction between 
the cavity, made of niobium, and the reservoir which contains 
it in a helium bath (see fig. 3.). 
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Abstract 

The adaptation of a RFQ beam to the typicai requirements 
at the entrance of a drift tube linac is rather difficult at high 
intensities and high A/q values. The high focusing power 
needed for such a matcher can be provided by a conventional 
array with rather large quadrupoles and rebuncher cavities 
only. Many problems arising from such a design can be 
avoided by using an element which is focusing in transverse 
and longitudinal direction at the same time, that is a short 
RFQ ('Super Lens') with 10 cells typically and a larger 
aperture as compared to the main RFQ. A xy-steerer and a 
short quadrupole doublet with small aperture were added to 
gain flexibility with regard to beam mismatch and 
misalignment corrections. This new concept is realised for 
the GSI 15 mA U + injector, which is under construction. 

Beam dynamics calculations are presented and compared 
with results for a conventional solution consisting of a 
rebuncher and a quadrupole triplet. 

Introduction 

At present a new UNILAC prestripper LINAC is under 
construction in order to fill the Heavy Ion Synchrotron SIS 
up to the space charge limit [1],[2]. 

The new LINAC consists of a RFQ cavity up to 120 
keV/u and a IH-DTL section up to 1.4 MeV/u. 

So far, for the beam matching from a RFQ into an IH-
DTL the conventional array consisting of the elements 
quadrupole triplet (doublet) - rebuncher cavity - quadrupole 
doublet was used [3] [4] . These accelerators however were 
zero current designs with A/q values below 9.5 . 

For the new GSI High Current Injector with A/q < 65 the 
use of similar matching designs would lead to considerable 
difficulties: very powerful and long conventional quadrupole 
lenses with big apertures are necessary, as well as a powerful 
rebunching cavity. According to the separation of 
longitudinal and transverse focusing within such a system, it 
is rather sensitive with respect to beam intensity fluctuations. 

These problems led to the idea of using a short adapter 
RFQ ('Super Lens') focusing in all three dimensions and 
located directly in front of the first IH-DTL [5]. A short, 
small aperture quadrupole doublet placed behind the main 
RFQ adds the needed flexibility to that system. 

Parameters of the Matching Section Components 

The main parameters of the matching section are 
summarized in Table 1. The geometric arrangement is shown 

in Fig. 1. Between accelerator RFQ output and adapter RFQ 
input a distance of about 560 mm is taken by a xy-steerer, a 
quadrupole doublet, a vacuum valve and a diagnostic box. 
Along that distance the beam radius is increased to around 5 
mm. A 'Super Lens' minimum aperture radius of a = 6.8 mm 
(compared to a = 4.1 mm at the main RFQ output ) was 
chosen, which allows to get the needed emittance shapes at 
the entrance of the IH-DTL. The adapter RFQ is designed for 
<j)s = -90° in order to get maximum longitudinal focusing 
power and to reduce the vane-vane voltage. This leads to a 
rather simple structure with 11 identical cells. 

Table 1 
Characteristic Matching Section Parameters 

Total Length / m 1.4 
Magnetic Quadrupole Doublet 

Effective Length / mm 
Effective Gradient / T/m 
Aperture Diameter / mm 

Adap 
Cell Number 
Electrode Length / mm 
Frequency / MHz 
Peak Vane Voltage / kV 
Min. Aperture Radius / mm 
Modulation Factor 
Synchr. rf Phase / deg 

139; 115 
153 ; 153 
16.0 ; 16.0 

ter - RFQ 
11 
748 
36.136 
212 
6.8 
1.64 
-90 

RFQ 

QUADR. 
DOUBLETTT 

,XY-STEERER 
VALVE 

DIAGN 

467 

Fig. 1 Schematic of the Matching Section Components 
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Beam Dynamics Code Extensions 

For beam dynamics calculations along the IH-DTL the 
LORASR code has been developed during several years. It is 
particularly well adapted to the beam dynamics concept of 
'Combined Zero Degree Synchronous Particle Sections' [6]. 
With the standard routines drift tube accelerating sections as 
well as quadrupole lens sections can be calculated. A space 
charge routine is included. For the new matcher, the 
LORASR code had to be extended in order to calculate the 
matcher and the IH-DTL in one step. The aim was to have an 
aditional tool for investigating short RFQ sections. 
From a data set containing the maximum vane-vane voltage 
V , the longitudinally effective voltage AVn/4, the cell 
number, the minimum aperture a and the synchronous phase 
for each cell, the code calculates the cell lengths PA/2 and 
modulation factors m and simulates the RFQ fields based on 
the 2-term-potential description from ref. [7]. 

At <{>s = -90, the entrance and exit regions of the adapter 
RFQ are very sensitive with respect to fringe field 
disturbances, because the electrodes are on maximum 
potential at bunch passage. For that reason fringe field 
calculations are included, based on the analytical potential 
expansion as proposed in ref. [8] . Unfortunately it was not 
very well suited in the present case with matching in and out 
sections relatively short compared to the cell lengths and 
high modulation factors, so careful fitting of boundary 
conditions was necessary. To get rid of the disturbing higher 
order potential expansion modes along the real geometric 
distance from electrode end to the resonator end wall, the 
calculated space was extended by 80% beyond the end wall. 
This led to a remaining potential on the end wall of 5 % of 
the max. electrode potential, the equipotential surface fitting 
rather well to the end wall geometry. 

The main result on fringe field calculations was that beam 
quality deteriorations are kept small if the matching in and 
out region is short. Therefore it was decided to have a 
distance of 7 mm only between electrode ends and end walls. 

Beam Dynamics Calculations 

Calculations were performed with 4 different beam 
intensities of 0, 5, 10 and 16.5 emA respectively and with 
corresponding input particle distributions as derived from the 
main RFQ calculations. A optimum parameter set for each 
intensity was defined [9]. Additionally, the sensitivity of a 
given parameter set with respect to beam intensity changes 
was investigated. 

In routine operation, the new LINAC will have to assure 
good beam quality at the full range of intensities and should 
be independent of beam intensity fluctuations. 

Fig. 2 and 3 illustrate the calculation results for the entire 
matching section at 16.5 emA. The main characteristics are : 
the transverse beam envelope is rather smooth ; the 
longitudinal focusing into the IH-DTL is done in a controlled 
way and is stable against moderate shifts of rf operation 

parameters at the RFQ and at the 'Super Lens'. The complete 
array is also resistant to the different beam parameter 
requirements described above. 

Emittance growth is essentially due to space charge 
effects, because at low beam current values it is negligible. 
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Fig. 2. Transverse and longitudinal 100 % beam envelopes. 
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Comparison with a Conventional Matching Array 

In early design studies the possibility of using a 
conventional matching section was checked. The beam 
dynamics calculations result for a 16.5 emA beam with 
A/q = 65 is shown in Fig. 4 and 5. The corresponding 
parameters of the components are summarised in Table 2. 

Table 2 
Parameters of the Conventional Matching Array Components 

Total Length 
Ma 

Effective Length 
Effective Gradient 
Aperture Diameter 

Gap Number 
Total Length /1 
Peak Gap Voltage 

/ m 1.3 
gnetic Quadrupole Triplet 

/mm 
/T/m 
/mm 

230 ; 320 ; 190 
65 ; 63 ; 65 
36 ; 36 ; 36 

Rebuncher Cavity 

Tim 

/kV 

2 
= 200 
240 

As the design presented in Fig. 4 has some disadvantages 
which will be mentioned below, it was decided early not to 
investigate this alternative further on, so that detailed 
calculations for different beam currents are missing. However 
from the experience with the 16.5 emA optimisation the 
design is expected to be much more sensitive to beam current 
and rf level variation. 

From Fig. 4 it can be seen that before transverse focusing 
first becomes evident, a big beam radius of around 10 mm in 
one space is already reached, which makes refocusing by a 
long and powerfull quadrupole triplet necessary. Placing the 
triplet in front of the rebuncher would have made the beam 
focusing into the IH-DTL even more complicated. 

On the other hand, placing the rebuncher in front makes 
the longitudinal focusing difficult and sensitive to beam 
intensity fluctuations (Fig.5). One can see that a compact 
beam with small phase extension cannot be properly focused 
into the DTL. In fact it had to be enlarged in phase space at 
the main RFQ output, which needed additional matching out 
gymnastics at the main RFQ. 

The emittance growth values for the investigated case 
were comparable to those of the new matcher. 
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Fig. 5. Longitudinal 100 % beam envelopes for the 
rebuncher cavity - quadrupole triplet configuration. 
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SPACE CHARGE DOMINATED BEAM TRANSPORT IN THE 1.4 MeV/u-UNILAC-
STRIPPER SECTION 

W. Barth, J. Glatz, J. Klabunde and U. Ratzinger 
GSI, PlanckstraBe 1, 64291 Darmstadt, Germany 

Abstract 

The intensity upgrading program for the GSI accelerator 
facility comprises major modifications of the UNILAC for its 
operation as a high current injector into the heavy-ion 
synchrotron SIS. This paper focuses on space charge effects 
arising in the stripper section at 1.4 MeV/u between a new 36 
MHz preaccelerator (under construction) and the existing 
Alvarez structures. 
In this section the charge states of incoming ions, having a 
mass-to-charge ratio of A/q < 65, are increased by stripping 
in a nitrogen jet to allow further acceleration at A/q < 8.5. 
The anticipated high current beam of e.g. 4 pmA uranium 
will experience considerable space charge forces, most 
severely after the charge state jump in the stripper (from 4+ to 
an average charge state of 28+ for uranium). 
The associated emittance growth has been studied for the 
present transport section, it was found to depend strongly on 
the underlaying particle density distribution. The amount of 
.useful' beam remaining within given emittance limits will be 
discussed. 

Introduction 

The goal to fill the SIS up to the space charge limit 
requires beam intensities of up to 15 em A (238U*+) in the 
UNILAC prestripper section. [1] The necessary replacement 
of the present Wideroe accelerator by a high current RFQ and 
two EH-type cavities will be realized in 1998. The beam 
transport at 1.4 MeV/u and matching from the exit of the LH-
tank to the gas stripper, charge state separation after stripping 
and matching to the existing Alvarez poststripper linac, all 
under space charge conditions, have been studied. 

Table 1: 

Mass 
Charge state 

Current 
Energy (v/c) 

Bunch frequency 

Phase width 

Energy spread 

Horizontal 
emittance 

Vertical 
emittance 

Relative space 
charge force (d) 

Parameters of stripper section for uranium 
Exit of IH Stripper to charge 

separation 
Entrance of 

Alvarez 
238 

4 
15emA 

28 (mean) 

105 ... 12.5 emA 

28 

12.5 emA 

1.4 MeV/u (0=0.054) 

36 MHz 

±6° (a) 

±0.2% (a) 

11 itmm-mrad 
(90%) (a) 

11 7r-mnvmrad 
(90%) (a) 

1 

36 MHz 

±25° (b) 

±1.7% 

50 

36 MHz 

±6° (c) 
±1.8% (c) 

15 jcmmmrad 
(c) 

22.5 7t-mmmrad 
(c) 

6 

(a) Present result of particle dynamics calculations in RFQ and IH 
(b) Chosen for low emittance growth 
(c) Upper limit, defined by the acceptance of SIS 
(d) For identical bunch dimensions 

As the present length of the stripper section may be 
maintained in the future, the study has to resolve if the 
existing installation, modified as shown in Fig. 1, is capable 
of high current operation. Emphasis is given to the study of 
emittance growth as the SIS poses limits; the acceptance of 
the poststripper Alvarez section is uncritical. Table 1 
summarizes the beam parameters at the IH exit, at the gas 
stripper and at the entrance of the Alvarez structure. 

UNILAC stripper section as studied for high current beam 
transport 

4720 mm 

D30 
D45 
DB 
DE 
DP 
CA 

D30 D 3 0 

30° bending magnet 
45° bending magnet 
Six gap debuncher (108 MHz) 
Emittance measurement device 
Diagnostics 
Charge analysis 

OD 
QT 
R 
s 
ST 

ALVAREZ 

Quadrupole doublet 
Quadrupole triplet 
Rebuncher (36 MHz) 
Steerer 
Gas stripper 

Fig. 1. Optical elements and beam diagnostic devices in the stripper 
section between IH2 exit and the Alvarez accelerator, 
including the gas stripper ST and the charge analysing 
system of four dipoles D30. 

The mechanical layout of the stripper section is shown in 
Fig. 1. Two quadrupole doublets and a six gap rebuncher 
(operating frequency 108 MHz) are provided to match the 
beam to the gas stripper. The charge separator is composed of 
four 30° bending magnets, charge separation is required 
between the second and third dipole at maximum dispersion. 
Transverse and longitudinal matching to the poststripper 
linac is done with a quadrupole doublet, a triplet and two 36 
MHz rebunching cavities. 

Matching to the gas stripper 

Due to the beam current jump in the stripper (e.g. 12 mA 
to 105 mA) the downstream section up to the charge analysis 
is heavely space charge loaded (see Table 1). By iterative 
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calculations reasonable beam properties at the gas stripper 
were found, which allow the beam passage through a 9 mm 
aperture, minimize emittance growth and account a larger 
growth value to the vertical plane as allowed by the SIS 
acceptances (Table 1). As a consequence a bunch width of 
±25° (36 MHz) at the stripper is demanded and beam waists 
are to be located before resp. after the stripper in the vertical 
resp. horizontal plane. 

7 

QD 

T/ro 6T 

DB 

m U „ « A P = 0 6MV 

QD 

40 T/m 41 T 

Gas jet 

^ N f 
^ ^ 
m 

Fig. 2. Transverse matching to the gas stripper, calculated with the 
code MIRKO. [2] Notations see Fig. 1. 

Fig. 3. Long, matching to the gas stripper, calculated for a KV-
distribution with PARMT. 

X' jnir«d] *E-2 T [<m«d] t - 2 dW/W[%] 

10 30 

DPHI (Gf ad] 

Fig. 4. Transverse KV- and longitudinal homogenous phase space 
distribution at the stripper position corresponding to the in-
and output beam parameters of Table 1. 

The envelope matching to the gas stripper including 
space charge forces is shown in Fig. 2. The required bunch 
length is obtained by transforming the beam to an energy 
spread of ±1.7% in the six gap structure with gap voltages of 

0.6 MV. Quadrupole strength up to 12 T are required due to 
the magnetic rigidity of the beam of 10 Tm. 

Emittance growth in this section is below 10 % for all 
planes and different particle distributions. A KV distribution 
remains virtually undistorted (Fig. 4). 

Charge separation and matching to the poststripper linac 

In the section from the stripper to the entrance of the 
Alvarez accelerator the electrical beam current is reduced by 
the charge state separation (from 105 m A 238U of average 
charge state 28 to 12.5 mA 238u28+). An exact modeling of the 
space charge effect in the separation process, not yet possible 
with existing tools, was approximated by a current jump 
before the second dipole magnet. The transverse and 
longitudinal beam envelopes are given in Fig. 5 and Fig. 6. 

Fig. 5. Transverse beam dynamics between the stripper and the 
entrance of the poststripper linac (notations as in Fig. 1). 

Fig. 6. Longitudinal beam dynamics between the stripper and the 
entrance of the poststripper linac. 

Growth of energy spread by space charge force after the 
stripper is obvious in the plot of the particle dynamics 
calculation. The bunchers are required to limit the initially 
large phase width growth and to produce short bunches at the 
Alvarez entrance. 

Emittance growth effects 

The charge separator is an achromatic system and the 
stripper gas jet density of 4(ig/cm2 is too low to induce 
significant energy or angular straggling. Therefore the 
emittance growth is dominated by space charge forces. 
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As an example the horizontal rms-emittance growth 
along the beamline is shown in Fig. 7, calculated with a KV-
distribution and a more peaked distribution (homogenous in a 
six dimensional hyperellipsoid folded with a Gaussian and cut 
at 3c) on the basis of particle-particle interaction. The 
apparent emittance growth by dispersion is compensated 
behind the magnet system, leaving the current and 
distribution dependent space charge effect. For low intensities 
the net emittance growth is zero. 

- KV-distribubon 

-Horn in a &<lhi. hyperdlipsoid with 
Gaussian superposition cut at 3s 

• Horn in a &<iwn hypertf lipsoid with 
Gaussian superposition cut at 3s, 1=0 

Stripper Posrstripper Linac 

400 600 
Z[cm] 

Fig. 7 The rms-emittance growth after stripping for three different 
distributions calculated by PARMT. 

Starting with different particle distributions, which all 
hold 90 % of the intensity in emittance areas as given in 
Table 1, the rms emittance values at the end of the stripper 
section have been calculated for the three phase planes. 

Fig. 8 is a summary of the results. Type 2 is a 
homogenous distribution in a six dimensional hyperellipsoid. 
The distributions 12 to 42 have increasingly intensified cores, 
which result in increasing emittance growths by up to a factor 
of 2 compared to the homogenous distribution. 

Fig. 8. Rms-emittance for different input particle distributions. 

In such a „peaked" distribution the electric field rises more 
steeply near the center than at the edge; this deviation from 
linearity causes „ears" of the distribution (Fig. 9), which 
increase the emittance areas. 

X[:«; Y [cm] DPK [DEC] 

Fig. 9. Results of multiparticle calculations for three different 
input distributions. 

More relevant for the injection into the SIS than the rms 
emittances is the intensity fraction remaining within the 
acceptances of the SIS listed in Table 1. Table 2 shows the 
fraction of beam intensities matching the requirements in the 
three phase space planes. For the not unrealistic distributions 
of type 42 the more prominent peaking of the particle density 
leads to less acceptability; however the loss of useful intensity 
is less than might be expected from the rms-emittance 
growth. 

Table 2 Fraction of beam intensities corresponding to the design 
emittances (see Table 1) 

Distribution 
Horizontal 

Vertical 
Longitudinal 

KV 
0.81 
0.82 
1.00 

Type 2 
0.90 
0.78 
1.00 

Type 42 
0.80 
0.72 
0.96 

Conclusion 

With respect to emittance growth a rather homogenous 
particle density in the bunch is favourable. Aside from 
attempting to achieve flatter distributions from the IH-
accelerator the activities concerning emittance growth will 
also cover a rigorous shortening of the very-high-current 
section, an increase of transverse beam size at the stripper 
position, analysis and optimization of the charge separation 
process and beam neutralisation in drift spaces. 
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HIGH-INTENSITY LOW ENERGY BEAM TRANSPORT DESIGN STUDIES 
FOR THE NEW INJECTOR LINAC OF THE UNILAC 
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GSI, PlanckstraBe 1, 64291 Darmstadt, Germany 

Abstract 

GSI will replace the Wideroe prestripper linac by an 
RFQ and IH-type accelerator presentiy under construction. The 
new prestripper linac should deliver beam intensities to fill up 
the heavy ion synchrotron SIS to the space charge limits for 
all ions. In case of uranium the new injector has to deliver 15 
emA U4+. One of the two existing ion-source terminals has 
already been rebuilt for installation of the high current sources 
of CHORDIS- and MEVVA-type. Therefore, investigations of 
high-current beam transport have been made in the existing 
LEBT. For that, additional beam diagnostic elements have 
been installed: beam transformers, emittance measurement 
devices, residual gas ion spectrometer. The measured beam 
properties, e.g. transverse emittance, degree of space charge 
compensation, support the design of the future LEBT. 
According to the various requirements two layouts of the new 
LEBT have been studied so far. 

Introduction 

To improve the high-current performance of the 
UNILAC for injection in the SIS the Widerôe prestripper 
accelerator will be replaced by an RFQ and an IH-type 
accelerator [1]. This requires also a redesign of the LEBT from 
the ion source to the RFQ entrance. For that, the following 
basic requirements on the beam dynamics have to be 
considered: High transmission for the high-current beam, 
preservation of the brilliance along the beam line, isotope 
seperation even for the heaviest elements, achromatic image 
and slope at the end of LEBT, transverse phase space matching 
to the RFQ, and insensitivity to space charge and energy 
fluctuations of the beam. 

The study of the future LEBT profits gready from beam 
investigations at the present beam transport system. 
Measurements of beam transmissions, transverse emittances, 
degree of space charge compensation, comparison of beam 
simulations with experimental data, etc. support the LEBT 
design considerably. 

In the first part measurements on high-intensity beams 
will be reported. Afterwards different layouts of a new LEBT 
will be discussed. 

Measurements on High-Intensity Beams 

The existing injection beam line between the high 
current ion source and the switching magnet has been equipped 
with additional beam diagnostic instruments as shown in 
Fig. 1. 

The beam transmission has been measured by Faraday 
cups and calibrated beam transformers. The transverse 
emittances have been measured by slit-collector systems. 

These measurements give information about the brilliance of 
the beam. Emittance growth along the beam line can be 
detected. Also profile measurements at different positions will 
support the evaluation of the beam simulation model. 

PIG - SOURCE 

,-3*C 

—— MEW A SOURCE 

D Dipoie magnets 
Q Quadrupole magnets 
DB1 Faraday cup 
DB2 Emittance measurement device. 

beam transformer 
DB3 Faraday cup, hor. slits, profile grid. 

residual gas ion spectrometer 
DB4 Emittance measurement device. 

beam transformer 
DB5 Emittance measurement device. 

beam transformer 

Fig. 1. Present low energy beam transport line. 

Space charge potential and build-up time of beam 
neutraliziation can be measured by a new residual gas ion 
spectrometer. Description of this system and first 
measurements will be reported in a separate contribution of 
these proceedings [2]. 

In Table 1 some representative results of emittance 
measurements are given for different ion species delivered from 
the high-current sources CHORDIS and MEVVA, the beam 
energy was 11.7 keV/u. The beam transfer from DB2 to DB4 
(see Fig. 1) was simulated with the ellipse transformation code 
MIRKO and the Monte Carlo code PARMT. 

Table 1 
Results of Emittance Measurements 

Ion species/ 
current (mA) 

20NeV 16 

"ArVIO 

He*/14 

He*/16 

58Ni2* / 4 

27AI2+ / 3 

Source 
type 

CHORDIS 

CHORDIS 

CHORDIS 

CHORDIS 

MEWA 

MEWA 

Locus 

DB2 
DB4 
DB2 
DB4 
DB2 
DB4 
DB2 
DB4 
DB2 
DB4 
DB2 
DB4 

ex (95%) 

(7t-mm-mra 
d) 
56 
56 
58 
59 
77 
84 
80 
84 
97 
92 
52 
46 

ey (95%) 

(7t-mm-mra 

d) 
54 
57 
67 
59 
74 
70 
74 
70 
90 
88 
52 
54 

Figure 2 shows results of beam dynamics calculations at 
different current levels. Measured emittances and computed 
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phase space ellipses at zero current coincide each other. 
Therefore, a high degree of space charge compensation can be 
stated. This result was also confirmed by beam width 
measurements behind the bending magnet where a very small 
horizontal beam size was adjusted at the mass separator slits. 
Figure 3 illustrates the big increase of beam width if the beam 
simulation includes space charge forces. The measured beam 
width agrees very well with the zero-current simulation. 

- 2 0 — 
• 2 m A 
• 1mA 
• 0mA 

Fig. 4. Transverse beam envelope calculations for 
mass spectrometer and a matching quadruplet 
RFQ. 

Z|m) 

the existing 
in front of the 

The layout of the complete LEBT including also the PIG 
source beam line is presented in Fig. 5. 

y /mm 

Fig. 2. Transverse emittances at DB4 calculated for different 
effective currents. 
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Fig. 3. Computed beam width at the spectrometer slits. 

The comparison of emittance areas listed in Table 1 
indicates that there is no evident growth between the diagnostic 
stations DB2 and DB4. This result is in full agreement with 
PARMT simulations (at I = 0), higher order effects arc 
included. 

Properties of the Existing LEBT 

The existing LEBT as shown in Fig. 1 has been studied 
for the use of high-intensity beam transport for the new 
injector. To match the beam to the RFQ acceptance it has to 
be partly rebuilt. Figure 4 shows the transverse beam envelope 
matched by four quadrupole magnets to the RFQ acceptance. 
The envelope is based on an emittance of 138 Jimmmrad in 
both planes, corresponding to the RFQ acceptance. 

The high current sources deliver beam pulses of 1-2 ms 
length and a repetition rate < 5 Hz for the heavy ion 
synchrotron. The PIG sources serve the low energy 
experimental area with a second beam of up to 6 ms length and 
a repetition rate of 50 Hz. For future time sharing operation 
laminated magnets are planned. 

RFQ 

Fig. 5. Mechanical layout of the studied LEBT, a shortened version 
of the existing LEBT. 

The 77.5° spectrometer magnet performs a mass 
resolution m/Am = 220. This allows the isotope separation of 
all elements which is necessary for many experiments and 
reduces the space charge forces in the following transport and 
accelerator sections. 

This LEBT is achromatic only in the way that particles 
of different energies coincide in a focus at the RFQ entrance 
but unfortunately with different angles. This is shown in 
Fig. 6. 

Emittance measurements directly behind the variable 
high voltage gap (DB1 in Fig. 1) turned out that the emittance 
areas are in the range of 70-90 Ttmmmrad at the new energy 
of 2.2 keV/u and have constant orientation. The acceptance of 
the LEBT and the RFQ of 138 Tt-mm-mrad allows therefore a 
certain emittance growth due to momentum spread or space 
charge of the beam. Investigations carried out with PARMT 
prove a possible momentum spread Ap/p < 5- 10"4 which is 
higher than the specified stability of the high voltage power 
supplies. Space charge forces at a current of 0.5 mA would 
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cause an emittance growths of about 70%, which would fill 
the RFQ acceptance completely. 

Investigations of the sensitivity for energy fluctuations 
show an effective emittance growth caused by chromatic 
aberrations of the magnetic quadrupoles. 

! ( 

0 2 4 6 8 Z[m] 

Fig. 6. Horizontal envelope for a beam with a momentum 
deviation of Ap/p = 0.001. 

Study of an Achromatic LEBT 

A new LEBT design was studied which should be doubly 
achromatic to prevent beam loss due to instabilities of the 
extraction and preacceleration voltage of the order of 10"3 due 
to current fluctuations. Furthermore, it should be capable to 
transport space charge dominated beam. 

The envelopes of the new transport system are presented 
in Fig. 7. A magnetic quadrupole triplet adapts the beam onto 
the achromatic deflector consisting of two 45° sector field 
dipole magnets with an intermediate quadrupole singlet. The 
dipole edges are vertically focusing. Two quadrupole triplets 
match the transverse emittances to the RFQ acceptance. 

Fig. 7. Beam envelope in a double achromatic system for a space 
charge force of 4 mA and dispersion trajectory for an 
energy deviation of 14%. 
Q: magnetic quadrupoles, D: dipole magnets. 

Mass separation was given up to the benefit of an 
effective space charge increase to 4 mA, equvivalent to a 
compensation degree of 75%. 

Multi-particle calculations for this LEBT were done with 
the PARMT code considering higher order effects. At an 
effective beam current of 4 mA a transmission of 100% is 
obtained with an emittance growths of 35% for the horizontal 
and respectively 31% for the vertical plane. So only 80% of 
the RFQ acceptance of 138 n-mm-mrad is occupied by the 
calculated phase space distribution. 

mrad 
, y 

Fig. 8. RFQ acceptance (dotted) and beam emittances for three 
energy deviations: 0, + 2.8%, - 2.8%. 

Figure 8 shows the transversal beam emittances for an 
energy spread of ± 2.8%. This value is by far higher than 
assumptions of the order of 10~3 for high-intensity beams. Fast 
intensity fluctuations which partly convert into energy spread 
are therefore not critical. 

Also fluctuations within a macropuls of ± 14% of the 
effective space charge current of 4 m A do not exceed the RFQ 
acceptance for fixed quadrupole settings. 

Conclusion 

The existing LEBT modified for high-current injection 
performs high mass resolution, is compact, and enables a low 
cost modification for high-current operation. The sensitivity 
for dispersion limits the energy spread to < ± 10~3. The space 
charge sensitivity needs a space charge compensation degree 
> 90%. 

The alternative LEBT design is doubly achromatic, and 
therefore insensitive to energy spread or fluctuation up to 
± 2.8%. Current fluctuations of ± 14% will be accepted by 
the LEBT and the RFQ. Even at a space charge compensation 
of only 75 % complete transmission can be reached. 

The low momentum resolution of this LEBT design 
allows only the separation of charge states. Further studies are 
going on to achieve the high mass resolution additionally. 
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Abstract 

The very small transverse beam sizes of the flat SLC 
bunches are 100-170 |im in the horizontal and 30-50 (i.m in 
the vertical near the end of the SLAC linac. Unexpectedly large 
transverse wakefield kicks were observed from the collimators 
in this region during 1995. Upon inspection, it was found that 
the 20 n.m gold plating had melted and formed a line of 
spherules along the beam path. To refurbish the collimators, 
an improved design was required. The challenging task was to 
find a surface material with better conductivity than the 
titanium core to reduce resistive wakefields. The material must 
also be able to sustain the mechanical stress and heating from 
beam losses without damage. Vanadium was first chosen for 
ease of coating, but later TiN was used because it is more 
chemically inert. Recent beam tests measured expected values 
for geometric wakefield kicks, but the resistive wall wakefield 
kicks were four times larger than calculated. 

1 Introduction 

To suppress background in the detector, collimators are 
used at the end of the SLC linac. The surface of these 
collimators were inspected in 1995 and the gold coating on the 
titanium jaws was found to be severely damaged. A dark 
1 mm wide stripe along the beam path was visible, which 
consisted of gold flakes and spherules of =250 (im diameter 
(Fig. 1). They were responsible for a 25-50 times larger than 
expected wakefield kick [1]. A new durable surface material for 
the coating was necessary with high conductivity to reduce 
resistive wakefields. 

Table 1 
Potential conductive surface coatings for titanium collimators. Ti# stands for Ti-6A1-4V. 

Material 

Ti* 
Cu 
Al 
Cr 
V 
Mn 
Ni 
Ti 
Au 
TiN 
TiC 

Z 

16.3 
29 
13 
24 
23 
25 
28 
22 
79 
14.8 
14.3 

X/P 

cm 

3.77 
1.45 
9.03 
1.7 
2.05 
1.6 
1.35 
3.35 
0.35 
3.87 
3.84 

T 
1 mell 

°C 

1650 
1083 
659 
1860 
1735 
1244 
1728 
1680 
1063 
2930 
3140 

R 
H-Q-cm 

175 
1.67 
2.83 
12.8 
24.8 
28 
7.0 
42 
2.44 
22 
60 

E 10'6 

psi 

16.5 
17 
10 
36 
18.2 
23 
30 
15.5 
11.3 
36 
8.0 

a 106 

oC-l 

11 
16.6 
25 
6.2 
8.3 
22.8 
13.3 
8.7 
14.3 
8.3 
7.4 

Ea 
psi 

°C' 

182 
282 
250 
223 
150 
524 
400 
135 
161 
300 

Ea/aUT 
10,oC' 

1.3 
8.8 
19.2 
18.6 
2.2 
7.3 
8.7 
1.5 
10.8 

k 
W / cm °C 

0.07 
3.9 
2.39 
0.92 
0.31 

0.84 
0.17 
2.95 
0.29 
0.21 

* Work supported by DOE, contract DE-AC03-76SF00515. 
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Fig. 1: Damaged collimator surface (stripe width =1 mm). The 
beam enters at the left, creating gold flakes and spherules. 

2 Coating Material for Collimators 

The core material for the collimator jaws is a titanium 
alloy Ti-6A1-4V, which best survives beam impact. The 
coating material requires a higher conductivity (Table 1, [2]). 

2. / Background Issues 

The surface material chosen initially was gold to give the 
particles scattered out of the core material additional dE/dx 
loss. This was a compromise between the desire to reduce 
background to the detector as well as resistive wakefields 
contributions and the known hazards of higher single bunch 
temperature spikes and resulting thermal shock waves. Since 
the linac collimators are 1.5 km from the interaction point and 
additional downstream clean up collimation exists, the high Z 
surface requirement has now been eliminated. 

2.2 Survivability 

With respect to survivability of the surface coating, no 
material is an obvious choice. But since the resistivity of Ti-
6A1-4V is about 70 times larger than gold (the resistive 
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wakefield kick would be V70 times larger), a material with less 
sensitivity (up to 10 times of gold) was needed. Nickel, 
vanadium, and TiN fall into that range. 

Nickel is somewhat ferromagnetic at the high frequencies 
of the short bunch, it is difficult to coat and its figure of merit 
(Ea /a U T ) is marginal, but it has the best resistivity (7 (i£2-
cm). Vanadium has a larger resistivity but sputters more easily 
onto Ti. Some collimator jaws were coated with vanadium, 
which is fine for dry air or vacuum. Unfortunately, it 
chemically reacts with water and presents handling problems. 
The final choice was TiN, a golden looking coating (e.g. on 
drill bits) with a resistivity of 22 (i.Q-cm. Not all of the 
material properties are understood (blank in Tab. 1), but a test 
with an electron arc welding torch showed good survivability 
for TiN. The hard coating might allow the phonon shock wave 
to penetrate to the Ti, while at a gold-Ti boundary it would be 
reflected [3]. 

3 Collimator Wakefields 

Collimator Shape and Kick Effect 

0 20 
z [mm] 

Fig. 2: Tapered collimator and a resultant wakefield 
The contour lines and projections of the incoming 
outgoing beam (solid) are shown. 

60 

kick of 3-oy 
(dashed), and 

The close proximity of the jaws to the beam (0.8-1.2 mm 
gap) will lead to wakefields. The following discusses different 
types due to their origin: geometric, resistive, and 
"granularity" wakefields with their linear and quadratic effects. 

3.1 Geometric wakefield 

The peak dipole component of the geometric wakefield for 
a round collimator (flat: 7^/8 larger) is [4] 

•4lnya^a> 

which is 2 )Jxad for N = 510 1 0 particles, a bunch length 
az = 1.25 mm, energy factor y = 90000, classical electron 
radius re, and a beam offset y equal to the pipe radius a. This 
has to be compared to a beam size ay = 50 [im, and an 
angular divergence ay' = l.Ofirad for an emittance yey = 
0.45 10"5m-rad and a betatron function value j3 = 50 m. 
These beam parameters are assumed throughout the paper. The 
effect of the kick is illustrated in Fig. 2. 

By rounding the edges (r = 9 mm) the geometric wakefield 
component of the tapered collimator (R = 10 m) is reduced by 
a factor of 2. This then gives an expected maximum dipole 
kick for our flat jaws of Ay'= 1.3 Urad. A 3ay' kick gives an 
emittance growth of about 30% and 5ay about 60%. 

The higher order component of the geometric wakefield was 
calculated with MAFIA [4] and the result divided by 2 for the 
rounded edges. This simulation agrees well with 
collimator scaling estimate fory' 

Geometric, Resistive Wakefield for V/TiN [a = 0.5, 1.0 mm, L = 80 mm] 

a round 

1 rrr, 
,7nri 

• i _ - l n q - r » ) 
r 

m=l 

round 
when rt=r2=n=y/a (see Fig. 3 dashed curve). 

The quadrupole wakefield near the axis of 
collimator is zero (for a round beam), but for a flat collimator 
it is about 1/3 of the dipole kick [5]: 

Ay'2 - 1/3 Ay'y/a 

0.4 0.6 
y/a 

Fig. 3: Geometric and resistive wakefield estimates. 

where y2 is the offset of a second (test) particle within the 
centered bunch. For a half-gap of a = 0.5 mm and a 
Ay' = 1.3 p.rad this results in a differential quadrupole kick 
over the bunch with a maximum which is about 20% of a 
typical magnetic quadrupole strength at the end of the linac. 
This effect is somewhat reduced since the x and y collimator 
jaws are close together and have usually similar gaps (5ax = 
800 urn, 10o"y = 500 Jim), and therefore cancel each other. 

3.2 Resistive wakefield 

The resistive dipole wakefield kick due to parallel resistive 
plates of length L is [6] 

ty = xreNU c 1/2 

with a maximum kick of 0.95 (Xrad (a = 0.5 mm, / = 1, and a 
conductivity a= 4 .1101 7 s'1 for TiN. 
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To get the higher order components, the term y/a has to be 
replaced by the following (with r = y/a): 

\_ 

K 

nr+smnr 

l+cosnr 

3.3 "Granularity" wakefield 

The wakefield due to the spherules was roughly estimated 
to be [7]: 

rtNL (y) 
4V7ta2Y<T,sla) 

Ay= 

where 25% of the surface is covered with spherules and g is the 
granularity (or corn size). Comparison to the resistive 
wakefield yields: 

, , , leer 

V a 
For g = 250 |im the resultant kick is about 50 times the 
resistivity kick from gold. This explained the large wakefields 
of the damaged parts. 

4 Experimental Results 

The collimators were set to a specific gap size 2a, and 
moved across the beam. The beam position monitor signals 
up- and down-stream were recorded to measure the kick, the 
beam loss and the incoming offset (Fig. 4). 

Collimator Transmission and Kick 
30 

20 
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z 10 
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Transmission (sigma_y = 60 urn) 
-H+* t l H I H H I I M I H I » 

t 
+ + ^ 

+* 
V 

+ • 

Wakefield Kick 
Exp.: o 
Fit: geo + 3*resi 

-1 -0.5 0 0.5 1 
y/a (a = 0.5 mm) 

Fig. 4: Beam transmission (+) and measured kicks (o). The solid 
curve shows the expected behavior including 3 times the expected 
resistive kick. 

Scanning with different collimator gap sizes allows 
distinction between the geometric and resistive wakefields. At 
wide gaps the geometric wake dominates, while at small gaps 
the resistive wakefield is bigger. By plotting the linear slope at 
ly/al«l versus Ma (a = half gap size) the geometric part 
should be independent of a, while the resistive part should 
grow quadratically (see Fig. 5). 

The expected and measured kicks for a = 0.5 mm are 
summarized in Table 2. The average kick over the beam from 
the form factor/ is 0.71 (geometric) and 0.78 (resistive). The 
40% bigger kick for the geometric part might be due to the 
uncertainty of the rounded edges. But the factor of 4 difference 
in the resistive part is so far unexplained. 

Center Slope of Collimator Kick 

Gold, 2mm off 

2 3 
l/a[l/mm] 

Fig. 5: Slope of the linear part of the wakefield kick versus Ma. 
The fit (solid) shows a kick about a factor of 4 higher than 
expected for the resistive wakefield. 

Table 2 
Collimator wakefield kicks in u.rad. 

Geometric 
Au 
V 
Au, damaged 

Expected 
0.92 
0.26 
0.74 
— 

Measured 
1.29±0.10 
1.12+0.06 
2.88+0.10 
11.6+0.4 

Factor 
1.4 
4.3 
3.9 

5 Summary 

The new collimators with TiN (and V) coatings have 
survived beam impacts. The wakefield kicks were reduced by a 
factor of four. The measured resistive wall wakefield kick is a 
factor of 3-4 larger than expected. 

References 

[1] K.L.F. Bane et al., "Measurement of the Effect of Collimator 
Generated Wakefields on the Beams in the SLC", PAC95, 
Dallas, May 1995, p. 3031. 

[2] D. Walz et al., PAC89, Chicago, SLAC-Pub-4965. 
[3] W. Stoeffle, LLNL, private communication. 
[4] K. Bane and P. Morton, Linac 86, SLAC, p. 490. 
[5] A. Piwinski, DESY-HERA-92-04, Jan. 92. 
[6] A. Chao, "Physics of Collective Beam Instabilities In High 

Energy Accelerators", J. Wiley&Sons, New York, 1993, 
chap. 2. 

[7] A. Chao, private communication. 

139 



Long-Range Wakefields and Split-Tune Lattice at the SLC 

F.-J. Decker, C.E. Adolphsen, R. Assmann, K. Bane, K. Kubo*, 
M. Minty, P. Raimondi, T. Raubenheimer , R. Ruth, W.L. Spence 

SLAC*, Stanford CA 94309, USA 

Abstract 

At the SLC, a train consisting of one positron bunch 
followed by two electron bunches is accelerated in the linac, 
each separated by about 60 ns. Long-range transverse 
wakefields from the leading bunch were found to cause up to a 
factor of three increase in beam jitter for the trailing bunches. 
Incoming jitter is efficiently damped by BNS damping, but 
excitations in the middle of the linac from sources such as 
long-range wakefields can grow in amplitude. To measure the 
wake function, the time difference between the positron and 
electron bunches was changed, determining the frequency and 
strength of the dominant mode contributing to the dipole 
wakefield. By splitting the horizontal and vertical phase 
advance, or 'tune', of the magnetic lattice, it was possible to 
decrease the resonant excitation from these wakefields and 
thereby reduce the jitter of the electron beam by a factor of 
two. 

1 Introduction 

Long-range wakefields cause beam break up in multi-bunch 
beams [1]. The NLC design has adopted the use of damped and 
detuned structures to overcome these difficulties [2]. In the 
SLC the problem is less severe since the e+and e" bunches can 
be individually steered due to their different beta-functions. 
However positron jitter translates via transverse wakefield 
kicks into electron jitter, and a positron orbit change (arising 
e.g. from orbit oscillations for emittance reduction [3]) will 
also change the electron orbit. The magnitude of these effects 
were measured by kicking the positron beam in the ring-to-
linac beamline (RTL) and measuring the orbits for both beams 
in the linac. Observations and experiments are discussed, 
which led to a cure for the jitter. 

2 Operational Observations 

Several indirect observations indicated that the dominant 
beam jitter in the vertical plane for electrons was due to long-
range transverse wakefields from the positrons. Large electron 
y jitter, amplified along the linac about 6 times more than 
expected from the short-range wakefields [4], e+/e" jitter 
correlation, x/y jitter correlation, and the fact that the electron 
jitter was reduced by a factor of two if the positrons were not 
present, all were noted. While beam loading changes with 
positron intensity was a possible explanation, the long-range 
transverse wakefield hypothesis was confirmed in the 
following experiments: 

a) kick the positrons in the RTL to induce a large oscillation 
in the linac, measure the electron orbit shift, 
b) change the positron-electron bunch separation and look for 
changes in the amplitude response. 

3 Oscillation Experiments 

Figure 1 (a) shows an example in which the positron 
bunch is kicked in the RTL. A large excitation of the electron 
bunch in the linac results (b). For a 1 mm oscillation with 
3.31010 particles in the positron bunch, the amplitude is 
250 u.m in electron x, and 500 u.m in electron y. The 
positron oscillation is seen to decohere to 100 .̂m at the end 
of the linac. 
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Fig. 1: (a) A positron oscillation in the SLC linac kicks the 
electrons via long range transverse wakefields, (b) for the design 
lattice, and (c) the new split-tune lattice (compare Section 6). 

Orbits were also measured for different e+ and e" bunch 
spacings, necessarily adjusted in steps corresponding to -2 , - 1 , 
0, and +1 S-band buckets, or 0.35 ns intervals. The electron 
oscillations are locally 90° out of phase with respect to the 
positron oscillations, as expected if they are driven by the 
latter. Their amplitude varies in sign and magnitude with the 
positron bucket. Figure 2 shows the measured signed 
amplitude vs. bunch spacing fit to a single mode (see 
Section 5), which is thus determined to have a frequency of 
4141.7 MHz and amplitude of 350 jam for a 1 mm 
oscillation with 3.3-1010 positrons. Shifting the frequency to 
4144.5 MHz (dashed curve) would zero the wakefield at the 
operation separation of 59.0 ns. Early in the history of SLAC 
[2], cells 3, 4, and 5 following the input couplers in selected 
accelerator sections were 'dimpled' to raise the modes by either 

* Visiting scientist from KEK. 
' Work supported by DOE, contract DE-AC03-76SF00515. 
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2 or 4 MHz. Therefore implementing such a frequency shift 
appears to be feasible. 
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however, contain information about the offsets between the 
positron trajectory and the accelerating structure, including 
structure misalignments. Preliminary studies aimed at 
isolating structure misalignments from bucket shift data have 
demonstrated the need for further work before the technique can 
be applied to practical alignment problems. 

5 Theoretical Estimates 

Figure 4 shows the dipole wakefield for the SLAC linac 
structure, calculated using a two-band circuit model [5]. 
Although the lowest dipole mode has the strongest kick factor 
of the structure by at least a factor of two, there are about 50 
modes of similar strength that span 4140 MHz to 4320 MHz. 
These modes rapidly decohere for increasing bunch separation 
up to 10 ns, after which they partially recohere, exhibiting 
various beating patterns. 

Fig. 2: The average kick in amplitude and sign is plotted versus 
the time for the different positron buckets. The solid curve has a 
frequency/ = 4142 MHz while / = 4144.5 MHz for the dashed 
curve. 

4 Static Bucket Changes 

In addition to communicating jitter from the leading 
positron bunch to the following electron bunch, the long-range 
wakefield will be excited to the extent that the average steered 
positron trajectory is offset in the accelerator structures. This 
'static' long-range wakefield effect is manifested when the 
distance between the positron and electron bunches is changed. 
Figure 3 shows the measured trajectory shift due to a shift in 
the positron-electron separation by one S-band bucket. The 
positron orbit shift reflects beam jitter and position monitor 
noise, while the electron shift is clearly an oscillation driven 
by the static positron wakefield. Its 150 |im peak amplitude is 
large compared to the 20 u,m expected from a single 12m 
long structure offset by 1 mm. 

1000 2500 3000 

s[m] 

Fig. 3: Difference orbit in the electron beam by moving the 
leading positron bunch by one bucket. 

Static long-range wakefield effects are not very important 
for the SLC operation, since they can be steered out. The 
measurements of the static e deflections due to bucket changes 
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Fig. 4: Theoretical calculation of the transverse wakefield vs time 
for the lowest dipole modes of the SLAC structure. 

In the neighborhood of 59 ns, where the SLC normally 
runs, a single frequency with an amplitude W± = 
0.13 V/pC/mm/m dominates. This is relatively weak 
compared to the short-range wakefield which peaks at 
W± = 5 V/pC/mm/m, and averages W± = 0.9 V/pC/mm/m 
over a 1 mm (rms) bunch. In addition, non-cylindrically 
symmetric external loading gives a damping factor ve, different 
in x and y. For our regime w, = 0.85 and wx = 0.45, since the 
input couplers are oriented horizontally. A 1 mm oscillation 
extending over 500 m of a bunch with 3.5-1010 particles 
induces an oscillation with a peak transverse momentum 
eVv= 1/2 Wy (500 mm-m)(5.6 nC) wy= 155 keV/c. For a 
8 GeV beam this corresponds to an angle of 20 pj-ad, and for 
/3 = 20 m a peak position offset Ay = 400 |im, in agreement 
with measurements (Fig. 2). 

6 Split-Tune Lattice 

In a simple FODO lattice, the long-range wakefield 
produced by coherent betatron oscillations in a leading positron 
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bunch will resonantly drive betatron oscillations in a trailing 
bunch. Despite their opposite electric charges, both bunches 
see the same magnetic lattice (offset by one quadrupole), and 
hence have identical free betatron frequencies. The resonance is 
easily alleviated, however, by using a less symmetrical 'split-
tune' lattice in which 'focusing' and de-focusing' magnets are 
given different absolute strengths. The betatron phase advance 
in the x and y planes for a particular charge differ, and are 
interchanged for the opposite charge. 

A phase advance difference A(Ai//) between the two bunches 
accumulated over some length of the linac will inhibit the 
growth in the trailing bunch's oscillation amplitude 
by-N/2(l-cos[A(Ay/')]/l A(Ay)l relative to perfect resonance. 
Thus A(Ay) = 218° is required for a factor of 2 reduction, 
262° for a factor of 3, and 885° for a factor of 7.8. The 
corresponding F-D magnet fractional strength difference to 
produce a unit (small) phase advance split, 1/2 cos [(A y + 
AvOcei/4] for thin quadrupoles, is typically 0.617%/°/cell (for 
an average 907cell lattice). 

A split-tune lattice was implemented in the first half of the 
SLC linac—more precisely in Sectors 2 through 16, 
comprising 79 FODO cells. 31 cells (sector 2, 3, and 4) had 
had nominal 90°/cell phase advance in both planes, and the 
remaining 48 had had 76°/cell. The new lattice has 31 cells 
with average Ay , B 95°, and Ay/;v = 91°, and 48 cells with 
Ay/, = 81°, and Afv = 69°, all as seen by electrons. Thus 
the absolute accumulated phase advance difference between 
electrons and positrons, in both planes, is 680°. 

The choice of 'sign' for the split, i.e., the fact that the 
positron >• plane phase advance is the larger, was made on the 
basis of its implications for intra-bunch (short-range) wakefield 
effects. An essential component in the control of the latter in 
the SLC is BNS damping [6], in which a systematic energy 
variation along the bunch, in conjunction with phase advance 
chromaticity, inhibits the resonant excitation of oscillations in 
the tail of the bunch, and partially compensates the short-
range wakefield phase shift. Since the vertical jitter sensitivity 
is the greater, the positron jitter has tended to be worse than 
the electron, and a reduction in the former leverages a reduction 
in the latter, the chosen split direction favors positron vertical 
phase advance chromaticity. The beam envelope (beta-function) 
is little affected by the asymmetry in 'focusing'. 

Figure 1 (c) shows about a factor of 3 less e+ to e" 
coupling. This reduced the rms jitter by about 30% in y from 
75% to 50% of av, and 15% in x from 40% to 35% of crx. (see 
Fig. 5). 

Fig. 5: Jitter reduction after the introduction of the split-tune 
lattice. 

7 Conclusion 

The static effect of long-range transverse wakefield kicks 
from positrons to electrons were measured, but they can be 
generally tuned out. However a jittery positron beam has 
caused an even higher electron jitter. The split-tune lattice has 
helped to reduce that effect below the natural jitter of the 
electron beam. 
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Abstract 

The pulse-to-pulse behavior of the beams in the SLC linac 
is dominated by wakefields which can amplify any other 
sources of jitter. A strong focusing lattice combined with BNS 
damping controls the amplitude of oscillations which 
otherwise would grow exponentially. Measurements of 
oscillation amplitude along the linac show beam motion that 
is up to six times larger than that expected from injection 
jitter. A search for possible sources of jitter within the linac 
uncovered some problems such as structure jitter at 8 to 
12 Hz, pump vibrations at 59 Hz and 1 Hz aliasing by the 
feedback systems. These account for only a small fraction of 
the observed jitter which is dominantly white noise. No source 
has yet been fully identified but possible candidates are dark 
current in the linac structures (not confirmed by experiment) or 
subtle correlations in injection jitter. An example would be a 
correlated x-z jitter with no net offset visible on the beam 
position monitors at injection. Such a correlation would cause 
jitter growth along the linac as wakefields from the head of the 
bunch deflect the core and tail of the bunch. Estimates of the 
magnitude of this effect and some possible sources are 
discussed in this paper. 

1 Introduction 

After the sawtooth instability [1] in the damping rings of 
the Stanford Linear Collider (SLC) was fixed (reduced) by 
changing the impedance of the vacuum chamber [2], the 
current in the linac could be raised from about 31010 to 
3.51010 particles per bunch in the 1994/95 run. This resulted 
in an enormous amount of transverse beam jitter of Ay/oy -
0.6-0.8. Many correction schemes for measuring the beam 
properties evolved, but some reduction in e" jitter was achieved 
by splitting the phase advance to generate a decoherence in the 
long-range wakefield excitation [3]. The jitter still remained 
big and besides some distinct frequency lines [4], the jitter is 
coming from a white noise source which grows by a factor of 
up to six in the linac [5]. Possible candidates were: (a) dark 
currents in the structure exciting transverse kicks (this could 
not be confirmed), and (b) higher order jitter effects. Under this 
term we understand, that the whole jitter is already fully 
developed, but hidden at the beginning of the linac. The easiest 
understanding would be an x-z correlation jitter, where the head 
and tail distribution cancels the jitter in the beginning but it 
develops an x jitter down the linac due to the wakefield of the 
offset head particles. Another type of 'hidden' injection jitter is 
due to bunch length variations, which would change the linac 
transport properties. In the sections that follow we discuss 

those two sources of hidden jitter after reviewing the 
characteristics of the linac jitter growth. 

2 Correlated and Uncorrelated Jitter 

By launching a betatron oscillation and looking at the 
amplitude and phase down the linac, one can measure the 
effective Rl2 s and their determinant. Transverse wakefields and 
BNS-damping change the behavior compared to the model 
lattice. 
Since the jitter could be partly visible and partly hidden, the 
complex correlation of (x, x') in the beginning with (x, x') at 
the end could uncover some of that higher order jitter. But 
there was still the biggest factor uncovered (see Fig. 1). 
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Fig. 1: Measured correlated and uncorrelated jitter development in 
the linac. While the correlated part (dash) shows the expected jitter 
profile (up and then down), the uncorrelated part (dash-dotted) 
grows steadily. 

3 Definition and Examples of Higher Order Jitter 

Under the definition of higher order jitter we would like to 
understand any jitter, which is fully present, but hidden at the 
beginning of a system (e.g. linac) and gets only altered, 
amplified, or uncovered in that system. No other source in that 
system (linac) should be counted to "higher order jitter", it is 
only the hidden, incoming jitter. 

An example is a jittery x-z correlation at the beginning of 
the linac. Compared to the normal transverse jitter, which puts 
the whole bunch to an offset <Ax> * 0, it puts the head and 
the tail to opposite directions Axhili = -A*uj l so that 
<Ax> = 0. The development in the linac is shown in Fig. 2. 

* Work supported by DOE, contract DE-AC03-76SF00515. 
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cornes off-crest (+ or -) from the center part of the burst. 
Signal Splitting and two ADC at 0 and 1.375 u.s would give 
the whole information. 

Fig. 2: The normalized jitter in the linac is not constant for high 
current, but can grow or damp depending on the BNS damping 
setup. A typical SLC behavior is shown at the top (N = 0), while 
a higher order jitter (N = I, bottom) is invisible with a normal 
BPM at the beginning, but then grows to the same amplitude. 

The jitter amplitudes at the beginning were chosen that 
there is a 60% jitter (Ay/ay) at the end for all cases with a 
normalized emittance of 3-10"6 m-rad and 3.5-1010 particles per 
bunch. The necessary initial jitter scales like 

aJiz) = 20 \im(z/o.fl2N. 

One source of such a jitter is a bunch length change A<x in 
the damping ring, which creates an energy spread change AE/E 
in the bunch length compression systems. If, additionally, r\, 
r\ ' or their higher order terms (TM, C/i666) are not exactly zero, 
a higher order transverse offset change is introduced. A linac 
bunch length change is also visible as higher order jitter [6]. 

4 'Weak' Sawtooth Instability 

Since the 1993 vacuum chamber upgrade of the damping 
rings, the turbulent microwave instability (called sawtooth 
instability in the SLC [1]) has changed its character from 
strong (r andçwnodes couple) to weak (only radial modes 
couple) [7]. The sawtooth amplitude was reduced and the 
diagnostic signals went down below the detectable level. 
Therefore it took about one year till a small correlation of the 
linac jitter with some sawtooth signal could be found [9], 
Since then major work and considerable progress had been 
made on the signal processing, so that the 180 kHz signal of 
one bunch can be studied in amplitude and phase (Fig. 3). 

Measuring the signal with a gated ADC over a short gate 
(ns) it is possible to correlate it with BPMs or other devices in 
the linac. There are two effects which reduce the correlation: 
1. The timing must be right; a big correlation at one time 
setting of the gated ADC gives a negative correlation 2.75 u.s 
later, and none at 1.375 u.s. 
2. Even the biggest correlation is suppressed due to the bursts; 
a medium gated ADC value can come from the crest of the 
180 kHz signal of the rising or falling part of the burst, or it 

180 KHz Sawtooth Bursts before Extraction 
0.15 

Time [ms] 

Fig. 3 Eight "sawtooth" bursts happen in about 8 ms. Here three 
are visible just before extraction (spike). The burst can or cannot 
happen at extraction time. 

5 Measurements 

An ensemble of 512 beam pulses at 120 BPMs (about 1/2 
of the linac), the bunch length, the sawtooth signal and some 
other parameters was studied. The correlation factor (mean 
subtracted) 

< xy> 

4<x2 >v<>'2 > 
between the sawtooth ADC signal and y-data from a BPM at 
the end of the linac was measured to be r = 0.64, which 
means that at least r2 = 0.41 of the whole jitter power is 
coming from the sawtooth. This is a much bigger single 
source than 30 water pumps generating 59 Hz (0.1 of power) 
and 8-10 Hz due to water turbulence and quad support (0.2 of 
power). 

The correlation development down the linac is shown is 
Fig. 4. The x component shows a behavior of a higher order 
jitter, while the y is slowly decreasing. The last point with 
less jitter is after the collimators. 

There was also a correlation of the sawtooth signal with 
the bunch length which jittered by 10% (AfX/c.) with 
r = 0.62 (39% of power spectrum), see Fig. 5, and only a 
small correlation with the current jitter r = 0.31 (10% of 
power). 

By exciting a bunch length oscillation about 1 ms before 
extraction, the sawtooth amplitude at extraction was much 
reduced and less frequent. This resulted in a reduction in linac 
jitter of 30%, which is somewhat more than expected if all the 
correlation could be reduced: 
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This suggests that some of the correlation was reduced, which 
could be the mentioned amplitude/phase ambiguity of the 
sawtooth signal or a not perfect timing setup of the gate. 

Sawtooth - BPM Jitter Correlation 

1000 1500 2000 2500 3000 
Linac z [m] 

Fig. 4: Sawtooth to jitter correlation versus z in the linac (x: 
solid, y: dashed). 
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Fig. 5: Linac bunch length jitter versus sawtooth signal. 

5 Summary 

Hidden, incoming jitter or "higher order jitter" can have big 
effects in the linac due to the high currents and wakefields. A 
source from the damping ring (sawtooth) has been identified to 
be a good example of such a hidden jitter. It could be 
substantially reduced. 

145 



THE BROWN-SERVRANCKX MATCHING TRANSFORMER FOR SIMULTANEOUS 
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Abstract 

The issue involved in the simultaneous matching of H + 

and H" beams between an RFQ and DTL lies in the fact that 
both beams experience the same electric-field forces at a given 
position in the RFQ. Hence, the two beams are focused to 
the same correlation. However, matching to a DTL requires 
correlation of the opposite sign. The Brown-Servranckx [1] 
quarter-wave (A / 4 ) matching transformer system, which 
requires four quadrupoles, provides a method to 
simultaneously match H+ and H~ beams between an RFQ 
and a DTL. The method requires the use of a special RFQ 
section to obtain the Twiss parameter conditions Px = py and 
ax = ay = 0 at the exit of the RFQ [2], This matching 

between the RFQ and DTL is described below. 

X/4 Matching Transformer 

Figure 1 shows the two-quadrupole- A/4 matching 
transformer with an additional quadrupole placed at each end to 
produce the appropriate Twiss parameters to match to the 
FODO lattice of the downstream DTL. This 4-quadrupole 
transport section will transform a beam with Twiss parameters 
Pxi = Py\ a n d «xi = ~a

y\
 t 0 a beam having Twiss 

parameters Px2 = Py2 and ax2 = -ay2. The middle two 
focusing elements plus the three drift lengths comprise the 
A/4 - (quarter wave) transport. Quadrupole Qi, placed where 
Px=Py and ax = -ay, adjusts a while preserving the 
condition ax - -ay and is used to adjust the beam size at Q2 
while the quarter wave transformer preserves the condition 
Px = Py and ax =-ay. Quadrupole Q2 is used to obtain the 

final desired a while again preserving the condition 
ax=-ay. 

Because of the time varying nature of the RFQ, the //"* 

and H~ beams have the relationship ax(ff
+) = ax{H~), and 

ay(H
+) = ay(H~) at the exit of the RFQ; but, in a dc 

quadrupole channel, the matched beam satisfies 

ax(H
+) = a (H~) and ay(It) = ax(fr). By setting 

"Work supported by the U.S. Department of Energy 

ax = ay = 0, for both H+ and H at the end of the RFQ, 

the Brown-Servranckx [1] matching transformer can be used 
for matching. 

RFQ 

L/2 172 

DTL 

A74 

Fig. 1. The Brown-Servranckx matching transformer used to 
match a beam from an RFQ to a DTL. 

The quarter-wave transport matrix, R^4, is (the sign of 

the focal length depends on the charge of the hydrogen ion) 

RX/A ~ 

(1) 

[1 -1 
2 

0 1_ 

" 1 0" 

1 , 
±— 1 

"1 L 

0 1 

1 0" 

1 
+— 1 

[l "I 2 

0 1 

T2 \ 

If 
L_ 

f 

+ — 2 1 r 
/ 4 / 2 

If) f -— l 1 - ^ ! * -

which, in terms of the phase advance per period, a, and the 
Twiss parameters, is 

R %/4 

cos/i + a sin p. /?sin/i 

(2) 
-ysm/u co s / i - a sin/i 

Equation (2) for the quarter wave transport system is 

a p~ 
R •1/4 (2a) 

v-y a-

where n = 90°. This condition is achieved in Eq. (1) when 
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If (3) 

which determines the focal length, / , of the inner two 
quadrupole lenses given the lens separation, L. 

We require a transport matrix that preserves the condition 
-a The Twiss parameter map for any matrix R is 

(P^\ 

\y2J 

ft R-

(-RUR2\)
 R]}R22 + R\ 2-̂ 21 ( " ^ n ^ ) 

w 

i?2] (— 27?2ji?22J i? 22 

•(4) 

\Y\J 

The matrix elements in parenthesis change sign in going from 
the x-plane to the y-plane. The other elements do not change 
sign. For fix} = pyl and axl =-ayl, then px2 = Py2 and 

This is achievable with the quarter-wave a . V 2 -

transport system because the diagonal matrix elements Ru 

and R22 change signs between the x- and v-planes while the 
off-diagonal matrix elements Rn and R2l do not change. 

The quadrupole lenses placed at the beginning and end of 
the quarter-wave transport preserve the condition ax = -ay. 
The transport matrix elements for a single lens, 

R = 
1 0 

(5) 

±Vf 1. 

when substituted in Eq. (4), gives 

\72J 

1 0 0" 

+Vf l o 

l / /2 + 2 / / 1_ 

(fh\ 

« i 

\YJ 

(6) 

When Pxl=Pyl and axl=-ax, then Px2=Py2 and 

«x2=-ay2-

There are limitations to the degree of magnification that 
can be achieved by this transformer. The Twiss parameter p2 

has a minimum value equal to R-n/Pi • For details of this 
and other useful insights to beam transport, see Ref. 1. 

If the transverse focusing per unit length is identical at 
the output of the RFQ and the input of the DTL, the quarter-
wave transport can be eliminated. Also, if in addition to the 
above condition, ax = ay = 0 at the RFQ output, a single 
magnetic quadrupole can be used to obtain the appropriate 
matching ( ax = -ay) of both H+ and H~ beams into the 

DTL. 

References 

[1] K. L. Brown and R. V. Servranckx, "First- and Second-
Order Charged Particle Optics," SLAC-PUB-3381, July 1984. 

[2] K. Crandall, "Ending the RFQ Vane Tips with 
Quadrupole Symmetry," 1994 Linac Conference, Tsukuba, 
Japan 

Discussion 

The Brown-Servranckx transport system is straight 
forward to tune. Given a circular beam at the location of 
quadrupole Qi in Fig. 1, the focal length of the middle two 
quadruples is adjusted to produce a circular beam at the 
location of quadruple Q2 giving a quarter wave transport 
between Qi and Q2. Quadrupole Qi is then adjusted to give 
the proper beam size at the location of Q2 (giving p2). 
Finally, quadrupole Q2 is adjusted so that the beam size is a 
constant after each FODO cell of the DTL (giving the correct 
a2). 
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Abstract 

A bunched beam from an accelerator can excite and power 
an rf cavity which then drives either a deflecting or focusing 
(including nonlinear focusing) rf cavity with an amplitude 
related to beam current. Rf power, generated when a bunched 
beam loses energy to an rf field when traversing an electric 
field that opposes the particle's motion, is used to drive a 
separate (or the same) cavity to either focus or deflect the 
beam. The deflected beam can be stopped by an aperture or 
directed to a different area of a target depending on beam 
current. The beam-generated rf power can drive a radio-
frequency quadrupole that can change the focusing properties of 
a beam channel as a function of beam current (space-charge-
force compensation or modifying the beam distribution on a 
target). An rf deflector can offset a beam to a downstream 
sextupole, effectively producing a position-dependent 
quadrupole field. The combination of rf deflector plus 
sextupole will produce a beam current dependent quadrupole-
focusing force. A static quadrupole magnet plus another rf 
deflector can place the beam back on the optic axis. This 
paper describes the concept, derives the appropriate equations 
for system analysis, and gives examples. A variation on this 
theme is to use the wake field generated in an rf cavity to cause 
growth in the beam emittance. The beam current would then 
be apertured by emittance defining slits. 

Deflector System 

Figure 1 shows the concept in a system designed to 
aperture a high current beam. The RF generator and deflector 
are conceptually shown as two units. The beam deflection 
angle is proportional to the beam current This deflection 
becomes a displacement at the beam collimator. Permanent 
magnet non-linear focusing magnets can enhance the operation 
of the RF deflector. 

Beam Interaction with an Rf Field 

In this section, a differential equation describing the rf 
field generated in a cavity excited by a bunched beam is derived 
and solved. This differential equation depends on the energy 
deposited in the cavity by the beam and the energy lost in the 
cavity due to resistive wall losses. We consider a TMrjio 
mode single-cell cavity (DTL type) where the electric field is 
along the beam direction and is concentrated on the axis of the 
cavity between the drift tube noses. 

RF Generator 
Low Beam Current 

Beam Pulses Beam Aperture 

RF Deflector I 
Single Unit A 

RF Generator 

RF Deflector 

Nonlinear Focusing Magnet 

High Beam Current 

Beam Pulses Beam Aperture 

0 * 

^ 

ingle Unit 3 
Nonlinear Focusing Magnet 

Fig. 1. RF Deflector Concept. 

The bunched beam from the accelerator drives a cavity that 
produces rf power which then drives a beam deflecting cavity. 
The deflecting cavity could be followed by nonlinear magnets 
and then phase-space defining apertures to remove the deflected 
beam. 

Work done against the rf electric field by particles 
traversing the gap adds energy to the rf field. This gain in the 
field energy, AUP, due to one particle is 

z . / 2 

At/p = J eEg cos(û)f + (p)dz 

" z « / 2 

where 

(0 In 
V jiA 

(1) 

(2) 

e is the charge on an electron, Zg is the gap length, Eg is the 
gap voltage, a> is 2re times the rf frequency, j3 is the velocity 
of the particle with respect to the velocity of light, X is the 
free space rf wavelength, v is the particle's velocity, t is time, 
and cp is the rf phase when a particle enters the gap. 

Assuming that the change in particle energy in crossing 
the gap is small compared to the particle's kinetic energy and 
treating v as a constant, Eq. (1) is integrated to obtain 

AUP = eE0TJll cos (p 

where, E0 is an average field strength defined by 
(3) 

EgZg = E0pX (4) 

Work supported by the U.S. Department of Energy 

and T is a transit time factor. The transit time factor is defined 
as 

148 



: sin -
(SX px (5) 

Equation (3) gives the energy gain in the rf electric field 
due to one particle crossing the rf-gap. 

Beam Bunch Rf Energy Gain 

The individual charges in a beam bunch enter the rf-
cavity at different phases <p. The phase distribution of the 
particles is described by the function p(<p). The total charge 
per beam bunch is 

(6) 

Let, 

AUB = 
average rf field power gain 

beam bunch 

be the energy deposited in the cavity by a complete beam 
bunch, and use Eq. (3) to obtain 

AUB - E0TpX ïp(ç)cos(<p)d(p (7) 

The integral in Eq. (7) can be defined in terms of a 
dimensionless charge-distribution form factor as 

F = — \ p((p)cos((p)d(p . (8) 

The value of F is less than 1 (it is equal to 1 for a 5 function 
distribution). This form factor is rather insensitive to beam 
bunch length. For example, assume that p(ç) is described by 
the rectangular distribution 

p(<p)={ 0 
-<p0 <(p<(p0 

otherwise 
(9) 

where cp0 >
s the phase extent of the distribution. Then, 

F=sin(<p0)/<p0 . (10) 

When (p0 = 0, F = 1, and when ç0 = iz/2 (severe debunching), 
F = 0.64. Equations (24) and (25) (derived below) show that 
the maximum-generated electric field scales as F. We see that 
the rf-electric field is somewhat insensitive to significant beam 
debunching. 

Let Vj equal the total rf field energy in the cavity. The 
rf electric field will scale as the square root of Uj. Combining 
Eqs. (7) and (8) and defining the constant kj as 

*i = EoM 
1/2 

gives 

AUB = qkJpXFU? 1/2 

(11) 

(12) 

The constant kj depends on the electric field distribution in the 
cavity and is a function of the cavity geometry. We will later 
assume a model for the electric field distribution that will 
permit a rough calculation of kj. 

Resistive Wall Losses and Q 

Equation (12) gives the rf field energy gain due to one 
beam bunch crossing the rf-cavity gap against the rf electric 
field. There are power losses in the cavity due to the finite 
resistance of the cavity walls. This power loss can be 
determined from the Q of the cavity defined as 

Q = a>UT/WL (13) 

where Wi is the average rf power loss per unit time. The rf 
energy loss in one rf cycle (time T = 2%l(ù) is then 

(O (Û 

RF Time Dependent Field Equation 

The change in total rf power per time is 

JT AUB WL 27t/0) AUT __ AUr 

At In/œ 2K/CO 2n/co 

Using Eqs. (12), and (13) gives 

dUT (OqkJfiXF uV2 to 

dt 2n T Q T ' 
(15) 

Equation (15) is easier to solve if E0 [from Eq. (11)] is 
substituted for Uj- Equation (15) becomes 

' " %• (16) 
dE0 _ cogktTpXF a 

dt 2n Q " ' 

Assuming that the rf power is zero when t = 0, Eq. (16) can be 
integrated to give 

Qqk*TpXFu __my2Q 

2n 
(l-e-°*2Q) (17) 

The charge per beam bunch, q, can be calculated from the 
instantaneous average beam current, /, and is 

q-2idl(û . 

Substituting Eq. (18) into (17) gives 

£n - En •M-
-ax/221 

where 

QlkfTpXF 
0) 

(18) 

(19) 

(20) 
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Relationship Between RF Electric Field and RF 
Power 

A crude estimate of kj can be obtained by assuming that 
most of the rf electric field is concentrated between the drift-
tube noses and is a constant. The maximum stored energy in 
the electric field can be calculated and related to Uj to give kj. 
The value of Uj calculated from the electric field is 

UT=^\E
2dV^E2nR2Zg 

2 J 2 

Solving this equation for Eg and using Eq. (4) gives 

\V2 

Eo = 
2Z„ 

2 f l 2 i2 e07zR?pzX 
Vf 

Comparing Eqs. (11) and (22) gives 

f 2Z. ^ 
*i = 2 f t 2 i 2 e0nR;pzl 

(21) 

(22) 

(23) 

Equation Summary 

Combining Eqs. (4), (11), (13), (20) and (23) give 

2QITFZ. 

CO£07cRgPA. 

2QITF 

= max. average electric field, 

(OS07tR. 
= max. gap electric field, 

UT 

and 

W, 

2Q2I2T2F% 
= =—- = max. total rf energy, 

CO £07lRL 

(24) 

(25) 

(26) 

2Ql2T2F2Z, 
=—- = max. rf power loss / t ime . (27) 

coe0jrR: 

<Po 

AP±= \eEcos{cx)dt = 
2eE sin < 

CO 
-<Po 

The deflection angle 

X'=APJP„. 

(29) 

(30) 

For E = 0.57 MV/m, <t>0 = n/2 (complete rf half cycle), 5 
rf deflection cavities (each of length fil/2 = 0.68 m), and an 

800 MeV beam, we find that X' = 10"3 radians. This will 
produce a deflection of 1 cm in 10 meters. Given this same 
geometry, a 10 mA beam will have a deflection angle of 10"2 

radians and will be deflected 10 cm. 
There are issues to be addressed if this system is to be 

used for limiting beam current for personnel safety. These 
include: sensitivity of the rf cavities to detuning, possible 
long term degradation in cavity Q due to oxidation of cavity 
surfaces, determining the envelope of off-nominal linac 
operational parameters that will cause the beam to sufficiently 
debunch so that the rf deflection system will no longer work, 
and rf cavity conditioning. 
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Examples 

We calculate Egim and WimM using Eqs. (25) and (27) 

for a 100 u.A beam at 800 MeV. Assume a 10% beam duty 
factor, then I = 1.0 m A. We let CO/2K = 200 MHz, 2=1000, 

q> = 1 deg, Z = 1.0 cm, and R = 1.0 cm (e0 = 10-9/36rc). 

Equations (25) and (27) give E^ = 5.7xl05 V/m (rf-gap 

voltage) and WL =5.7 watts (maximum power extracted 

from the beam). 
We calculate the beam deflection due to a transverse rf-

electric field. From, 

dP_ 

dt 

we obtain 

• = eE cos{a>t), (28) 
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Abstract 

The voltage-amplitude requirement of a saw-tooth wave
form buncher is calculated to give a desired degree of bunching 
for a given beam current and particle species. This calculation 
includes the effect of space-charge forces with and without 
adjacent beam buckets. The results are compared to TRACE-
3D calculations which do not include the space-charge effects of 
adjacent bunches. It appears that TRACE-3D calculations 
underestimate the bunching voltage required. The methodology 
and a listing of the spread sheet that performs the analytical 
bunching calculation are included. 

Models 

The beam consists of a series of uniform-density charge 
cylinders, see Fig. 1, that are spaced D=fiX apart, with length 
L=D<p/l80 where cp is half the total bunched-beam phase spread, 
j3 is the average beam velocity divided by the velocity of light 
(c), and X is the fundamental-frequency-rf free-space wave 
length. 

D-L Z = ° L 

Derivation - Cylinder Model 

Given that / is the beam current and / is the bunch 
frequency, the charge density of the beam in the cylinder is 
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where R0 is the beam radius (R0 is assumed to remain constant 
during the bunching process). 

We consider only electrostatic forces in the Lorentz force 
equation for the time evolution of the reference particle, ignore 
all image-charge forces that could exist due to a beam pipe, and 
consider only axial motion. Therefore, 

m— = eE, 
dt 

(2) 

where m is the particle mass, e is the electron charge, Ez is the 
axial electric field due to space charge, t is time, and v is the 
velocity of the reference particle in die beam bunch rest frame. 

The on-axis axial electric field due to the two bunches can 
be obtained from the potential function 

C-D+L *n 2* \ 
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4KE„ 

D 0 

L Ro 

W 
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2x 
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+ R' 
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2x 

^RdRJde 
(3) 

Fig. 1. Geometry for the beam bunching calculation. The motion 
of a reference particle at the edge of beam bunch A is determined. 
Two different equations of motion which include effects of space-
charge forces from beam bunch A but with and without space-charge 
forces from beam bunch B are compared. 

Space-charge forces, due to beam buckets adjacent to the 
reference particle, are calculated for a reference particle that is on 
the beam axis at a cylinder edge. The motion of this reference 
particle models the bunching of the entire distribution. The 
electrostatic potential for the reference particle is calculated from 
which the axial electric field seen by this particle is determined. 
The equation of motion for the axial motion of die reference 
particle is solved (the on axis reference particle experiences no 
transverse forces) which gives the required bunching voltage in 
the beam center-of-mass frame of reference. Velocities are added 
nonrelativistically to give the buncher voltage in the laboratory 
reference frame. 

TRACE-3D uses a uniformly filled ellipsoidal model to 
estimate the space-charge forces. The equation of motion for an 
on-axis reference particle, using the ellipsoidal model, is 
integrated and the resulting bunching voltage is compared to 
TRACE and the cylinder model. 

where e0 is the free space permitivity. The first set of integrals 
is for bunch B, and the second set for bunch A. Integrating 
Eq. (3) for &, taking the derivative widi respect to Zref (Zref is 
the Z coordinate of the reference particle), and setting Zref equal 
to zero to obtain Ez gives 

Ez(bunch A) = - 2 - U L 2 + R2, -R0 -L] (4) 

for the electric field seen by the reference particle due to bunch 
A, and 

Et (bunch B) = 
2£oL 

V(£>-L)2 + R2 -^D2 +/2O2 +L 
(5) 

for the electric field due to bunch B. Adding Eqs. (4) and (5) 
gives the total electric field seen by the reference particle 

<JL2+RZ-R0-TJD2 + RZ+^(D-L)2+R2 EIT = Û 
Because the electric field does not depend on velocity, 

Eq. (2) can be integrated to give me required reference-particle 
energy gain, SWcm, due to bunching in the beam rest frame, 
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Velocities, corresponding to the center-of-mass bunching 
energy-spread and the average beam velocity, are added to give 
the buncher voltage required in the laboratory reference-frame. 
The nominal beam-velocity in the laboratory reference frame is 
v0 = ^2W0/m where W0 is the nominal beam energy. The 
velocity of the reference particle in the beam center-of-mass 
reference frame is Sv = -j2SWcm/m. Calculating the reference 
particle's energy in the laboratory reference frame and 
subtracting the average beam energy gives the energy gain that 
the buncher must supply to the reference particle which is 

SWlab = SWcm + ^4W0SWcm. 

Derivation - Ellipsoidal Model 

(ID 

The electric field due to a uniform-charge-density-ellipsoid 
beam-bunch seen on axis by a reference particle at the edge of a 
single bunch is [1], [2], [3] 

3/Z, ref 

Ane0fRl{L/2) 
g{p) . P = 

(L/2) 

Rn 

(12) 

and g is a "form factor" which can be approximated by [1] 

8(p) = V(lp). (13) 

Substituting Eq. (13) into Eq. (12) and picking the reference 
particle coordinates to be on axis at the beam edge (R=0, 
Zref=LP) gives for the electric field 

The initial velocity v0 for an unbundled beam (L = D) gives a 
final bunch length Lmin when v = 0. The bunch length, L, and 
the beam radius, R0, are normalized to the bunch center 
separation distance, D, by defining r = R0ID and s - LID. 
Using Eqs. (1), (4), (5), and (6) in Eq. (7) and integrating gives 

el 

E,= 4ne0fRoZrj 
(14) 

Carrying through the same procedure as for the cylinder model 
gives 

SWcm = -^— i n f l cm Ane0rfD U 
(15) 

Combining Eqs. (11) and (15) gives the buncher voltage 
required in the Lab system. 

Examples and Conclusion 

Figure 2 show the spread sheet used to calculate the 
buncher voltage. The parameters are meant to be self 
explanatory. Figure 3 shows a comparison of this model 
calculation to results obtained from TRACE-3D, which uses an 
ellipsoidal beam bunch model. The TRACE transport channel, 
used for the comparisons, consisted of a periodic series of 
solenoid magnets with the beam channel focusing strength set 
to minimize the space-charge tune depression even in the 
maximum bunching case. For the maximum bunching case, 
the initial beam size was increased 3% to keep the beam nearly 
matched (the solenoid magnetic field strength was not varied). 

The discrepancy between the TRACE calculation and the 
spread sheet calculation for the ellipsoidal distribution is due to 
the approximation used for the form factor in Eq. (13) where 
this approximation overestimates the space-charge force by as 
much as 10%. The difference between the cylindrical model and 
the ellipsoidal model can be understood by comparing the ratio 
of the electric field calculated in Eqs. (4) and (14). Taking the 
ratio of these two equations and using Eq. (1) gives 

Eq-(4) _ 2(l-
R-A 

Eq.(14) Z ^ 2Lj 

Equation (16) gives a value of close to 2 for the ratio 
corresponding to our examples. This ratio is also the ratio of 
the center-of-mass energy spread required for bunching. Using 
Eq. (11) to transform to the Lab frame shows that the buncher 
voltage required for the cylinder model should be 40% (V2 ) 
higher than the ellipsoidal model and is consistent with the 
result shown in Fig. (3). Also, the TRACE beam distribution 
for cp = 180° is already bunched with a pseudo-gaussian shape 
which causes a further underestimate of the buncher voltage 
required to obtain the final degree of bunching. Figure 3 shows 
that including adjacent bunches for calculating longitudinal 
space-charge effects is important only for minimal bunching 

(9>150°). 

(16) 
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BUNCHING DESIGN SPREAD SHEET 
E. A. Wadlinaer 
PARAMETER | 

CONSTANT PARAMTERS 
Permittivity of free space 

P! 
Velocity of light 

INPUT PARAMTERS 
Particle rest-mass energy 
Particle charge number 
Beam energy 
Fundamental bunching frequency 
Beam current 
Beam radius 
(+/-) final desired bunchinq phase spread 

KINEMATIC PARAMETERè fetè. 
Relativistic qamma 
Relativistic beta 
Beam momentum 
Lencth between bunch centers 
Normalized bunch radius 
Desired normalized bunch lenath 

ALGEBRA 
Inteqral parameter (cylinder bunch calculation) 
Inteqral parameter (cvlinder bunch calculation) 
Inteqral parameter (cylinder bunch calculation) 
Multiplication constant 
Partial integral for E(D-L) (cylinder bunch calc.) 
Total integral for E(D-L) (cylinder bunch calc.) 
Integral for E(Z0) (cylinder bunch calc.) 
Adjacent-cylinder-bunch center-of-mass energy 
Single-cylinder-bunch center-of-mass energy 
Single-ellipse-bunch center-of-mass energy 

BUNCHER VOLTAGE TO GIVE DESIRED FINAL PHAS 
Buncher voltage for two cylinder bunches 
Buncher voltage for single cylinder bunch 
Buncher voltage for single ellipsoidal bunch 

8/24/95 9:52 

UNITSl EQUATION | 

F/m 
none 
m/s 

fixed constant 
fixed constant 
fixed constant 

MeV 
none 

MeV 
Hz 
À 
m 
déq 

input 
input 
input 
input 
input 
input 
input 

none 
none 

MeV/c 
m 

none 
none 

(M+Wl/M 
SQRTffv *2-lVv*2) 
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B 'c / f 
R/D 
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none 
none 
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none 
eV 
eV" 
eV 
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V 
V 

" 7 

SQRT(s*2 + r«2) 
SQRT(1+rA2) 

SQRT[(1-s)A2+rA2l 
Cn/ (2*7t* r*2* f *e*D) 

J2*ln((J2*J3+J2*2-s)/(r*(r+J2))) 
(JDL- oart) + 1-s-J3+r+ln((J3+s-1)/r) 

J1-J2+(1-s)+r ' ln((r+J2)/(r+J1)) 
KT(JO-JDL) 

ki 'Jo 
(K1* r /2 ) ' l n (1 / s ) 

SPACE-CH. 
Wcm + sqrt(4*W'Wcm) 

Wsing + sqrt(4'W*Wsing) 
Wellipse + sqrt(4'W*Wellipse) 

VALUES 

8.8540E-12 
3.1416E+00 
2.9979E+08 

9.3800E+02 
1.0000E+00 
7.5000E-01 
2.0125E+08 
2.0000E-02 
3.3000E-03 
4.6000E+01 

1.0008E+00 
3.9965E-02 
3.7517E+01 
5.9534E-02 
5.5430E-02 
2.5556E-01 

2.6150E-01 
1.0015E+00 
7.4651 E-01 
9.7660E+03 
3.2444E+00 
5.7658E-03 
7.1172E-02 
6.3875E+02 
6.9506E+02 
3.6927E+02 

4.4414E+04 
4 .6359E+04 
3 .3653E+04 

Fig. 2. Spread sheet to calculate the required buncher voltage to bunch the beam to a desired phase spread. Calculations are 
done for both a single bunch and for adjacent beam bunches. 
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Fig. 3. Comparison of the cylindrical model calculation to 
results obtained from TRACE-3D for various degrees of 
bunching for a fixed beam radius. 
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INDUCTION LINEAR ACCELERATORS FOR PHYSICS DIAGNOSTICS 
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University of California - Berkeley 

Abstract 

The short pulse, very high current capabilities of the 
induction linear accelerator make it a logical candidate for 
certain applications to diagnosing physical properties. Two 
examples are fast high density explosive experiments and 
material science using neutron scattering. Flash x-rays are 
needed for imaging high density metal compression 
experiments. The short (50-75ns) pulse-burst capabilities 
of the induction linac are well suited to this. Because high 
x-rays doses are necessary to image the experiment and 
characterize density variations the multi-kiloampere 
capabilities of induction machines are attractive. Short 
neutron pulses from proton induced spallation can provide 
excellent energy and time resolution in material studies 
using neutron scattering. The induction linac simplifies 
spallation sources by transporting and accelerating the total 
beam current necessary (amperes of H ) in a single beam 
with no storage. Concepts for both applications are 
discussed with emphasis on technical risks and costs. 

Introduction 

Induction linear accelerators have properties that make them 
valuable in physics diagnostics applications. These 
properties are the ability to accelerate very intense beams 
and the ability to generate discrete short pulses 1. The two 
applications discussed here are the use of proton beams to 
generate spallation neutrons for material science, chemistry, 
and biology and the use of short high current electron pulses 
for fast time resolved radiography of dense rapidly moving 
objects. Induction linacs can accelerate any beam current 
that the transport system is capable of handling provided 
that the puiser that drives the accelerator cells can supply 
the required current. This is because induction accelerators 
do not suffer from the cavity loading effects that occur in 
RF machines. However, fast rep rate pulse power systems 
have design problems of their own, such as switch and 
component lifetime, and cost. 

In the application of such machines to a spallation neutron 
source, the main advantage is that one can accelerate the 
entire beam current required on the spallation target in a 
single pass thus eliminating the need for a storage ring. 
Not using a ring eliminates the need for H " ion sources 
which are a more complex and a lower current density 
technology than H+ sources. The absence of a ring also 
avoids the problems associated with stripper foils and 
excited neutrals. By extracting the required short pulse 
directly in the injector one avoids the beam chopping 
problems of RF machines. Finally, since the physics limit 
placed on the beam emittance in an induction machine 
comes from the final focus conditions, the ion temperature 
of the source is not a limiting factor. The very low 
emittance required for injection into a ring is small 

compared to the emittance limit imposed by final focusing 
in this application. 

Radiography of fast moving dense objects needs multiple 
pulses separated slightly in time and possibly 
simultaneously from more than one direction to obtain 3D 
imaging of the object. Such a project is underway at Los 
Alamos National Laboratory called DARHT^ (Dual Axis 
Radiographic Hydro-Dynamic Test facility). The physics 
requirements for this application are quite severe: beam 
current of 4-6KA, beam energy up to 20MeV, focal spot 
< 1mm, 4 pulse burst with 50-70ns pulse length and 
250ns pulse separation. Induction linac cells designed for 
long pulse applications may be useful for this radiography 
application. 

Spallation Neutron Source 

The first point is bunch dynamics in the machine. The 
simplest approach is to accelerate a bunch as a rigid body 
relying on acceleration to provide both current amplification 
and pulse shortening. One can also vary bunch lengths by 
varying the velocity along the bunch as a means to reduce 
the length of the machine. Designing for short length can 
reduce costs, but the limits on acceleration gradient may 
prevent this. Consider accelerating the head of the bunch 
according to a Z2 schedule, where Z is the distance along 
the machine, and accelerating the tail on a linear schedule. 
Now assume that the output beam has an energy of 1.25 
GeV, a current of 57.5A, a pulse width of 580 ns, and a rep 
rate of 60 Hz. These conditions correspond to a steady state 
output power of 2.5 MW, reflecting the initial goal of the 
NSNS (National Spallation Neutron Source) design team 
for a machine between 1 and 5MW average power. Also 
assume a 2MeV proton injector generating 8fxs, 4.2 A 
pulses, parameters achievable with technology developed in 
the LBNL Heavy Ion Fusion Accelerator Research-^ 
program. The injection parameters come from imposing 
the condition that geometric length of the bunch is the 
same during its entry into the accelerator as during its exit. 
Inside the accelerator the bunch expands longitudinally 
before recompressing to its original length. Solving the 
relativistic equations of motion for the head and the tail 
with the entry and exit conditions listed above, yields a 
machine length of 1761m plus the length of the injector 
which might be 15m. There are two problems with this 
approach. First, the linear charge density in the bunch is 
0.213u.coul/m which is very low in terms of the transport 
limits that can be achieved in quadruple or solenoid 
magnetic fields. More importantly, the peak accelerating 
gradient reaches 1.42MeV/m for the head and the linear 
gradient for the tail is 0.71MeV/m. Figures commonly 
used for the technologically achievable gradient range from 
lMev/m and to a more realistic 0.5MeV/m. 
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Assume a more practical acceleration gradient of 0.5 
MeV/m and use a higher linear charge density that makes 
more efficient use of transport capabilities. Making the 
beam diameter small also reduces the mass of core material 
for a given number of volt-seconds (pulse voltage times 
pulse duration) and a given core length. In this case the 
beam bunch enters the accelerator completely before the 
acceleration cells are turned on. The entire bunch is then 
accelerated at the same rate and therefore the bunch length 
remains constant through the machine. E.P. Lee^ has 
developed an envelope equation model to calculate the space 
charge transport limit for a given quadrupole focusing 
channel. This analytical model incorporates consistent 
expansions in KL2 where K is the quadrupole strength and 
L is the lattice half period and gives errors less than 2%. 
From the equations one can derive an expression for the 
quadrupole magnetic field gradient in terms of the linear 
space charge density , X, the beam maximum radius, a, the 
normalized emittance, £js;, and the relativistic constants, p 
and J: 

pyV [' 1 ±(ll.24Àa2/ieN)J 

Using this expression one finds that it is feasible to triple 
the linear charge density to 0.639(icoul/m. The injection 
bunch length is reduced from 157m to 52.3m. The 
resulting higher injector current is not a problem. One can 
transport this bunch within a maximum radius of 1.5cm in 
a quad system with pole tip field .77T and bore radius of 
4cm. The effects of quad length and the bore size on 
aberrations present no problem. The resulting accelerator is 
2548m long plus the 2MeV injector and produces 200ns 
pulses at 60Hz with an average power of 2.5MW. The 
accelerating cells are 250KV each, using Metglas as the core 
material; there are 4992 of them in the main accelerator and 
105 in the bunch entry section just after the injector. 

This design was costed using scaling rules and experience 
from the Heavy Ion Fusion and RTA programs. The result 
was a total accelerator system cost of $542.7M including all 
design, assembly, and commissioning labor and overhead. 
A permanent magnet qudrupole transport system was 
assumed to minimize core inner radius relative to room 
temperature or superconducting sytems. Dropping the exit 
energy from 1.25GeV to lGeV, eliminates 500m of 
accelerator length at the cost of dropping to 2MW average 
power but with a financial saving of $85.1M. The exit 
pulse length remains essentially the same. This cost must 
be viewed with considerable caution. The design was a first 
cut point design. Second, "rule of thumb" scaling laws 
based on various peoples' experience were used and the bias 
was toward conservatism. A more detailed design is needed 
to achieve reliable costs with computerized cost models. 
The transport system represents $87M but is based on an 
unoptimized constant period configuration. Substantial 
saving could result from better design. The cooling budget 
is $78.4M and probably could be reduced by better design. 

In addition to the cost uncertainties there is technical risk. 
The issue of getting the 12.5A proton current out of the ion 
source with suitably low emittance for target focussing is 

not a problem. However fast pulse extraction preserving 
good beam optics from the gas source is. Recent work at 
LBNL on source beam chopping may provide the solution 
to this problem but experimental work is needed. Another 
risk is the lifetime and reliability of the pulse power 
components. Operation at 60Hz for 24 hrs/day and 80% up 
time implies 1.5X10^ pulses per year. Life tests at LBNL 
using FET switches have reached 2.5X10? pulses at 72Hz 
on a nickel-iron core and 2X10** pulses at 100Hz on 
Metglas both with convective air cooling. The systems 
were still operational at conclusion. Further experimental 
work especially on cheaper thyratron switches is needed to 
reduce risk and to define cooling requirements better. The 
beam clearances used were based on theoretical models used 
in the Heavy Ion Fusion program in which beam halo was 
not a consideration. This problem needs further study to 
better define the clearance requirements which in turn affect 
the cost of the magnets and cores. Finally, at short pulse 
lengths(< 0.5 u.s), the power loss in Metglas cores grows 
quickly. Consideration should be given to ferrite materials 
which cost more but which would reduce cooling 
requirements and operational costs. 

Fast X-ray Metallic Objects of 
Dense Radiography 

Long pulse induction linac technology under development 
for heavy ion inertial fusion may be suitable for the 
radiography application. A gated cathode of some type, 
either electronically or laser switched, could supply a train 
of pulses to the accelerator. The pulse duration and 
separation would be governed by the cathode system while 
the voltage that accelerates the beam would be on 
throughout the burst. The two most important problems in 
the linac design are the accelerator cell voltage flatness and 
the transverse mode impedance of the cell. Other physics 
issues include especially the interaction between the intense 
beam and the bremstrahlung target, corkscrew motion of the 
focal spot due to beam energy variations, and emittance 
growth. 

An induction linac cell is normally designed to operate with 
a puiser that is matched to a specific beam load. If the 
beam is not present while the voltage is on, an overvoltage 
condition on the acceleration gap and the cell insulator will 
be created. One way to deal with this problem is the use of 
a compensation resistor in the puiser circuit. The puiser 
then sees the core magnetization current, the beam current, 
the compensation resistor current, and the gap capacitance 
all in parallel. If one dominates the loading with the 
compensation resistor the system efficiency will be low but 
in a testing application like this, efficiency is not 
important. In this concept one is deliberately creating a 
beam on-beam off situation and therefore much attention 
needs to be devoted to this problem. Not only is it a high 
voltage design problem but also a beam chromaticity issue. 
If the accelerating voltage is not at its nominal value when 
a bunch arrives, the change in beam energy will contribute 
to transverse motion of the focal spot which reduces the 
geometric resolution of the radiography system. 

Another approach is driving a large core, containing 
sufficient volt-seconds to accommodate the number of beam 
pulses required, with separate pulsers that are electrically 
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isolated from each other. There are two ways of isolating 
the pulsers. One is diodes and the other is to use a switch 
capable of holding off the acceleration gap voltage in the 
back direction. In the case of diodes the problem is to 
provide enough back voltage isolation to withstand the full 
acceleration gap voltage of possibly 250KV. Also the 
diodes must be capable of handling the full discharge power 
in the forward direction. It is probably easier to use high 
voltage switches such as thyratrons or spark gaps. This 
approach has the disadvantage of requiring multiple pulsers 
which represent extra cost, but the advantages are avoiding 
the load matching problem and allowing the use of less 
Metglas by not maintaining voltage during periods when 
the beam is absent. A third possibility is the use of branch 
magnetics^ to drive the core without resetting between 
pulses. 

The beam breakup (BBU) instability in linear accelerators is 
driven by coupling between longitudinal beam motion and 
the excitation of transverse modes in the acceleration 
cavity". The BBU parameters for the existing DARHT first 
axis cells have been thoroughly studied. Changing to a new 
cell design will require detailed computer simulation to 
understand the precise properties of the new cavities. A 
code such as AMOS^ will have to be modified to include 
the properties of Metglas for the calculation of the 
transverse impedances of the new cavities. 

In the modeling of BBU the parameter" 

co0 HQJ • Q± 
(2) 

where Zj_ is the transverse mode impedance of the 
dominant transverse mode and Qj_ has the value for this 
mode, is an important quantity in the growth rate for the 
instability. It is therefore important to consider how this 
factor will change if one makes simple changes in the 
existing cavity by changing the feromagnetic material. 
Consider a simple cylindrical cavity in which one first has 
ferrite suitable for 70ns pulses and then replaces it with 
Metglas for lus constant voltage pulses. The total mass 
and therefore the cost of the core depends on the inside 
radius, the core length and the required cross section. If a 
length of the cavity has been chosen by system 
considerations the, core cross section is determined by AB(ro 
-q )d = Vp X where Vp is the gap voltage, X is the effective 
pulse length, and ÀB is the total flux swing before 
saturation allowed by the ferromagnetic material. The 
question is what happens to the quantity Zj_ / Q . while 
the outside radius ro is changed to accommodate the change 
in material and the change in X while keeping d and r; 
fixed. Therefore ro = (Vp X /ABd)+rj . 

A single pill box modeF of an induction cell cavity has a 
transverse mode impedance estimated by 

Z± = 
-8d 

«»0 r i 
•ImP1(co0) , (3) 

where P j (COQ j is a function determined by d, rj; and the 
ratio of assumed wall impedance at the outside radius ro to 
the impedance of free space. If one only increases or 
decreases the cavity radius then 

co0 

QJ. 

\ 8 ^ 
r i 

(4) 

For a given current, machine length, number of cells, beam 
noise spectrum, acceleration gap, and pipe radius the BBU 
growth rate should not change. This is because it is not the 
cavity in which the feromagnetic material for the cell is 
contained that determines the Zj_ of interest but rather the 
cavity that contains the acceleration gap. This gap will 
probably not have a simple cylindrical shape and transverse 
mode damping structures will be included in the cavity. 

The resonant frequency of a radial cavity transverse mode is 

Û>1 
ex. 

no r 0 
where x 

n > (5) 

is a constant dependent on the mode number. If the change 
in radius causes the resonance of the relevant mode to 
coincide with a portion of the beam noise spectrum that is 
relatively high, the BBU growth will be more severe. 

Acknowledgments 

This work was supported by the U.S. Department of Energy 
under Contract No. DEAC03-76SF0O098. 

References 

[1] Principles of Charged Particle Acceleration, Stanley 
Humphries Jr., John Wiley & Sons, 1986, ch. 10. 

[2] M. Burns et al., Proc. 9th Int. Conf on High-Power 
Particle Beams, Wash. DC, May 25-29, 1992, p. 283. 

[3] S. Yu et al., Proc 1995 Particle Accel Conf and Intl. 
Conf on High Energy Accelerators, May 1-5, 1995, 
Dallas, Texas, p. 1178. 

[4] E.P. Lee, Particle Accelerators, Vol. 52, 1996, p. 115 
-132. 

[5] H.C. Kirbie, et al., Proc. 1992 Linear Accelerator 
Conf. Ottowa, Canada, Aug 24-28, 1992, p. 595. 

[6] G. J. Caporaso and A.G. Cole, Proc. 1990 Linear 
Accelerator Conf., Albuqerque, N.M., Sept. 10-14, 
1990, p. 281. 

[7] J.T. DeFord, et al., Proc. Conf on Computer Codes 
and Linear Accel Community, Los Alamos, N.M., 
Jan 25, 1990, p. 265. 

[8] R. J. Briggs et al., Particle Accelerators, 18, 1985, 
p41 . 

156 



All-Electrostatic Split LEBT Test Results* 

John W. Staples, Matthew D. Hoff and Chun Fai Chan 
Lawrence Berkeley National Laboratory 

Berkeley, California 94720, USA 

Abstract 

An all-electrostatic LEBT for an RFQ has been assembled and 
tested with beam. The LEBT includes two quasi-einzel lenses, al
lowing a wider range of Twiss parameters to be accommodated, 
and the lenses are split into quadrants, allowing electrical steering 

of the beam. Moreover, me
chanical steering by moving the 
entire LEBT with a special low-
friction vacuum joint was also 
demonstrated. The LEBT was 
tested with unanalyzed protons 
from an RF-driven bucket source 
by measuring the beam directly 
and by measuring the transmis
sion through a subsequent RFQ 
as a function of LEBT electrode 
parameters. Agreement between 
calculated LEBT beam charac
teristics and actual measured 
values is excellent. This LEBT 
offers fully unneutralized beam 
transport with steering and two-

Figure 1, Electrode Arrangement knob control of exit Twiss pa
rameters, and can be applied to 

negative hydrogen as well as proton beams. 

Introduction 

An advanced, all-electrostatic LEBT has been built and suc
cessfully tested. This new design[l] offers several advantages 
over previous LEBT designs, particularly for injection into RFQ 
accelerators. 

The strongly convergent beam required at the RFQ entrance, 

50 

-50 

-100 

& m 
N 

\ 

%l< IP 

r-r' 

Figure 2, Beam Envelope through LEBT 

along with precise beam steering requirements has proven to be a 
formidable task as focusing and steering errors can easily reduce 
the performance of the RFQ. The usual method of magnetic sole
noid or quadrupole transport results in space-charge neutralized 

*This work was supported by the Director, Office of Energy Research, 
Office of High Energy Physics and Nuclear Physics Division of the 
U.S. Department of Energy under contract number 
DE-AC03-76SF00098. 

transport, which may be unstable in the presence of any intensity 
modulation noise from the ion source, and the lack of sufficient 
steering or matching capability often results in betatron function 
mismatch at the RFQ entrance. 

The all-electrostatic LEBT designed and built by the Ion Beam 
Technology (IBT) group at LBNL eliminates the neutralization 
problem and offers several other advantages. This new design in
corporates two electrostatic lenses that allow a wide range of 
matching conditions (Twiss parameters) to be established, insuring 
betatron function match to an RFQ accelerator. The design has 
exceptionally low aberrations, offers beam steering, in both angle 
and displacement, and is physically compact. 

Figure 1 shows the layout of the LEBT inside the re-entrant 
support insulator. The ion source resides in the cylindrical cavity 
on the left. The 
total accelera
tion potential is 
40 keV, with 59 
kV across the 
first (extraction) 
gap. The two 
thick electrodes 
comprise the 
variable-voltage 
einzel lenses. 

Beam steer
ing is incorpo
rated by split
ting both einzel lenses into four quadrants and applying a balanced 
deflection voltage across opposing quadrant pairs. Up to ±7 mrad 
deflection is attainable from each of the two lens electrodes with 1 
kV across opposing quadrants. In addition, the entire source and 
LEBT assembly can be moved transversely during operation in 
both planes by up to ±4 mm with 40 micron reproducibility. This 

combination of electronic and mechanical 
steering guarantees optimum steering of 
the beam into the RFQ. 
Figure 2 shows the beam envelope from 
the ion source to the RFQ match point and 
Figure 3 the r-r7 phase space predicted by 
the WOLF ion source code (ref in [1]). 
The smallest lens aperture radius is 0.5 cm 

at the final electrodes on the right, the last one representing the 
beginning of the RFQ vane and the immediately preceding one the 
exit aperture of the LEBT itself. 

Test Procedure 

The LEBT performance was first measured with an Allison-

Radial Position (cm) 

Figure 3, WOLF-Predicted r-r' Phase Space 
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type emittance scanner[2] substituted for the RFQ with the first cm discrepancy of the longitudinal position of the RFQ match 
analyzer slit located 20 cm downstream of the RFQ match point. 
The pulsed 30 mA beam current was measured with a toroidal 
current transformer at the exit of the LEBT. The nominal voltages 

Ion Source Body 
Extraction Electrode 
First Focus Electrode 
Intermediate Electrode 
Second Focus Electrode 
Ground End 

40 
-16 
35 
16 
36 
0 

kV 
kV 
kV (nominal) 
kV 
kV (nominal) 
kV 

Table 1. Electrode Voltages 

for the electrodes, referred to ground, are listed in Table 1. 
The first and second focus electrodes were varied over a matrix 

of 33 to 37 and 33 to 38 kV, respectively, in 1 kV steps, and the 
Twiss parameters a, P and e 
were measured. These were 
compared to the values predicted 
by the WOLF calculation for 
several representative values of 
the focus electrode voltages, the 
data showing good agreement 
between the predictions and the 
measurements. Figure 4 shows 
a typical emittance plot, with the 
ellipse representing the shape of 
the RFQ acceptance (but at a 
smaller emittance to emphasize 
the congruence of the ellipses). 

At a total current of 30 mA, 
measured with the toroidal cur
rent transformer, the following 
emittances and Twiss parameters were measured. In this case, the 
electrode voltages were set to the nominal values indicated above, 
and the measured emittance back-projected a distance dbaCfc as
suming ballistic transport, to a point 20 cm upstream of the plane 
of measurement, corresponding to the original WOLF calculation 

Figure 4. Measured LEBT Beam Emittance 

Run Date 

27 Sept 95 

28 Sept 95 

2 Oct 95 

WOLF 

dback 
(cm) 
19.5 
20.0 
19.5 
20.0 
19.5 
20.0 

P 
(cm) 
7.8 
9.9 
8.9 
11.2 
8.9 
11.3 
7.45 

a 

1.95 
2.26 

2.11 
2.41 

2.22 
2.55 

2.87 

U Erms,N 
(cm-mrad/jt) (mm-mrad/jc) 

1.483 0.137 
1.483 0.137 
1.454 
1.454 

1.260 
1.260 

1.110 

0.134 
0.134 

0.116 
0.116 

0.105 

Table 2. Measured and Calculated (WOLF) Twiss Parameters 

and to the match point of the RFQ. Table 2 lists measurements 
done on separate days, showing the excellent consistency of the 
measured values, and the results of the WOLF calculation. Also 
listed are measured values back projected 19.5 cm, which give 
better agreement to the WOLF calculation, indicating a mere 0.5 

point between the measured and calculated values for nominal fo
cusing electrode potentials. 

Electrical Steering 

Angular beam steering is accomplished at the two focusing 
electrodes, split into quadrants, by applying a balanced transverse 
field at those points. Each pair of opposing quadrants of each of 
the two focusing electrodes can be operated at a voltage offset 
from the mean by as much as ±500 volts, or 1000 volts across an 
opposing pair. The angular deviation of the beam was determined 
by the emittance scanner, along with any variation in the Twiss 
parameters, including the beam emittance. 

Figure 5 (next page) shows the variation in exiting beam angle, 
and the variation of the Twiss parameters and emittance when the 
voltage across an opposing pair of quadrant segments in the sec

ond focusing electrode is varied from -1000 to 
+1000 volts. The angular deviation is quite linear 
with voltage and the Twiss parameters and beam 
emittance are only slightly affected at large steering 
angles. 

Coupling to an RFQ 

In the second phase of the experiment, the LEBT 
was coupled to an 800 keV, 400 MHz RFQ[3] man
ufactured six years ago at LBNL designed with an 
injection energy of 40 keV and 50 mA beam 
current. The LEBT was designed to match the 
Twiss parameters of the RFQ with a generous mar
gin of adjustability by varying the potentials of the 
two focus electrodes. 

The transmission of the RFQ was calculated, using PARMTEQ, 
for a range of input Twiss parameters. The effect of steering, both 
angular and position on the RFQ transmission was measured, ver
ifying the initial alignment of the system. The optimum transmis
sion occurred with minimum electrical steering and with the initial 

mechanical alignment position. 
The focusing electrode voltages were varied over the 
same matrix of values for which data were taken with 
the emittance scanner. The transmission of the RFQ 
over the range of Twiss parameters available from the 
LEBT matched very well with the predicted transmis
sion calculated by PARMTEQ for a mismatched input 
beam. The maximum transmission was experimentally 
found at almost the exact focusing electrode voltages 
predicted by WOLF We can thereby conclude that the 
actual acceptance of the RFQ is in agreement with the 
PARMTEQ prediction, and that the measured beam pa

rameters from the LEBT show excellent agreement with the 
WOLF calculations over a wide range of focusing lens parameters. 

Further measurement taken after the RFQ was removed from 
the beam line showed the species distribution from the LEBT was 
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approximately 64% IT", 17% H2
+ and 19% H3

+. The RFQ accel
erates only the H* component, and the expected transmission of 
the RFQ was expected to be only 59% for the H* species, due to a 
poor choice of geometry of the vane tips. (A i± = 0.75r0 constant 
transverse radius geometry was used. Subsequent simulations 
with the 8-term PARMTEQ-H[4] showed that this geometry was a 
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the beam was fully extinguished with a risetime comparable to the 
risetime of the pulse generator. Transit time, in the LEBT itself 
limits the rise/fall time of the chop to about 15 nsec, and the 2.5 
nsec risetime travelling wave chopper at the 2.5 MeV level will 
sharpen up the edge of the chop. The slower LEBT and ion source 
choppers contribute the very low dark current in the middle of the 

chop, and reduce the heating of the 2.5 nsec chopper beam 
stop. 
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Future Plans 

The operation of this LEBT has been so successful that a mi
nor variant of it will be used in the low-energy part of the 
injector for a proposed National Spallation Neutron 
Source[5]. Added to the basic LEBT design shown here will 
be the beam chopper, a segmented thin Faraday cup that piv
ots in from the side and a pivot-in one-way vacuum gate 
valve, both located between the last focusing electrode and 
the ground end, operated with the last focusing electrode at 
ground potential. 
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Chopping Experiment 
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a proposed pulsed spallation neutron source, which incorporates a 
1 GeV linac and a storage ring[5]. The beam circulating in the ring 
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THE ELECTRON GUN FOR THE DARESBURY SRS LINAC 

D.M.Dykes 
CLRC Daresbury Laboratory, 
Warrington WA4 4AD, UK 

Abstract 

The electron gun for the Daresbury SRS linac injector has 
been modified to use the cathode-grid assembly from the 
Eimac planar triode 8755. The gun now has improved beam 
characteristics, is more reliable and the cathode assembly is 
quicker and easier to change. This paper describes the 
assembly of the electron gun, and then the re-conditioning of 
the cathode highlighting the vacuum environment. The action 
of the grid modulation system on the electron beam, which 
pre-bunches the electron beam, is described, and typical gun 
characteristics are shown. 

Proposed developments to the gun system are discussed. 

Introduction 

Daresbury Laboratory operates the UK's national 
synchrotron light source, the SRS. It is operational for 
approximately 7000 hours a year, providing synchrotron 
radiation used by many varied scientific disciplines. The 
electron storage ring energy is 2 GeV and the beam lifetime is 
in excess of 30 hours at 200 mA. The storage ring is filled to 
250 mA once every 24 hours. 

The injection system consists of a 80 kV electron gun 
feeding a 10 MeV S-band electron linac, the electron beam is 
accelerated to 600 MeV in a 500 MHz booster synchrotron. 
The beam is injected into the storage ring at 600 MeV and the 
energy ramped to 2 GeV. The injection process takes 
approximately 20 minutes. Consequently the gun injection 
equipment is operational for less than 1 hour per day. 

The electron gun has been modified to use the cathode-
grid assembly from the Eimac planar triode 8755 [1]. This 
gives improved beam characteristics over the previous system, 
it is more reliable and the cathode assembly is quicker and 
easier to change. The paper describes the assembly of the 
electron gun, and the re-conditioning of the cathode, 
highlighting the vacuum environment. The action of the grid 
modulation system, which pre-bunches the electron beam, is 
described, and typical gun characteristics are shown. Proposed 
developments to the gun system are also discussed. 

The Electron Gun - Mechanical Layout 

The original electron gun was similar to the design by 
Willard [2] for the Manchester Christie Hospital Linac. It 
contained a 1 inch (25.4 mm) spherical oxide cathode with a 
separate de-mountable grid, which was modulated at 500 
MHz. When the cathode failed the cathode - grid assembly was 
de-mounted, and the cathode sprayed with the usual carbonate 
mix (barium, calcium and strontium). The carbonates were 

converted to oxides, and when this was completed activation of 
the cathode took place. This process took several hours, and 
satisfactory conversion and activation could never be 
guaranteed. As this process took place while the gun was 
attached to the linac, the decomposition products of the 
carbonates could have harmful effects on the vacuum surfaces 
of the linac. 

The gun has now been modified. Figure 1 shows the 
mechanical arrangement of the present gun. A miniature 
ceramic - metal planar triode, Eimac type 8755, has been 
modified to be used as the cathode grid assembly of the gun. 
The triode can be used up to frequencies of 3 GHz. The 
cathode is a conventional oxide coated cathode, but the heater 
power is only 10 watts, a factor of ten lower than the original. 

Figure 1 : Mechanical Layout of the Gun 

The triode is inserted in the gun assembly which is 
connected to a temporary heater supply, with the heater voltage 
set to about 2 V to keep the activated cathode temperature 
above 150 °C. The triode anode and body ceramic are broken 
off, and the beam forming electrode attached. The gun 
assembly is bolted to the linac and the gun evacuated, whilst 
maintaining the cathode temperature. Haas and Jensen [3] 
found that by keeping the temperature to 150 "C cathodes are 
not poisoned when exposed to air as the oxides are converted 
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to hydroxides and the hydrate is prevented. The emission 
capabilities are preserved. 

12.'10/'K 

m-.kS:X 

11 s 

= H - ' - T^itrrrxr^i' 

10 times a second. The action of the triode is used to pre-bunch 
the beam before injection into the linac. 

A three quarter wavelength coaxial cavity is connected to 
the gun, and sits at the gun HT, which is provided by a half 
sine wave pulse modulator, giving a -80 kV pulse. The heater 
power supply is at HT potential. There is a 0 to -200 V grid 
bias supply, and the 500 MHz grid modulation is fed via an 80 
kV waveguide isolator. 
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Figure 2: Plot of Gun Vacuum during Cathode Activation 

When the vacuum pressure is better than 107 torr, the 
heater voltage is gradually increased, keeping the vacuum 
pressure below 10° torr. Figure 2 shows the typical vacuum 
pressure variation during this re-activation process, and Figure 
3 the residual gas analysis at the same time. Note that the 
water peak increases initially, but that it is the methane peak 
that determines the overall pressure. 

RF (500 MH Z ) MOOULATED GUN SYSTEM WITH 

REPLACEABLE GRID CATHODE ASSMBLY (8755) 

Figure 4: Electrical Layout of the Gun 

Gun Current as a function of Gun HT 

MM CHflrfEll 1 Ana iyser one 
41 Hydr»carb 
43 hWricart 
18 litter 
28 Nitrtgen 
55 Hydrecarb 
64 rtâdrocarb 

> n Hïtark 
15 Methane 
It fcthaAE 

60 70 

Cun HT (kV) 

G u n Output as a function of Gun Bias 

»K88 83153P ?WM W>M MS* ?sr,f [.'•"-, 

Figure 3: RGA during Cathode Activation 

The installation and re-activation process is simple and 
quick, taking only 4 or so hours. The cathode life is typically 
two years, but recently improved vacuum conditions have 
extended that time. 

The Electron Gun - Electrical Layout 

CunDCRiuMV) 

Figure 4 shows the electrical layout of the gun system. 
The gun has to produce a 400 nS 80 keV bunch of electrons 

Figure 5: Gun Characteristics 
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Gun Characteristics 

A current transformer type monitor with a bandwidth of 
500 MHz, but followed by a 10 MHz filter monitors the gun 
current, Io. Typical gun characteristics are shown in figures 5a, 
the gun current as a function of gun HT for various values of 
grid RF modulation -de grid bias set to -100 V, and 5b, gun 
current at a fixed HT at -80 kV as a function of DC grid bias 
for various values of grid RF modulation. These characteristics 
should be compared with the triode characteristics in the 
Eimac data sheet [1]. The differences in the slopes in figure 5b 
is because the output voltage of the Io monitor is proportional 
to average current, and the conduction angle is smaller the 
greater the RF amplitude. 

Pre-bunching 

The SRS linac does not have a pre-buncher cavity, but 
pre-bunching is achieved by the DC and RF biasing of the gun 
grid. The linac accelerating voltage is a 4 mS, 4 MW pulse at 3 
GHz. The voltage is phased locked to the 500 MHz gun grid 
modulation. As can be seen from figure 6, by accurate phasing 
of either of the grid modulation or the accelerating voltage and 
a large grid DC offset short current micro-pulses can be 
injected into the linac. The more negative the DC bias the 
shorter the current pulse. 

1.5 T 

o 5 -| 1 M M M M M M M vo'"gc 

! j Gun Grid ! 
* ' Bias (500 i I 

Figure 6: Linac Pre-Bunching 

Future Developments 

For a small but significant period, the SRS operates in 
single bunch mode, where only one of the 160 RF buckets in 
the storage ring is filled with electrons. At present this is 
achieved with a chopper system operating on the 10 MeV 
beam in the flight path between the linac and the booster 
synchrotron. Recently investigation has started on using the 
gun grid modulation system to produce the single bunch and 
other bunch patterns [4]. 

The grid modulation equipment will sit at the HT 
potential, whilst triggering and clock pulses will be fed via 
optical fibre. 

Summary 

The electron gun for the SRS linac injector uses the 
already activated cathode-grid assembly of an Eimac 8755 

planar triode. The installation is simple and quick, and the 
cathode life is relatively long. 

The measured gun characteristics are as expected and 
follow the original triode characteristics. 

The action of the RF and DC biasing of the gun grid 
perform some pre-bunching for the linac. 

In the future the grid modulation system will provide 
single bunches and any required bunch pattern. 
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Ion Source Development and Operation at GSI 

P. Spâdtke, J. Bossier, H. Emig, K.D. Leible, M. Khaouli, C. Miihle, 
S. Schennach, H. Schulte, K. Tinschert 

GSI Darmstadt 

At GSI different ion beams are delivered to the UNI
LAC, the synchrotron SIS or to the storage ring 
ESR. For that purpose three different injectors are 
in use for the UNILAC, equipped with different ion 
sources. The standard injector with a Penning ion 
source and the high current injector (with CHORDIS 
or MEVVA ion source) supply the Widerôe acceler
ator (pre-stripper section of UNILAC) with an injec
tion energy of 11.7 keV/u. The newly built high charge 
state injector HLI is equipped with an ECR ion source 
(CAPRICE). The injection energy for the succeeding 
RFQ and IH accelerator is 2.5 keV/u. Both beams are 
further accelerated in the Alvarez accelerator (post-
stripper section of UNILAC) with an injection energy 
of 1.4 MeV/u. For ion source tests and developments 
additional test benches are available. The specific ad
vantages of each injector, recent improvements and 
specific operating modes are described. 

1 STANDARD INJECTOR 

The regular injector is equipped with a Penning ion 
source (fig. 1). This source is operated in a pulsed 
mode, typically 50 Hz with pulse length from 2 to 6 ms. 
Extraction voltage is between 10 and 15 kV. For SIS-
operation such a high repetition rate is not necessary, 
and the extracted ion current within the pulse can be 
increased by reducing the duty cycle allowing higher 
peak discharge power. 
Typical ion currents measured in front of the Widerôe 
are listed in Tab. 1. The absolute acceptance of the an
alyzing and transport system is about 100 7rmmmrad. 

Table 1: Ion currents from the PIG source. Different 
operation modes are not distinguished. 
Element 

1SC1+ 
18Q3+ 

4 0 A r 2 + 

50rp:2+ 

56p e4+ 

121 S b 7+ 

187 R e 8+ 
2 0 7 Pb 9 + 

2 3 8 J J 1 0 + 

e/iA 

500 ... 680 
1000 ... 1100 
700 ... 820 

50 ... 81 
60 ... 72 
10 ... 12 

100 ... 165 
100 ... 150 
350 ... 400 

Element 
i e 0 i+ 

2 0 N e l + 
40Ca3+ 
5 2 C r 3 + 

58jvjj3+ 

1 6 2 D y 7 + 

1 9 7 A u 8 + 

209gj9+ 

e/iA 
700 ... 890 

1000 ... 4000 
400 ... 570 

30 ... 42 
400 ... 450 

3 ... 5 
300 ... 410 
200 ... 240 

in the low repetition mode for SIS, by further develop
ment of the PIG ion source. These investigations and 
developments will be carried out at the newly built 
PIG test bench in close collaboration with the JINR 
in Dubna. The following modifications are planned: 

• A pulsed gas feeding system should decrease the 
base pressure within the source and the beam line. 
The optimum case would be to have enough atoms 
to ignite the source and to decrease the pressure 
during the pulse to shift the charge state distri
bution to higher charges. 

• A higher peak discharge power should yield an 
increased plasma density. Together with higher 
extraction voltages and an improvement of the 
extraction system higher ion currents should be 
achievable. 

• Different cathode materials will be tested in order 
to improve the life time of the source. 

• A splitted anode with an additional electric field 
perpendicular to the magnetic field will be tested 
to improve the extraction efficiency [1]. 

We hope to increase the available intensities, especially 

Figure 1: GSI Penning ion source. 

2 HIGH CURRENT INJECTOR 

To increase the available ion currents for the syn
chrotron the Widerôe pre-stripper section will be re
placed by a RFQ/IH accelerator in the near future [2]. 
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The injection energy will be reduced from 11.7 keV/u 
to 2.2 keV/u. This implies the use of lower charge 
states from the ion source (design ion U4 + , el. current 
15 mA). The total extracted current from the ion 
source will be in the range of 100 mA. To minimize 
beam transport problems at low energies, there is no 
charge or mass separation on the high voltage plat
form. To preserve the beam quality during post-
acceleration, the acceleration column is equipped with 
a movable single gap and a screening electrode[3]. The 
present 320 kV high voltage power supply limits the 
current to 40 mA. It will be replaced by a new one with 
a maximum voltage of 150 kV and maximum load cur
rent of 150 mA in 1997. 

Like the PIG source, the CHORDIS (shown in fig. 2) is 
regularly operated in a pulsed mode up to 50 Hz and 
pulse length from 0.5 to 5 ms. Extraction voltage is 
between 20 and 40 kV. 
Typical ion currents from the CHORDIS for D and Ne 
are given in table 2. The currents are measured at the 
same location as for the PIG source. 

Tab 
Element 

Dj 

e 2: Ion currents from the CB 
emA 

0.4 ... 0.5 
Element 

20Ne+ 

[ORDIS. 
emA 

4 . . . 5.5 

For high current investigations at the UNILAC and 
SIS we use the Ne-beam delivered by the CHORDIS. 
The molecular deuterium beam has been used instead 
of the atomic one for two reasons: 

• The operation regime for the atomic beam is not 
favorable (very low rf and magnetic field level). 

• Passing the gas stripper behind the Wideroe at 
1.4Mev/u the electrical current is increased by a 
factor of 3 by braking up the molecule and ioniz
ing the atoms. Thus we have had a higher particle 
current at the experiment. 

For all beams from metallic elements we are using the 
MEVVA ion source [4]. Our version of that source 
type (see fig. 3) is operated in a pulsed mode with a 
repetition frequency of up to 5 Hz and pulse length 
from 0.5 to 2ms [5],[6]. Extraction voltage is between 
20 and 40 kV. The same extraction system as for the 
CHORDIS is used. 

Typical ion currents for the MEVVA ion source are 
listed in table 3. 

Table 3: Ion currents from the MEVVA. 
Element 
24Mg+ 
48^2+ 
5 8Ni3 + 

emA 
15 ... 20 
25 ... 35 
25 ... 35 

Element 
24Mg2+ 
48 T j 3+ 

238jj4+ 

emA 
50 ... 70 
25 ... 35 
20 ... 30 

The Mg+ beam has been measured at the UNILAC 
injector, whereas all other data have been taken at 
the high current test bench (analyzed current after 5 m 
beam transport). 

For the Ti-beam the maximum of the charge state 
distribution is at the required charge state, for other 
elements special measures are necessary to get the 
maximum current in the desired charge state. Higher 
charge states can be achieved by applying a high mag
netic field close to the cathode region. To decrease the 
charge state (1+ desired for the Mg-beam) additional 
gas is fed into the discharge chamber. This is shown 
in fig. 4. 

The development of the MEVVA ion source is made 
in close collaboration between TASUR in Tomsk, LBL 
in Berkeley and GSI. After achieving the desired cur
rents, the main activity is now to decrease the noise 
level on the beam as well as the pulse-to-pulse repro
ducibility. 

SBCO MAGNETS 

EXTRACTION ELECTRODE 

REFLECTOR ELECTRODE 

Figure 2: Gas version of CHORDIS. 
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Figure 3: MEVVA ion source. 
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very similar to that for normal gases with the supple-
I J X mentary condition that a minimum microwave power 

of around 200 W should be applied to the source to 
avoid condensation of the material in the front part of 
the feeding system. 

Mg 

V 
(m/q) 

Figure 4: Mg spectra from MEVVA ion source. I: no 
additional gas, II: nitrogen pressure at the gas inlet is 
3 • l u - 1 mbar, III: 7 • 10"1 mbar. 

3 HIGH CHARGE STATE 
INJECTOR 

The extraction voltage from the ECR source (shown 
in fig. 5) is chosen to match the specific input energy 
of the RFQ (2.5keV/u). Because of the high charge 
states available from this source no high voltage plat
form is necessary. The most important features of the 
ECR ion source are the stable production without in
terruptions for weeks and the low material consump
tion for the desired element. Typical ion currents are 
listed in table 4. These ion currents are not always the 
maximum achievable currents, but they were sufficient 
for the specific experiment. 

Table 4: Ion currents from the ECR ion source. En-
riched isotopes are marked by an asterisk. 
Element 
"C*+ 

2 2 N e 4 + * 

58jsj-9+ 

64 N j 9+* 

82 S e 12+* 

I29xe18+* 
197 A u 24+ 

238jj29+ 

eflA 
70 ... 100 

200 ... 250 
5 ... 13 
10 ... 20 
30 ... 40 
25 ... 30 
15 ... 20 
2 ... 3 

Element 
2 0 N e 4 + 
4 0 A r 8 + 

6 2 ^ 9 + * 

7 0 Z n 1 0 + * 

118S n16+ 

136x e 18+* 

2 ( ^ ^ 2 7 + 

e/jA 

200 ... 250 
200 ... 250 

10 ... 20 
20 ... 50 

2 ... 5 
17 ... 20 
5 ... 7 

The main activity for that source is to develop different 
techniques to create ions from solid materials [7]. 
Tests at the ECR test bench revealed that for Se (va
por pressure 10~3mbar at « 200°C) the regularly 
used oven did not yield stable operating conditions, 
even with some modifications to minimize the influ
ence of the discharge on the sample temperature. For 
such high vapor pressure materials we built a new low 
temperature evaporator (fig. 6) in which the sample is 
placed outside the source and the vapor is guided to 
the standard quartz gas feeding system through a long 
heated quartz capillary. Thus the source operation is 

IRON YOKE HEXAPOLE 

HV INSULATOR 

WINDOW 

Figure 5: ECR ion source CAPRICE. 

insulator coppertube 

Figure 6: Evaporator for ECR ion source CAPRICE. 

Comparison between test bench and injector beam line 
is not satisfactory. Therefore we are building an injec
tor test bench, which will allow to transfer results to 
injector operation. 
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FEASIBILITY OF SHORT WAVELENGTH, SHORT PULSE LASER ION SOURCE FOR THE 
LHC INJECTOR 

J. Wolowski1, P. Parys1, E. Woryna1, 
J. Krasa2, L. Lâska2, K. Masek2, K. Rohlena2 

Abstract 

Results of experimental investigations of characteristics of 
ion streams generated from laser plasma after focusing the laser 
beam either with an aspheric lens or with a parabolic mirror (al
lowing an observation of the ion emission in the direction of the 
target normal) are presented. The photodissociation iodine laser 
PERUN operating with A = 1.315^m and delivering energy up 
to 507 was exploited in the experiment. In this contribution we 
restricted ourselves to the results of ion emission measurements 
from Ta-, Pb- and Bi— plasma. 

Introduction 

Present studies of the emission of ions from the laser pro
duced plasmas are mainly motivated by a growing interest in the 
physics of heavy ion accelerators. In the application of the laser 
plasma as a source of multiply charged heavy ions high current 
densities are required. From this viewpoint, as numerous experi
ments show, the laser plasma sources seem to be very promising. 
In comparison with the electron cyclotron resonance ion sources, 
which are employed for heavy ion injectors at present, higher 
current densities of highly charged ions are expected. Thus the 
charge state of ions, the ion velocity (or the ion energy) and the 
ion current density were the basic parameters of interest. How
ever, it is evident that whilst the ECR sources are nowadays 
highly developed as far as their reliability and simplicity of op
eration is concerned, the laser sources still face major technolog
ical and even scientific problems. 

PERUN Experiment and Results 

Ion emission experiments were mainly performed with the 
photodissociation iodine laser system PERUN [1]. Ion collec
tors (IC), a cylindrical electrostatic energy analyzer (IEA) and 
a Thomson mass spectrometer (TS) were applied to monitoring 
the emission of the ions [2]. The ion species, their energy, abun
dance and/or velocity distribution were explored in dependence 
on the laser power density, focus setting with respect to the target 
surface and the changing the angle of observation. The collec
tors are based purely on the time-of-flight effect, the spectrome
ters combine time-of-fiight with the action of electric or magnetic 
field on the ions. The collectors first separate the electron compo
nent and then they measure the ion current. The outcome is, how
ever, influenced by the secondary emission, which is adding to 
the net current. Since the secondary emission coefficient, which 
is specific for any cathode material, may be energy and charge 
dependent, it introduces a certain degree of uncertainty in the re
sults. This is the main source of error in the absolute estimates 

of the ion number. In the following it was assumed that for each 
ion charge unit impinging on the collector cathode one extra sec
ondary electron is struck out. 

The analyser devices use either an electric field alone to 
separate the ion species as in the IEA or the combined electric 
and magnetic field in the TS. The geometry of IEA is that of 
a cylindrical capacitor segment, where the radial electrostatic 
field separates the ions entering through a slit. The sensor is 
a vacuum windowless electron multiplier. An IEA requires a 
repetitive laser operation (typically 20 shots) to determine the 
charge energy spectrum. 
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Figure 1 : IC signals and IEA record of Bi. 

TS renders the whole spectrum in a single shot, but the resolu
tion power for highly charged species is poor. The output picture 
formed either on an ion sensitive foil or a multichannel plate is 
composed of a set of parabolas, each corresponding to a single 
value of e/m. Whereas for light elements like contaminants in 
the vacuum of the target chamber the parabolas are quite distinct, 
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the higher charges usually coalesce. In practice it is thus imper
ative to use an IEA to get a quantitative answer. However, if the 
recordings of the TA are processed numerically, in particular, a 
grid of precalculated parabolas is overlapped with the output the 
identification of ion groups is fast and convincing. Both the de
vices are difficult to calibrate absolutely, but placing a coaxial IC 
in the path of flight of an IEA makes an absolute calibration pos
sible. Examples of ion collector signals and electrostatic anal
yser spectra for Bi is shown in Fig. 1. Two groups of ions (fast 
and thermal) are clearly discernable on the charge-integrated and 
time-resolved signal from an ion collector, which was located in 
a far expansion zone. The spectra in Fig. 1 clearly prove the ex
istence of ions with charge states about 50+. We registered fully 
stripped Al, or nearly stripped Co and Ni, and ions with charge 
state higher than 48+ of heavy elements: Ta, W, Pt, Au, Pbanà 
Bi. In principal, the mass-to-charge ratios, energies and abun
dance of the emitted ions can be determined from the spectra. 
The ions are not only generated, but also accelerated. The max
imum energy of the ions increases with the laser power density. 
In our experiments with high-Z targets the highly ionized ions 
with energies up to several MeV were registered. Keeping in 
mind a two group electron model [3] the fast ion expansion ve
locity can be interpreted as a sound speed with the hot electron 
temperature. 

Estimates of the ion current density and the number of ions 
with a given charge state produced during a single laser shot were 
performed by processing of the IC signal with the use of the data 
from IEA spectra. The total maximum ion current density at
tained 12mA/cm2 with lense and ~ 22mA/cm2 94cm from 
a Ta target (recalculated value according to r2 law) using the 
parabolic mirror. An evaluation of the experimental data pointed 
out that about 30% of the ions of their total amount are in a high 
charge states (from 35+ to 45+). When recalculated to the num
ber of the particles our measurements give thus at least 108 of 
ions in a single charge state within a single pulse lasting about 
Ins. The maximum values are observed in the direction of the 
normal to the target, as it follows from the measurements with 
the parabolic mirror. To obtain the entire ion energy distribution 
for a single value of the laser energy a series of measurements 
changing the analyzer voltage was made. As the measurements 
are fairly laborious and time consuming they were performed 
only for Ta- ions, see [3]. 

Exploiting the theoretical considerations in [4-8] a depen
dence of the average charge state of ions on electron temperature 
was constructed, which is shown in Fig. 2. It is seen that an 
average charge state of Ta-ions 45 is attainable at an electron 
temperature of about 1.0 — 1.5keV, while at the same temper
ature the average charge state of Au- and Bi-ions is 51 and 
55, respectively. This corresponds to the electronic structure of 
the heavy ions, which unlike the neutral atoms tend to form a 
closed electron shell with 28 electron left (iVi-like ions). For 
a further ionization a fairly high potential barrier would have 
to be overcome. In this sense it is easier to achieve a higher 
ionization degree starting from heavier elements. 

The generation of the ions in the laser plasma, as far as their 
charge states and numbers are concerned, is very sensitive to the 
position of the laser focus with respect to the target surface. The 

1.0 1.5 2.0 2.5 3.0 

elektron temperature, keV 

Figure 2: Calculated mean charge of Ta, Au and Bi dependent 
on the electron temperature 

results of our studies of the effect of focus setting on the ion emis
sion is summarized in Fig. 3. There is a position of the target 
lying behind the true focus (aim in front of the target surface), 
which is most favourable not only for generation of the highly 
ionized particles but also for attaining a maximum yield of the 
ions. Then it is most likely that the laser shots aimed repeat
edly in the same point on the target surface deteriorate both the 
amount and the average charge state of the emitted ions. It was 
found that after the 3rd laser shot the plasma parameters are so 
changed that the energetic highly charged ions are missing and 
the total ion emission is much weaker. 

Discussion and Conclusions 

It is interesting to compare the requirements of an ideal LHC 
injection at CERN with the performance of the short pulsed 
lasers as potential ion source drivers. Since these lasers appear 
to be more costly and less practical then the CO^ these draw
backs must be balanced by specific advantages offered by them. 
A principle advantage might well be skipping of the first strip
per in the Linac line. Also the number of ions and the timing of 
their arrival should be such, as to allow for a single turn booster 
operation and possibly to avoid the use of LEAR (which would, 
however, be the purpose of any laser source). The requirements 
of CERN are summarized as follows: 

For the lead ions experiment an ideal source should yield 

P645+ 3.6mA 6/xs (= 3 x 109 ions) 17.3keV/u 
P654+ 4.3mA 6M« (= 3 X 109 ions) 20MeV/u 

In deriving these numbers it was assumed that the extraction volt
age is set to 80kV and no stripper. This compares with the num
bers obtained e.g. with the iodine laser using a Ta target 

Ta42+ 22.8m.4cm-2 lfis (= 108 ions) 12.7keV/u 
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Figure 3: Dependence of the ion current and of the mean charge 
on the focus setting 

In the last line the second number is the current density in the 
collector current maximum of the fast ion group (about 30% 
of the total) obtained with the mirror focus measured in reality 
by a coaxial IC 174cm from the target, but transformed using 
a quadratic law to a distance of 94cm (to make it compatible 
with the lens focusing). The fast group involves about 10 ion 
species and the pulse is short. Although the estimate of 108 ions 
available for the extraction is fairly conservative, it is difficult 
to see, how especially the pulse timing could be extended to the 
required 6/zs tempering just at the laser. Looking at the charge-
energy spectra a natural spreading of the pulse by the time-of-
flight would dictate an intolerably long flying path. 

A certain improvement might be expected resorting still to 
shorter wavelenght laser. Then there is a less acceleration and the 
energy spectrum is narrower. Equally a larger focus, while keep
ing the power density constant, might supply more ions, but at 
the cost of a disproportionate increase in the pulse energy, since 
not only the focus area grows, but also the pulse should be pro
longed, see [1]. But it is unlikely that the timing of the pulse 
might be reconciled with the LHC injection demands without a 
major change in the subsequent acceleration regime, 
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Abstract 

The results of systematic studies of ion emission from 
plasmas generated in the focus of laser beams of short 
wavelengths, short pulse lasers (Nd:glass, 1 ns, 1060 nm; 
iodine, 0.5 ns, 1st harm.- 1315 nm 2nd harm.- 675 nm, 3rd 
harm.- 483 nm) are presented. The corpuscular diagnostics 
were based on (i) Thomson parabola spectrometer to display 
a general view of the ion spectra, (ii) cylindrical electrostatic 
ion energy analyzer to determine the detailed charge-energy 
ion spectra (iii) ion collectors to estimate the current density 
of the ion fluxes far from the focus. The ion current densities 
about 1 m from the focus are typically mA/cm . Fairly high 
charge state (>50+) and simultaneously energetic (>8 MeV) 
ions were registered. The results are interpreted either in term 
of a two-temperature model of the expanding plasma or by an 
ion emission from a dual focal spot including a hot primary 
focus and a colder peripheral zone. 

Introduction 

An expanding laser plasma is an efficient source of 
highly charged ions [1]. It is formed by focusing a 
nanosecond laser beam on a target. In the plasma corona an 
intense collisional ionization is going on. If the plasma is left 
to expand the phenomenon of charge freezing sets in. Due to 
the fast expansion the plasma is diluted before the 
recombination eradicates all the highly ionized ion species. 
Hence, at least part of the ions has a chance to conserve the 
charge state acquired in the hot plasma core and carry it at a 
considerable distance away from the focus. There, the ions 
can then be either registered by various sensors of particle 
diagnostics, such as ion collectors and ion analyzers 
(Thomson or electrostatic), or after a separation of electrons 
they can be transformed in an ion beam and introduced in a 
beam line of an accelerating system. In the following we 
shall concentrate, in particular, on the subnanosecond pulse 
laser in the near infrared region. 

Laser drivers 

The photodissociation iodine laser PERUN [2] in the 
Institute of Physics of AS CR in Prague is operating at the 

wavelength 1.315 /im, producing pulses of ~ 50 J, which are 
roughly 350-500 ps long and can be focused in a spot size 
(lens optics) of 80 \im . The average power density attainable 

on the target is thus - 1 0 Wcm . Frequency conversion by 
DKDP crystals to 2co and 3co is available with about 50% 
efficiency. The target chamber was fitted either with an 
aspherical f/2 (f = 20 cm) lens or alternatively, with a mirror 
(f = 28.5 cm) having a 12 mm hole in the centre to allow 
access to the part of the plasma expanding directly against 
the laser beam. The mirror focal spot is somewhat larger 

(~ 100 \im) than with the lens focus. 
The Nd:glass laser in the Institute of Plasma Physics and 

Laser Microfusion in Warsaw gives at maximum 15 J at 
1.06 fim in 1 ns pulses. The spot size with lens optics is about 

n -2 
100 \im with a power density on the target < 6 x 10 Wcm . 
Besides the aspherical focusing lens a combination of a lens 
with an ellipsoidal mirror with a central hole was used. 

The C02 Lumonics TEA 601 laser [3] gives 50 J in a 50 
- 70 ns pulse. The power density on the target is ~ 2 x 

12 -2 

10 Wcm . Focusing is with a parabolic mirror/ = 30 cm 
with a hole of 30 mm. 

The C02 TIR-1 system at Troitsk [4] delivers about 
100 J in either 25 ns or 2.5 ns pulses. The focusing system 
using a parabolic mirror / = 60 cm with a hole of 25 mm 
achieves the power density on the target either — 4 x 
101 1Wcm2or~6xl01 4Wcm2 . 

At this stage of development the potential performance 
of laser ion source is synonymous with the results of particle 
diagnostics of the expanding laser plasma. None of the near 
infrared lasers used has an adjoint LEBT line or an RFQ to 
assess directly the quality of the preaccelerated ion beam. 
Nevertheless, the charge-energy spectra of the expanding 
laser plasma allow for qualified estimates of at least some 
properties of the ion beam derived from such a plasma. 

Results 

The collector signal usually indicates several ion groups, 
which are separated by the time-of-flight effect. The highest 
charge is carried by the fastest group, to which the following 
table relates. It presents the results obtained with the first 
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harmonies of the iodine PERUN system for various elements. 
The geometry of the measurements was either a coaxial one 
using a mirror (M) or the measurements were off the axis 
using a lens (L) focus. 

Table 1. was compiled by uniting the data of IC 
measurements in two different distances from the focus. In 
the case of lens focus the IC collector was 94 cm from the 
focus, with the mirror the distance of a coaxial IC was 
174 cm. The current densities are the peak values of the fast 
ion signal, recalculated in each case to the shorter distance of 
94 cm using a quadratic law. The values for the mirror case 
are thus estimated fairly conservatively, [5]. 

Table 1 

Elem. 

Co(M) 
Ni(M) 
Cu(L) 
Ta(L) 
Ta(M) 
W(M) 
Pt(M) 
Au(M) 
Pb(M) 
Bi(M) 

<z,„„> 
22 (25) 
20 (26) 

(25) 
(55) 

42 (48) 
45 (49) 
45 (50) 
38 (49) 
40(51) 
40(51) 

<Efn„>[keV/u] 
32.7 
15.7 

12.7 
10.9 
15.9 
15.7 
15.9 
12.9 

-2 
j[mAcm ] 

14.2 
18.5 

12.8 
22.8 
22.8 
12.8 
7.0 
8.5 

10.0 

It would seem that the sharper focus for the lens case 
yields higher maximum charge numbers (values in 
parentheses second column) and that the higher currents are 
emitted from the larger mirror foci. In reality, the 
dependence of the ion current as well as of the maximum 
charge number on the power density and on the size of the 
focal spot are not trivial and are different in character. It is 
more likely that the differences between the mirror and lens 
geometry are given by the directional characteristics of the 
ion emission. When defocusing the dependence of the current 
has a sharp peak for the maximum power density, whilst the 
maximum charge number changes just slowly. This has 
implications, for instance, for the quality of the target 
surface, in particular, when placing several shots in the same 
spot and a crater is formed, [6]. 

The results are to be understood in the following way: 
the plasma is formed by a short intense pulse, in its hot core 
the electron temperature is exceeding 1 keV and the system is 
essentially in a thermal equilibrium. The highly charged ions 
are born in the core by an intense collisional ionization. 
During the expansion stage the electron temperature is falling 
fast, because also the laser power in the case of the short 
pulse goes down quickly. Not even the recombination heating 
can maintain the temperature on a steady level. The 
temperature is decreasing when the ions are still passing 
through a comparatively dense region. Owing to the 
temperature drop, the recombination sets in. The high charge 
states will thus be destroyed before the system is (due to the 
fast expansion) out of the thermodynamic equilibrium and 

the high charge states have been "frozen in". Especially 
vulnerable are the high z ions. This scenario applies to the 
thermal ion group, which follows the fast group and is 
carrying charge states, which are generally lower. 

The existence of the fast group is pointing to an 
accelerated expansion mechanism. Such a mechanism is 
triggered by a group of superthermal (hot) electrons which 
originate from a non-dissipative laser energy deposition in 
the plasma. A part of the primary laser energy is transformed 
in electrostatic plasma waves, which accelerate the plasma 
electrons by the mechanism of inverted Landau damping. 
The resulting hot electron population is guiding the fast 
plasma expansion contributing thus to a survival of highly 
charged species. 

From what has been said it is clear that an ideal laser 
driver should provide both the fast plasma ionization to attain 
as high charge state as possible and also a fast expansion to 
conserve the charge once formed in the core by suppressing 
the recombination during the expansion stage. These two 
requirements are difficult to meet at once. The ionization rate 
is mainly controlled by the electron density in the vicinity of 
the critical surface in the plasma, i.e. the density surface 
where the electron plasma frequency equals the laser 
frequency, ffiL = u)ec, 

beyond which the laser radiation cannot penetrate ( n is the 
critical electron number density, e is the elementary charge 
and m is the electron mass). Another factor determining the 
maximum attainable ionization degree is the time available 
for the ionization process. It is either equal to the 
characteristic hydrodynamic build-up time xhdr of the plasma 
plume, which is also the residence time of an ion inside the 
hot plasma core 

T _ p ir r \ <z>(n*+nh) ... 
^M(nthITlh+nhITh) 

or to the laser pulse time, TL , which one happens to be 
shorter ( nM n^ ne = nfh + nh , and Tth, Th are the number 
densities and temperatures of thermal and hot electron 
population, R is the focal radius, M is the ion mass, Cs is 
the ion acoustic velocity and < z > is the mean charge). 
For a well tuned laser the hydrodynamic time should thus be 
shorter or equal to the laser pulse duration, 

V ^ T i (3) 
to use the ionization process to a full advantage [7]. 

Conclusion - comparison of various lasers 

In the previous sections mainly the performance of the 
iodine Jaser was being assessed, in the following we shall use 
the same criteria for the other types of laser driver. Since the 
frequency conversion changes the wavelength, the iodine 
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laser with a beam converted to higher harmonics (2co and 3(0) 
will be considered as separate cases. 

C02 drivers: The C02 lasers are an obvious choice for 
their high repetition rate and commercial availability. They 
also have usually a long pulse, meeting thus the criterion (3). 
However, owing to a long wavelengths (10.6 jjm) the critical 
density (1) is too low and the ionization is slow. The highest 
attainable ionization degree is thus lower than that of the 
short wavelength lasers. Moreover, the focusability of the 
beam is usually bad, which reduces the power density on the 
target. Also, the pulse tends to have a fairly long "ramp", 
containing a non-negligible portion of the total energy, which 
induces low temperature phenomena on the target like 
digging an outsized crater and a splutter of the target 
material. 

Nd:glass laser performance is not, in principle, different 
from that of iodine, it has a slightly longer pulse, which is a 
favourable feature, the energy is less controllable. A 
repetitive action is more difficult to implement, because of a 
heat build-up in the glass, but a future diode pumping might 
solve the problem. 

Converted iodine 2(0, 3(0 is giving about the same results 
as 1(0 , but with less acceleration. Clearly, the fast expansion 
phase is missing, the hot electrons are absent. This means 
that in the hot plasma core, which is considerably more dense 
than in the case of 1(0 , see (1), much higher charge states are 
formed, which only partially recombine during the 
expansion. A second maximum of very slow ions, which 
sometimes appears on the collector signal, is likely caused by 
an emission from a peripheral part of the focus, which is 
heated by an intense x-ray radiation of the primary plasma. A 
direct experimental prove of the existence of very highly 
ionized species in the focal spot created by the blue 3(0 beam 
is, unfortunately, still missing, though the calculations seem 
to point in this direction. 

An extrapolation towards still shorter wavelength points 
out that the use of excimer lasers (such as KrF) in the 
ultraviolet range should be given a serious thought. These 

lasers are technically related to C02 , are easy to operate in a 
repetitive regime and the deposition of laser energy in the 
plasma is very high. There are however difficulties with 
controlling the pulse shape, especially in the nanosecond 
range, but at least in a single pulse regime the ways of 
circumventing them are known. 

A repetitive action is neither easy to implement in the 
case of iodine lasers. Though the sealed-off systems are 
known to operate with the frequency nearly 1 Hz at about 
70 J of energy [8], the operation is in the free running regime 
and the pulse is thus far from being in the nanosecond range. 
There should be, in principle, no difficulties in changing the 
generation regime to obtain a subnanosecond pulse with the 
same rep rate, but this would mean to sacrifice a part of the 
energy. A serious obstacle is also the cost of such a would-be 
instrument, which might lie anywhere between 300 and 
1000 k$ (US). 
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SMOOTH ION ENERGY TUNTNG IN LINEAR ACCELERATOR 

AShalnov, B.Bogi 
MEPhLJ 

Abstract 

This paper presents the results of experimental research 
of energy variable proton linac, which consists of 
independently driven one-gap accelerating cavities. Cavity 
design proposed by authors seems to be optimal for high 
values of energy gain and beam current. A multichanel 
accelerating structure allows to accelerate several ion beams. 
Beam focusing is accomplished by means of electrostatic 
quadruples with variable potential, which is chosen from the 
viewpoint of maximum beam transit factor for each operation 
mode, determined by output energy. The other energy 
variable accelerating structures with operating frequency 
changing are also under consideration. 

The modern stage of accelerator engineering 
development in Russia is characterized by a peculiar 
combination of the requirements to expansion function 
opportunities radiation installations and their efficiency 
increase with decrease of material inputs on their creation 
and exploitation. In the ion accelerators area to number 
of such problems it is possible to relate creation of 
complexes, capable to receive beams with any by given 
energy from a zero up to maximum and ensuring thus 
transfer to ions reasonably large (up to several tens percent) 
part of RF energy from a generator. 

This problem not decided so far due to problems of 
practical realization. The last were connected mainly to 
absence of the constructive decisions enabling to supply high 
energy gain in a meter range (i.e. ions accelerators range), 
that is significant longitudinal sizes of resonators at a 
limited potential gradient, stipulated with breakdown 
significance on a small accelerating gap. 

The accelerator block diagram of which is indicated on 
fig. 1. By the authors was offered as the main accelerating 
element of installation to use apolyaxial resonator (PR). 
Ones formed from a known cylindrical resonator with wide 
aperture drift tube by its installation on the end face of a 
disk with a diameter close to size of a resonator cylindrical 
wall. On fig. 1 are entered following reviews: 1 - ions 
injector, 2 - PR, 3 - RF feed system specifying generator, 4 -
phase shifters, 5 - RF amplifiers, 6 - electrodes of a 
electrostatic focusing system, 7 - magnetic analyzer, 8, 9 -
ions beam collectors, 10 - variable resistance of a power 
supply system of the electrodes 6, 11 - beam slot-hole 
collimating system. Given scheme has basic character and 
does not exclude a opportunity of phase adjustment in a most 
specifying generator, or directly in accelerating cascades. As 
well as variant of discrete phase change at the expense of 
replacement wave cable with fixed electric length. The length 
determine the phases difference on the generator 3 output 
and each particular resonator. 

;h, ANesterovich 
', Russia 

Fig.l. The accelerator block diagram. 

The schematic drawing of a structure in two projections 
is shown on fig. 2. On a drawing are indicated: 1 - resonator 
cylindrical wall, forming a vacuum chamber, 2, 3 - resonator 
face wall, 4 - drift tube, 5 - disk, 6 - drift tube face cover, 7 -
dielectric electrodes 8 holders of electrostatic focusing 
system, 9 - electrodes 8 potentials input, 10 - loop of a RF 
capacity level measurer, 11 - power input from a generator, 
12 - pump system vacuum collector, 13 - frequency 
adjustment element, 14 - drift aperture. The drift tube cover 6 
and disk 5 are replaceable, that permits by a way on selection 
of these elements with the various sizes to adjust resonant 
frequency of resonators in small limits, that it is convenient 
on stage of accelerator start. The focusing system electrodes 
fix on a plate with a opportunity them tuning on 
mandrils. The diametrical sizes of a drift tube internal cavity 
admit accommodation of a focusing system for several 
channels located on circles by some centimeters diameter. 
Accelerating structure pump carried out through cylindrical 
collectors, connected to nonoil pumps. Ones provided 
vacuum in a structure better then 3-10"6 Torr. Tuning 
is executed with help of the laser beam and mandrils. 

Diameter of a sicumference channels centers circle in 
spent experiments makes 6 sm. The resonator loaded quality 
equals ~700, coupling factor ~2, own quality ~2000. 
Arriving to the resonator power was defined as differences by 
the dropping and reflected waves power. The 
shunt resistance significance was determined by the power 
spectrum comparison of a simulating electron beam (instead 
of ions were injected electrons with energy ~40 keV). 
Dependence based on the accelerated electrons energy 
maximum and appropriate entered power level in view of the 
previous changes allowed to estimate shunt resistance 
significance. Within the measurements accuracy limits of 
10% it has made 80 kOm. 

The proton acceleration in an energy adjustment mode 
for the account of appropriate resonators phasing was 
executed after preliminary selection of transportation 
optimum conditions in a electrostatic quadruple lenses 
system. Thus in each of quadruples one electrodes pair of 

172 



opposite transportation channel was ground and second was 
under positive or negative potential. 
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Fig.2. The accelerator structure schematic drawing. 

At the power level in one resonator 40 kW the energy 
gain in it reached up to 56 keV. On fig. 3, 4 experimental 
dependencies of a current in magnet winds (power spectra 
analogue) are submitted. Ones removed for various RF fields 
phases significance in first and third resonators (in second -
the RF power was not entered). As well as for a various RF 
power level at its division equally on the general accelerator 
cascade output by means of phase shifter bridge scheme. As 
it is visible from these drawings given regime of proton 
output energy smooth adjustment is realized in complete 
volume. 
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Fig. 3. The dependencies of proton current from the current 
in magnet winds for various RF fields phases 
significance (P/2=17 kW). 
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Fig.4. The dependencies of proton current from the current 
in magnet winds for various RF power levels (cp==-
40°). 

The realization simultaneous phase and peak 
regulation provides the task opportunity of any change law of 
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RF fields accelerating harmonic phase speed along system 
length. That it is necessary for particles acceleration in the 
high energy fields. It means that the accelerators on all 
energy (up to relative) can be executed on the basis of 
identical single gap resonators optimized under the form and 
sizes from a point of view of power walls losses 
minimization, that is efficiency increase. Besides fall away 
necessity of transition to higher frequencies. That is increase 
a ions capture factor at the expense of losses absence on 
transition sites. As well as simplifies RF system as a whole. 
Besides a new functional opportunity of acceleration in the 
same acceleration complex of a various type ions is opened. 

In particular, in a considered structure it is possible 
deuterons acceleration. For transition to heavier ions can 
be recommended PR with several disks installed on drift tube 
and external wall. 

Use of a double gap resonators sequence in the kind 
quarter wave vibrator with drift tube is represented 
reasonably effective also. Thus the each resonator frequency 
is determined by a situation relocatable short piston in the 
vibrator basis. The ions flight time between backlashes can 
be adjusted in potential of electrode, located in each tube. 
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BEAM LOADING EFFECTS IN LINACS WITH RESONANT LOADED 
RF-POWER UPGRADE SYSTEM. 

A.Shalnov, B.Bogdanovich, Aignatyev and V.Senyukov 
MEPM, Moscow, Russia 

Abstract 

The RF power upgrade systems with microwave energy 
compression are using for accelerating wave power increase 
[1-3]. The energy compression systems (ECS) with a 
resonant loading present the certain interest for practical use 
because of their specific properties [4]. They are capable to 
increase an accelerating wave power up to 50... 100 times (up 
to 20 dB) and keeps this wave in accelerating structure for a 
longer time then conventional ECS. The resonant load is an 
essential part of the system and renders influence 
significantly on its parameters. The system consists of two 
connected resonators, one of which is using as a storing 
element and the second — as a load. Load may be a standing 
or a traveling wave resonator (TWR) formed by accelerating 
structure. Beam loading effects would change the properties 
of RF field in the load resonator. ECS characteristics and the 
accelerated beam parameters are discussed. 

Introduction 

The main principle of the system with resonant loading 
operation is based on using connected resonators [4]. Wave 
emitted from storing cavities (SC) pass through TWR 
(see Fig. 1) and becomes incident wave for SC. The resultant 
wave amplitude at the accelerator structure is equal sum 
amplitudes of those waves. This process continues while all 
energy primarily stored in SC passes by terns to TWR. So it 
causes significant field increase at accelerating structure. 

Schematic drawing of the ECS with resonant load is 
submitted on Fig. 1. Accelerating structure input and output 

s c h - \ f-

X 

SC 

load 
i 

accelerator structure — ^ 

J 

i 

switched 
coupler RF 

senerator 

Fig. 1. Microwave energy compression system with a resonant 
load. 

connect through switched coupler and SC and form the 
TWR. The switched coupler transfers the system operation 
mode from storing energy to its use. During the energy 
storing period (state A) the coupler connects generator output 
to storing cavities and the acceleration structure output — to 

an absorbing load. To use the stored energy (state B) the 
coupler is switched in such way that the acceleration 
structure output becomes connected to storing cavities, 
forming TWR. 

At state A (see Fig. 2) energy storage occurs in SC. The 
wave, reflected from storing resonators, passes through a 
TWR and arrives in a load. When the energy storing process 
ends the coupler transformed in state B. The wave coming to 
SC is a wave leaving from accelerating structure. A wave 
phase shift in a TWR is chosen so that the wave coming on 
SC has the same phase as the wave emitted from it. 
Amplitude of a wave circulating in TWR ring will grow so 
long as all accumulated in SC energy will not pass 
completely in TWR. After this the return swapping of energy 
from TWR to SC will begin. The qualitative graph of the 
circulating in TWR wave average amplitude variations is 
shown on Fig. 2. 

B 

Fig. 2. The RF wave average amplitude variations in a system with 
a resonant load (E0 - generator wave amplitude; £ w - wave 
in TWR ring; I - beam current). 

Theory 

Traveling wave resonator is forming at the end of 
storage period (at moment fo) by the switched coupler. RF 
generator is connected with an absorbing load and 
accelerating section output — with storing cavities. The 
wave, emitted from the SR, is added to a wave circling in the 
TWR. In this case the amplitude of a summarized wave at the 
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acceleration structure entrance during the energy use period 
is described by a following expression [4]: 

Ew(t)--

where: 
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N = [{t-t0)IT\ - number of wave revolutions in TWR, T - time 
duration of one turn-over of a wave in a TWR. 

For function F(-n, I, A) evaluation one can use formula: 
In + 1 — x n 

F(~(n + 1),1, x) = F(-nX x) F(-{n -1),1, x) 
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whereF( 0, \,A)= 1 andF( - l , l,A) = l-A. 
The expression (1) describes microwave amplitude at 

accelerating section without current loading. Coupling factor 
p depends on the storing energy duration period to

la case, when the current loading appears essential, it is 
necessary to take into account changes of wave amplitude 
falling on cavities. Using principle of independence of fields, 
it is possible to consider that two waves exist: one wave is 
connected with RF energy in SC, second — will be formed 
by electron beam. The expression for field amplitude of the 
beam radiation wave at any point of accelerating section with 
coordinate z, has a kind: 
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£j = -IR(l - e _ a / ) , / - beam current, R - shunt impedance 

of accelerating section, v - group velocity of accelerated 
wave, h - beam injection moment, / - accelerator structure 
length. 

The resulting amplitude of a high-frequency wave at 
accelerating section input is determined by addition of two 
waves £w (t) and Eb (t): 

E(t) = Ew(t) + Eb(t) (3) 

Analytical expression of beam energy is enough difficult 
problem. For this reason the determination of beam energy of 
linear accelerator was carried out in numerical kind by using 
formula: 

Wb(t) = \{Ew{t- --) + Eb(t-tx 
v V 

zdz (4) 

ESC with resonant loading give increased amplitude RF 
wave on extent several turn-overs of a wave on TWR. So it 
can receive much longer pulses of an accelerated beam in 
comparison with other type compression systems. For 
example, we have obtained RF pulses with 15... 17 dB 
multiplication factor and about 0.5 us pulse duration for 
accelerating section filling time about 24...40 ns [4]. The 
electric field is considerably changed in time at accelerating 
section at one turn-over period. However, it does not result in 
increase of beam energy spectrum. It is possible to assume, 
that stored in traveling wave resonator energy is almost in 
accelerating section. So the beam energy is close to constant 
during one turn-over period. 

Calculation results 

Calculation was made for following parameters of ESC 
and accelerating section: power of the generator output P0 = 
10 MW, g-factor g0= 90-103, shunt impedance of 
accelerating section R = 40 MOm/m, t0 = 2.5 us, power 
decrease per unit of acceleration section a = 0.04 and 0.08 
m"1, accelerator section feeling time T = 40 and 60 ns. 

To achieve maximum beam energy it is need choice 
coupling factor p for an energy storage period t0. 
Dependencies of maximum value E ^ o and optimum 
coupling factor p are shown on Fig. 3. 

Fig. 3. Dependence of maximum averaged wave amplitude at an 
accelerating structure entrance £w /£o and coupling factor p 
on an energy storage period to (7=40 ns). 

The accelerator beam energy Wh (normalized to W0 -
accelerator energy without any ECS) depend upon time t as 
shown at Fig. 4. Width electron energy spectrum remains 
practically constant (AW^AWa) for current values from 0 up 
to 1.5...2 A. At given current pulse of beam duration /b the 
influence of a beam loading has an effect on average energy 
of particles. The maximum beam energy with minimum 
spectrum width can be achieved by appropriate choice of an 
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injection moment t\. Spectrum width less then 3. .5% can be 
obtained for current pulse about th < 2.37 for pulse current 
values up to 2 A 

0 100 200 300 400 t - t o , n s 

Fig. 4. Dependence of beam energy WIWn at output accelerating 
structure from time t - t o (7"=60 ns). 

The typical beam energy dependence from accelerating 
structure length / at output TWR accelerating section is 
shown in Fig. 5. 

W IWn 

0.3 0.7 1.1 1.5 

Fig. 5. Dependence of maximum accelerator energy from 
accelerating structure length / (7=40 ns). 

The normalized energy W/W0 of accelerated beam grows 
with reduction of length accelerating section (filling time of 
accelerating section is proportional to its length). Absolute 
value of beam energy appears higher for longer sections. 
Therefore to achieve higher energy long accelerating of 
section should be apply. 
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RF-FIELD GENERATION IN WIDE FREQUENCY RANGE BY ELECTRON BEAM 

B. Bogdanovich, A.Nesterovich, S.Minaev 
MEPhl, Moscow, Russia 

Abstract 

A simple device for generating powerful RF oscillations 
in the frequency range of 100-250 MHz is considered. The 
two-gaps cavity is based on the quarter-wavelength coaxial 
line loaded by drift tubes. Frequency tuning is accomplished 
by using the movable shorting plunger. A permanent electron 
beam being modulated at the first gap return the energy at 
the second one. The additional tube with the permanent 
decelerating potential, introduced into the main drift tube, 
allows to decrease the drift tube length and keep the 
excitation conditions in frequency tuning. Both 
autogeneration and amplification modes are under 
consideration. RF-parameters of the cavity and experimental 
results are described. 

At present there is a number of scientific and applied 
problems, for the decision of which it is necessary to have RF 
generator with power up to hundreds kW with smooth 
adjustment of frequency in a wide range. At the same time, 
made and used the powerful lamp generating devices are 
allowed rebuilding up to by several percents. As far as the 
frequency change in wider range requires agreed rebuilding 
of several resonant contours of amplification cascades. 
Conventional klystron and magnetron devices not allowed 
significant rebuilding owing to specific character of a 
volumetric resonators design. Generating devices on TWT 
base can not supply required exit power value. 

To ensure a condition of beam resonance interaction 
with RF structure in a wide range of wave length it is 
possible by changing system period or electron speed. 
However, it is practically impossible to change RF structure 
space charge by virtue of the constructive reasons. On the 
other hand, it is required a relative electron beam with 
energy ~100 keV for high-power reception. The speed of one 
makes size ~0,5c. The speed reduction, for example, in two 
times would result in this case in injection beam essential 
loss. Other the discussed scheme defect is a large RF system 
period length: at the electron energy 100 keV and wave 
length 2 m the period will make 1 m. That will cause to 
excessive general accelerator length growth and efficiency 
fall. Besides the injection energy change can ensure 
synchronism maintenance at frequency rebuilding only on an 
initial structure site. 

That to minimize installation dimensions and to ensure 
electron beam resonant interaction with a resonator in wide 
range of wave length scheme with electrical adjustment of a 
structure effective length is offered. This scheme is based on 
system with drift tubes. Inside ones are coaxial located 
additional isolated tubes, those are under electrons slowing 
down (or accelerating) constant potential. Thus the electrons 

speed inside tubes can vary depending on value and sign of 
potential. It enables to support synchronism at frequency 
rebuilding and constant injection energy. 

As the first section of a generating device based on these 
principles is developed double-gap buncher resonator with 
drift tubes. One capable to work as in a mode of self-
excitation (that is independent generation) and as a buncher 
with independent excitation. In the self-excitation mode the 
electron beam receives modulation on energy in a first 
backlash, is grouped in drift tube and gives back energy 
(brake) in the second backlash. Distance between backlashes 
centers is 200 mm. Thus on frequency 150 MHz electrons 
with relative speed p=0,5 past first backlash in optimum 
group phase (cpi=-7t/2 in cosine readout) and fall in the 
second backlash in a phase cp2=-7t/2+n, that is close to the 
slowing down half-wave top. With frequency increasing the 
significance cp2 is increased and for preservation of self-
excitation optimum conditions it is necessary to submit 
breaking potential on internal tube or to reduce injection 
energy. Self-excitation conditions on high frequencies are 
possible also at multiple flight corners. For example, 5nl 4. 

The developed resonator design is schematic submitted 
on fig. 1. Resonator contain vacuum jacet 1 

Fig.l. The resonator design scheme. 
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with face flange 2 and vacuum volume 3. In ones places own 
rebuilding resonator. It consists of a cylindrical screen 4 with 
face cover 5 and internal coaxial guide 6. On guide is fixed 
drift tube 7. In a resonator is present a mobile shorting piston 
8 with sliding silvering contacts 9. The piston can be moved 
through coaxial at the help of the rod 10. For restriction of 
moving and azimuth turn prevent is stipulated restrictive pin 
11, which moved in cylindrical RF screen longitudinal split. 
The design provides a piston moving without vacuum 
infringement through a traffic input device. Bush 12 is 
placed in a framework 13 and upsets by a rubber lining 14, 
the effort on which is created at the help of a device 15. The 
smooth surface of the rod permits to move the piston and 
save vacuum in systems at a level ÎO^-IO"6 Torr. The 
cylindrical screen 4 RF contact with jacet 1 is provided by 
special copper ring compression 16, which is established in 
stipulated slot and key between a jacet and screen at screw 17 
protracting. Thus, drift tube should be fixed in the resonator 
by the tightening ring 18 only after screws 17 protracting. 

In drift tube 7 on isolator 19 coaxial fixed potential tube 
20, on which constant voltage feeds. The copper guide is 
used for transmit voltage. High-voltage copper guide 21 
placed in rigid ceramic tube. Ones, in turn, place in isolation 
tube. Isolation tube is fixed in internal coaxial at the help of 
bushes 23 and exit bushes 24. Further high-voltage guide is 
removed from vacuum chamber through isolator 25. 

The made installation is represented reasonably simple 
and at the same time reliable for study powerful RF 
oscillations in a wide wave lengths range. 

Maximum rebuilding range of resonator own frequency 
makes 117-235 MHz and is limited from below by coaxial 
line length. The top limit is connected to a significant drift 
tube length, which at close to it a shorting piston situation 
represents large part of a quarter wave line. Own resonator 
quality is weak drops with frequency decrease from 1300 up 
to 800. It is connected with two circumstances: 

1. It is necessary to reduce magnetic field screening of 
pulsing focusing tube. So coil drift is executed from stainless 
steel and have become in comparison with copper coaxial 
much more resistance. At a piston approach to tube relatively 
more part of currents flow on tube, that results in quality 
decrease. 

2. At high frequency the resistance of mobile contacts 
grows. 

Separate problem is choice of connection factor with a 
making path value. By use of a resonator as a buncher with 
independent excitation optimum is the critical connection. If 
the resonator works in a selfexcitation mode, the choice is 
not obvious. On the one hand, at small connection conditions 
of selfexcitation are facilitated at small beam currents. From 
the other hand, connection should increase for effective 
generated power transfer to a load. Hence, for ground choice 
of a connection factor value in a selfexcitation mode and 
system power efficiency optimization it is necessary to carry 
out detailed numerical accounts and subsequent experimental 
research. 

Other problem of a broadband generator is its 
coordination with a path in all frequencies range. In 
considered construction individual connection unit in a kind 
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of a loop is used. Loop is located near to internal coaxial line 
guide in the field of junction with drift tube. On first stage 
the resonator was investigated in a independent excitation 
mode on frequency 148,72 MHz. Thus close to critical 
(p~l,2) connection value was supplied. The rebuilding in the 
low frequencies area results in connection reduction. In the 
area of higher frequencies connection, opposite, grows. It is 
stipulated as by shorting piston reactive impedance change, 
as its situation relatively shorting piston. Here in after, for 
preservation of coordination conditions, probably, 
expediently to use capacitor connection, as far as in this case 
the effect of reactivity change at frequency rebuilding can be 
compensated (completely or partially) by connection unit 
situation displacement relatively shorting. 

The RF generator model research was conducted on a 
experimental stand, the block diagram of which is submitted 
on fig. 2. Stand contains following main elements: 
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Fig.2. The experimental stand block diagram. 

electron injector 1, electromagnetic lens 2, compressor coils 
3, focusing solenoid 4, double-gaps buncher 5, electrons 
collector 6, external RF path 7 and load 8. The lens 2 and 
coils 3 formed a site cross compression of a electron beam in 
adiabatic increasing longitudinal magnetic field. The field 
value changes from significance 0,005 Ô on injector cathode 
up to 0,2 Ô on compressor output. The beam diameter 
decreases from 30 mm up to 8 mm. The compression site 
length is equal ~1 m.. The resonator placed inside the 
solenoid 4. One creates on the installation axis close to a 
similar magnetic field by size up to 0,25 0. The lens 2 feed 
scheme is operated in a continuous mode, but the coils 3 and 
solenoid 4 - in pulsing. 

The described system of the electron beam formation 
permits to receive pulsing electrons beams with energy up to 
100 keV and current up to 20 A at a pulses duration ~ 100 us. 

As far as for maintenance of the best electrons beam 
grouping it is desirable to have more electrons slowing down 
in potential tube, its potential should be approximate to 
injection potential up to value, determined by optimum 
current flow conditions. For experiments at a initial stage a 
settlement ratio of high-resistance divider shoulders 
resistance equals 0,85 was chosen. At high-voltage system 
tests on a idle running (without electron beam) the measured 
relation of potentials on tube TJt and injector U; has appeared 
close to this significance. At the same time, at experiments 
with beam for the account of current load and hit electrons 
part on tube redistribution of potentials occurred. Therefore 
the significance U,/Ui was increased and actually has 



appeared close to 0,95. The generation was observed at 
injection voltage exceeding by 12 kW. 

Experimental electron current oscillograms on collector 
is shown on fig. 3. The form of the flat top of a electrons 
current pulse is close to sine with period -10 ns. 

Fig. 3. The electron current oscillograms on the collector. 

The resonator excitation process is largely defined by the 
electrons beam geometrical characteristics, as far as the 
generation takes place only in a in comparison narrow range 
of electron injector magnetic field B value change. That is 
exists optimum significance Â in relation to electrons 
energy. We shall note, that at the increase U; the optimum 
significance B also grows. 

The RF oscillations occurrence in a resonator is 
accompanied by signal arising on detector in external RF 
path and eroding of the electron current pulse flat top on the 
collector (a dotted line on fig. 3, a continuous line shows the 
pulse form at generation absence). Availability of electron 
beam RF modulation in the sine form signal is well visible 
on oscillogram (fig. 3). The modulation period within the 
limits of measurements error well coincides significance 0,67 
ns, appropriate resonator working frequency equal to 148,72 
MHz (the modulation frequency coincides resonator self-
excitation frequency). 

Dependences of constant Ib and of the first harmonic 
amplitude variable Ix of a making electrons current signal on 
a collector from the value U; are shown on fig.4. 
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Fig.4. The dependences of lb and Ii from Uj. 

Both signal are increased with the growth U;. The 
relation Ii/Ib dependence from the significance Ui is 
submitted on fig. 5. In accordance with the increase U; the 
share of the first harmonic grows, reaches a maximum, and 
then decreases up to some significance, about constantly. 

RF amplitude signal U dependence in external RF path 
from U; is shown on fig. 6. Availability of optimum 

significance U; at which maximum U is reached is visible. It 
is connected as appear with selfexcitation optimum phase 
conditions (groped electron beam falls in the second 
backlash in close to a break phase). At the same time the 
pulse duration T RF signal continuously grows at the 
increase U; (fig. 7). 
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Fig.5. The dependence of Ib/Ii from Uj. 
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Fig.6. The dependence of U from U; in external RF path. 
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Fig.7. The dependence of T from Uj. 
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At a following stage resonator serviceability check was 
conducted at other significance of its own resonance 
frequency. For this purpose by shorting piston 8 moving 
(fag. 1) the working frequency was biased in the lower 
frequencies area (piston was moved closer to input voltage 
unit on ~800 mm). The experiments results have appeared 
similar above described. The resonator selfexcitation 
frequency was measured with the help of a spectrum analyzer 
and has appeared equal 132 MHz. 

Thus, is experimentally proven, that creation of waves 
lengths meter range generator with smooth frequency 
rebuilding in a wide range (in some times) is possible at 
enough large efficiency. For the entered power level increase 
and the maximum efficiency mode realization expediently 
work making on manufacturing and start of the RF structure 
second series. One can be based on the same principle of 
action, as described above. 
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RECENT STATUS OF FCI : 
PIC SIMULATION OF COUPLED-CAVITY STRUCTURE 

Tsumoru Shintake 
KEK, Tsukuba, 305 Japan 

Abstract 

New version of FCI(Field Charge Interaction)-code 
simulates beam dynamics of an electron beam running in a 
coupled-cavity structure, such as a multi-cell output structure 
in a klystron amplifier, a coupled cavity TWT amplifier, a 
bunching structure in an electron injector and also an rf-gun 
with multi-cell accelerating cavity. The particle-in-cell 
simulation takes into account the space charge field, the beam 
loading effect and energy exchange with an external circuit in 
a self-consistent manner. 

Introduction 

FCI-code is 2+1/2 dimensional particle-in-cell simulation 
code developed by the author in 1989[1], which has been used 
to analyze the beam dynamics in the klystron. FCI-code has 
contributed to develop many high-power klystrons at KEK 
and in industries[2]. The FCI is a name of a code group, 
which includes a cavity-field calculation routine, a magnetic-
field routine, a main routine of beam simulation, and post
processors. Recent version is equipped with MOVIE
PLAYER to show an animation of beam profile. 

In this paper, new version of FCI is described, which 
simulates beam dynamics in a multi-cell coupled-cavity 
structure. It can be applied to several electron beam devices 
such as 
(1) Klystron with multi-cell output cavity. 

(Traveling or standing wave). 
(2) Electron Injector ( sub-harmonic, pre-buncher, buncher ). 
(3) TWT amplifier. 
(4) RF-gun( single-cell or multi-cell ). 

Modeling of RF-Field in Multi-Cell Structure 

In FCI-code, the RF-field in a coupled-cavity structure is 
represented by a superposition of eigenmodes in each cell ( 
here we call this as "cell-mode"). For example, the traveling 
wave in a disk-loaded structure is represented by a 
superposition of cell-modes, whose field intensity (cell-
voltage) oscillates at the rf-frequency, but their phases are 
differed from cell-to-cell, resulting in a traveling wave as a 
group motion. 

The electro-magnetic interaction between cells, which is so 
called "the coupling", is taken into account in a coupled-
cavity circuit-model (see the next section). 

The electric field of the cell-mode is represented by 

Ez(r,z,t) = Ez0(r,z)-cos(COt + <p), (1) 

where Ez0(r,z) is the electric field pattern at the maximum 
phase. In vacuum electron beam devices the dominant mode 
(TMOl-mode) in a cylindrical cavity is usually used, whose 
electric field is uniform around the axis. Therefore, an 
azimuthal dependence was dropped in eq.(l). We define the 

cell-voltage by the line integral on the "frozen electric field" 
along the axis as follows. 

VCF=\Et0(r = Q,z)-dz (2) 

The subscript CF denotes "Cell-voltage on Frozen electric 
field". The shunt-impedance is given by 

K 
{RIQ)CF^-^- (3) 

2coW 
This definition does not include the transit-time factor. Note 
that this definition is different from the accelerator definition 
used in theory of the high energy accelerators, which includes 
the transit-time factor. The relation between them is 

{RIQ)CF = {RIQ)accl2T\ (4) 
where T is the transit time factor for a particle of speed of the 
light. 

An electron beam running in the coupled-cavity structure 
interacts with cell-mode in each cell independently. The field 
excitation is taken into account into the equivalent circuit as 
an induced current given by 

_ jJb-Ez0(r,z)-dr 
'md ~ , , • W) 

VCF 

Modeling of Coupled Cavity Structure 

Figure 1 shows an equivalent circuit model for a multi-cell 
coupled-cavity structure. The circuit equation for the n-th cell 
is given by 

= i ( i - 2 ^ ) ( ^ . u v ; . 1 + ^„+1v;+1) + 7,nJ , (6) 

where 

vn = dvn i de = dVn i codt, vn" = d2vn i de2 = d2vn i w2dt2 

*n-i.„> kn,n*\ '• coupling constant. 

<5„ =(a>-wn)/a>n : detuning of cell from the rf-frequency. 
<u„ : resonance frequency of n-th cell. 
Vn : cell voltage (peak) normalized by 

Vn=VcF.nn<o,(R/Q)CFJ'2 

lind : beam induced current normalized by 

Âw=[(*/f i)C T .^J1 / 2 / ,w 
Above normalization makes the stored energy in a simple 
form: 

(W ) = Wn,M = -C V2 = -V2 

Here we introduce "the quasi-steady state approximation". 
Since in most applications, the time variation of the cell 
voltage and current is much slower than the sinusoidal 
oscillation at the rf-frequency, we can separate the time 
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variation into two parts: a slow change in voltage and phase 
and a fast sinusoidal oscillation at rf-frequency as follows. 

\(t) = V(t) • exp(jox), V (0 = (V + jV) • expOfflf) 

V"(/) = ( F + 2jV - V) • exp(jcot) (7) 
Using eq.(7) into eq.(6), we have the quasi-steady state circuit 
equation. 

v;+(2j + ±-)Vn+(-+--28n)V„ 

cell distance was chosen at X/4 wavelength on the beam, 
additionally the cell-voltage must be V2 =-jVl, v3=-Vl. 
Applying this relation into eq. (10), we get the optimum 
condition of the coupling constant and the loaded-Q as 
follows. 

1 
(*«-u K-i+*..»+i^+i) +Âw + Â (8) 

In FCI-code, eq.(8) is solved by the finite difference method 
in time sequence. 

Fig. 1. Equivalent circuit model for a coupled cavity 
structure. 

Particle-In-Cell Simulation 

In FCI-code, an electron beam is simulated by a flow of 
macro-particles of ring shape (2D, circular symmetry). The 
space charge field is calculated by solving the wave-equations 
of the scalar and the vector potentials by the finite difference 
method. The particle motion is determined by integrating the 
relativistic equation of motion in 2+1/2 dimension: 

(r,r,z,Z,6), which takes into account the space charge field, 
the self-magnetic field, the external focusing magnetic-field 
and the rf fields in cavities. The details are described in 
references [1] and [2]. 

Traveling Wave Output Structure 

As an example, a traveling wave output structure was 
simulated by FCI. A structure was designed as shown in Fig. 
2 and attached to the 5045-tube[4] in place of the single-cell 
output cavity of original design. The coupling constant and 
the loaded-Q were determined as follows. The steady state 
circuit-equation of the coupled cavity is given by [3] 

CO <B„ I 1 

j +— V. 
(Ù. CÙ Qn 

CO 1 / — — \ -

(ù 2 
(9) 

We use a traveling n/2-mode, which requests resonance 
frequencies of all cells being tuned to the rf-frequency : 
<0\ = co2 = CO-} = co • Applying eq.(9) to all cells and neglecting 

the cavity loss ( 1 / Q0 —» 0 ), we have 

o 

)knl2 

0 

jk12/2 

0 

jk2i/2 

0 

;*2 3 /2 

1/2,3 J 

'< 

v2 

b,J 
= 

indA 

'md.2 

.'md.l -

(10) 

To smoothly extract the kinetic energy from the beam, we 
assume the same energy loss in each cell. Since we want to 
establish a traveling Tt/2-mode running with beam, the cell-to-

1/2 \!md.\ 

v, 
(ll.a) 

( l i b ) 

(ll.c) 

kl2=2[(R/Q\(R/Q)2] 

kn = 2[(R/Q)2(R/Q)i}
U2^ + kl: 

\V2\ 

_ L - r f f / r ) > I7""*-3' i k™ 

Q,riR/Qh N +
 2 

We design the beam deceleration voltage close to the beam 
voltage of 350 kV. By taking into account the transit-time 
factor (-0.7), the required total cell-voltage becomes 500 kV. 
Thus, |V,| = |V2| = |V3| = 163JtV. On the other hand, the 
modulation rf-current on a beam is normally as high as 1.5 
times of DC-current. It is 600 A in the present case. By 
considering the transit-time factor and de-bunching effect, we 
assume the beam induced current as 350, 300, 250 A in the 
1st, 2nd and the 3rd cell, respectively. From eq. (11), we have 
the optimum coupling constants as listed in Table-1. Once, 
we execute a beam simulation, we get precise values of the 
beam induced currents, then we can refine the coupling 
constant using eq.(l l) , and execute the beam-simulation 
again. In actual design works, we need a few cycles of this 
iteration process to reach an optimum solution. 

The cell-mode and shunt impedance were calculated by the 
DENKAI-code[5]. Figure 3 shows the electric field plots of 
the 1st, 2nd and the 3rd cell. In calculating each mode, the 
neighboring cavity was detuned by terminating the cavity wall 
by the "magnetic short". The cavity radius was determined to 
tune the resonance frequency at 2856.0 MHz. 

Output Power 

t 
°°i "° ; a . = 5.3 

;t/2 Traveling-wave 

2856 MHz 

& 

kl2- 0.13 k23=0.24 

(R/Q) 39.4 29.4 39.8 Q 

Fig. 2. Klystron output structure using traveling K/2-mode. 

The simulation results are summarized in Table-1. At 150 
W of the input power, simulation predicted the output power 
of 69.2 MW, and the power efficiency of 48.5 %. The 
simulated voltages are about 10 % higher than the expected 
one. This is due to a difference between the simulated beam 
induced-current to the assumed one. The maximum surface 
electric was reduced to 13.7 MV/m, which is 51 % of the field 
in the original single-cell cavity design. 

Figure 4 shows a snap shot of the beam. The top is the 
beam profile on (z,r) plane. Since in a traveling wave 
structure the aperture can be designed much wider than a 
single cell cavity, we can keep a large clearance for a beam to 
the cavity wall. Additionally, the beam deceleration is smooth 
and the radial kick by the cavity field is much less, resulting 
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in a smooth profile in beam shape after the output structure. 
This is an important feature of the traveling-wave output-
structure to eliminate collision of electrons in beam hallows 
on the cavity surface, and avoid accompanied rf-break-down in 
the output gap. The middle plot is the kinetic energy profile 
and bottom is the instantaneous beam current, where 
deceleration and de-bunching of beam in the output structure 
are clearly shown. The MOVIE-PLAYER shows animation of 
this plot on BIM-PC machine. 

No.l 

Magnetic 
Short 

Magnetic 
Short 

Fig. 3 Cell-modes in the 1st, 2nd and 3rd cell. 

Discussions 

In this paper, the rf-field in a multi-cell couple-cavity was 
approximated by the superposition of cell-modes, and whose 
voltages were calculated by the equivalent circuit model. In 
case of a small coupling, the energy transfer per one cycle 
along cell-to-cell is much smaller than the stored energy in 
one cell, therefore this approximation works very well. 
However, in a case of a large coupling, such as in a klystron 
output structure, we has to pay attention on errors in the 
approximation. In order to verify accuracy of the simulation, 
we are continuing studies, such as comparison of cell-mode 
model to standing wave modes in coupled cavity without 
beam, or direct finite-difference modeling of coupled-cavity 
structure with beam. The code is also under testing on several 
existing cases, such as X-band klystron having multi-cell 
output cavity, and an electron injector with traveling-wave 
buncher. 

55 65 75 

Fig. 4. Snap shot of simulated beam. 

Table-1 

Cavitv parameter 
fo 

No.l 2856.0 
No.2 2856.0 
No.3 2856.0 
kl2 0.13 
k23 0.24 
Beam Parameter 
Beam Voltage 
Beam Current 
Drive Power 
Simulation Results 

(R/Q)CF 

39.4 
29.4 
39.8 

350 kV 
408 A 
150 W 

Vc (kV) 
No.l 
No.2 
No.3 
Surface Electric Field 
Output Power 
Power Efficiencv 

177.6 
187.2 
170.9 

QL 
2000 
2000 

5.3 

Ic(A) 
345.2 
279.3 
167.8 

13.7 MV/m 
69.2 MW 
48.5 % 
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C-BAND MAIN LINAC RF SYSTEM FOR e+e" LINEAR COLLIDER 
OF 0.5 TO 1.0 TeV CM. ENERGY 

T. Shintake, N. Akasaka, K. Kubo, H. Matsumoto, S. Matsumoto, Shigeru Takeda, 
K. Oide and K. Yokoya : KEK Tsukuba Japan, 

P. Pearce : CERN, Geneva, Switzerland, H.S. Lee and M.H.Cho : PAL, Pohang Korea, 
K. Watanabe : Tohoku University, Osamu Takeda : TOSHIBA Co., H. Baba : NIHON KOSHUHA Co. 

Abstract Overall Parameters 

The overall parameters are listed in Table-I for 500-GeV and 
1-TeV CM. energy linear colliders. In the 500-GeV case, an 
accelerating gradient of 31.7 MV/m is generated by a 50-MW 
klystron in combination with rf pulse compression; thus, an 
active length of 7.3 + 7.3 km is sufficient to reach 500 GeV 
CM. energy. A luminosity of 6.6 x 1033/cm2/sec can be 
obtained using a 150 MW wall-plug power. The details are 
described in ref.[3]. 

A hardware R&D for the C-band (5712 MHz) rf system for 
a linear collider started in 1996 at KEK. An accelerating 
gradient of 32 MV/m ( including beam loading ) will be 
generated by 50 MW C-band klystrons in combination with 
an rf-compression system. The klystron and its power supply 
can be fabricated by conventional technology. The straightness 
tolerance for the accelerating structures is 30 |am, which is 
also achievable with conventional fabrication processes. No 
critical new technology is required in a C-band system. 
Therefore, a reliable system can be constructed at low cost Table-I 
with a minimum of R&D studies. The first high-power test is CM Energy TeV 0.5 1.0 
scheduled for 1997. Number of electrons per bunch xlO10 1.1 1.4 

Number of bunches per pulse 72 
Introduction Bunch separation nsec 2.8 

Repetition frequency Hz 100 50 
The e+e" linear collider is a large-scale machine. In the main Bunch length mm 0.2 

linacs for two beams, we use more than 8000 accelerating RF-parameters 
structures, 4000 klystrons and pulse modulators. Therefore, RF frequency GHz 5.712 
the system must meet the followings demands: Peak input power at cavity MW 83.0 165 
(1) High reliability Nominal accelerating gradient MV/m 40.0 56.0 

To provide beams with reasonable availability, the system Effective accelerating gradient MV/m 31.7 46.4 
must be highly reliable; that is, the fault rate must be Wall-plug power for RF (2 linacs) MW 150 133 
negligibly small and the lifetime of the key devices must be Accelerating Structure 
sufficiently long. To achieve this, we eliminate any critical Number of structures per beam 4080 5748 
parameter or excessive stress in the hardware components. Total length of cavities per beam km 7.3 10.3 
(2) Simple Structure Type CG with choke-mode 

For the same reason as (1), the system must be simple. Unit length of structure m 1.80 
This will also help to lower the construction cost and to make Ms radius/wavelength 0.13 - 0.17 
hardware maintenance easier. Shunt-impedance MQ/m 59.2 - 47.0 
(3) Lower construction cost Pulse-compressor 

We should try to reduce the construction cost while not Compression Scheme multi-cell coupled cavity 
sacrificing the system performance and reliability. Pulse compression ratio 5 
(4) Reasonable power efficiency Pulse compression efficiency % 70 

We assume that the maximum limit on the whole wall-plug Klystron 
power in a site is 200 MW. To meet this requirement, the rf Klystron peak power MW 50.3 98.6 
system must efficiently accelerate the beam. However, since Efficiency % 45 70 
an actual rf system needs auxiliary power in addition to the Number of klystrons per beam 2040 2874 
wall-plug power to generate rf, we must optimize the total RF pulse length (tsec 2.5 
system, not just the acceleration hardware. Modulator 
(5) Easy to operate Number of modulators per beam 2040 2874 

The machine operation should be easy. In the actual Power efficiency from AC to pulse % 75 
machine operation, the system must have flexibility to Beam Dynamics 
accelerate various patterns of the beam current. The tuning Injection energy GeV 20 
procedure must also be simple and easy. Phase delay of rf-crest deg 14.5 10.0 

The above list provides a guide-line and boundary Structure straightness tolerance (im 30 
conditions to our design work. Among the system parameters, Final focus 
the choice of the drive rf frequency plays the most important Spot size at IP (horizontal) nm 318 318 
role concerning the system performance as well as the (vertical) nm 4.3 3.0 
hardware details. We proposed the C-band frequency as being Crossing angle (crab crossing) mrad 8.0 8.0 
the best choice to meet all of the demands listed above[l-4]. Luminosity xlO3-3- 6.6 7 0 
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System Description RF Pulse Compressor 

Figure 1 shows a schematic diagram of one unit in the main 
linac rf-system. Two 50 MW klystrons are driven by two 
high-voltage pulse modulators independently, followed by a 
3dB hybrid power combiner and pulse compressor to generate 
350 MW peak power, which drives four accelerating 
structures. The pulse-compression action is performed by 
rotating the phase of the input rf-signal in opposite directions 
in each klystron. By combining two powers at 3-dB hybrid, 
the phase modulation (PM) is converted to the amplitude 
modulation (AM) of the ramp-waveform, which compensates 
the beam loading effect in the accelerating structure. The 
energy-storage cavity consists of three coupled cavities using a 
low loss TEOln mode. 

We use a standard rectangular waveguide: EIA187 (47.55 
mm x 22.15 mm, 3.95-5.85 GHz), whose attenuation 
constant is 0.03 dB/m (5% loss/m). 

Figure 2 shows the key points concerning the C-band, 
which make the system simple and reliable. 

Klystron Power Supply & Pulse Transformer 

The filling time of the accelerating structure scales as 

tF - i K f f l 
CO 

At the C-band, it becomes 280 nsec. Including the pulse-
length of the beam and a compression factor of five in the rf-
compression system, the rf-pulse at the klystron becomes 2.5 
(isec. Including the rise- and fall-times, the pulse-length of the 
high-voltage applied to the electron-gun of the klystron 
becomes 3 |isec or longer, which is quite suitable to the 
conventional power-supply consisting of a Pulse Forming 
Network (PFN) and a step-up pulse-transformer. This type of 
power supply has been used in many linear accelerators, 
owing to its high reliability and good efficiency. 

To charge high voltage into the PFN capacitors, we use an 
inverter power supply. Such a high-voltage power supply has 
been widely used to drive pulsed lasers for a long time. 
Modern technology for power-semiconductor devices (such as 
IGBT) has improved the power efficiency by better than 90%. 
Using this power supply, we can simplify our modulator 
design, making it modular according to the required functions: 
the inverter power supply (DC block), the PFN module (pulse 
forming block), and the pulse-transformer tank (matching 
block to a klystron). With this approach, it becomes easier to 
reduce the cost, improve the reliability and ease maintenance. 
In the case of a failure, we simply replace any broken block 
with a new one and send the old one to a factory for repair. 

C-band Klystron 

Since the klystron drift-tube diameter is proportional to the 
rf wavelength, we can use an electron beam with a larger 
diameter than higher frequency bands. It also makes it easier to 
design an electron gun with a larger cathode to extract a higher 
beam current. Therefore, we can design the beam voltage as 
low as 350 kV, which enables the PFN voltage to be as low 
as 43 kV. At this voltage level, it is easier to obtain suitable 
PFN-capacitors from existing ranges of various manufacturers. 

We use a three-cell coupled-cavity pulse-compressor instead 
of a delay-line type pulse-compressor. The cavity is compact, 
having a length of 1 m, and its diameter is 160 mm. 
Therefore, it will be easier to fabricate at lower cost. A 
computer-simulation code was made to simulate the time 
response of the coupled-cavity system, which has shown a 
maximum efficiency as high as 70%. The details are reported 
in ref. [5]. 

Accelerating Structure 

We use a choke-mode cavity structure[6], in which all of 
the higher-order modes are heavily damped. Therefore, the 
multi-bunch wakefield and any associated instability will not 
harm the beam emittance. The only concern is the single-
bunch emittance dilution due to the short-range wake-field, 
which is a strong function of the iris aperture. We use 
relatively large iris-aperture: average <2a>=16 mm. As a 
result, the straightness tolerance for one structure becomes 30 
|im or larger. This is a controllable level in conventional 
fabrication techniques of the disk-loaded structure. To 
eliminate any stress and make the structure straighter, a low 
temperature brazing technique will be adopted[7] 

To align the structure with beam, we use an RF-BPM 
attached to the structure. This type of RF-BPM was tested 
using the FFTB beam line at SLAC in December 1995 [9]. It 
demonstrated a very high resolution of 44 nm for a single 
bunch. Three RF-BPM were assembled in one block, and the 
misalignment between them was measured with electron 
beam. It was only 3 (J.m. This is a quite promising result for 
a structure-alignment procedure. 

The dark-current problem due to field-emission under the 
high accelerating gradient has been studied using computer 
simulations[10]. From which, no serious contributions to the 
background in the detector at IP is expected at C-band 
frequency. 

Hardware R&D Program 

In January, 1996, the hardware R&D has been started at 
KEK. In 1997-1998, we will construct one unit of rf-system. 
Since we use one klystron, the input rf will be directly 
amplitude modulated to demonstrate the flat-top output from 
the compressor. The first klystron tube will be available in 
1997. 
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PERFORMANCE OF THE RF-SOURCE FOR THE KEKB LINAC 

Abstract 

The KEKB project, which requires an energy upgrade of the 
KEK linac from 2.5 GeV to 8.0 GeV, started in 1994, and has 
been progressing. About fifty 50-MW high-power klystrons 
(including equivalent 40-MW tubes) have been produced and 
tested. Twenty-eight of them have already been installed in the 
klystron gallery. We also obtained more than 60-MW rf peak 
power with a reasonable efficiency from this 50-MW tube. The 
klystron assemblies, including the magnets and pulse 
transformers, have been operated with no problems. In order to 
operate the SLEDs, we have also developed a sub-booster 
klystron, a driver klystron which produces more than 60-kW 
peak power for 8 high-power klystrons. Two of them have been 
successfully operated in the klystron gallery. We have started 
SLED operation at 2 sectors (sectors #4 and #5) and are 
accumulating data concerning the SLED and accelerated beams. 
We now describe this performance of the rf-source for the 
KEKB linac. 

Introduction 

An upgrade of the PF linac in order to increase the 
acceleration energy from 2.5 to 8 GeV, by using a combination 
of 59 klystrons having an average output power of 41 MW 
(max. 46 MW) and SLAC-type rf compressors (SLED) is now 
in progress[l]. We have achieved progress concerning the sub-
booster klystron, the driver klystron, and feeding to 8 high-
power klystrons, since it is necessary to change the driving 
scheme (shown in Fig. 1) in order to use the SLED operation 
with proper timing. In this modification, more than 40 kW of 
output power is required from the sub-booster klystron by 
taking account of the transmission losses. We had manufactured 
5 tubes, including a prototype; 2 tubes have already been set in 
the gallery in order to test the SLED operation. Installation of 
the high-power tubes is proceeding on schedule. Twenty-eight 
tubes have already installed to the gallery, and 12 tubes are 
being operated under the SLED mode. Those tubes are operated 
during an injection to the PF ring and AR (Accumulating ring) 
for the SOR experiment users. Some of the high-power tubes 
are being operated at 335 kV to 350 kV, and have succeeded in 
outputting more than 60 MW. They are expected to be used at 
the unit just after the positron target position, where high-
gradient acceleration is desirable. 

Sub-booster Klystron Development 

For the KEKB energy upgrade project, new 50-MW 
klystrons have been developed. In order to feed a drive power 
to these 8 high-power tubes, which are operated with SLED 
cavities, a 60-kW sub-booster klystron (SBK) is required. Since 
there are no commercial tubes which satisfy our specifications, 
this tube has been designed at KEK, and manufactured under 
the collaboration of KEK and MHI (Mitsubishi Heavy Industry 
Co.)[2]. The specifications for the sub-booster klystron are 

S. Fukuda, S. Michizono, Y. Saito, K. Nakao and S. Anami 
National Laboratory for High Energy Physics (KEK) 

1-1 Oho, Tsukuba, Ibaraki 305, Japan 
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Fig. 1. Comparison between the old and new driving systems. 

the collaboration of KEK and MHI (Mitsubishi Heavy Industry 
Co.)[2]. The specifications for the sub-booster klystron are 
given in the table 1. 

We have been using two 10-kW tubes of Thomson CSF 
(TH2436) in parallel in each sector, as shown in Fig. la[3]. The 
different points between the old TH2436 tube and the new 
SBK-tube are as follows: (1) Electromagnet focusing has been 
adopted instead of permanent magnet focusing. (2) The tuning 
frequencies for the each klystron cavity are fixed, since our 
purpose of this tube is limited. The new tube has 6 cavities, 
while the old tube has 4. These modifications enable us to 
obtain a high gain. (3) The new tube has an integrated ion 
pump. (4) Water cooling is adopted in order to stabilize the 
operation performance. (5) The input power feeder is set 
vertically to make the inside bore diameter of the magnet small. 
(7) The output waveguide is a coaxial 39D-type waveguide and 
the output waveguide flange type is BFX-39D, which is popular 
in Japan (Old type is EIA-39D standard.) (8) An Ir-coated 
dispenser cathode of 1 inch diameter is adopted instead of the 
oxide cathode based on a life consideration. (6) Our tube 
configuration is partly based on the design of the SLAC sub-
booster klystron, especially concerning item (5). [4] 

The basic design of the tube is fulfilled in KEK and some 
manufacturing processes: for instance, as the cathode 
processing, baking-and-evacuation of the tube and pinching off 
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Table 1. Specification of SBK 

item 
Peak pulse voltage 
Peak pulse current 
Microperv 
Pulse width(rf) 
Pulse width(beam) 
Repetition 
Peak RF power 
Average RF power 
Efficiency 
Gain 
Input power 
Total length 
Electric gun 
Focusing magnet 
Cooling 
Ion Pump 
Cavity number 
Output Waveguide 
Output Flange 

unit specification 
kV 
A 
uA/V3 / 2 

usee 
usee 
pps 
kW 
W 
% 
dB 
mW 

25.0 
7.91 
2.0 
4.0 

>6.0 
50 

>60 
12 

>30 
57 

120 
mm about 690 
BI Cathode 
Electromagnet 
Water cooling 
1 / /sec integrated ion pump 
6 
39D Coaxial Waveguide 
BFX-39D standard 

were first demonstrated at KEK. A proto-type tube was 
manufactured in FY94. In FY95 it was tested and a 60-kW 
output power was obtained at a beam voltage of 25 kV, which 
was supplied by the newly developed SBK-modulator using a 
semiconductor switching device. In FY95 three tubes were 
ordered and two were tested. These tubes were installed at the 
klystron gallery in order to evaluate the SLED operations, and 
have operated satisfactorily. We need 8 sub-booster klystrons 
for KEKB-project. Up to now, we could achieve an output 
power of around 60 kW, while the efficiency is about 30%. 

Status of High Power Klystron 

Test and Installation in the Gallery 

As previously reported[5, 6], we have been developing 2 
types of high-power klystrons for this project: one is an 
improved type of an old 30-MW tube by enlarging the high-
voltage ceramic-seal; the other is an improved one by using a 
larger cathode and larger high-voltage seal. PV3030A3 
(MELCO; Mitsubishi Electric Company) and E3728 (Toshiba) 
are the former types of tubes and PV3050 (MELCO) and E3730 
(Toshiba) are the latter types. Both types have abilities to 
produce more than 50 MW of output power at 310-kV applied 
voltage. The focusing electromagnet has compatibility between 
these two types with only a slight change at the gun region of 
the tube. 

An output power of 50 MW and an efficiency of 45-46% 
were achieved on the average in the 50-MW tubes. The 
saturation point is located at 250-300 W at the input power on 
an average ( a gain of around 53 dB is achieved). The typical 
performances of the 50-MW tubes are shown in Figs. 2 and 3. 
Our tubes have a single window and cooling structures are set 
on the upper and lower waveguides of the windows. The 
window material of our tube is high-density pure alumina of 
99.7% (HA997: NGK) and has a very low tan8 value[7]. The 
evaluation after running in the gallery is satisfactory. 

We have already purchased 50 tubes, including both types. 
Performance tests of 27 tubes have been finished and the tubes 
have been installed in the klystron gallery. During the first stage 
of tube development, some instabilities and arcing problems 
were observed in the Toshiba 50-MW tubes, which were 
completely solved by changing the cathode processing of the 
manufacturing process. Another type of instability and poor 
gain problems were observed in the MELCO tubes. These were 
solved by changing the structures inside the tube so as to 
prevent any distortion of the cavity during the manufacturing 
process. 

60-MW test using the 50-MW klystron 

Performances at an applied voltage higher than 310 kV have 
been of interest since the FCI[8] calculation predicted an output 
power of 70 MW at the 350-kV beam voltage. This test has 
been attempted using a prototype tube ( PV3050#2 ) as a 
tentative low-duty test; a 64-MW output power was observed 
with an efficiency of about 42%; the performance has strongly 
depended on the magnetic-field distribution near to the output-
cavity region, as predicted by FCI. Furthermore, the E3730 tube 
produced a 60-MW output power at 331 kV beam voltage and 
rf pulse width of 2 us with an efficiency of 47% at a factory 
test. These output power level are highest when using single 
output windows. We have been planning that this tube 
operation mode will be used at the #2-1 unit, which is located 
just after the positron-conversion target, since high-gradient 
acceleration is required. 

— O - FCI Prediction 

- - • - PV3050#2 

E3730#2 

i i i I i i 
0 200 400 600 800 100012001400 

Input Power(W) 

Fig. 2. Input -output power characteristics predicted by the FCI 
and those of two 50-MW tube performances. 

Design and Status of the Socket Assembly 

The final design of the pulse transformer is such that the 
step-up ratio has been changed to be 1 : 13.56; there are 7 
primary turns and 95 secondary turns. This is an bifiller auto-
winding type; a core reset bias is applied. More detail 
descriptions are given in reference [6]. We have newly 
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developed corrugated high-voltage insulators made from epoxy 
material to support the klystron heater transformer, which is at a 
high-voltage potential. The heater transformer has been 
redesigned, and the final thickness is half that of the old one. 
Owing to these design changes, we can continue using the same 
oil tanks and same configurations, including the waveguide 
ports. A feeder section inside of the tank comprises a knife-
switch-type connector made by Multi-contact Co., which 
enables it to be easily disconnected. The capacitive divider, 
used as a voltage monitor, has been replaced from the Pearson-
Inc. type to the Stangenes-Inc. type for higher voltage 
applications of up to 350 kV. Two small-size current 
transformers are set in a tank circuit instead of the old home
made one; one is used for the current monitor and the other for 
a dedicated application of an interlock signal. So far, we have 
experienced no troubles up to around 320 kV in full duty and 
350 kV under in lower duty. For the 350-kV application it is 
necessary to use a pulse-transformer with a step-up ratio of 
1:15; this approach is being prepared 

Forty-nine electromagnets have been manufactured up to 
FY95, including 2 types of magnets. Both types can be easily 
changed from one type to another by replacing the iron skirts 
and coil part. Thirty-two pulse-transformer assemblies have 
been modified from the old type to a new type by rewinding the 
pulse-transformer windings and adding pulse-circuits 
components. Since machine operation has been continued 
during the construction periods, the reformation schedule for 
the pulse transformer is the most tightest part. 

70 

60 

50 

i i i | i i i | i i i [ i i i | i i i | i i i | i i i 
PV3050-64MW(42%) -j-

E3730-60MW(47%) 

PV3050#2 

E3730#2 
E3730 
PV3050 
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Fig. 3. Output-power characteristics as a function of the 
applied beam voltage 

SLED Operation in the Gallery 

Up to the FY95, 12 SLEDs have been installed in the 
gallery, and more 13 SLEDs are being installed during the 
summer shut-down period of 1996. Two sub-booster klystrons 
were installed in sectors #4 and #5; complete mode operation of 
the SLED has been carried out. In these sectors, conditioning of 
the upgraded high-power units is proceeding, and such 

processing data as discharging and the time dependence of the 
processing etc. have been analyzed. The averaged energy gain 
and energy-multiplication factor of the developed units in 
operation is 163 MeV/unit and 1.93, respectively[9]. 

The performances of the two sub-booster klystrons have so 
far been satisfactory. However, the tube efficiency is around the 
30%, and the optimum focusing-magnetic field is quite different 
from the design field. It was found that a weak parasite 
oscillation exists under some conditions. It might be necessary 
to check the magnetic field, especially near to the cathode 
region. So far an output power of about 60 kW is sufficient for 
each high-power klystron to work at the saturation point, while 
10 kW from the previous TH2436 tube was short for saturation-
point operation for some poor-gain tubes. It is not clear that the 
some unstable operation of the SBK affects the SLED's 
operation or not. 

A long processing time was necessary for some special unit 
up to the specified value. The main task for us will be to 
investigate what kind of the causes prevent full processing. This 
summer we will install another 2 sub-booster klystrons in the 
sectors #2 and #3, and we will also start operating in the 
SLED's mode there. 

Conclusion 

We are progressing satisfactorily regarding high-power 
klystron testing and installation in the klystron gallery. 
Purchasing the tubes and focusing electromagnets is on 
schedule. The final design of the pulse-transformer assembly 
has been fixed, and also continuously modified. The sub-
booster klystrons, which are inevitable for our SLED's 
operation, are being developed and evaluated in the klystron 
gallery. Since FY95, the useful processing data have been 
accumulated by the SLED's operation of the sectors #5 and #4. 
These kinds of studies will be continued after this summer shut
down; roughly half of the construction will be completed. 
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Abstract 

In the frame of the HERA luminosity upgrade program, 
the present performance of the HERA preinjectors has been 
studied in detail. Upgrading the proton linac (Linac HI) 
energy from 50 MeV to 160 MeV is one possibility currently 
under discussion to obtain higher luminosity. Taking into 
account the limited space between the existing setup and the 
injection beam line to the DESY III, DESY's proton 
synchrotron, an upgrade study of an 810 MHz linac has been 
carried out. The results are summarized in this paper and 
some aspects are discussed leading to the solution presented 
here. 

Introduction 

The present transport channel from Linac HI to the 
synchrotron is long enough in order to use the straight beam 
line downstream of the last tank of the Drift Tube Linac 
(DTL) for installation of additional accelerating structures in 
order to upgrade the energy of the H~ linac. According to our 
study a frequency of 810.24 MHz should be used for the 
upgraded part. Using four times the frequency of the 50 MeV 
Alvarez linac allows to obtain a high accelerating gradient 
which accelerates the H~ beam up to 160 MeV over a 
distance of approximately 33 m. A higher injection energy 
could be a remedy against beam emittance blow-up in the 
DESY Synchrotron and finally would allow beams with 
higher brightness in HERA. 

Using existing diagnostic equipment in the Linac, both the 
longitudinal and transverse emittances have been 
reconstructed by measuring the momentum spread and beam 
profiles [1,2,3]. In order to estimate the full emittance an 
elliptical symmetry for lines with constant density in phase 
space has been assumed. The final values of the measured 
emittances, which have been used for the design of the 
upgraded linac part as well as the main beam characteristics 
of the LINAC HI are presented in the Table 1. 

2 General Design 

In the energy range to be considered which in this case is 
greater than 50 MeV no efficient accelerating structures other 
than DTL's existed so far. However recent studies carried out 
mainly at Los Alamos Laboratories resulted in the 
development of accelerating structures for intermediate 
energies of light ions between 20 to 100 MeV [4]. The 
structure is a combination of the Coupled Cell Structure 

(CCS) and DTL - CCDTL. Careful studies of the beam 
dynamics show that even for the 50 MeV beam with the 
characteristics listed in Table 1, an operating frequency for a 
CCDTL four times higher as compared to the Linac HI 
frequency is appropriate. The use of a 810 MHz structure 
allows to achieve a high accelerating gain. In addition 
810 MHz klystrons are available (e.g. supplied by LITTON) 
as with small modifications as compared to the 805 MHz 
klystrons which have been developed for the Fermilab linac 
upgrade [5]. Also the modulator system could be very similar 
to the Fermilab design [5] except for the average power which 

is 30 times smaller. 
Table 1: Linac III beam 
parameters Providing a high 

accelerating gradient and the 
use of the fourth harmonic 
on the other hand results in 
some disadvantages which 
must be taken into account: 

a) Smaller longitudinal 
acceptance with respect 
to the Linac III DTL; 

b) High accelerating 
gradient causes a 
coupling of longitudinal 
and transverse motion 
which produce trans
verse emittance growth. 

Both transverse and 
longitudinal motions of the 
particles require a transition 

region (TR) at the output of the present DTL. Using a 12 MW 
klystron the upgraded part of Linac must be divided into three 
parts. Each part is powered by a separate klystron. With one 
CCDTL part an energy gain of approximately 40 MeV can 
be achieved while the other two parts are based on a more 
conventional CCS. Considering in addition proper beam 
focusing results in 10 accelerating sections with constant 
phase velocity and 9 coupling bridges in the CCDTL part and 
6 accelerating sections and 5 bridges in each CCS part. The 
quadrupole lenses are placed between the sections as well as 
the cavities to provide a FODO lattice. The design of the CCS 
has been made, taking into account that each accelerating 
section consists of 16 cells each. 

Special attention has been given to the distance between the 
sections. It is obvious that this length must be as small as 
possible from the requirements determined by the 

Repetition rate, Hz 
Pulse length, us 
Pulse current, mA 
Energy, MeV 
Emittance: 
Long. (<p-<ps, AWAV) 
a 
P,degy% 

El p f f deg-%, rms 
90% 

-100% 
Horizontal Vertical 

Ov 
p v , mm/mrad 
£,, Jtmmmrad, rms 

90% 
-100% 

Ov 
P v , mm/mrad 
£„, Ttmmmrad, rms 

90% 
-100% 

1 
30 
20 
50 

0.0 
40.7 
1.55 

4.48 
9.68 

0.035 
5.59 
2.06 
9.6 
33 

0.885 
14.45 
1.81 
4.1 
29 
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longitudinal beam motion. In practice this distance is chosen 
according to the design of the focusing lenses which are 
installed in between, as well as steering magnets and beam 
instrumentation required at these places. For linacs operating 
today which are based on the CCS, this space is an odd 
multiple of (5X/2 and the shortest length of 3pX/2 has been 
realized for example in the upgraded Fermilab linac. In the 
energy range between 50 to 100 MeV this value is not 
sufficient to fit the equipment mentioned before and we 
decided to choose the inter-section distance in the CCDTL 
cavity equal to 2§\ while for the CCL this distance is 3(3X72. 
Rectangular coupling bridges operating in a T E u n mode are 
planned for coupling of accelerating sections in each part. 
This type of bridge has been successfully applied in the main 
part of INR linac [6]. The T E ^ n bridge avoids mode 
mixing, provide the space needed for equipment and can 
provide either n or 2n phase shift between accelerating 
sections. 

The Accelerating structure 

The well known Side Coupled Structure (SCS) could be a 
good solution for the Linac Upgrade. However relatively large 
number of cells in the CCL sections (96) require strong 
coupling (> 5-7 %), which is more than typically used for the 
SCS. The use of a SCS in the CCDTL would result in even 
smaller coupling (-1%). On the other hand the Disk and 
Washer (DAW) structure can be used for this purpose. 
Nevertheless, for a comparativley short linac (272 
accelerating gaps in total), the development and production 
cost for DAW structure is higher as compared to the CCSs. In 
addition a DAWDTL has not been studied in detail and 
preliminary studies show that more interfering modes exist. 
Methods to remove parasitic modes from the vicinity of the 
operating mode, which have been developed for standard 
DAW structures, are not evidently effective in DAWDTL and 
need more detailed analysis. 

An On-axis Coupled Structure (OCS) was chosen in order to 
provide a larger coupling constant. In addition this structure 
is comparatively simple from the mechanical point of view 
and with the low repetition rate (heat load of the structure is 
only 60 W/m) it is not necessary to use internal cooling of the 
accelerating cells. A sketch of the OCS and OCSDTL is 
shown in Figure 1 and 2. 

An OCS has been used already in many electron machines. 
For the upgrade we have studied and optimized the On-axis 
Coupled Structure for cells, which are used in the velocity 
range of 0.3<P<0.52, with the 2D/3D MAFIA code [7]. 

A few key points have been taken into account: 

• The maximum surface field is 1.35 of Kilpatrick limit 
( 36.2 MV/m = 1.35x26.1 MV/m). 

• The shape of the accelerating cells has been optimised 
using a 2D approximation, both for OCS and OCSDTL 
option. 

• To reduce possible sparking rate during transients in the 
coupling cells the ratio of Ec,max /VWC has been 
limited. Here E c m a x is a maximal electric field on the 
surface for the coupling mode for given value of the 
energy Wc stored in a coupling cell. 

Fig. 1. The general view of the On-Axis Coupled Structure. 

Fig. 2. The general view of the On-Axis Coupled Structure 
combined with the drift tubes. 

• The coupling slots have been investigated and optimised. 
The axial length of the slot has been varied to achieve a 
coupling constant of 15% for OCS sections and 10% for 
OCSDTL sections. 

The calculated values of ZT , taking some degradation into 
account and EfjT for the finally chosen option of the 
OCSDTL and OCS are plotted in Figure 3. 

Beam Dynamics 

The accelerating structure geometry has been modeled 
using functions of the effective accelerating gradient EnT, 
effective shunt resistance ZT and the gap ratio ag with 
respect to the relative beam velocity b, as being obtained 
from the MAFIA calculations. A general parameter list of 
the upgraded Linac is given in the Table 2. 

Due to the different periodicity of the focusing structure in 
section 1 (16-bl) and section 2 (19-bl), matching of the 
transverse beam dimensions is necessary between these two 
sections. This is provided using four quadrupole lenses at the 
end of the cavity 1. 
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The main component of the transition region (TR) is a 
buncher cavity followed by a drift space in order to reduce the 

phase spread of the 202.56 MHz bunches from ±13° to ±4° 
as is required for the matching conditions at the entrance of 
the upgraded linac. The TR contains four quadrupoles to 
match the transverse phase space parameters. 

a) 

100 120 
W.MeV 

b) 

100 120 
W.MeV 

Fig. 3. Effective shunt impedance (a) and accelarating 
gradient (b) as a function of beam energy. 

Table 2: General parameters of the 

Parameter 
Initial kinetic energy, MeV 
Final kinetic energy, MeV 
Total length, m 

Frequency, MHz 
Synchronous phase 
Number of sections 
Number of cells per section 
Type of structure 
Focusing structure 
Section separation, bl 
Section length, bl 
Length of focus, period, bl 
Cavity bore radius, cm 
Power consumption, MW 

copper loss, MW 
beam power, MW 

Cavity 1 
50 

85.412 
10.630 

810.24 
-35° 
10 
4 

OCSDTL 
FODO 

2 
6 
16 
1.5 
9 

8.288 
0.708 

upgraded li 
Cavity 2 

85.412 
119.86 
9.112m 

810.24 
-35° 

6 
16 

OCS 
FODO 

3/2 
8 
19 
1.5 
8.5 

7.816 
0.689 

iac 
Cavity 3 
119.86 
159.75 
10.084 

810.24 
-35° 

6 
16 

OCS 
FODO 

3/2 
8 
19 
1.5 

9.0 MW 
8.196 
0.798 

In Figure 4 the beam envelopes (x-plane = solid line, y-plane 
= dashed line), the relative energy spread DW/W and the 
phase spread Dj of 90% of the particles are presented along 
the longitudinal coordinate for the upgraded part of the linac. 
The simulation has been performed for all 100% particles 
including a beam halo. The beam losses are less than 0.04%. 
An rms-emittance growth of 22 % in the transverse phase 
planes due to the rf defocusing has been calculated. 

Several sources of accelerator imperfections and their effect 
on beam dynamics have been studied. The conventional 
random deviation of linac parameters from the design values 
produce a transverse rms-emittance growth of 20 % and a 
longitudinal rms emittance growth of 3 % with a probability 
of 90%. Two other sources of accelerating field distortions in 
a long CCS cavity are: 

a) a natural drop of the rf power along the cavity containing 
a large number of coupled cells; 

b) transient beam loading and compensation schemes. The 
first effect is negligible due to the high cell coupling. 

The latter slightly increases the momentum spread of a 20 
mA beam for a very short part of the beam pulse. 

t m i i m i i i r m i i i i i i I=I=R 

10 IS 20 

Fig. 4. Beam envelopes (90% of particles) along the linac. 
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Abstract 

The development, performance and test of the Three 
Dimensional Bunch Shape Monitor (3D-BSM) are presented. 
The principle of operation is based on the analysis of 
secondary electrons produced by a primary beam on a 0.1 mm 
tungsten wire to which a potential of -10 kV is applied. The 
horizontal particle distribution is provided by moving the 
wire across the primary beam. A horizontal slit located 
outside the primary beam area is moved vertically in order to 
analyse the secondary electron density distribution in the 
vertical direction. The longitudinal profile is measured as in 
the bunch length detector developed at INR earlier. The 3D-
BSM has been installed and commissioned at the CERN 
proton linac. 

Introduction 

The distribution of charge in the real beam of linear 
accelerators is described by a three dimensional distribution 
function I(x,y,z) or /(x,y,(p). Conventional beam 

instrumentation devices provide projections of this function 
for just one of the co-ordinate axes or planes. Thus, widely 
used wire scanners and harps provide a one co-ordinate 
function. To measure the longitudinal distribution, bunch 
shape monitors are used [1-3]. There is also the method and 
device to measure two dimensional distribution in the 
transverse plane [4] as well as the proposal to obtain a two 
dimensional distribution with a combination of the 
longitudinal and one of the transverse planes [5]. 

The first idea to measure a real three dimensional 
distribution is described in [6]. This idea has been revised and 
implemented in the Three Dimensional Bunch Shape Monitor 
(3D-BSM) developed and built at INR for the CERN proton 
linac. 

General Configuration and the Design 

The general configuration of the 3D-BSM is 
presented in fig. 1. The beam under study crosses the target 
(1) (tungsten wire 0.1 mm diameter) and knocks out low 
energy secondary electrons. A HV negative potential (-10 kV) 
is applied to the target. Owing to the high strength of electric 
field near the target, the electrons move practically 
horizontally and their vertical co-ordinates at the plane of the 
horizontal slit (2) correspond to a short vertical section of the 
target wire determined by the position of the slit.. If the target 

has a horizontal co-ordinate X0 and the slit a the vertical co
ordinate y„ then the intensity of the electron current 
downstream of the slit is proportional to the intensity of the 
primary beam at the point (X0,Y0) of the transverse plane 
and its temporal structure reproduces that of the proton beam. 
The temporal structure of the electron beam downstream of 
the slit is coherently transformed into a spatial one through 
transverse rf modulation in the deflector (3) combined with 
the electrostatic lens as in the conventional 

-V f cc -"y^tnCm +*)*AV 

Fig. 1 General configuration of the 3D-BSM 

bunch shape monitor. This spatial distribution is measured 
with the 30 channel electron collector (4). Fora fixed position 
of the target and the slit, the signal from one channel of the 
collector is proportional to the intensity of the protons having 
the corresponding transverse and longitudinal co-ordinates. 
The signals from all the channels represent the longitudinal 
distribution of protons with the transverse co-ordinates 
(X0,yo). By measuring the longitudinal distribution for 
different locations of the collimator one can get a two 
dimensional distribution I(xQ,y,(p). A three dimensional 

function can be obtained if a horizontal movement of the 
target is added. If however, the target were displaced without 
the collimator and slit following it, the temporal structure and 
intensity of the electrons would change. To avoid these effects 
the target is surrounded by an electrostatic screen (5) which 
moves with the target. Since now the electrostatic field 
pattern in the target - collimator area remains constant, the 
temporal structure of the electrons is not modified. Similarly, 
the intensity of the electrons passing through the slit does not 
change. Variation of the drift distance from the slit to the 
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deflector entrance results in a systematic phase error which 
has however, been taken into account knowing the well 
defined velocity of the electrons. When the position of the 
target, along with the screen changes with respect to the 
deflector-lens, the size of the focused beam at the collector 
varies but the variation of phase resolution is negligible. 

When the target and the electrostatic screen are 
moved, the collimator plate also moves, sliding along the 
guide (6). Vertical movement of the collimator is provided by 
the vertical displacement of the guide. 

There are strict requirements for the vertical 
uniformity of the accelerating electric field in the target 
region and for the focusing field in the deflector-lens. Non-
uniformity of the accelerating field leads to vertical 
displacement of the electron beam from the working area of 
the collector when the collimator is moved, thus resulting in 
loss of information. Non-uniformity of the focusing field is 
the main reason why the phase resolution is dependent on the 
collimator position. To avoid the first effect, the correcting 
elements (7) are installed on the target holders. The second 
effect is corrected with the help of the elements (8) installed 
on the plates of the deflector-lens. Use of these elements 
helped obtain a vertical operating range of ±10 mm. There 
are also requirements for the uniformity of the rf deflecting 
field but in our case this problem was negligible. 

The assembly drawing of the detector is presented in 
fig. 2. The 3D-BSM includes the following main units: body 

Fig. 2 Assembly drawing of the 3D-BSM 

of the detector (1), target unit (2) with the screen and the 
collimator plate, target actuator (3), collimator actuator (4), rf 
deflector combined with electrostatic lens (5), registration 
unit (6) including multi-channel collector along with the 
viewing port and the mirror for visual observations of the 
thermal electrons during laboratory tests, signal preamplifier 
(7) and permanent adjustable magnet (8) to steer the electrons 
vertically. 

Signal Detection and the Control System. 

To detect the electron intensity a multi-channel 
electron collector, along with sensitive signal amplifiers are 
used. The 30 channel collector, developed for the 3D-BSM, is 

of a sandwich type consisting of collector, insulating and bias 
plates. The latter are used to limit the influence of secondary 
emission electrons from the collector plates. 

The signals are amplified by fixed gain (30 mV/nA) 
preamplifiers followed by amplifiers with remotely controlled 
gains. The overall gain can be changed from 3 mV/nA to 
1500 mV/nA in 10 step . For normal operation of Linac-2 
(peak current 130-140 mA) the gains of 50-100 mV/nA were 
used. A calibration mode with a 10 nA input signal has been 
incorporated. The response time of the amplifier chain is 
2-3 (is and the rms noise level is about 0.5 pA/VHz. 

The 3D-BSM has an independent control system 
using an IBM PC and one VME crate. Special electronic 
modules (HV, rf, interface, stepper motor drivers) are housed 
in two additional CAMAC crates. Using five 8 channel 
STR755 digitizers gives the possibility of sampling all of the 
signals with 250 ns steps, thus providing information on the 
behaviour of the distribution in time and allowing a four 
dimensional function I(x,y,y,t) rather than the three 
dimensional distribution to be obtained. 

The software includes three programs. The first one 
is used for signal observation, detector parameter adjustment 
and detector tuning. The measurements and the initial data 
processing are made with the help of the second program 
whilst the third gives visual presentations of the results. 

Total measuring time depends on the number of 
points in the transverse plane. For example 20 points along 
the vertical and 20 points along the horizontal axis require 
420 pulses of the accelerator = 504 sec. plus about 1 minute 
for setting up and 5 minutes for data processing. 

Parameters of the 3D-BSM 

To find the vertical resolution, a simulation of 
electron dynamics from the target to the collimator was made. 
The vertical size of the electron beam emitted from a fixed 
point on the target was calculated to be about 0.5 mm at the 
slit, therefore this is the best vertical resolution that can be 
obtained, however, a 1 mm slit was chosen rather than risk an 
inadequate signal intensity. 

A value of phase resolution of less than 1° of rf 
phase can be achieved. However, to fully cover the 60° rf 
phase of the linac bunches with the 30 channel collector, the 
power in the deflector was decreased from 15 W to 1.5 W 
thus reducing the resolution from 1° to 3°. 

The detector has the following main parameters: 

Horizontal resolution 
Vertical resolution 
Phase resolution 
Horizontal range of measurements 
Vertical range of measurements 
Operating frequency 
RF power consumption 
Signal response 

<0.1 mm 
1 mm 
<1° 
±10 mm 
±10 mm 
202.56 MHz 
1.5-15 W 
2-3 |isec 
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Detector Commissioning 

Laboratory commissioning included testing of the 
hardware and tuning electron optics using thermal electrons 
produced by heating the target. Selection of the shape and 
size of the correcting elements has also been made from 
observation of thermal electrons. The spiral shape of the 
correcting elements (8) was chosen to minimise their 
influence on the resonant frequency. 

After installation of the detector in the beam line, it 
was tuned with secondary electrons; the values of the focusing 
voltage {Vfoc), the steering voltage (AV ) and the rf voltage 

(Um) (fig. 1) were optimised and the correspondence of the 
channel number to phase was determined. To find the latter, 
the dependencies of the channel output signals vs deflecting 
field phase for slow phase variations (from pulse to pulse) are 
measured. The functions obtained represent the same bunch 
shape but are shifted along the phase co-ordinate. This shift 
gives the function of channel to phase correspondence for 
given values AV and Um. 

The very first measurements proved the efficacy of 
the detector. However we encountered the following 
unexpected phenomenon. In a range of target positions from 
-9 mm to -3 mm the signals from all the channels increased 
abnormally. These signals appeared for beam currents above 
50 mA, they increased with time, and after 50 jisecs 
considerably exceeded the signals obtained with normal beam 
current. Analysis of the observations enabled the following 
assumption to be made about the nature of the unexpected 
signals. On passing through the detector, the beam induces 
electromagnetic fields and moving the target unit with its 
electrostatic screen and collimator plate changes the resonant 
frequencies of the system. For the target positions mentioned 
above, resonant conditions are satisfied for high harmonics 
(presumed >1 GHz) of the bunch frequency. Electromagnetic 
fields penetrate into the deflector through its openings and 
initiate oscillations on the correcting elements (8) (fig. 1), 
initially made as spirals, and thereby cause a multipactor 
discharge in equipotential space between the turns. Owing to 
the HV focusing potential applied to the spirals, the space 
between the turns is equipotential and the electrons produced 
in the discharge are accelerated by the electrostatic field; a 
fraction of them reaches the collector producing the 
unexpected signals. This mechanism explains all the observed 
experimental effects. 

The following improvements were made to avoid the 
unexpected signals: the spiral elements were replaced by 
plates, screening of the deflector cavity was improved and 
additional screening of the space between the collimator and 
the deflector exit was made. After the improvements the 
unexpected signals totally disappeared. 

It was anticipated from the design calculations that 
the 3D-BSM target could overheat if the product of the beam 
current and its duration exceeded a certain value. 
Experimental testing of the thermal stability of the wire 

showed that neither thermal emission nor target destruction 
occurs for the maximum beam intensity during normal 
operation: current 140 mA and pulse duration 145 usee. 

Up to now we have no final conclusion about the 
influence of the beam fields on the detector operation and its 
parameters. Whilst increasing the target potential should 
decrease these effects, measurements with different target 
potentials have shown no change in the transverse parameters 
for target potentials of -7.5 kV and -10 kV. 

The main results of the first experiments are 
presented in [7]. 

Conclusion 

A fundamentally new beam instrumentation device 
for the CERN 50 MeV proton linac has been developed, built 
and successfully commissioned. The 3D-BSM enables proton 
density distribution to be measured in real three dimensional 
co-ordinate space and, moreover, shows its variation along 
the beam pulse. Commissioning and first measurements have 
confirmed the validity of the principal idea and the correct 
choice of elements for the realisation of this detector. The 
complexity of the detector and its application in an area of 
very intense proton beams resulted in some problems during 
its initial operation. Most of these seem to be solved 
successfully. A full understanding of the device's potential 
and limitations will, however, require machine development 
studies dedicated to the characterisation of the device itself. 
So far no degradation of quality has been observed in the PS-
Booster beam when the 3D-BSM is being used. 
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Abstract 

A Three Dimensional Bunch Shape Monitor (3D-BSM) 
has been developed for the CERN Proton Linac 2. A new area 
for beam studies at high intensities has been opened by this 
detector. Bunch density distributions in all three dimensions 
and their variations along the beam pulse can be obtained. 
Changing field gradients in linac quadrupoles, emittance 
variation along the bunch has been calculated. Measurements 
of beam halos become possible thanks to the large dynamic 
range of the device. Beam parameters at various linac settings 
have been measured and analysed. 

Introduction 

The new detector [1] allows the measurement of the three 
dimensional density distribution I(x,y,z) of a bunch and its 
evolution along the beam pulse. For example, using this 
distribution the first and second moments and the beam 
profiles in each direction (x,y,z) have been obtained. The 
CERN Linac 2 is a high intensity accelerator consisting of an 
RFQ and three Alvarez tanks producing 140 mA of protons at 
50 MeV [2]. As proven during the detector commissioning, 
the 100 urn tungsten wire can operate safely with pulse 
lengths up to 145 us. The insertion of the target in the beam 
does not disturb injection into the downstream booster 
synchrotron. Therefore the 3D-BSM can be used as a non
destructive beam diagnostic tool during linac operation. 

Bunch Shape Measurements of the 50 MeV Beam 

In Fig. 1 the evolution of the longitudinal profile along the 
beam pulse is presented. The analysis of the figure as well as 
of the evolution of other beam parameters along the bunch 
shows that beam-loading is well compensated in Linac 2. 
There is no variation either of the bunch centre or the bunch 
shape along the entire pulse length. It has been demonstrated 
that the bunch shape changes along the pulse if beam-loading 
is not sufficiently compensated. This can be seen in Fig. 2 
where the RF field in tank 3 has been increased by 4% while 
keeping the maximum power to the tank constant. 

Phase (degrees) 

Fig. 1. Bunch shape evolution along the beam pulse for nominal 
settings. Linac RF frequency is 202.56 MHz. 

Time (MS) 

Intensity (arb. unit) 
• 0-3 
D6-9 
• 12-15 
• 18-21 
• 24-27 

• 3-6 
09-12 
• 15-18 
021-24 Phase (degrees) 

Fig. 2. Bunch shape evolution along beam pulse in case 
of insufficient beam loading compensation in tank 3. 

When changing the phase of tank 3 in a 60° range, the 
bunch length varies between 13° and 30° (1 rms values) and 
the phase of the bunch centre (with respect to the phase of the 
reference line) varies by 130° (see Fig. 3). Deviation of the 
bunch centre phase is due to two main reasons: the energy 
change and the coherent oscillations in the longitudinal phase 
space. 
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Fig. 3. Average (over entire bunch volume and whole pulse) 
bunch shapes for different tank 3 phases. Nominal phase 
of tank 3 corresponds to 53.4°. 

Although the present phase setting of the last tank (53.4°) 
produces long bunches with a specific tail (see Fig. 3), it 
seems that the energy spread is moderate in that case, so that 
the beam is safely transported to the booster rings. 

The high intensity beam dynamics for different phases of 
tank 3 have been simulated by the computer code LANA [3]. 
Simulations gave a bunch width about two times smaller than 
the observed one. The difference is mainly due to the tails. 
The central part of the bunch is well reproduced by LANA. 
The bunch centre variations with tank 3 phase are similar to 
simulations results (see Fig. 4). Some changes of the 
amplitude in tank 3 from the design values even improve the 
fitting. 

Study of Transverse Emittance Variation along the Bunch 

From the measured data, the transverse rms size of the 
proton beam has been calculated for "slices" (in phase) 
through the bunch. The rms beam widths have been measured 
for three magnetic field gradient settings in upstream 
quadrupoles inside tank 3. Using these data the (rms) 
emittance as a function of phase along the bunch has been 
calculated (see Fig. 5). Due to limited time for all experiments, 
only the measurements enabling the derivation of horizontal 
emittance have been made. These studies were restricted to the 
central part of the bunch, where the signal level ensures a 
good precision. However, the beam transverse behaviour can 
also be studied in the bunch tails using a higher dynamic gain 
of the signal amplifiers of the 3D-BSM. There is a significant 
variation of the rms beam size with phase. 

Fig. 5. 

100 150 

Phase(deg) 

Horizontal unnormalized rms emittance of beam and 
intensity versus phase. 

-70 -60 -50 -40 -30 -20 
Phase of tank 3 (degrees) 

Fig. 4. Bunch centre as a function of protons arrival phase in 
tank 3. The experimental curve has been arbitrarily placed 
on this graph. 

The bunch shapes have been measured for various rf field 
levels in the first and third tanks and different beam currents. 
All the measurements showed a strong dependence of the 
density distribution of the bunch on the parameters of the 
linac. 

The iterative use of TRACE and TRANPAR [4] allowed the 
derivation of horizontal transverse emittance taking into 
account space charge and acceleration in the last three gaps 
(between the quadrupoles used for the experiment) for 
different "slices" along the bunch (see Fig. 5 and 6). The use 
of the TRANPAR code alone to reconstruct emittances 
showed that neglecting space charge in this calculation 
process can induce an error of up to 50% on emittances. 
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Fig.6. Evolution of the horizontal rms emittance. Only the 
central part of the pulse (20 to 65 jxs in that case) has been 
taken into account. 
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The horizontal rms emittance averaged over the whole bunch 
and the whole pulse (0 to 75 us) is 2.5 mm.mrad, which is 
consistent with the theoretical value from PARMILA (2.4 
mm.mrad). 

Measurement of the Transverse Density Distribution. 

The 3D-BSM has a wide dynamic range: the signal gain 
can be varied by a factor 500. It can be used for the 
measurement of transverse cross-sections of the beam (see 
Fig. 7), including halo because these measurements do not 
require rf voltage on the deflector of the 3D_BSM [1]. 

Intensity (arb. unit) 

• 75-90 
• 60-75 
• 45-601 
• 30-45 
«15-301 
D0-15 ,' 

5 
-4 
3 
2 

0 Xmm 

-2 
-3 
-4 
-5 

15 19 23 27 31 34 38 42 46 50 53 57 61 65 69 73 76 80 84 

Phase (degrees) 

a) 
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Fig. 7. Beam cross-section. This graph shows Iog(j) where j is the 
proton current density in uA/mm2. The total current is 
150 mA. The maximum current density is 3.95 mA/mm2. 
The borders between shades represent 1000,100 and 
10 uA/mm2. They contain respectively 69.0,96.9 
and 99.7% of the beam. 

Bunch Distribution in <p-x Plane 

The bunch length depends on the horizontal position (see 
Fig. 8a). The bunch length has a maximum for a horizontal 
position different from the mean. This effect could be due to 
the influence of the field created by the space charge of the 
proton bunch on the trajectory of the secondary electrons 
ejected from the tungsten wire[l]. However it is still unclear 
why this effect is smaller for shorter bunches, when the proton 
density is higher (see Fig. 8b). Therefore, it could be a real 
feature of the proton beam due to a misalignement of 
quadrupoles in the linac. It is possible to simulate such an 
asymmetry by arbitrarily misaligning quadrupoles in tank 1 
with DYNAC [5], but large alignment errors are required. 
More theoretical and experimental work is required to explain 
this effect. For instance, the 3D-BSM will be studied by a 
computer model including the influence of the space charge of 
the bunch on secondary electrons. 
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Fig. 8. Beam density distribution in (p-x plane for long (a) and 
short (b) bunch. 

Conclusion 

The study proved the effectiveness of the 3D-BSM in 
monitoring both transverse and longitudinal beam parameters. 
It has demonstrated that the bunch density distribution is very 
sensitive to the working parameters of Linac 2. The 3D-BSM 
will be an essential tool in future high intensity studies at 
currents greater than 180mA at the exit of the linac. 
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THE STATUS OF DESY H" - SOURCES 

J. PETERS 
Deutsches Elektronene-Synchroton DESY, Notkestrasse 85, 22607 Hamburg, Germany 

Abstract 

Two different types of H" sources are operated at DESY, a 
magnetron source and an rf- driven volume source. 
H" sources for HERA have to run for long uninterrupted 
periods with a low duty factor and a high reliability. 
Several necessary improvements are under construction for our 
rf - driven volume source. 
The status of both our magnetron and our volume source will 
be discussed and the first LINAC HI experiment with the rf-
driven volume source will be presented. 

Introduction 

The H' source is a component of LINAC III, the injector for 
DESY III. The H" ions are converted to protons using a thin 
stripping foil. Multiturn injection then allows particle 
accumulation in the synchrotron, as described in Ref. [1]. 

At present an 18 kV magnetron source [2] is operated as the H~ 
source for LINAC III, with the matching of the source to the 
750 kV RFQ (Radio Frequency Quadrupole) done by a LEBT 
(Low Energy Beam Transport) consisting of two solenoids. 
A magnetron source has to be operated with cesium in order to 
reduce the work function for electrons. 
The availability of the source is limited by the delay due to 
cesium [3]. 
A cesium free source became even more desirable for use on 
LINAC HI when a glow discharge was seen in the four vane 
RFQ and multipactoring occurred in the first section of the 
Alvarez tank of LINAC III. 
Although it was not possible to detect cesium in the RFQ or 
the Alvarez tank nevertheless measurements showed traces of 
cesium leaving the source [3]. 
A volume source can be operated without cesium. It has a 
lower emittance, but if uncesiated it produces a lower output 
current than a magnetron source. 

Status of the magnetron source 

The DESY magnetron has been operating since 1985. It is 
based on the design of FNAL [2] and was modified according 
to the DESY requirements [3]. Since 1993 the magnetron has 
been operated from one HERA maintenance period to the next 
for 152, 301 and 291 days without breaking the vacuum. There 
were only minutes of interruption due to failures of the 
electronics. Figure 1 shows the run periods since 1993. Until 
now the source has run in 1996 for 171 days. 
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Fig. 1 Uninterrupted operation period of the magnetron vacuum 
unit. 

Operation periods of more than 300 days are possible due to 
the low duty cycle of 75 |j.sec/6 sec = 12 x 10"6. 
Data from the magnetron source are summarized in Table 1. 

Table 1 : Data of the magnetron H source. 

beam energy 
H" beam current 
emittance 

^-x rms.norm V^x 90?r.norm / 

£35mA beam) 

fc-y rms.norm v^-y 90^.norm / 

(35mA beam) 

arc voltage 
arc current 
arc pulse width 
extraction repetition rate 
magnetron repetition rate 
cathode temperature 
anode temperature 
Cs boiler temperature 
Cs consumption 
6 Hz magnetron repetition 

18keV 
60 mA 

0.28(1.35) 
7t mm mrad 
0.25(0.81) 
7t mm mrad 
140 V 
47 A 
75 |J.sec 
1/6 Hz 
1/6 Hz/ 6 Hz 
249 °C 
147 °C 
100 °C 
3mg/day 

The emittance in the vertical plane, is reduced due to aperture 
limitations of the magnet gap. A beam of up to 100 mA can 
be produced. 

Status of the rf - driven volume source 

The rf-driven volume source was originally built by AccSys 
[12] using plans from LBL [4]. The source was redesigned by 
DESY in order to gain a better reliability, higher currents and a 
beam energy of 35 keV. 
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A DESY designed piezo valve is now used which has 
successfully operated in the DESY magnetron source for many 
years. As the puiser of the piezo valve has to be rack mounted 
we had to build a new high voltage deck (see Fig. 2). The 
filament was replaced by a flash light which is directly 
mounted to the source bucket. It has a UV window Ref. [5]. 
The source is connected to a computer control system which 
delivers histograms and programmed diagrams of parameter 
dependencies. 

Fig. 2 rf driven volume source at DESY R&D laboratory. 

A 2000 1/s vacuum pump and a water cooling system for the 
multi cusp bucket are necessary. 

Figure 2 shows the rf driven volume source at DESY R&D 
laboratory with the new 35 kV box connected to the bucket. 
The extraction system is an electrode with a 60 mm wide 
spectrometer similar to the LBL design [4]. 
An electron current of about 1A is dumped on a grooved 
graphite plate. The magnets are encapsulated in vacuum tight 
steel boxes in order to protect them against hydrogen (see 
Ref. [6] ). 
The beam position is corrected with a horizontal and vertical 
adjustable collar and plasma electrode. 
The adjustments were measured with a multi faraday cup [6] 
which was inserted into the beam pipe. The beam current was 
measured in the 35 mm beam pipe with a current transformer. 
For several weeks it was possible to run the source above 
23 kV with a current of 33 mA. Details are given in [9], 
Measurements of the emittance are done after the beam is 
collimated by a 35 mm 0 beam pipe which is more than 
80 mm long. 
The emittance was measured with a slit and grid system. 
Table 2 summarizes the data of this configuration. 

LINAC 3 - DESY 3 test with the rf driven volume 
source 

During January 1996 the magnetron source of LINAC 3 was 
replaced by the rf driven volume source. 
The extraction system shown in Fig. 3 was connected to a 
LEBT consisting out of two solenoids. 

Table 2: Data of the rf H source with a spectrometer. 

beam energy 
beam current 
emittance 

18-35 keV 
16-33 mA 

L . . . . 

e x rms.norm ( E x 9(»,norm ) ( 0. 1 5 (0.5 1 ) 

(16mA, 18 keV beam) i n mm mrad 
E y rms.norm ( E y 90» .norm ) | 0 . 1 6 ( 0 . 7 2 ) 

(16mA, 18 keV beam) | n mm mrad 
source voltage 
extraction voltage 
electron current 
rf output power 
pulse width 
repetition rate 

-18 to-35 kV 
0 V 
0.8-1.8 A 
25-45 kW 
100 [isec 
1-6 Hz 

Fig. 3 rf driven volume source with a wide spectrometer and an 
adjustable collar electrode. 

At the beginning the source delivered a 18 keV, 20 m A H 
current and about 39% of the beam was measured behind the 
RFQ. 
Emittance measurements were made in the HEBT (High 
Energy Beam Transport) line. Table 3 summarizes the 
measurements with the magnetron and the volume source done 
at LINAC 3 [7]. 
There is almost no beam loss between tank 1 and tank 3 of the 
alvarez. 
At DESY 3 after accumulation and acceleration to 7.5 GeV/c a 
proton current of 60-70 m A was measured [8]. 

Future source plans 

The rf driven volume source of DESY has delivered a H beam 
of 15-33 mA for more than a year. 
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The long term experience shows that the graphite dump for the 
electron current deteriorates. It will be replaced by a multi 
faraday cup which makes it also possible to check the position 
of the electron beam. 

Table 3: LIN AC 3 measurements 

source 

RFO 

alvarez 

magnetron 
current 

60 mA 

20 mA 

14 mA 

trans
mission 

0.33 

0.64 

0.78 
HEBT 11 mA 
£x mu.nom 0.68 7t mm mrad 
ev rnv; nor_ 0.6 7i mm mrad 

volume source 
current 

16.9 mA 

5.8 mA 

4.4 mA 

transmission 

.34 (.39) 

0.75 

0.9 
4.3 mA 
0.437c mm mrad 
0.46 7t mm mrad 

The reliability of the source depends very much on the quality 
of the antenna coating. 
The H" current will not only depend on the insulation of the 
antenna but also on sputtering of antenna insulation to critical 
parts of the bucket surface. 
This insulation will limit the recombination of H+ ions to H2 

and the production of excited H*2on the walls. 

Reliable tests were developed which make it possible to check 
the antenna insulation outside and inside of the source bucket. 
Before installation a power test in salt water detects even small 
defects in the coating. 
After installation in the bucket the antenna insulation can be 
checked by applying HV during gas pulsing and measuring the 
antenna current. This makes a change of the driving circuitry 
necessary. 
During operation of the source it was checked if critical parts 
of the antenna are not isolated by measuring the antenna bias 
voltage. 
The transition during sparking damages the antenna 
significantly. Even with well designed HV circuitry it can not 
completely avoided. It happens mainly at the gap between 
extractor and plasma electrode. 

Successful test were done with a small insulated plasma 
electrode. It is situated on the main plasma electrode opposite 
to the extraction electrode and is directly connected to the HV 
power supply. 
If sparking occurs in the gap the current can flow directly to 
the HV supply. 
Besides the insulation and sputter problem of the antenna there 
is also a limitation due to the different expansion of 
the coating and the copper material in a source pulsed with 
50 kW rf T 

These problems can be easily solved by separating insulation 
and antenna. Al : O, has similar sputtering coefficients to the 
Ti O, coating presently used . 
With new methods [10] extremely smooth surfaces can be 
produced. The disadvantage is that only simple geometries can 
be improved. 
Mafia calculations [11] show that rectangular antennas have 
similar fields to the present antenna. They can be built out of 
A1203 bends and straight pipes with a copper pipe inside. 
A flat circular antenna behind a Al2 O, window has a different 
field but would be mechanically less complicated. Both 
antenna types are under production. 

Conclusion 

The magnetron source was successfully adapted to the HERA 
environment. Further test and development ofthe volume 
source is necessary to improve its reliability and performance. 
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SPACE-CHARGE NEUTRALIZATION EXPERIMENT 
WITH A LOW-ENERGY PROTON BEAM 

P.Y. Beauvais, J.M. Lagniel. CEA-Saclay, DSM-GECA, LNS, 
N. Pichoff, G. Haouat, P. Chaix, CEA/DRIF/DPTA, Bruyères-le-Châtel. 

Abstract 

The mechanism of space-charge neutralization of a low-
energy proton beam is investigated both experimentally and 
theoretically. In the experiment, the transverse profile of a 500 
keV proton beam delivered by a duoplasmatron source is 
accurately measured at the end of a 3 m long drift space. 
Profile measurements are performed by an imaging technique 
using a scintillating screen and an intensified CCD camera. 
Measurement results done with different beam intensities 
(between 0.5 and 15 mA) and various residual-gas pressures 
are described. They show that, at high beam current an 
increase of the gas pressure results in a reduction of the beam 
spot, which indicates an increase of the value of the 
neutralization coefficient. On the other hand, the behavior is 
the opposite at low beam current: the beam size increases with 
the gas pressure. An interpretation of these experimental 
results is proposed. 

Introduction 

Beam losses result from the existence of a diffuse halo 
which can extend far away from the dense beam core. Halo 
formation originates from different processes including space-
charge effects [ 1 ] and Coulomb scattering on the residual gas 
[2]. In the first process, mismatch and misalignment in the 
transport of an intense beam in a long periodic channel, as 
well in a linac, are believed to be important sources of halo. 
To check these predictions, an experimental program has been 
initiated, aiming at the investigation of halo formation and 
development in the transport of an intense low-energy proton 
beam through a periodic focusing FODO channel [3]. 
Accurate measurements of beam emittance and brightness 
performed at the channel entrance indicate that the initial 
beam conditions are suitable for further halo development 
through the FODO channel [4]. 

The low-energy proton beam may however be partially 
neutralized in the residual gas of the transport channel, which 
would increase the tune depression and mismatch the beam to 
the FODO channel. Interpretation of the halo measurements 
would then be questionable. 

Therefore, an experimental study of the space charge 
neutralization has been undertaken to provide compensation 
coefficients at various beam intensities for a low-energy 
proton beam. This study will be also useful for the design and 
simulation of the low energy part of a high-intensity linac such 
as the one studied for the TRISPAL project [5]. 

Experimental procedure 

Space-charge neutralization measurements have been 
performed in the matching section between the proton source 
Amalthée and the FODO channel of our halo experimental 
set-up at Saclay. 

Measurement method 

The basic idea for measuring the space-charge 
neutralization rate is the following. 

- A proton beam propagates freely in a residual gas 
toward a screen. We first measure its transverse size while the 
only force acting on it is the space-charge force. 

- A pepper-pot is then placed on the beam path at the 
beginning of the drift space. The beamlets passing through the 
pepper-pot holes do not feel the full-beam space-charge force. 
The envelope of the beamlet spots corresponds to the full-
beam transverse profile without space-charge effect. The 
pepper-pot can be replaced by a single-hole moved across the 
beam; a technique which yields more accurate beam profile 
measurement. 

- The neutralization rate is recovered from a simulation 
which gives an equivalent beam current adjusted to reach the 
measured beam size. 

Experimental set-up 

The measurements are performed with a pulsed (500 (is, 
1 Hz) proton beam at 500 keV with up to 50 mA peak 
current, delivered by the Amalthée duoplasmatron source. In 
the experiment (see Fig. 1), the beam is collimated by a 
<j)10mm diaphragm (D) located at the source exit. It 
propagates through a drift space toward a scintillating screen 
(S) 2.8 m downstream. The pepper-pot (PP) and single-hole 
(SH) plates are located very close to the diaphragm. The SH 
plate with a 0.2x0.2 mm2 sampling hole is moved in the 
horizontal direction across the beam by a stepping motor 
(0.2 mm step). Both beam-profile and beamlet-spot images are 
observed with an intensified CCD camera. 

Fast responses of both light intensifier and scintillator (a 
P46 phosphor (Y3 (Al,Ga)5 0,,; Ce) crystal powder deposited 
on a stainless-steel plate) allow to take beam-profile images 
during a 5 (is snapshot anywhere within the beam pulse. This 
good time resolution is very useful for analyzing the temporal 
evolution of the neutralization rate in the pulse. 

Residual gas pressure and composition can be adjusted 
by modifying pumping conditions and injecting nitrogen gas 
at a given flow in the vacuum chamber. 
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Beam-size increase = k(I,P) = 4>iP 

Variable beam 
current : I 

Variable gas 
pressure : P 

Fig. 1 : Schematic layout of the experimental set-up for space-
charge neutralization measurement. 

Measurement results 

• In a first run, measurements were taken using the PP 
plate with a beam current of -10 mA behind the diaphragm D. 
Fig. 2 shows the beam profiles with and without the PP plate 
in the beam path. 

Analysis of the experimental results shows that the "PP-
in" beam size is systematically smaller than the "PP-out" beam 
size, whatever residual gas pressure (up to 5.105 hPa) and 
sampling instant in the pulse. This behavior indicates clearly 
that the proton beam is not totally space-charge compensated. 

Nevertheless, these measurements are not entirely 
conclusive since the "PP-in" beam size is determined with up 
to 40% uncertainty due to large spacing of the PP holes. 

Fig. 2: Beam transverse-profile images with (a-left) and without 
(b-right) pepper-pot plate in the beam path. 

• During a second run, the SH plate is used to accurately 
measure both beam size (ty0) without space-charge and beam 
transverse emittance at the diaphragm location. Beam profiles 
(with and without SH plate) and emittances were measured for 
8 beam currents ranging from 0.8 to 15.0 mA and four sets of 
residual gases and pressures, P, (2 10* hPa H:), P, (1.2 105 hPa 
H:), P, (1.2 10! hPa R + 2.6 10"5 hPa N,) and P4"(1.2 10'5 hPa 
H:+ 5.8 10" hPa N,). Pressures given here are mean values on 
the drift space. All measurements were done 350 us after the 
pulse stan. 

For each measurement, data processing consists in 
determining the beam-size growth k defined as the ratio of 
beam diameters with and without space-charge effect : 

k(l.P) = «j»,.p/<l»o » 

where I is the beam current, P the residual gas pressure, <j>0 the 
beam diameter on the screen without space charge and <pi.p the 

beam diameter with space charge. 
Analysis of the data shows that below 6 mA the beam 

size increases with the gas pressure, remains almost constant 
around 6 mA, and decreases at higher currents. This behavior 
is illustrated in Fig. 3 where the curves for the two extreme 
pressure sets P, and P4 are displayed. This indicates that at 
high-current the beam is more space-charge compensated in a 
high-pressure gas, as mentioned above. On the contrary, a 
low-current beam seems to be "undercompensated" when the 
pressure is high. 

Fig. 3: Beam-size growth k as a function of beam current, for the 
pressure sets P, and P4. 

The rate of beam size growth with residual gas pressure 
is defined by : 

v(I) = (dk(I, P)/dP), 
with I the beam current, P the residual gas pressure and o is 
an average over the pressures. 

The parameter v has only a qualitative meaning since a 
precise determination of both gas pressure and composition 
along the drift is not possible. Nevertheless, Fig. 4 shows a 
clear variation of this parameter with the beam current. A 
negative value of v indicates that space-charge compensation 
increases with the pressure, since a positive v indicates that the 
beam spread is larger than the one expected from the space-
charge effect. 
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Fig. 4: Variation of the rate of beam size growth with residual gas 
pressure versus the beam current. 

For each beam current, emittance measurements are 
processed to yield the beam-particle distribution in the phase 
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space at the diaphragm position. The space-charge 
neutralization coefficient is determined as follows. Starting 
from the particle distribution for a given current (I0), the 
transport to the scintillating screen is simulated taking into 
account the space-charge effect. For each pressure set, the 
space-charge force is adjusted through an "equivalent" beam 
current (I ) to give a beam size equal to the measured one. 
The mean space-charge neutralization coefficient x is set by : 

Hio-iJAo-
For the low hydrogen pressure (PI), T is always equal 

to 0. For the high pressure (P4), the mean neutralization 
coefficient range from -20% for 1=3.3mA to 20% for I=15mA. 

Theoretical basis - Interpretation of the results 

There are 3 species in the plasma created by ionization of 
the residual gas: beam particles (p"), ions (T) and electrons 
(e), the last two being created by the ionization process. 
Neutral species (gas) are not taken into account because they 
have a negligible influence on the dynamics. 

The ions are created at very low kinetic energy, while the 
electrons initial kinetic energy can be larger than 10 eV. Ions 
and electrons move under the action of a potential well AV 
generated by themselves, the beam and the vacuum chamber. 
Furthermore, the electrons, much lighter than the ions, 
undergo collisions inducing dispersion in their kinetic energy. 

The combination of ionization and transverse transport of 
the charged particles leads to an equilibrium where the 
potential is AVE>0. If the initial beam potential AV0 (without 
neutralization) is larger than AVe (high current), the expulsion 
of the ions is enhanced and the electrons are trapped. This 
decreases the potential down to the equilibrium. If the initial 
potential AV0 is smaller than AV. (low current), the reverse 
occurs. This means that 

i) the equilibrium is stable, 
ii) one observes partial neutralization [6] at high current, 

and the inverse effect ("undercompensation") at low current. 
Note that in the case of a negative beam, one can have AV0< 0 
and AVe> 0, which leads to an overcompensation [7]. 

An interpretation of our experimental results can be the 
following: for a high beam current (>6 mA), the initial 
uncompensated potential well AV0 is deeper than the stable 
equilibrium AVC, then the potential decreases and the beam 
becomes partially compensated. For low beam current, AV0 

could be less than AVc leading to an increase of the potential, 
the beam is "undercompensated". 

Conclusion 

A positive potential well AVc should exist at the steady 
state. Its shape and depth depends on the beam properties 
(shape, energy and current), the gas composition (differential 
cross section and ion mass) and the vacuum chamber size. 
This well would drive the beam dynamics in compensation 

conditions. This well should be the right parameter to study in 
order to understand the compensation phenomenon. 

A new experiment, not presented here, has been 
undertaken with H2 residual gas only. It shows the same 
behavior as with the Nitrogen gas, but with a lower beam 
current edge (1.5 mA rather than 6mA for Nitrogen). This can 
certainly be explained by the fact that the H2

+ mass is lower 
than the N2

+ one. 
The proton beam used for the FODO experiment is not 

space-charge compensated at low pressure (< 2.10"6 hPa) 
allowing a good control of the tune depression in the FODO 
channel. 
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Abstract 

High-current accelerators are studied for several years at 
CEA-Saclay for applications such as waste transmutation, 
tritium production or material irradiation. For these projects, 
the ion source is a key component because its performances 
determine the accelerator design. A CW Proton and Deuteron 
ECR Source has been constructed and is now under test. The 
aim is to reach a 100mA beam current at 95 keV with a rms 
normalized emittance better than 0.2 7t.mm.mrad and a very 
high reliability. In this paper, the source, the low energy beam 
transport and the beam diagnostics are described. First 
measurements of the source parameters and beam 
performances are presented. 

Introduction 

The development of a new ECR source for proton and 
deuteron beam production is part of a considerably larger 
activity presently undergoing at CEA in the field of high 
intensity linear accelerators. This source is the first stage of 
the IPHI demonstration project. This accelerator will consist 
of an ECR source, a RFQ and a DTL up to lOMeV. The 
production of high flux neutron beams for spalliation reactions 
(TRISPAL), the international IFMIF program and nuclear 
waste treatment are main applications of this project. 

It has been decided to develop a new source with the 
following requirements: 100 mA proton, 140 mA deuteron, 
100 keV, 0.2 rt.mm.mrad rms normalized emittance and a 
90% proton or deuteron fraction. The ECR source principle 
has been chosen for simplicity and reliability reasons as 
demonstrated by the Chalk River National Laboratory and the 
Los Alamos National Laboratory. Moreover, this kind of 
source shows no intrinsic lifetime limitations. 

The CEA-SACLAY Source 

Experiences from several teams [1],[2],[3],[4],[5], have 
been used to design a High-Intensity Light-Ion Source 
(SILHI-Fig. 1). 

The cylindrical plasma chamber is 100 mm length and 
90 mm diameter. Both ends of this chamber are covered with 
boron nitride discs (2 mm thick). The proton beam is extracted 
through a 10 mm diameter aperture in the plasma electrode. 

The magnetic field is produced by four coils 
independently tuned and positioned. These coils are 
magnetically shielded to reduce the total power dissipation 

under 8 kW. This design has been calculated with the 3-D 
code Opera-3D [6]. 

The RF signal is produced by a 2.45 GHz, 1.2 kW 
magnetron source, and is fed into the source via standard 
rectangular waveguides (WR284, WR340). A three section 
ridged waveguide transition is placed at the plasma chamber 
entrance to enhance the axial RF field. 

In order to be protected from backstreamed electrons, the 
RF quartz window is placed behind a water cooled bent 
section, in a high magnetic field area. 

Figure 2: Schematic of the SILHI source extraction region. (A) 
plasma chamber, (B) plasma electrode, (C) intermediate 
electrode, (D) ground electrodes, (E) electron trap 
electrode and (F) DC Toroid. 
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The above components, including ancillaries, are grouped 
together on a 100 kV platform. The source is connected to the 
LEBT (Low Energy Beam Transport) via a 300 mm long HV 
column. An adjustable intermediate electrode is placed in the 
acceleration gap of the extraction system. The total system 
comprises five electrodes (figure 2). This design, optimized 
with the multi-particles code "Axcel"[7], minimizes the 
distortions in the phase-space distribution [8]. 

The actual LEBT is a one solenoid transport line. 

Simulations have been done with a 77% H\ 15% Hjand 8% 

H3 mix. The 1800 Gauss magnetic field focuses the H+ beam 

on the Emittance Measurement Unit (EMU) which is not yet 
installed. 

Diagnostics 

A set of different diagnostics is placed along the 2 m long 
LEBT in order to characterize the extracted beam (fig. 3). 

Figure 3 : Source and LEBT assembly. 

Current measurements. 
A Bergoz DC toroid is located very close to the 

extraction system, around the last ground electrode (fig. 2). 
The bandwidth response ranges from DC to 4.2 kHz. 

A copper beam stopper is designed to bear a 0.8 kW.cm2 

power density and 10 kW total power. It closes temporarily 
the LEBT 1.5 m behind the plasma electrode. This device is 
used both as Faraday cup and as calorimeter. In the future it 
will be replaced by an insertable beam stopper. 

For noise measurement an AC toroid will be inserted 2 m 
after the extraction aperture. Up to now, the noise ratio is 
measured on the Faraday cup. 

Position and profile monitors 
Two CCD cameras allow x and y profile measurements at 

the end of the accelerator column (60 cm after the extraction 
electrode) with a 0.15 mm resolution and a 10x10 cm field. 
The sensitivity is 0.25 lux with a f/1.2 lens. FWHM, beam 
position and beam divergence are available from these camera 
images (fig. 4). 

Close to the solenoid exit, a four sector ring gives a rough 
beam off-axis information and collects part of the contaminant 
species. 

Figure 4: Video profile. Notice enlargement due to light parasitic 
reflection on back flange. 

Emittance Measurement Unit 
In the near future, the EMU will be installed at 2.3 m 

from the source. It is composed of a sampler (0.2 mm square 
aperture) made in a water cooled beam stopper and a 
multiwire profile monitor 0.5 m forward. The pitch in the 
center of this profiler is 350 um. This unit will be moved 
across the beam by 2 stepping motors. Close to the sampler, a 
permanent magnet Wien filter will remove the contaminants 
( H9 , •••) in order to measure the proton only emittance. 

Species measurements 
The beam proton fraction will be analyzed at the HV 

column exit by using the sampler and Wien filter which are 
parts of the EMU. The selected species current will be 
measured on the insertable Faraday cup. 

A Residual Gas Analyzer will help in the water 
adjunction process which should enhance the proton 
production. 

Temperature measurements 
Two thermocouples measure the temperature increase of 

the two grounded electrodes. These diagnostics are important 
to minimize the beam losses on the first electrodes during the 
extraction tuning. 

First results 

The first plasma was obtained on July, 23. Only two 
weeks after, on August 7, a 46 m A total beam current at 
70 keV was extracted. Table 1 shows the actual source 
parameters. The extracted current is measured by the DC 
toroid. 

Figure 5 represents the regions where the magnetic field 
module is between 850 G and 900 G inside the four coils set. 
Calculation has been achieved with Opera-2d from Vector 
Fields. The light line delimits the plasma chamber 
( 0 < z < 100 mm, and R<45mm). It shows that the 875 G 
.region is near the microwave injection area (z = 100 mm). 
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Tableau 1: Summary of the SILHI source requirements and 

present status. 
Parameter 

Energy [keV] 
Intermediate Elec. [kV] 
Extracted Current [mA] (DC toroid) 
RF forward power [W] 
Duty factor [%] 
H2 Gas flow (seem) 
Proton fraction {%] 
Beam noise [%] 
LEBT exit rms norm. emit, 
[jc.mm.mrad] 

Req. 
95 
65 
111 
1200 
100 
<10 
90 
±1 
0.2 

Status 
70 
47 
46 
295 
100 
2.7 
to do 
<1 (@25mA) 
to do 

ECR zone tor the 46mA beam current 

< 

*?r 

0.0 20.0 4O.0 

Component B MOOULE 
850.0 175.0 

Figure 5 : Magnetic field calculation for the 46 mA extracted beam. 
The ECR area is located near the microwave injection. 

During other experiments with total beam current of 
25 mA (on DC toroid), the beam stopper calorimetric and 
electrical measurements give around 75% of beam 
transmission through the LEBT. This result gives a rough 
value of the proton fraction. The noise level has been 
measured on the Faraday cup with the same beam. 

A complete mapping of the total extracted beam current 
as a function of Bl and B2 solenoids currents has been 
proceeded. These two coils define the magnetic field inside 
the plasma chamber. Thus the ECR zone can be moved 
everywhere inside the chamber. Figure 6 shows that two sets 
of coil currents give a maximum of extracted intensity. 

Similar calculations to those shown on figure 5 indicates 
that the two intensity peaks on figure 6 coincide to the ECR 
zone located at both plasma chamber extremities. The left one 
corresponds to the microwave injection area and the right one 
to the plasma electrode region. An equivalent result has been 
achieved without boron nitride liners. The 46 mA total beam 
has been obtained with the ECR zone near the RF injection. 
The existence of the two peaks has been already observed by 
the CRNL team [2]. Moreover, two maximum of the extracted 
beam as a function of the magnetic field are observed at 
LANL [9]. 
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Figure 6: Extracted beam total current on DC toroid versus axial 
magnetic field. 

Remarks 

The first results look promising. Nevertheless, beam 
losses and electrons emitted from the grounded electrode in a 
sufficiently important number induce a too high electrodes 
temperature increase. New parts are under study and will 
greatly improve the power dissipation. The conditioning was 
not an issue, only few sparkdowns have been observed, even 
at nominal first or second gap voltage. No glow discharge has 
been noticed. But sparkdown results in frequent damages to 
controllers and power supplies located on the HV platform. 
Surge protections and new shieldings will be installed. 
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Abstract 

The main laws that govern the charge redistribution in space 
charge dominated (SCD) beam during its transport through a 
periodical channel with solenoidal focusing are considered. 
Physical mechanisms of halo production and establishment of 
uniform distribution inside core for matched and mismatched 
beams are described. The computer codes KERN+HALO 
generated for redistribution process of charge density and 
kinetic and potential energies visual representation are 
described. 

We have a clear knowledge of matched (or ideal) beam only in 
case when space charge does not change a frequency of 
transverse oscillations. The matched (or ideal) beam is a one 
which transverse behavior is repeated (or has a smooth change) 
from one period to the next. 

The question "What a matched beam imply?" is arisen 
when the above definition is extended on the case when space 
charges essential for transverse oscillation frequency. We can 
denote that ideal beam has well-known K-V distribution and 
this distribution must be used for focusing field calculation and 
for a choice of bore radius. But real beam distributions differ 
from K-V one and its redistribution during beam transport 
leads to beam size and emittance growths. It means that such 
ideal beam definition results in an serious error of bore radius. 

The SCD-beam investigations in channel with different 
initial beam transverse distributions were made by authors in 
order to answer on the above question. A simple model must 
be chosen for better understanding of process of SCD-beam 
redistribution. It can be a continuous cylindrical beam 
transporting in longitudinal magnetic field. In this case a 
Coulomb force calculation is very much simplified. Within 
the context of this model there are only a few characteristics 
for understanding the cause and effect of halo formation. Only 
distributions with beam density growth(or keeping constant) 
from the origin to outlying area were considered as initial ones 

[1]. 
Under above considerations beam motion is described by 

following equations 

f eBjz) , 21 Q(Z) 
x — r—y T ô T * .* 

mocPy /0(j3y)3 r2 

' " ^ ^ r' ! ^ Q ( Z ) V 

m0cpy I0(Py? r2 

where e, m0 are charge and rest mass of ion, B is a ratio of ion 
to light velocities, y = (I - p2)'1/2, B(z) is magnetic field 
induction, / is beam current, /o = 3 .1310 7A is Alfven 
current for proton, Q(r) is charge fraction inside circle with r as 
radius (Q(oo) = 1), r2 = x2+y2. 

The equations of motion have a unitless form after 
transition to unitless variables z = Lz, x = Ax, y = Ay, 

where L is focusing period length, A = {eL/(Ry))>n, e is beam 
emittance 

5 " - 2 A y ' - a ^ 2 j c = 0 

y" + 2A5c'-a^-y = 0 
r 

. eB(z)L 2IL 
A = ——hr> a = T 

2m0clir I0e{Pyf 
This set of equation can be considered as base for further 

considerations. The magnitude of B(z) is constant inside 
solenoidal lens and equal zero outside of them. 

It is evident from general form of equations that there are 
only two parameters A and a which define the SCD-beam 
transverse form in the case when a structure of focusing period 
is preset. 

Combinations of uniform and Gauss distributions are used 
as initial ones. 

The main regularities of SCD-beam transporting were 
carried out [1]: 

1. High-density core and low-density halo with particle active 
interchange are established in every case. 

2. Most of core particles are "ex-halo" or "coming-halo" ones 
which income from halo in previous instant of time or will 
emerge from core in next instant of time. 

4. Uniform charge distribution inside core is established in 
every case. 

5. Final steady states with uniform distribution of core charge 
are states with Coulomb field minimal potential energy. 
The transition from the SCD-beam initial state into a final 
steady state is accompanied by particle kinetic energy 
increasing and emittance growth. 

6. A steady state which leaves the core-halo transverse sizes 
unchanged can be established. Such beam we will be 
nominated as matched one. 
The value of a beam radius in point where Coulomb force 
takes its maximum is identified as "core radius". Generally 
a procedure of matched beam redistribution has been going 
on the following manner. At the first stage a redistribution 
from initial to the steady state with an uniform core 
distribution take place. The potential energy difference 
between initial and final states (always positive for 
considered distribution class) transforms into kinetic energy 
and is accompanied by an emittance growth. In the steady 
state only small fraction of particles (about 30%) never 
escapes the core, other particles (about 70%) can turn up in 
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core or in halo. It means that it's absurd to cut off the halo 
particles because it leads to large particle losses. 
The core radius is kept constant during beam redistribution. 
It means that the core radius can be determined from initial 
redistribution. The matched focusing field value can be 
determined from a core radius and a core emittance. In the 
point of a crossover (an average radial velocity is equal to 
zero) the core emittance is equal to an straight ellipse area 
with r and kfir as semi-axes, where /3r is rms value of radial 
velocity and k2 = 3 is a square of boundary value to rms 
one ratio for uniform distribution. As is evident from the 
foregoing the beam kinetic energy is increasing in the 
steady state on the difference of potential energies between 
the initial and final space charge distributions. This 
difference will be called as "a beam heating up". 
The unmatched beam investigations offer a clearer view of 
how the core-halo is formatted as well as further 
regularities of the process: 

7. During the process of charge redistribution in mismatched 
SCD beam core oscillations are drastically damping. 

8. If potential Coulomb energy of input beam is much larger 
that the same energy of beam steady state, core is 
automatically matched with channel (there is a damping of 
core oscillation in continuos magnetic field and in 
periodical field only one clearly defined harmonic in close 
agreement with external force harmonic stays in core 
oscillation spectrum). 

9. A factor of 3 is a sufficient estimate for halo-core radii 
ratio. 
It is evident that a halo is formatted from particles which 
increase their kinetic energies during transverse 
oscillations. A separate particle motion inside the field of 
oscillated uniform core was considered in order to study of 
mechanism of particle energy increasing. A comparison of 
particle potential energy with its kinetic one before and 
after oscillated core passing gives a possibility to state 
that: 

10. Energy mechanism for halo production is kinetic energy 
growth in the case when a halo particle have passed 
through core concurrently with core ultimately decreasing. 

At Fig. 1 the changes of kinetic (curve 1), potential 
(curve 2) and total (curve 3) energies are indicated versus 
K = rJroM, where r,„ and rmi are the core radius values at 
the moments of particle entrance into the core and its exit 
from core correspondingly. It can be seen that potential 
energy decreasing is much smaller then kinetic energy 
increasing and total energy is increased with core size 
decreasing. The duration of particle being outside of the 
core is increased with increasing of the particle total 
energy. That is the phase of the core envelope oscillation 
will be changed in the next core traversal. It means there is 
a mechanism which desynchronized the oscillations of core 
envelope and halo particles. It limits a kinetic energy of 
halo particle and as a result limits a transverse size of the 
halo. 

ïotïntîwf'Kîr*!! x - RinSRout For x < 1 FC»c> - -F<l^x> 

Fig.l. 

The important conclusion regarding the choice of focusing 
channel parameters can be made on the base of performed 
investigations: 

11. The choice of focusing channel parameters must be made 
from a desired core size and the bore radius choice from a 
value three times over (a halo size). 
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Abstract 

The main laws that govern gentle bunching of Space Charge-
Dominated (SCD) beam are considered. It is shown that SCD-
beam bunching depends on two main parameters: the first one 
determines the bunching quality, another one is measure for 
bunching process duration. The changes in bunching process 
depending on this parameters and on low of RF-field amplitude 
increase are described. The optimal conditions of SCD-beam 
bunching are discussed. The computer codes ZHALO generated 
for bunching beam characteristic visual representation are 
described. 

An adiabatic bunching section must be presented at a high-
current ion linac for beam loss prevention. The problem is to 
choose an optimal length of the section as well as optimal 
values for synchronous phase and accelerating field amplitude. 
In order to clear up the main regularities of the bunching 
process the simplest model was used by analogy with the 
previous case. In the context of this model the beam without 
transverse motion and with fixed transverse size is moving 
inside a channel with bore radius R. Synchronous phase is 
equal -90 degrees and the beam is bunching without 
acceleration. During bunching process the uniform beam gets a 
longitudinal charge density modulation. The distribution of 
potential can be obtained in the form of an expansion into a 
series by solving a Poisson equation for the beam with 
periodical charge density modulation and uniform density in 
any transverse crossection 

U(r,z) = -1px 
k=0 

IpjCûkr) 

(okRb) \ I0(wkRa) 
C(akRa,(ûkRb) cos(ûJte) 

where a> = 2n/L, L is length of modulation period, function 
C(x,y) is defined via Bessel cylindrical function / and K 

Ii(y)K0(y)+K{(y)I0(y) 

pjr) are coefficients in the Fourier expansion into a series for 
periodical function 

oo 

p(r,z)= Jipk(r)cos(akz) 
k=0 

The equation for Coulomb field intensity has a form 
rill 71 °° 

.E1L = _ _ ± i _ ^^/^(ûitr,fflife/?a,ûife/?è)sin(û>tz) 
dz e0pcL k=x 

where qk is harmonic coefficient in the expansion 
d 

Ez=-

of 

~p{r,z). Setting 
dz 

x = COkRa, y = Rb/Ra
 w e obtain for the 

Fk(0,x,xy) = Fk0(x,Y) = 7±Tll-C(x^XY) 

In this case 

4 
lim Fk0(x,y) = Ul-]n(y2)) = D0 

and Fk0(x,y) decreases exponentially with x growth. The 
general form of Fk^x,y)/D0 for /values from 0.1 up to 1 with 
0.1 as a step is indicated on Fig.l. We will be called these 
functions the harmonic factors. It can be seen that any 
harmonic factor is lay between 0 and 1. 

Fig. la. 

Fig. lb. 

Using unitless variables 

r = Qz, a2 = 
27teEn 

V = 
2x{z-z.) 

Lm0(Pc)-

and the harmonic factors for Coulomb field defined above the 
equation for bunching process analysis can be obtained 

j 2 . . 

dz1 

field at the axis of beam 

2'DQ y , 

£0CP XEm * = 1 

Fko(x.Y) 
On 

sin(&y/) 
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where function H(x) describes the general rule of the first 
harmonic of accelerating field growth up to maximum value 
£•„• 

The general view of the above equation shows that in the 
context of given R/L and Rf/Ra the bunching process depends 
on the single parameter 

a = 2ID0 /(£Oc02£mA) 

By this means the task is reduced to the optimal form of 
function H(x) which allows maximal a for the bunching 
process without beam losses. 

The introduced Coulomb parameter a differs from 
commonly accepted one. It is evident to factor out the term 
J/(œRf/L) from the equation for bunching process analysis and 
join it to a. The new approach underlines that the Coulomb 
field determines by parameter a but relations Ry/L and Rt/Ra 

shows only geometrical similarity. The Coulomb parameter 
decreased with an energy growth whereas harmonic factors are 
increasing. But their growth is limited because the values are 
between 0 and 1. 

The image-based simulation code package ZHALO was 
generated for investigating space charge-dominated beam 
bunching. In the context of the bunching model considered 
here, the Poisson equation is solved with initial conditions 
that correspond to a mono-energy beam with a uniform phase 
distribution across the full RF period. The function H(t) was 
taken in the form 

H(T) = E0/Em+{]-E0/Em){t/Tmf 

where the coordinate x„ and beginning level of field E/Em are 
given. 

The following "images" are used as subjects of inquiry: (a) 
a Coulomb field distribution (on the background of external 
field sinusoid), (b) the beam charge distribution, (c) a 
distribution of particle kinetic energies on the background of 
Coulomb field intensity distribution Uk(z) = U(0) - U(z), (d) 
the beam phase portrait on the background of the external field 
separatrix, (e) a phase length of an "equivalent" bunch with 
uniform density along z and the same rms-size, (f) a Coulomb 
field harmonic spectrum (plots of the first five harmonics). 

To determinate R/L and Ri/Ra a beam with parameters 
typical for a high-current CW linac was chosen: 
/ = 350 MHz, # , = 3 mm, beam energy W = 0.1 MeV, 
Rt/Ra = 0.5. (In the context of the chosen parameters, the 
value ( a= 1 corresponds to current 0.4 A if Em = 1 MV/m). 
When the investigation was made with a growing RF field, 
EJEm = 0.2 was taken. 

A visual inspection of a SCD-beam bunching with 
increasing of or parameter step by step gives us a general view 
of the process depending on a. 

It is evident that particles with initial positions near the 
bunching center achieve this center at an earlier instant of time 
and form a Coulomb potential barrier for other particles. 
During the first quarter of the phase oscillation period this 
barrier is increasing and each next particle meets a bigger 
opposition then the previous one. It means that during the first 
quarter of the phase oscillation period a high-density core is 
formed inside the bunch. 

Starting from some value of a the energy needed for a 
particle to overcome the Coulomb barrier may be comparable 
with the kinetic energy that the RF field has given to this 
particle. The typical points of inflection appear in the phase 
portrait. For this and for all bigger a-values the beam can be 
called a SCD-beam. On further a growth particle energy loss 
becomes larger as the center is approached. In its turn, the 
phase oscillation amplitude can be increased owing to added 
momentum which a particle has assumed in escaping from the 
core. As it will be shown below at this stage the fraction of 
particles which escape the phase period rises sharply. We call 
such particles "lost" ones. 

The final stage of a growth leads to the situation where 
particles are completely decelerated by the core Coulomb field 
and the particle cannot pass through the core. 

Nevertheless, as also indicated below beam bunching can 
take place in this case as well. To do this, it is necessary to 
"match" the rate of Coulomb barrier growth with the growth 
of particle kinetic energy. The "matching" can be made by the 
choice of E/E„ and xm values. 

A comparison between beam bunching in a channel where 
RF amplitude is constant (case A) and in a channel where RF 
amplitude is build-up (case B) shows that in the first case: (a) 
deformations of phase portrait start from a = 0.15, (b) the 
kinetic energy becomes comparable with the potential energy 
for a near to 0.25, (c) for a > 0.5 lost particle fraction rises 
sharply. 

It is evident that there are two sources for particle losses 
caused by longitudinal motion. The first one is vertical 
narrowing of the stable oscillation zone. As a result of this 
factor boundary particles go out from this zone. When the RF 
amplitude is constant this effect is present also in the case of 
small a although the proportion of lost particles is small. The 
second loss source is amplification of the longitudinal 
oscillation for particles which pass the core in the stage when 
the core density is compacting. By analogy this effect can be 
named "halo formation". With a increasing halo oscillations 
are amplified. Starting from some value of a (in the case A 
a > 0.5) swing of the halo particle oscillation exceeds 2n. 

Because of a small external RF field in the beginning of 
the channel with RF amplitude build-up (case B), Coulomb 
effects become detectable for a = 0.07. 

Visual analysis shows that in the case B the essential 
influence of the core starts from a smaller kinetic energy of 
particles than in case A. In case B the total core charge is 
smaller. For the same a the added momentum from the core is 
small and it can not raise the amplitude of particle oscillations 
by a large margin. Although the Coulomb potential energy 
exceeds the particle kinetic energies, the bunching process 
takes place practically without losses up to a =1.2 (for 
EJEm = 0.2 and xm = 1). It means that the limit current is 
doubled as compared to case A. The increasing of xm up to 1.5 
increases the a limit up to 1.4 but no more. Particles can not 
pass the core but the attraction momentum does not let them 
escape from the stability zone of bunching. 

The comparison between constant and build-up RF field 
allows the statement that in Case B the beam phase rms length 
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is essentially smaller. This statement is valid for zero current 
too. 

A second trend has emerged from observation of the 
Coulomb field harmonic spectrum for a "frozen" beam. With 
increase in a the first harmonic of the Coulomb field far 
exceeds the other harmonics. Its amplitude approximates that 
of the external field. It may be concluded that the SCD-beam 
automatically makes Coulomb field distribution similar to 
external field distribution. Such a high-current effect can be 
considered as a beam "auto-matching" with a channel. Along 
with this for small a the higher harmonics are comparable 
with the first one and local resonance effects can be caused in 
the beam transverse motion. 

Only motion along an accelerator axis was considered in 
the above investigations. A charge distribution also was 
generated by axis particles. In practical situations particle 
transverse oscillations take place. As can be seen from the 
equations for Ecoul(r,z) and for Eex,(r,z) Coulomb field intensity 
is decreasing and external field intensity is increasing with the 
growth of r. It means that a particle during transverse 
oscillations experience a larger bunching forces as compared to 
axis particle. 

Previous analysis is based on particles which are moving 
along longitudinal axis. The charge distribution is generated 
also by axis particles. In reality particle execute transverse 
motion. With regarding to increase of r Coulomb field 
intensity EcJr,z) is decreasing but RF field intensity Eex/r,z) 
is increasing. Bunching forces are larger for peripheral particles 
then for axis particles. 

The corrections in the considered effects must be applied 
when longitudinal oscillation frequency depends on radius. It is 
not so easy to predict final result. On the one hand the 
Coulomb effects are decreasing because the relation between 
Coulomb and bunching fields is changed in favor of bunching 
one. On the other hand transverse non-uniformity leads to: (a) 
transverse velocity increasing for peripheral particles, (b) core 
density increasing due to (a), (c) core counteraction increasing 
for particles near axis. 

Model for bunching process used in ZHALO.THEORY 
does not take into account particle transverse motion. But it 
can be considered the transverse motion of "radial layers" with 
the same and constant radius for all particle inside layer. Such 
model can not give the quantity description of transverse 
motion but can quality estimate longitudinal oscillation effects 
owing transverse non-uniformity. 

Investigations with the use of ZHALO.THEORY show 
that all physical relations and effects brought out for particles 
near axis are valid in general case too. There is small 
quantitative difference between results in both cases. For the 
same a loosed particle number is larger in the "layer case" 
then in the "axis case". The last fact indicates that the effects 
from faster charge accumulation inside core by peripheral 
particles are stronger then effects from average phasing force 
increasing relative to Coulomb one. 
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ISOTOPE PRODUCTION FOR MEDICAL AND TECHNICAL USE AT MOSCOW MESON 
FACTORY LINAC 

S.K.Esin, V.M.Kokhanyuk, L.V. Kravchuk, P.N.Ostroumov, V.L.Serov, B.L.Zhuikov 
Institute for Nuclear Research, Moscow, 117312, Russia 

Abstract 

At the moment the Moscow Meson Factory Linac 
provides an average proton beam current up to 65 pA. The 
linac consists of a 26 ° bending magnet and transport channel 
in order to extract the proton beam with an intermediate 
energy of 158.6 MeV to a facility for high level radioisotope 
production. Production of 82Sr, I09Cd, 22Na. 68Ge and other 
isotopes for medical and industrial applications is in progress 
now. The paper describes the isotope production facility 
including the beam channel, target equipment, beam tuning 
procedure as well as some methods, results and plans of the 
isotope production program. 

Introduction 

A new powerful linear accelerator operates at the 
Institute for Nuclear Research of the Academy of Sciences of 
Russia in Troitsk (near Moscow). Though the full proton 
energy and project intensity of the linac for fundamental 
science are not achieved yet, there is an intense beam with 
the energy of 160 MeV or lower that is used for production of 
isotopes for medical radiodiagnostic and technical 
applications. 

Isotope Production Facility 

A new powerful Isotope Production Facility (IP F) and a 
laboratory was constructed for isotope production. A general 
layout of the IPF is shown in the Fig. 1. The facility can 
accept a beam current of about 100 uA which is planned to 
extend up to 500 uA in future. The IPF comprises a 
production target, 3 x3x3 m3 iron shielding, target holder 
inside the shielding, water cycling cooling system for the 
irradiated target, manipulator for target handling and 
operation with high activity and the beam control system (see 
Fig. 1). Two 1.5 m long and 14 cm diameter tubes are 
inserted into the shielding iron cube: one for beam delivery 
and another for the target delivery into the shielding cube. 
Due to the space restriction the tubes are located at 26 ° angle 
to each other. 

The target cell containing three targets is shown in Fig. 
2. A graphite collimator comprising four segments is 
mounted in this tube very near to the beam inlet window and 
the target. Each graphite segment is equipped with a 
thermocouple and is fine welded to a water cooled stainless 
steel radiator. Measurements of the temperature distribution 

between the collimator segments, cooling water flow and 
temperature and beam current provide an opportunity to 
calculate beam losses on the collimator during the 
bombardment as well as the beam position directly before the 
target. 

Prolon hcaill 
.1» 

Fig. 1. Layout of the isotope production facility. 
1 : Beam diagnostic systems; 
2 : Iron shielding cube; 
3 : Target sliding into the cube; 
4 : Manipulator for target handling; 
5 : Lead window system; 
6 : Main exit; 
7 : Heat exchanger; 
8 : Buffer vessel of cycling water cooling system; 
9 : Main and reserve pumps; 
10 : Ion exchange filters; 
11 : Storage of used radioactive filters; 
12 ; Tambour with hatch for radioisotope product removal; 
13 : Reserve exit. 

The target holder (position 2 in Fig. 2) is made of hard 
graphite (to minimize an activation) and has three pairs of 
sliding slots which are used to insert and hold the targets. 
Thereby, three targets with different proton energies can be 
bombarded simultaneously, or a graphite absorber for the 
beam energy adjustment can be used. All-metal targets as 
well as the shells are filled with low melting temperature or 
water-soluble metals (rubidium, indium, gallium, etc.). The 
target holder is fixed at the edge of a 2 m stainless steel rod 
which is remotely moved by a cart on the supporting metal 
frame towards or away from the shielding cube providing the 
target insertion or removal. 

A number of radionuclides can be produced at the 
facility (see Table 1). Some of the radionuclides have been 
successfully produced. First was strontium-82. This 
radionuclide is used for a new promising method of the 
medical diagnostics - Positron Emission Tomography (PET) -
developed in North America and being developed in Europe. 
The half life period of this isotope is 25 days which allows a 
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safe domestic as well as global transportation. There are not 
so many high intensity accelerators in the world possessing 
the relevant proton beam energy to produce strontium-82 
besides the INR accelerator. 

Fig. 2. Target irradiation chamber. 
1 : Stainless steel rod; 
2 : Target holder; 
3 : Slots with screws for holder moving; 
4 : Target thermocouple in stainless steel shell; 
5 : Thin targets; 
6 : Main rubidium target in stainless steel shell; 
7 : Four collimator thermocouples; 
8 : Vacuum window made from stainless steel; 
9 : Graphite collimator; 
10 : Stainless steel shell as a radiator of graphite collimator. 

INR together with Canadian National Meson Facility 
TRIUMF has developed a new effective method for 
strontium-82 production from thick targets of metallic 
rubidium. A method of radiochemical isolation of 
radiostrontium from metallic rubidium targets is also 
developed. The latter allows the use of high intensity proton 
beams which provide a production of large amounts of 
strontium-82. The radiochemical isolation of strontium from 
the bombarded rubidium targets is provided by a new facility 
for radiochemical treatment - "Cyclotron" Company located 
at Obninsk, Russia. The purity of the product in this method 
is much better than in ordinary productions from other 
company. 

Many other isotopes for medical, technical and 
scientific use are produced at the INR IPF: sodium-22 from 
magnesium or aluminum targets, cadmium-109 from indium 
targets and germanium-68 from gallium targets. In near 
future we plan to produce also palladium-103 from a silver 
target, copper-67 from a zinc target, titanium-44 from a 
scandium target, thallium from a lead target, and iodine-123, 
122, 121 from a sodium iodide target. 

Table 1. List of available radionuclides at INR Isotope 
Facility 

Radio
nuclide 

Sr-82 
Na-22 

Cd-109 
Pd-103 
Cu-67 
Co-57 
Ti-44 
Ge-68 
Tl-201 

Tl/2 

25.3d 
2.6 y 

453 d 
17d 

62 hr 
271 d 
47.3y 
288 d 
73 hr 

Target 

Rb 
Al 
Mg 
In 
Ag 
Zn 
Ni 
Se 
Ga 
Pb 
Pb 

Energy 
range, 
MeV 

100-41 
150-35 
150-35 
150-60 
150-50 
150-70 
28-15 
60-20 
50-15 
60-52 
70-55 

Period 
of 

bomb, 
hours 
250 
250 
250 
250 
100 
100 
250 
250 
250 
25 
25 

Activity, 
Ci 

15 
1 
2 
2 

100 
30 
1 

0.01 
0.5 
6 
4 

Beam Delivery to IPF 

The high intensity operation of the IPF requires reliable 
high intensity beam transport to the target. For the effective 
target radiation the typical beam diameter at the target 
position is 20 mm ( -98% of particles). In order to avoid 
particle losses the beam position as well as beam size must be 
controlled during the irradiation. 

The envelopes of 158.6 MeV beam along the beam line 
are shown in Fig. 3. The beam diagnostics at this section 
include a wire scanner (WS) and a pair of harps. One of the 
harps is installed permanently, directly before the shielding 
and beam profiles can be observed on-line during the beam 
production for the IPF. In addition the segmented graphite 
collimator temperatures are extremely useful for beam quality 
control at the target (see Fig. 2). The operational experience 
shows that along the beam line there is a local radiation of the 
beam pipe due to the beam halo which is mainly determined 
by momentum dispersion. Initially the accelerator is tuned 
well in order to operate with a beam loss level below 0.3% at 
the section between the 100 MeV part to the target area. The 
main aspects of the beam tuning have been discussed in ref. 
[2]. However long term operation causes a slow drift of the 
beam parameters at the target position. Therefore beam 
parameters are measured on-line by using WS, harp and 
collimator temperatures. Recently to control beam losses, 
control in four transverse directions at the critical point along 
the beam line neutron detectors have been installed (PM in 
Fig.3). During the last few years essential work has been done 
to improve the fast protection system in order to avoid beam 
spill on equipment. 
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Fig. 3. Beam transport to IPF. 
D : Focusing doublet, 
HVS : Horizontal and vertical steering, 
BM : Bending magnet, 
LM : Beam loss monitors, 
PM : Beam position measurement by the help of 
neutron detectors, 
T : Target 
H : Harp, 
WS : Wire scanner, 

Conclusion 
References 

The isotope production facility is under operation at INR 
on the bases of high intensity 158.6 MeV proton beam. 
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and Cd has been successfully demonstrated. A high 6 v 

reliability of the whole procedure of isotope production 
including beam delivery, target irradiation as well as 
chemical treatment of the target has been proved. 
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INITIAL OPERATION OF A 100 MW X-BAND GYROKLYSTRON FOR COLLIDER 
APPLICATIONS 
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Institute for Plasma Physics and Electrical Engineering Department 
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Abstract 

In this paper we present the design details of a first har
monic two-cavity coaxial gyroklystron circuit. The tube util
izes a TEon output cavity and a TEon input cavity which is 
driven by a 150 kW magnetron at 8.568 GHz and is expected 
to be at least 40% efficient. We present details of all system 
aspects, including the test bed modifications, simulated beam 
properties, and simulated circuit interactions. Cold test results 
are described and our near-term experimental plans are out
lined. 

Introduction 

At the University of Maryland, we have a comprehensive 
program to study the suitability of gyroklystrons as drivers for 
linear collider applications. Previously reported experimental 
results were achieved on a test bed which produced a small-
orbit beam with a nominal voltage and current of 450 kV and 
200 A, respectively. Published accounts of our effort include 
an amplified power level of 27 MW at 32% efficiency in a 
three-cavity first harmonic gyroklystron [1]; 32 MW at 28% 
efficiency in a two-cavity second harmonic gyroklystron [2]; 
and 28 MW in a second harmonic coaxial gyroklystron [3]. 
Large signal gains have typically been in the 25 - 40 dB 
range. 

In this paper we present the design details of a first 
harmonic two-cavity coaxial gyroklystron which is predicted 
to produce about 100 MW of output power with an efficiency 
of nearly 40%. This tube utilizes a fundamental mode TE0n 
input cavity which is driven by a 150 kW magnetron at 8.568 
GHz. The tube also lias an 8.568 GHz TE0n output cavity. 
We present details of all system aspects, including the test bed 
modifications required to produce the enhanced beam char
acteristics, simulated beam properties, and simulated circuit 
interactions. Cold test results of both cavities are discussed. 

In the next section we describe the test bed and in the 
following section we present the results of our simulations. 
The cold-test results are described in the fourth section and a 
description of our future plans is given in the fifth section. 
The project status is summarized in the final section. 

Test Bed Modifications 

We have just completed an upgrade of our facility which 
should enable us to produce amplified microwave powers in 
excess of 100 MW (see Fig. 1). Our modulator voltage and 
current have been increased to 500 kV and 800 A, respec
tively. We have designed, installed, and completed acceptance 

testing of a single-anode Magnetron Injection Gun (MIG) 
which is capable of producing a 480 - 720 A rotating electron 
beam at the nominal beam voltage with an axial velocity 
spread less than 7%. The simulated space-charge-limited 
perveance of 5.5 |xP was in good agreement with the meas
ured result. 

Kicker 
To ModuUlor >— Drl»« Signal Magnet To Dfegnoallca 

Fig. 1. The gyroklystron test bed. 

The original water-cooled magnets have been used, but a 
larger power supply for the gun coil was required because of a 
decrease in the magnetic compression. We reduced our drive 
frequency from 10 GHz to exactly three times the current 
SLAC frequency, so a new coaxial magnetron and a modified 
input waveguide were required. The output waveguide 
(uptapers, beam dump, window, kicker magnet, pumping 
cross) was totally rebuilt to accommodate the expected larger 
peak powers. The anechoic chamber was modified to accom
modate the new output waveguide and the directional coupler 
diagnostic was completely redesigned. 

* t n b f M S*nM«Meft|ullMn* 

Twpfcn OHCbwir SlfHntSM Brt-9C «untw-slnil* 

Fig. 2. The first harmonic two-cavity tube. 

Theoretical circuit performance 

A detailed design analysis has been carried out with the 
aid of our partially self-consistent nonlinear code. The two-
cavity first harmonic tube is shown in Fig. 2 and consists of 
an input cavity and an output cavity separated by a drift sec-

216 



tion. The input cavity is defined by a decrease in the inner 
conductor radius only and the quality factor is brought down 
to Q « 50-65 by loading the cavity with two thin rings of car
bonized aluminum-silicate placed at either end of the cavity. 
The inner radius is 1.05 cm and the length is 2.29 cm. Power 
is injected through two radial coupling ports which are sepa
rated by 180° and excited in phase. Our start-oscillation code 
predicts that the input cavity is completely stable up to a cur
rent of 800 A. 

The drift section has inner and outer radii of 1.825 cm 
and 3.325 cm, respectively. The inner conductor is required 
so that the drift tube is cutoff to the operating mode. The re
gions adjacent to each cavity are made of copper, but lossy 
ceramics line the majority of the drift tube to eliminate spuri
ous modes. The total length of the drift region is 9.1 cm. 
Lossy ceramics are also used in the downtaper between the 
gun and the input cavity. 

The output cavity is defined by changes in both radii and 
has a length of 1.70 cm. Power is extracted axially into the 
output waveguide via a coupling aperture. The aperture has 
the same radii as the drift tube and has a length of 0.9 cm. 
The diffractive quality factor is about 122. The start-
oscillation code also predicts the output cavity to be stable at 
the nominal current, which is given in the middle column of 
Table 1 along with the other operating parameters. The effi
ciency is nearly 40% and the output power is about 95 MW. 
The dependence of tube efficiency on axial velocity spread is 
plotted in Fig. 3 with the solid line. The simulated velocity 
spread of the electron gun is 6.4 % at the nominal current. 
The curve shows a slow but steady decrease in efficiency with 
increasing spread and indicates that an efficiency of 37% is 
still possible if the spread is as high as 10%. 

Table 1 
Comparison of the 1" and 2nd harmonic designs. 

Parameters 

Voltage 
Current 
Velocity ratio 
Input Cavity Q 
Buncher Cavity Q 
Output Cavity Q 
Gain 
Efficiency 
Output Power 

1st harmonic 

500 kV 
480 A 
1.508 

50 
-

122 
21 dB 
39.4% 

94.6 MW 

2nd harmonic 

500 kV 
770 A 
1.508 

50 
389 
320 

49 dB 
41.1% 

158.2 MW 

Cold-test results 

Considerable progress has been made on the construc
tion and cold testing of the first experimental tube. Prelimi
nary cold-testing yielded the approximate dimensions of the 
input cavity required to achieve the frequency of 8.568 GHz 
and a quality factor of 55. They are quite near the theoretical 
estimates given in the previous section. The lossy ceramic 
ring dimensions have also been finalized. The vacuum-

compatible version of the drive cavity has reached the final 
stages of its construction. The actual injection slots have yet 
to be cut, but their final size will be determined soon from a 
final cold test. 

]j 36 \ 

3 3 4 \ 

5j 32 • 1 ' 

3 0 ' • ' ' — ' — ' • • ' I . I . I , — I — , I , 

0 1 2 3 4 5 8 7 8 9 10 

Axial velocity spread (%) 

Fig. 3. Efficiency of the first (solid line) and second harmonic 
(dashed line) tubes vs. velocity spread. 

All of the metal hardware for the inner and outer drift 
tubes has been fabricated. All lossy ceramics have been con
structed or procured. Cold-test drift tube attenuation meas
urements are in progress. 

The output cavity has twelve separate metal pieces and 
has been completely fabricated and cold-tested. The cavity's 
outer radial wall extends to 3.59 cm while the inner radial 
wall dips to 1.007 cm. As indicated in Fig. 2, a fairly short 
taper of the inner conductor radius follows immediately after 
the diffractive lip to convert the coaxial waveguide to a cir
cular waveguide. Cold testing of the output cavity (and adja
cent drift tube region) was performed with a symmetric 
injection scheme and the resonant frequency and quality fac
tor of the operating TEon mode were found to be 8.565 GHz 
and 134, respectively. 

The construction of the vacuum jacket is well under 
way. The stainless steel housing for the microwave circuit has 
been machined. Custom flanges are required in order to fit 
the tube into the bore of our existing magnetic field coils. 
These flanges have all been roughed out and are awaiting the 
final machining of the gasket grooves and brazing tabs. The 
final step will be to braze the flanges onto the stainless steel 
housing. 

Future Plans 

Upon completion of the hot tests of the first two-cavity 
system, we are planning on testing one or two three-cavity 
configurations. Both tubes have been designed and are in 
various stages of cold-testing. The first three-cavity circuit is 
achieved by placing a buncher cavity in the middle of the drift 
region which has the same dimensions as the input cavity and 
is inserted primarily to increase the circuit gain. Simulations 
indicate that the efficiency of the tube is not dramatically dif-
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ferent for the two- and three-cavity first harmonic systems, so 
the later tube will be tested only if the former tube is found to 
be gain-limited. The initial gain estimate listed in Table 1 
indicates that this could well be the case. 

The second planned tube is a three-cavity system for 
which the buncher and output cavities interact with the beam 
at the second harmonic of the cyclotron frequency. These 
cavities are resonant in the TE021 mode at 17.136 GHz. The 
input cavity, however, remains the same as for the first har
monic circuits. The buncher cavity is defined by abrupt radial 
wall transitions on both conductors in a way that minimizes 
mode conversion from the TE02 to the TE0i. The quality fac
tor is achieved by placing the drift tube ceramics in the 
fringing fields of the cavity. An aluminum mock-up of the 
buncher cavity has been constructed and cold-tested. Prelimi
nary results have indicated that the required quality factor 
and frequency can be achieved for this design. A mock-up of 
the second harmonic output cavity, which also uses abrupt 
transitions and has an axial coupling aperture is currently 
under construction. 

The nominal design parameters are given in the final 
column of Table 1. The optimal current according to the 
simulations is 770 A and the estimated peak output power is 
over 150 MW. The corresponding gain and efficiency are 49 
dB and 41%, respectively. The dependence of efficiency on 
velocity spread is shown as the dashed line in Fig. 3. Note 
that the efficiency begins to drop off fairly rapidly for spreads 
above 7%. However, these simulations are not re-optimized 
with respect to magnetic field profile, etc., at each point, and 
additional investigations indicate that higher efficiencies can 
be achieved if the velocity spread is higher than expected. 

The buncher cavity is predicted to be stable at the oper
ating point but the output cavity is highly overmoded and is 
linearly stable only up to a current of 400-450 A for the oper
ating regime from 4.8 kG to 5.0 kG. The beam can excite 
various other modes at higher current levels. In the actual 
system, the signal injected in the input cavity modulates the 
beam. The length of the drift section is chosen such that the 
beam is tightly bunched (in gyro-phase) when it enters the 
output cavity. The well-bunched beam at 8.568 GHz leads to 
forced excitation of the operating mode (TE02i). The operat

ing mode grows in amplitude first. Then, in the presence of 
the large amplitude operating mode, the gain of the other 
modes is suppressed. Nonlinear gain calculations show that 
the cavity is stable under the operating conditions given in 
Table 1. 

We continue to work on improving our simulation capa
bilities. We have recently started using the commercial 
High-Frequency Structure Simulator software package 
(HFSS). We have been using it to model the second harmonic 
buncher cavity and preliminary results indicate good agree
ment with experiment. We have also begun to model the drive 
cavity in order to optimize the design of the coupling aper
tures. Preliminary simulations with output cavities which 
extract the power radially and are expected to be completely 
stable to spurious modes have also met with initial success. 

Time-dependent capability has been added to our non
linear (single-mode) code by researchers from the Naval Re
search Laboratory and initial results have confirmed the 
steady-state code predictions. We hope in the future to add 
multi-mode capability to our time dependent code. 

Summary 

The upgrade of our facility is essentially complete. We 
have designs of first and second harmonic tubes that promise 
to produce peak powers of 100 MW or more with efficiencies 
of at least 40%. The cold-testing of the initial microwave tube 
is at an advanced stage and all the results are encouraging. 
This September we expect to complete the fabrication and 
assembly of all components necessary for the two-cavity first 
harmonic system. The first hot test results are expected early 
this fall. The second harmonic tube test is expected to begin 
early next year. 
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QUADRUPOLE SLOW-WAVE DEFLECTOR FOR CHOPPING CHARGED-PARTICLE BEAMS* 
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Abstract 

We introduce a new beam-deflector design for chopping 
low-energy charged-particle beams, the quadrupole slow-wave 
deflector (QSWD). This new design integrates the traveling-
wave beam deflector, an electrostatic quadrupole, and clearing 
electrodes into a single compact structure. The four-electrode 
device performs ion clearing and linear focusing in the 
quadrupole (or transmit) mode, and also serves as a fast kicker 
in the deflecting mode. A QSWD operates with a constantly 
sustained electric field that sweeps off the ions and electrons 
produced by beam-gas scattering. Thus, a chopper using the 
QSWD can avoid beam neutralization with consequent 
emittance growth due to the beam-plasma interaction. We 
shall present the theoretical studies and the design con
siderations of the quadrupole deflector. A conceptual design 
of the chopper for a proposed Long Pulse Spallation Neutron 
Source (LPSS) at Los Alamos will be given as an example. 

Introduction 

A typical chopper for low-energy proton or H" beams uses 
a fast beam-deflector of slow-wave structure to deflect the 
unwanted beam to a beam stop. The H" beam chopper at 
LAMPF, operating at 750-keV energy is an example[l]. With 
the advances of the Radio-Frequency-Quadrupole Accelerator 
(RFQ) and ion source technologies, particles produced in the 
source can be accepted immediately by an RFQ and accelerated 
to relatively high energy (2 to 7 MeV) to reduce the phase-
space distortion caused by space-charge effects. Thus, beam 
chopping has to be performed either at a lower energy of some 
tens of ke V between the ion source and RFQ or after the RFQ 
at an energy of several MeV [2]. An example is found in the 
LPSS design currently under study at Los Alamos. 

Chopping beams at lower energy has the advantages that it 
is easier to deflect particles and to handle the dumped beam. 
However, in order to keep the low-energy beam transport 
(LEBT) distance short to minimize the emittance growth and 
H* stripping, the chopper needs to be close to the source. 
Problems then arise when high vacuum can not be achieved in 
the deflector region to prevent plasma build up and beam 
neutralization. Instabilities due to the beam-plasma interac
tion may occur that limit the beam intensity. Even when the 
beam can be stably transported, the pulsating field of the de
flector can induce strong fluctuations in the plasma and beam 
neutralization that cause phase-space distortion. An attempt to 
implement a chopper at 35-keV beam energy at Brookhaven 
National Laboratory failed for this reason[3]. Our recent 
computer simulations have evinced this effect[4]. 

A conceivable solution is to apply a clearing electric field in 
the deflector region to sweep out the unwanted charged par
ticles. In the following, we shall present a new type of de-

* Work supported by the Laboratory Directed Research and 
Development Office of Los Alamos National Laboratory. 

lason, and Ralph R. Stevens, Jr. 
>s Alamos National Laboratory 
Mexico 87545, USA 

flector, the quadrupole slow-wave deflector that can be oper
ated with a constantly sustained electric field to minimize the 
beam neutralization^]. Although we shall concentrate our 
discussions on the choppers for proton or H" beams, the un
derlying principle should be applicable to all other kinds of 
charged-particle beams. 

The Idea and The Theoretical Study 

The idea of a QSWD is to modify one pair of the poles in 
an electrostatic quadrupole and to use them as the deflector 
electrodes. To delineate the operational principle, we assume 
that an H" beam will be deflected vertically and that the elec
trodes are oriented in the upright direction. Fig. 1 shows the 
structure of a QSWD, in which the horizontally deflecting 
electrodes are the same as those in a normal quadrupole and 
the vertically deflecting electrodes are made of hyperbolically 
curved parallel plates connected by coaxial cables behind the 
ground plate to form a helical slow-wave structure. 

Fig. 1. An illustration of the QSWD structure. 

During operation, a dc voltage V is constantly applied to 
the horizontally deflecting electrodes and the vertically 
deflecting electrodes are connected to pulsed-power sources. 
When the pulsing voltages are switched to the ground level, 
the QSWD functions as an electrostatic quadrupole that 
focuses the beam in the vertical direction. This constant 
quadrupole electric field also sweeps off the ions and electrons 
produced by the beam-gas scattering. When the two slow-
wave structures are excited separately, with synchronized 
pulses of voltage V and -V, a deflecting-field pattern with a 
high dipole component is established as shown in Fig. 2(b). 

(«) o . W v 

Fig. 2. Schematics of the field configurations in a QSWD: 
(a) quadrupole mode, and (b) deflecting mode. 
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A beam passing through the QSWD will be deflected 
vertically. The beam chopping can be accomplished by 
inserting a beam stop, e.g., a metal plate, in the downstream 
beam-line to stop the deflected beam. Note that since the 
quadrupole component of the deflecting field converges the 
beam in the vertical direction and diverges it horizontally, the 
beam is spread out horizontally on the beam-stop, so that 
cooling can be handled easily. 

We now discuss some of the considerations and theoretical 
analyses for designing a QSWD. We notice that in order to 
clear the ions and/or electrons in the beam, the quadrupole 
field has to be greater than the beam field. Also, we find from 
the deflecting-field pattern of a QSWD that a beam can be 
deflected and optimally focused in the same direction and at 
the same time only when the voltage on the slow-wave 
structure is higher than or equal to that on the horizontal elec
trode. Combining these conditions, we obtain a requirement 
of the minimum voltage for the optimal operation of a 
QSWD: Vd >Ia2/(27iye0b

2), where / is the beam current, 
Vd is the deflecting voltage of the slow-wave structure, a is 
the distance from the central axis to the pole-tips, £0 is the 
permittivity of the free space, b is the average beam radius in 
the channel, and v is the particle velocity. As an example, 
consider a 100-keV, 20-mA proton beam; if alb = 2.5, we need 
Vd > 510 volts. 

Since an exact solution of the time dependent electromag
netic field in the slow-wave structure is difficult to obtain, 
measurement results and operational experience of the planar 
coax-plate deflector now in service at LAMPF are used for the 
purpose of estimation and making approximations in our 
analysis. The electrodes of the LAMPF planar coax-plate 
deflector are one-meter long and have a structure similar to 
those shown in Fig. 1, except that the electrode plates and the 
ground plates are planar instead of curved. The efficiency was 
maximized by making the electrode-plates 7.9-mm wide on a 
19.2-mm center-to-center spacing. For a separation of 2.8 cm 
between the deflector electrodes, the bandwidth of the deflector 
is about 200 MHz corresponding to a rise time about 5 ns. 
The deflecting electric field measured on median plane is 
about 94% of that calculated for a continuous pole-face 
structure using a static-field approximation. Operational expe
rience indicates that the effect of wave dispersion in the slow-
wave structure is unimportant. Hence, except for high-
frequency operation, one can use the static field computed for 
an infinitely long smooth pole-face boundary to approximate 
the field in a QSWD. The approximate electrostatic field for 
the deflecting mode of a QSWD has been calculated by using 
a conformai mapping technique[5]: 

Ex(x,y) = ~ S g " ( Y -[-Jïx + x sgn(y)rcosi//- + yAsinifr], (1) 

and 

Ey(x,y) = •• 2 [V2y-yAsiny + y sgn(y)rcos^], (2) 
V2a L 

where T = p + p'\ and A = p-p~\ 

( 2 1 1 1 \V^ 
Isinh q cosh q + sin p cosh p\ 

cos p cosh ç + sin p sinh q 

\jf = 0.5 tan" (sin/> cosp csch? sechg) + (fl/4), 

p = 7l(x2-y2)/(4a2),and q = Xxy/(2a2). 

To track the motion of the deflected beam, we have de
veloped an envelope-tracking program that uses a set of semi-
empirical envelope equations and a particle simulation code 
utilizing the electric field given in Eqs. (1) and (2). We ob
serve good agreement between the envelope tracking and the 
particle simulation for a KV beam. 

A Design Example: Application to the Chopper for LPSS 

In the design of LPSS, an upgrade to the front end of 
LAMPF linac is planned that utilizes an RFQ to replace the 
injector, the LEBT line, and the first tank of the linac. Such a 
reconfiguration, however, requires replacement of the chopping 
function that provides the appropriately time structured H" 
beam to the LANSCE accumulator ring. Chopping (removal 
of 25% of the beam at a 2.8-MHz rate) is currently accom
plished by a fast-deflector device in the LEBT. With the new 
configuration, chopping is best accomplished before injection 
into the RFQ, at a low energy of 100 keV as opposed to the 
750-keV energy of the LEBT. At this low energy, a design 
using a QSWD chopper described below is probably the best 
choice to avoid difficulties caused by beam neutralization. 

For LPSS, the beam condition at the ion source is a 100-
keV 15-mA beam with a normalized rms emittance of 0.027T 
cm mrad and having an envelope of round cross-section with 
0.5-cm radius and a divergence of 65 mrad. We use an 18-cm 
long solenoid with 0.5-T field placed 20 cm in front of the 
source to focus the divergent beam into the chopper. In the 
absence of other fields, the beam can be focused to a waist of 
0.5-cm radius about 80 cm downstream of the solenoid. The 
small waist at this point permits adequate separation of the 
chopped beam at the chopping aperture for a 70-cm deflector 
length with reasonable voltages. 

The maximum voltage of the FET power amplifier now 
used to drive the slow-wave chopper at LAMPF is about 
1 kV. Assuming the same kind of power supply is used in 
this design, we choose 0.7 kV as the nominal voltage for the 
deflector and for the electrostatic quadrupole in the QSWD. 
The energy variation of beam particles caused by this low 
voltage should be negligible. At a reasonable pole-tip-to-pole-
tip distance (6 to 10 cm), the quadrupole gradient is around 
1 MV/m2. For an average beam radius around 1.5 cm, the 
electric field in the structure should be sufficient to sweep off 
all the ions and electrons created by gas scattering. The degree 
of neutralization can be adjusted by varying the QSWD 
voltage; the consequent shift in the beam-waist position can 
be corrected by adjustment of the upstream solenoid field. 
Tracking the envelopes of the deflected beam indicates that, at 
a deflecting voltage of 0.7 kV and with a chopping aperture 
between 3 and 4 cm, the length of the deflector should be 
more than 60 cm. Shorter deflectors or larger separations be
tween the electrodes would require higher voltage to operate 
the deflector. We chose a 3.5-cm aperture and a 70-cm long 
deflector. The beam stop is placed 9 cm downstream of the 
deflector to block the deflected beam. This stand-off distance 
is chosen to make the transport distance short and to protect 
the electrodes from being contaminated by the spallation 
products knocked off from the beam stop by the deflected 
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beam. Simulation results show that a beam stop located at 
1 cm above the central axis should be adequate to block 
almost all the deflected beam and to let almost all the 
undeflected beam pass through. An example of particle 
simulation results is given in Fig. 3 for an initially Gaussian-
distributed phase space truncated at three standard deviations. 
The results of a sensitivity study indicate that the performance 
of the QSWD is not very sensitive with respect to small 
variations of beam conditions and to the voltage on the 
electrodes. 

o — 

-2 0 

x (cm) 

Fig. 3. Simulated beam particle distribution at the beam stop. 
The upper and the lower distributions correspond to the 
deflected and the undeflected beams, respectively. Beam 
particles are assumed to have a Gaussian distribution 
(truncated at 3-rms) at the entrance to the chopper. 

RFQ 

LENGTH = 2.6m 

Fig. 4. A design layout showing the beam envelopes and the 
optical elements from the ion source to the RFQ in the 
conceptual design for the LPSS chopper. 

A possible beam transport system from the chopper to the 
RFQ is shown in a TRACE2D output in Fig. 4. In this 
design example, three electrostatic quadrupoles and one 
magnetic solenoid are used for beam matching purpose. The 
electrostatic quadrupoles are adopted to minimize the beam 
neutralization in transport line. The magnetic dipole is 
inserted for the purpose of merging the H" and the proton 
beam-lines before the RFQ. 

It should be noted here that, due to the finite mobility of 
ions in the beam channel, a small amount of neutralization is 
unavoidable. An accurate estimation is difficult because of the 
complicated field configuration. A crude estimate shows that 
for the LPSS parameter range, a vacuum of at least 10~5 Ton-

is needed in the QSWD for the chopper to operate success
fully. At this pressure, the beam neutralization is a few 
percent. Also note that chopping at the end of the QSWD has 
the advantage of making the LEBT short, but, depending on 
applications, this may not be the optimum design. 
Alternatively, one can use focusing devices downstream of the 
QSWD that amplify the beam deflection. 

A similar chopper design with 30-mA beam current and 
1-kV QSWD voltage was also studied. In this case, at the 
entrance of the RFQ, phase-space distortion due to space-
charge effect becomes noticeable in the transmitted beam. 
Operation at higher beam current would require higher voltage 
on the QSWD, better vacuum, and a shorter matching section 
before the RFQ. The application of a QSWD can be limited 
by any of these requirements. 

Summary and Conclusions 

We have suggested a chopper-deflector that also provides 
electrostatic focusing to the chopped and unchopped beams for 
chopping low-energy charged-particle beams utilizing a 
QSWD. A chopper using a QSWD can avoid the possible 
beam neutralization and the complications due to the beam-
plasma interaction. We have calculated the electrostatic field 
of the QSWD. Computer programs have been developed for 
designing a QSWD chopper. An example of a conceptual 
design for LPSS has been also presented. Theoretical studies 
show that it is feasible to build such a working device. 
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Abstract 

The Stanford Synchrotron Radiation Laboratory (SSRL) oper
ates two linac systems. One has three SLAC type linac sections 
powered by two klystrons for injection of electrons at 120 MeV 
into the booster ring, boosting the energy to 2.3 GeV to fill the 
SPEAR. After the ramping, the SPEAR stores up to 100 mA of 
the beam at 3.0 GeV. The preinjector consists of a thermionic RF 
gun, an alpha magnet, and a chopper along with focusing mag
nets. The other has one 10 foot section powered by the injector 
klystron for the testing of RF gun with photocathode, which is 
driven by a separate klystron. This paper describes present sys
tems with their operational parameters, followed by plans for the 
upgrades and RF gun development efforts at the SSRL. 

Introduction 

The SSRL injector linac has been in operation since 1990 [1] pro
viding electron bunches at 120 MeV for the booster synchrotron, 
which in turn inject the particles at 2.3 GeV to the SPEAR, where 
the energy is ramped to 3.0 GeV and stored for synchrotron ra
diation. The SPEAR stands for Stanford Positron Electron Ac
cumulator Ring and was originally built for high energy physics 
research. The ring used to be injected by the SLAC two-mile 
linac until the injector/booster system was completed. 

Under normal conditions the SPEAR stores up to 100 mA of 
current in its 234 meter circumference vacuum chamber. The life 
time r of the beam defined by T = — (j^)~1 is up to 30 hours 
at 1=100 mA and keeps increasing as the beam current decays. 
One parameter that remains fairly constant for the full range of 
the current is the vacuum quality Qv as defined by the product 
of current / and the life time r. Then the time dependence of the 
stored current is I(t) = Io/[l + Iot/Qv], where I0 = I(t = 
0). In 24 hours after the fill, more than half of the initial current 
remains, to be dumped in preparation of a new fill, which takes 
about 30 minutes. The thermionic RF gun and linac are left on at 
all times for the consideration of vacuum and thermal stability, 
while the booster synchrotron is turned off after the injection to 
reduce the electrical power cost. 

Except for a short period of time needed for the injection, the 
gun/linac assembly is available for other tasks such as accelera
tor physics experiment, testing of a new electron source, and di
agnostic development. Adequate shielding against the radiation 
and availability of RF power and other existing utilities make the 
linac vault an excellent location for a test stand. 

"Work supported in part by Department of Energy Contract DE-AC03-
76SF00515 and Office of Basic Energy Sciences, Division of Chemical 
Sciences. 

The SSRL Injector 

Up until the Summer of 1995, the SSRL injector system had three 
XK-5 klystrons. With a new demand on more RF power, one 
of them was replaced by a Type 5045 klystron. Presently this 
klystron powers one thermionic RF gun and two linac sections. It 
also provides, through the waveguide directional couplers, input 
signals for the other two klystrons. The RF power to the gun is 
controlled by a waveguide power divider and a waveguide phase 
shifter. The second output port of that power divider is currently 
terminated by a dummy load, but it is planned to be connected 
to the fourth linac following the photocathode RF gun. The third 
linac as a part of the injection linac system is powered by one 
klystron. The geometric system layout is shown in Fig. 1 and 
the overall RF system schematic is shown in Fig. 2. 

Figure 1 : The layout of the SSRL injector and the gun test 
stand showing thermionic and photocathode gun (TG, PG), al
pha magnet(A), chopper(C), linacs (LI through L4), and dumps 
(D1.D2). 

Each bunch out of the thermionic gun (TG) has about 70 pC 
of charge at the energy of up to 2.5 MeV. An alpha magnet com
presses the bunch length to about 4 ps so that the bunch occupies 
4 degrees of RF phase in the linac, leading to less than 0.5% of 
energy spread after the linac L3. Since the gun produces bunches 
for every RF bucket over the period slightly shorter than the 
macro pulse length of 2 /xs, the chopper (C) selects three consec
utive bunches and throws out the rest. By this, the beam loading 
at the linac and the booster synchrotron is minimized and the en
ergy of the injected beam is stable. The alpha magnet also filters 
out particles with lower momentum as set by the position of the 
scraper at the magnet. When the beam is not used for injection, 
it is dumped at Dl. The gun emission is monitored by measuring 
the charge collected there, in addition to the current transformers. 

222 



2856MHZ 

0 
119MHZ 

0—n^r 
LH : 

Table 1 : Test data for the three klystrons 
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Figure 2: The RF system to drive guns(TG for thermionic, PG 
photocathode) and linacs (LI through L4). Shown here are fre
quency multiplier (X24), preamplifier (PA), klystrons (Kl, K2, 
and K3), variable power divider (PD) along with phase shifters, 
attenuators, and directional couplers. 

Both guns (thermionic and photocathode) are standing wave 
structures that reflect a large portion of the driving RF power at 
the beginning and at the end of the pulse. For the thermionic 
gun, this reflection is considered to be tolerable since the forward 
power is tapped from the klystron K2 at the level 8.6 dB down 
from the K2 output, and the reflected power reaching K2 is mini
mal. In the case of the photocathode gun, however, the reflected 
power as a whole reaches the klystron Kl unless an isolator is 
employed in between. This reflection may cause instability and, 
when the gun is driven to a high power level, it can damage the 
klystron. 

The pulse repetition rate of 10 Hz for the klystrons is suffi
cient for injection and limited by the power supply ratings and 
radiation shielding considerations. The system clock is derived 
from the 60 Hz AC line so that every sixth zero crossing of the 
AC voltage triggers the S-band RF system. Since the first two 
linac sections are phase matched, the RF phase and amplitude at 
the third section, powered by a separate klystron, is controlled 
by the medium power (few hundred watts) attenuator and phase 
shifter. This enables the manipulation of beam energy and bunch 
length, and facilitates the measurements of beam parameters. 

The specifications of the three klystrons are shown in Table 1. 
For the purpose of the system reliability and longevity, these 
klystrons are operated at much lower beam power and below sat
uration. 

Klystrons 
Type 

P r /,max(MW) 
Beam Voltage (kV) 
Beam Power (MW) 

Microperveance 
Efficiency (%) 

Power Gain (dB) 

Kl 
XK-5 
31.7 
270 
75.3 
1.99 
42.1 
50.3 

K2 
5045 
61.6 
350 

139.3 
1.92 
44.2 
55.4 

K3 
XK-5 
33.3 
270 
75.9 
2.00 
43.9 
51.9 

Thermionic RF Gun 

The characteristics of the present thermionic RF gun has been 
well explored during its commissioning [1]. It has a demount
able dispenser cathode of 6 mm diameter heated to 1000°C. For 
the purpose of thermal isolation, and to contain the RF fields in 
the cell, a tungsten spring around the cathode provides an inter
face to the gun cell. Unlike a photocathode gun where the elec
tron bunch profile is controlled by the laser beam, the electron 
emission from a thermionic cathode is determined by the tem
perature distribution, which needs to be regulated in space and 
time. Also important is the beam loading, where almost every 
RF bucket is filled and bunches take away the RF energy with 
them. This leads to lowering of the accelerating gradient. De
spite of this, the gradient is still much higher compared to a DC 
gun so that the emittance of the beam is useful for the applica
tions requiring low emittance such as free-electron laser. 

The electron bunches out of the gun have a wide spectrum of 
energy distribution with the peak intensity near the energy max
imum of 2.5MeV. The low energy tail of the distribution makes 
the bunch length almost one half of the RF period of 350 picosec
ond. Some portion of the electrons emitted from the cathode is 
accelerated back to the cathode. This back bombardment can 
cause increase in total current out of the gun, and thus more beam 
loading and less energy on a thermal time scale. The electrical 
power to the cathode heater sometimes needs to be manipulated 
to achieve a level of beam stability during the injection. 

In order for the gun to generate stable bunches on a long term 
basis, it becomes necessary to stabilize the emission from the 
cathode. One way of achieving this is to divert the reflected beam 
away from the cathode by applying a steady state magnetic field 
perpendicular to the path of the beam. The ensuing deflection 
of the beam needs to be corrected for by similarly subjecting the 
beam to the second magnetic field. The underside of this scheme 
is degradation of the beam emittance. The protection of the cath
ode from back bombardment by means of magnetic bias is being 
evaluated for the feasibility and merit. 

While the present thermionic gun was designed to produce low 
emittance beams, the transport system increases the emittance 
considerably. Reconfiguration of the beam line to best preserve 
the emittance is not realistic from the injection point of view. Re
designing of the gun is not feasible considering the cost and time 
it takes. One simple solution is to use a smaller size cathode. 
The present gun has a 0.250 inch diameter cathode and it is an 

223 



industrial standard size. We identified one with 0.125" diame
ter within the same category. One potential problem associated 
with the use of this small size cathode is the possible limitation in 
thermionic emission. With the emitting area just a quarter of the 
bigger unit, the smaller cathode needs to supply the same current 
at four times the current density. If we take the work function to 
be 2.8 eV and the operating temperature at 950°C, it is found that 
the temperature increase by 60°C is sufficient for the purpose. 

Photocathode RF Gun 

As compared to a themionic gun, a photocathode gun exhibits 
many advantages in terms of high current and brightness, flex
ibility in bunch shaping, and ability to control energy spread. 
There has been a number of projects around the world to real
ize a state of art photoinjector, with varying degree of success 
[2]. In an effort to generate electron beams suitable for driving 
an X-ray FEL, a new design of an S-band photocathode RF gun 
was made at SLAC [3]. 

Some important features of the new gun are summarized as 
follows: (1) extended half cell length for higher gradient, (2) 
coupling of the RF power to the gun through the full cell, (3) 
symmetrized half cell, which is powered through the iris, (4) ex
treme care exercized in the course of machining, (5) use of flat 
cathode plate, (6) use of Helicofiex™ O-ring to make an RF 
seal as well as a vacuum seal. At the test stand of SSRL, the gun 
has been subjected to up to 13 MW of RF power where the field 
gradient at the cathode was estimated at 140 MV/m, and the max
imum energy of the dark current at 11 MV. This gun was moved 
to Brookhaven for characterization of photoelectron beam from 
the gun. 

Two more units are under construction with varying degree 
of completion. For the unit designated for SSRL, some modi
fication has been incorporated in the way the cathode plated is 
mounted. This gun, presently under cold test, will be installed at 
the SSRL test stand after some iteration for tuning and brazing. 
The emittance of the photoelectron beam is expected to reach 1 
Tcrnm — mrad. A clean room to house the drive laser has been 
constructed adjacent to the linac vault. Final plumbing is cur
rently underway to connect the gun and linac assembly to the 
klystrons. 

As can be seen in Fig. 2, there are two master oscillators as
sociated with this project. One is a 2856 MHz unit generating 
reference signal for the klystrons that power the thermionic gun 
and linac sections. The other is derived from the laser oscillator 
at 119 MHz. In order for the photoelectrons to leave the cathode 
at a predetermined RF phase, the RF system needs to be phase 
locked to this laser reference frequency. There are commercial 
sources available for the frequency multiplier that generates sta
ble signal with an excellent spectral purity (spurious side bands 
are more than 70 dB below the carrier frequency amplitude). 

With the 2856 MHz master oscillator, tuning is done either by 
changing the operating frequency or by adjusting the tempera
ture of the gun and linac by means of circulating temperature 
controlled water along the channel. In this case, the selection 
switch is thrown to the position A. When a photoelectron beam 
is desired, the position B is selected. Since the laser oscillator is 

not tunable, the cooling water temperature must be set to bring 
the system to the resonance. 

Conclusion 

A thermionic RF gun operating at 2856 MHz has been used as a 
preinjector to the SLAC type linac sections. Some areas of im
provement have been identified. A magnetic deflection of the 
beam at the half cell to mitigate the back bombardment to the 
cathode is being studied. Present plan calls for a testing of the 
gun with a smaller size cathode in an effort to still lower the beam 
emittance. 

For the production and characterization of photoelectron 
beam, components of the system are being readied. They are the 
RF gun of new design, drive laser, the RF systems for the gun and 
linac, and some diagnostic apparatus. The new gun is expected 
to produce electron beams at energy of over 10 MeV out of its 
1.6 cell cavities. The RF power requirement is at least 13 MW 
and may have to be higher for more beam energy. As the gun 
will be powered by one klystron exclusively, the use of a high 
power isolator before the gun seems to be compelling. The cur
rent milestone indicates that the first photoelectron beam will be 
available before the end of 1996. 
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Abstract 

The low-level RF (LLRF) control system for the 
Accelerator Production of Tritium (APT) will perform various 
functions. Foremost is the feedback control of the accelerating 
fields within the cavity in order to maintain field stability 
within ±1% amplitude and 1° phase. The feedback control 
system requires a phase-stable RF reference subsystem signal 
to correctly phase each cavity. Also, instead of a single 
klystron RF source for individual accelerating cavities, 
multiple klystrons will drive a string of resonantly coupled 
cavities, based on input from a single LLRF feedback control 
system. To achieve maximum source efficiency, we will be 
employing single fast feedback controls around individual 
klystrons such that the gain and phase characteristics of each 
will be "identical." In addition, the resonance condition of the 
cavities is monitored and maintained. To quickly respond to 
RF shutdowns, and hence rapid accelerating cavity cool-down, 
due to RF fault conditions, drive frequency agility in the main 
feedback control subsystem will also be incorporated. Top 
level block diagrams will be presented and described as they 
will first be developed and demonstrated on the Low Energy 
Demonstrator Accelerator (LEDA). 

Resonance Control 

digital synthesis, will be utilized only when the cavity is far 
from nominal resonance, not during normal operation. 

Amplifier Regulation 

For the room temperature linac, multiple klystrons will be 
driven by a single LLRF control system as shown in Figure 1. 

_ 35OMHIREFERENŒ ^ 

Resonance control of each accelerator cavity is required in 
order to control the shift of the cavity's resonant frequency due 
to RF hearing, beam loading, ... During normal operation of 
room temperature copper structures, resonance control is 
performed by providing a proper drive signal to structure 
cooling water valves to optimize match. In the 
superconducting case, a servo loop will be used to 
mechanically change the cavity's shape in response to resonant 
frequency shifts. 

Because large amounts of cooling water will be running 
through the room temperature accelerating structures to 
accommodate RF heating, a fast shutdown of the RF will 
cause the cavity to cool down dramatically and cause a large 
shift in resonant frequency. Rather than rely on the cooling 
water system to bring the cavity back on resonance, we intend 
to employ a frequency agile system which will drive the 
klystron at the cavity's resonant frequency and slowly bring 
that drive frequency in to the nominal beam-required resonant 
frequency. In this manner we can quickly bring a cavity back 
on to resonance. This frequency agile function, based on direct 

Figure 1. Block diagram of feedback control system for 
multiple klystrons (RFQ depicted here). 

There is concern that by driving a group of klystrons, the 
overall LLRF control system will be attempting to 
compensate all of the klystrons for errors introduced by the 
"worst" one. Therefore in order to achieve maximum source 
efficiency, we intend to measure the amplitude and phase 
across each klystron and maintain a predetermined transfer 
function by applying local feedback control. This is used to 
linearize the multiple klystrons driving the single accelerator 
cavity and to negate phase drifts in those klystrons. Since 
power supply ripple typically occurs at line harmonics (low 
frequency), and the field control compensator has high low-
frequency gain, we do not need to concern ourselves with the 
power supply ripple in this amplifier regulation loop. It will 
be rejected with the field control compensator. 

Field Control 

" Work supported by US Department of Energy. 
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The cavity field control functionality is divided into three 
separate compensators working in parallel. Each of these 
compensators has a frequency range over which it is most 
effective. 

Precision Digital Fast Analog Kalman Filter 

klystrons. An overall block diagram of the LLRF control 
system is given in figure 2. 

DC 1kHz 100 kHz 1MHz 

The Precision Digital compensator provides extremely 
accurate DC and low-frequency measurements by employing 
quadrature sampling and digital signal processing (DSP) 
techniques. Its bandwidth is limited to about 1 kHz by the 
digital throughput of the ADCs and DSPs. The Fast Analog 
compensator is implemented in high-bandwidth RF and analog 
circuitry to maximize the closed-loop bandwidth (limited to 
approximately 100 kHz by the group delay through the other 
components of the RF system. Transmission delay of up to 
700 ns precludes feedback compensation for more than a 
couple hundred kilohertz). This type of fast analog electronics 
is susceptible to DC offsets and drifts and will have its low 
frequency gain reduced for those frequencies where the 
Precision Digital compensator is most effective. In order to 
extend the control bandwidth of the system, we intend to add
on an optimal state-variable Kalman Filter. The Kalman 
Filter uses statistical processing (and perhaps other 
complicated digital algorithms) to predict and correct the high-
frequency errors. The Kalman filter will require a beam current 
signal, and possibly a cathode voltage, in addition to the RF 
field and drive signals, to perform its statistical processing and 
correction. The Precision Digital and Fast Analog 
compensators will be designed to allow independent or joint 
operation, while the Kalman Filter will be an add-on to 
improve performance. 

The cavity field control system is based on the I/Q control 
functionality originally developed for the Ground Test 
Accelerator. It will consist of a four module VXIbus set: a 
Clock Module, a RF module, and a DSP module, and a 
Resonance Module. All RF and IF signals will be transmitted 
between modules using front-panel coaxial connectors. All of 
the baseband and digital signals will be transmitted over the 
VXIbus backplane. The Clock Module receives a 10 MHz 
reference and produces LO (650 MHz and 300 MHz), IF (50 
MHz), and ADC (40 MHz) frequencies needed for 
downconversion and I/Q sampling. The RF module contains 
all of the RF electronics for the entire control system. The 
DSP Module is primarily a digital module that performs two 
functions: the high-precision I/Q detection and control, and the 
modern control algorithms that extend the control bandwidth. 
The Resonance Module performs three basic functions: 
provides a resonance control signal to the water temperature 
controller that maintains resonance; provides an open-loop I/Q 
control signal that can adjust the LLRF output amplitude, 
phase, and frequency; and performs the calculation for 
amplitude and phase equalization needed to balance the three 
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Fig 2. Block diagram of the LLRF control system. 

Samples of the RF field inside the accelerating structure, 
the drive from the klystrons, and reflected power signals are all 
fed back to the LLRF control system located near the multiple 
klystrons it drives. (This "supermodule'Vmultiple klystron 
concept is described in [1]). The field, drive, and reflected RF 
signals are mixed with a local oscillator locked to the master 
oscillator RF reference in order to produce IF signals (50 MHz) 
for quadrature and digital sampling. In addition the field IF 
signals are downconverted a second time to produce baseband 
I/Q signals. These baseband signals are processed in the 
following order (1) Error correction, phase rotation, and 
scaling of the field I/Q signals is accomplished by a 2-by-2 
multiplier. (2) Error signals are provided by subtracting the 
measured field I/Q signals from the I/Q setpoints. (3) The error 
signals are applied to the baseband control filter. (4) The 
baseband I/Q control signals from the DSP module are added to 
the filter-compensated signals. (5) A 4:2 multiplexer selects 
either these closed-loop control signals or the open-loop drive 
signals generated by the Resonance Module as the signals that 
define the LLRF output. (6) The baseband control signals are 
split three ways and processed by three 2-by-2 multipliers that 
provide the phase and amplitude equalization for the three 
klystrons driving the single accelerator cavity (RFQ). (7) The 
three resulting baseband I/Q signals are double-upconverted 
back to the RF frequency. 

The precision digital I/Q detection and control is 
accomplished as follows. The 50 MHz Field IF signal is I/Q 
sampled at 40 MSPS to provide very accurate I/Q data (no DC 
offsets, no amplitude imbalance) and data are processed in a 
pre-processor that performs very high speed digital filtering and 
decimation required to reduce the data rates down to those 
appropriate for a general purpose DSP. For a digital loop 
bandwidth of 1 kHz, data are processed around 10 kSPS. The 
filtering rate reduction from 20 MSPS (for 40 MHz I/Q 
sampling) to 10 kSPS for the I/Q data provides the 
compensation (PI, cross-coupling, etc.) needed to produce the 
digital I/Q control outputs. Analog signals are created from 
these digital control signals in DACs. The general purpose 
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DSP also provides the I/Q setpoints that are used both within 
its own algorithms and by the RF module for baseband analog 
processing. Therefore, I/Q setpoints are generated by the 
general purpose DSP, converted to analog signals in DACs, 
and transmitted to the RF module. The modem control 
algorithms are accomplished in parallel to this process in the 
following manner. The same sampled I/Q data are processed in 
a separate processor that provides the +/-1 multiplication, and 
possibly some filtering, but does not reduce the data rates 
significantly. For this reason the general purpose DSP cannot 
be used. In order to provide 1 MHz of control bandwidth, data 
rates around 10 MSPS have to be maintained. Consequently, 
the Kalman Filter DSP has to be implemented as discrete high 
speed digital components capable of maintaining the 10 MSPS 
rates. The Kalman Filter DSP uses the field I/Q data along 
with sampled beam current data to perform the modem control 
algorithms that result in digital I/Q control signals that are 
converted to analog signals in DACs. The two analog control 
signals are combined and transmitted to the RF module for I/Q 
modulation. We are considering performing the extra function 
digitally and use a single DAC to convert the combined signal 
to analog. 

Preliminary LLRF control system design for the 
superconducting portion of the linac has taken place. The 
largest difference between the room temperature (RT) and 
superconducting (SC) portions of the linac from a control 
system standpoint, is that we provide a drive signal to 
multiple klystrons for RT, but for SC, we drive a single 
klystron which puts power into multiple accelerating cavities. 
For the medium beta section of the superconducting portion of 
the linac, we anticipate driving three linked cavities within a 
single cryomodule with a single LLRF control system and one 
klystron split three ways. (The high beta section will only 
have two cavities per klystron). Control of the fields in these 
linked cavities is based on an arithmetic average of the field 
probes within each of the cavities fed back to the LLRF 
system. The concern with this system is that should one 
cavity become dramatically detuned, or loaded relative to its 
companions, we will be compensating the drive to all in onfcr 
to really only take care of problems in the one. Hence, we 
also intend to have individual cavity control to compensate for 
any individual cavity errors. Individual cavity control will be 
comprised of a mechanical servo-driven tuner for resonant 
frequency compensation. The overall LLRF feedback loop 
will be identical to that of the room temperature structure. 
Combining the overall loop with individual cavity control 
should provide us with the ability to control the fields in the 
cavity well within the required ±1°, 1% for the linked cavities, 
or ±3°, 5% individually. See figure 3 for a conceptual block 
diagram of the superconducting system. 

LOCATED IN ACCELERATOR TUNNEL 

10 MHz Reference r 650 MHz 
Reference 

Figure 3. Superconducting conceptual block diagram 

Summary 

The required functions and their implementations for the 
LEDA/APT low-level RF control system have been described. 
Presently we are modeling the various components, and 
schematics and breadboarding are on-going. 
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Abstract 

Work is underway to develop a 17 GHz free electron 
maser (FEM) for producing a 500 MW output pulse with a 
phase stability appropriate for linear collider applications. 
We plan to use a 500 keV, 5 kA, 6-cm-dia annular electron 
beam to excite a TM02 mode Raman FEM amplifier in a 
corrugated cylindrical waveguide. The annular beam will run 
close to the interaction device walls to reduce the power 
density in the fields, and to greatly reduce the kinetic energy 
loss caused by beam potential depression associated with the 
space charge which is a significant advantage in comparison 
with conventional solid beam microwave tubes at the same 
beam current. 

A key advantage of the annular beam is that the reduced 
plasma wave number can be tuned to achieve phase stability 
for an arbitrary correlation of interaction strength with beam 
velocity. It should be noted that this technique for improving 
phase stability of an FEM is not possible with a solid beam 
klystron. The annular beam FEM provides the opportunity to 
extend the output power of sources in the 17 GHz regime by 
well over an order of magnitude with enhanced phase 
stability. The design and experimental status are discussed. 

Introduction 

Future linear colliders require microwave power sources in 
the 10-30 GHz frequency range with output powers of at least 
several hundred megawatts. The klystron has historically 
been the source of choice for accelerator applications. The 
output power from a klystron though does not scale favorably 
as one goes to higher power and higher frequency, simply 
because klystrons operate in the fundamental mode and the 
power density becomes extremely high. As the frequency 
increases, a klystron shrinks in volume resulting in a higher 
energy density and a correspondingly high electric field in the 
structure. Problems such as rf breakdown and microwave 
pulse shortening become serious and ultimately limit device 
performance. For output power levels above several hundred 
megawatts, new approaches are needed for microwave power 
generation. One example is a microwave tube based on a 
large diameter annular electron beam instead of the small 
diameter solid beam used in a klystron [1]. The large 
diameter beam has several advantages. More power can be 
transported in an annular beam because the space charge 
limiting current in an annular beam is higher than in a solid 
beam of the same voltage and current. At the same time, the 
perveance per square in an annular beam can be similar to the 
perveance in an efficient, solid beam microwave tube. This 
reasoning leads us to the conclusion that microwave tubes 
with large diameter annular electron beams may be well 
suited for the extreme peak power requirements demanded by 
future linear collider applications. 

Free-electron lasers and FEMs have demonstrated high 
peak power and extraction efficiencies. An FEL or FEM 
offers the possibility of a way to avoid this fundamental 
power density limitation by operating in a higher-order mode 
in a larger microwave electrodynamic structure. In 1992, 
Conde and Bekefi tested an FEM that produced 61 MW at 33 
GHz at 27% efficiency [2]. This tube was driven by a 750 
kV, 300 A, 30 ns, solid electron beam. The goal of our work 
is to extend this work to high power (1/2 GW) at 17 GHz by 
using an annular electron beam. 

FEM Phase Stability 

Phase stability has been examined in detail by Carlsten [3] 
for an axial interaction FEM with an annular beam operating 
in the exponential growth regime. These results are 
extensively discussed in the reference and the reader is 
referred there for a detailed discussion. Accelerator 
applications require phase stability on the order of 5° of 
phase, and advanced accelerator applications such as bunch 
compression [4] and short wavelength FELs require phase 
stability of 1° or less [5]. Phase noise in an FEM arises from 
fluctuations in beam voltage and current, magnetic field 
strength, and other tube parameters. The largest source of 
phase noise is typically the fluctuation in beam voltage. The 
electron beam voltage in a microwave tube operating between 
1/2 and 1 MV can, with care, be controlled to 1/4%. 
Measurements and simulations of FEL phase stability range 
from 20° to 40° of shift per percent of voltage variation [6, 
7]. This level of stability is inadequate for advanced 
accelerator applications. The principle mechanism producing 
the phase noise is the variation in transit time of the electron 
beam through the microwave tube due to variations in beam 
energy. Additionally in an FEL the growing mode's phase 
velocity depends on beam current, plasma frequency, and the 
interaction strength between the beam electrons and the RF 
field. 

It can be shown that when an annular beam is used in a 
Raman regime FEM, a correlation between interaction 
strength and beam velocity is not needed to find a first-order 
phase and gain stable operating condition. By introducing the 
effect of the space charge wave, a detuning can be found in 
the Raman regime that leads to phase stability for an arbitrary 
correlation of interaction strength with beam velocity. The 
gain of the autophase condition can be kept large by proper 
manipulation of the plasma reduction factor. This is only 
possible if the electron beam is annular and close to the beam 
pipe wall. We plot the derivative of the phase evolution of 
the RF mode (see Fig. 1) with respect to beam energy in the 
exponential growth regime versus the normalized space-
charge wave number pq

2 , for the case of y = 2, frequency = 
13 GHz, and a ripple period of 6 cm. Phase stable operation 
is achieved with a 5 kA beam current at approximately the 
predicted space-charge wavenumber. 
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Sensitivity of phase to beam energy for medium gain and 
low energy (Y= 2) as a function of space charge 
wavenumber. 

Axial FEM Experiment 

The construction of an experiment is underway to 
demonstrate the concept of an annular beam, Raman regime, 
axial FEM operating in the TM02 mode. An axial free-
electron laser interaction between an annular electron beam 
and a TMon mode is desirable because the resulting particle 
orbits are inherently more stable than those in conventional 
transverse FELs with helical wigglers [8]. The net transverse 
force on an electron integrated over a wiggle period can be 
made to vanish by the proper choice of waveguide radius. 
The axial FEL interaction for a synchronous particle is shown 
(see Fig. 2.). 

rippled waveguide wat 

nun of axial electric field 

\ — 
\ 

position of electron beam 

Fig. 2. Axial electric field orientations for a synchronous particle 
when the particle reaches the centers of the ripples in r-z 
geometry. 

In this device, an annular beam interacts with the field of a 
mode in a circular waveguide. The radius of the waveguide is 
periodically rippled which causes the mode to radially expand 
and contract as it propagates down the waveguide. The ripple 
amplitude is only a few percent of the average waveguide 
radius, allowing the rf mode to conform adiabatically to the 
change in waveguide radius. The annular beam is located at 
the radius corresponding to the zero of the axial electric field 
of the TMrj2 waveguide mode with a radius equal to the mean 

radius of the rippled waveguide. When an electron is at the 
position of the smallest waveguide radius, the axial electric 
field at that location decelerates the electron. As the electron 
travels to the region of larger radius, the rf phase slips by the 
electron. When the electron is at the position of maximum 
waveguide radius, 1/2 of the rf wavelength has slipped by 
resulting in a sign change of the mode's fields. At the same 
time the electron has switched from one side of the null in 
axial electric field to the other side, resulting in another sign 
change. The net result is that the electric field is still 
opposing the electron motion. This interaction is equivalent 
to the interaction of a transverse-coupling FEL except that the 
RF field is wiggled, instead of the electrons, to achieve 
synchronism. One should note that this is a fast-wave 
interaction, not a slow wave one. A dispersion curve is 
plotted for a generic waveguide with small periodic ripples 
(see Fig. 3.). 

unperturbed waveguide dispersion 

beam propagation 

Fig. 3. 
axial propagation constant * 

Generic dispersion relation for a periodic waveguide with 
small perturbations 

As the ripple amplitude goes to zero, the forbidden zone 
disappears and the dispersion curve reverts to that of an 
unperturbed waveguide. A slow wave interaction would 
occur at point "A" where the phase velocity is below the 
velocity of light. In our experiment, we are operating at point 
"B" because the RF wavelength is much shorter that the 
waveguide ripple period. 

A particle-in-cell simulation of the FEM using the code 
ISIS was done. A coaxial geometry, associated with an early 
design, is shown in Fig. 4. 

if.B ao.o K.0 «.» x.o m.* n.» «.« a>.i uo.i iie.e uo.o iao.o i«.e 190.0 

Fig. 4. Particle-in-cell simulation of coaxial geometry showing 
electron beam with strong axial bunching. 

The RF power propagates in the TM02 mode and is driven at 
17.1 GHz. The inner conductor wall is at the axial null of the 
TM02 electric field. There are 71/2 ripples with a length of 
12 cm each, and the beam is confined with a 0.5 T axial 
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Fig. 5. FEM experimental configuration. 

magnetic field. There is very clear axial bunching in the 60-
100 cm region along the direction of propagation. 

Our FEM configuration is shown in Fig. 5. A 600 kV 
annular beam is supplied by a stainless steel field-emission 
cathode. The nominal beam radius is about 2.8 cm with a 
thickness of 4 mm. The beam drift pipe has a 3.6 cm mean 
radius. An input section has been designed with 6-fold 
symmetry on the waveguide feeds. This was done to reduce 
the number of high order modes that, if generated, will be able 
to propagate down the overmoded waveguide and cause beam 
disruption. The input section is followed by the rippled wall 
structure with about 15 ripple periods. The ripple wavelength 
is 3.5 cm. Following the electrodynamic structure is a 
circular waveguide with several directional couplers built in to 
measure power in the desired TM02 mode. A calorimeter will 
be located at the end of the tube to absorb all the microwave 
energy regardless of mode. The comparison between the 
directional couplers and the calorimeter should give us 
information on mode purity. 

Conclusions 

An annular beam, Raman regime, free electron maser can 
be a viable candidate as the power source for future linear 
collider applications where extremely high peak powers are 
required. An annular beam, TM02 device is auto-phase stable 
because the space charge wave propagation constant can be 
adjusted for an arbitrary correlation of interaction strength and 
beam velocity. Such a device is being assembled for high 
power testing. 
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INTO THE LANSCE DTL USING PARMILA 
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Abstract 

A new algorithm that uses a multiparticle PARMILA-
based code to match high peak-current H+ beam (~21mA) into 
the Los Alamos Neutron Science Center (LANSCE) drift-tube-
linac (DTL) has been developed. Two single-cell RP bunchers 
in the low energy beam transport (LEBT) prepare the initially 
unbundled beam for DTL capture. The transverse distribution 
at the entrance to the DTL is set with four quadrupoles in the 
1.26m between the last transverse emittance measuring station 
and the DTL entrance. Previous matching algorithms used 
TRACE and TRACE 3-D to determine these quadrupole 
strengths. PARMILA simulations show this procedure 
produces non-zero mismatch and additional emittance growth 
through the DTL for high current beams. Because of strong 
space-charge forces and a rapidly forming longitudinal bunch, 
simple envelope calculations do not model the beam evolution 
in the LEBT well. A PARMILA model of this region was 
combined with an iterative search routine to set the LEBT 
quadrupole strengths to achieve a better transverse match into 
the DTL. Simulations predict a significant reduction in 
transverse emittance at the exit of the DTL over the typical 
TRACE 3-D result. 

Introduction 

The LANSCE accelerator begins with two Cockroft-
Waltons (CW) injectors which accelerate H+ and H" beam to 
750keV. Each beam is transported in a separate LEBT to a 
common LEBT which transports both beams to the DTL. The 
DTL operates at 201.25MHz and accelerates the beams from 
0.75 to lOOMeV. The transition region (TR) transports the 
beam from the DTL to the side-coupled linac (SCL) which 
operates at 805MHz and accelerates the beams to 800MeV. 

The H+ beam is prepared for injection into the DTL with 
two 201.25MHz single-cell buncher cavities and a series of 
quadrupole magnets in the LEBT. The two bunchers prepare 
the initially unbundled beam for DTL capture and the LEBT 
quadrupoles prepare the beam for injection into the magnetic 
lattice of the DTL. The last transverse emittance measurement 
diagnostic, a slit and collector separated by 89.1cm, is located 
in the LEBT downstream of the second buncher and upstream 
of the last four quadrupole magnets in the LEBT. To match 
the beam, the measured emittance is used with a model of the 
LEBT and DTL to determine the final four quadrupole 
strengths. 

Previous studies have shown that space-charge dominated 
beams which are RMS mismatched when injected into a linear 
accelerator undergo emittance growth [1] and halo formation 
[2]. At LANSCE the 750keV H+ beam, with a typical peak 
current of 21mA and a normalized transverse RMS emittance 

of -0.0087c-cm-mr, is injected into the 201.25MHz DTL. At 
this energy, emittance and peak-current the tune depression in 
the first few periods of the DTL is -0.5 (G/G0 = 26749°). 
Thus, the beam is close to space-charge dominated. Achieving 
a good match into the DTL can therefore minimize emittance 
growth resulting from transverse mismatch. Excess emittance 
growth and halo formation due to mismatch at the front of the 
DTL can result in the loss of high energy particles in the TR 
and SCL, which in turn can result in the activation of beam 
line elements and the accelerator structure. 

Figure 1 (a) shows the measured horizontal distribution of 
beam with 21mA peak current at the last LEBT emittance 
station and the estimated longitudinal phase space distribution. 
Figure 1 (b) shows the PARMILA prediction of the horizontal 
and longitudinal distributions at the exit of the tenth drift tube 
in the DTL. The longitudinal phase space evolution in this 
region of the LEBT and the first DTL tank is complex. 
Through space-charge forces this longitudinal evolution 
couples to the transverse phase space dynamics and 
complicates the process of matching the beam into the DTL. 
The use of an accurate model of this region of the LEBT and 
DTL is critical in determining the parameters of the matched 
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Fig. 1: (a) The horizontal and longitudinal phase-space 
distributions at the last emittance measuring station and (b) at 
the exit of the tenth drift tube for the standard quad and buncher 
settings. The bottom schematic diagram shows the end of the 
LEBT and the entrance to the DTL (shaded blocks are 
quadrupole magnets). 

231 



beam and setting the quadrupole strengths to achieve that 
match. 

Beam Dynamics Models 

Various models have been used in an attempt to determine 
and achieve matched beam into the DTL. Two-dimensional 
models such as TRACE and a two-dimensional version of 
PARMILA have been used. These models can not, however, 
properly model the rapidly increasing transverse space-charge 
forces due to longitudinal bunching. TRACE 3-D has also 
been used with limited success. The longitudinal phase space 
distribution used with TRACE 3-D must be described by an 
ellipse. Typically, the ellipse is chosen to have the same 
RMS parameters as the true longitudinal distribution assuming 
near longitudinal elliptical symmetry. Since longitudinal 
elliptical symmetry is not present, this model is not expected 
to properly represent the complicated longitudinal beam 
dynamics occurring over the long distances in the LEBT and 
through the many RF gaps of the DTL. Of the models 
presently used the three-dimensional version of PARMILA 
should be successful because of the accurate calculations of 
space-charge forces and emittance growth. However, the 
structure and speed of PARMILA has limited its use to the 
modeling of existing setups rather than the determination of 
match parameters and quadmpole strengths. 

Figure 2 shows a comparison of the ratios of modeled 
space-charge forces in TRACE, 2-D PARMILA and TRACE 
3-D to the space-charge forces calculated by the three-
dimensional version of PARMILA. The ratios of the space-
charge forces are calculated for a particle at one RMS distance 
from the center of the beam. As can be seen from this graph 
both 2-D PARMILA and TRACE 3-D underestimate the 
space-charge forces by a factor of two initially and by a factor 
of five when the longitudinal bunch is well established at the 
exit of the tenth drift tube. In both cases this disaepancy of 
space-charge forces is due to inaccurate representation of the 
initial longitudinal phase-space distribution and its subsequent 
evolution. The spike in the ratio using the TRACE 3-D 
model is a result of injecting a mismatched longitudinal ellipse 
into the DTL. The longitudinal beam envelope oscillates and 
the phase width for the beam becomes very small soon after 
entering the DTL. 

Matching Algorithms 

The matching algorithm which is presently being used is 
a hybrid model combining TRACE and the two dimensional 
version of PARMILA. In the mid 1970's a two dimensional 
version of PARMILA was used to determine the Twiss 
parameters for matched low-current beam at the entrance to the 
DTL. To incorporate the effect of longitudinal bunching an 
effective current of four times the measured current was used 
for the simulations. The Twiss parameters resulting from this 
study have become known as "magic numbers" and an iterative 
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Fig. 2: The ratio of space-charge forces experienced by 
a particle at an RMS distance from the center of the 
bunch between TRACE, 2D PARMILA, TRACE 3-D 
and PARMILA. 

TRACE routine is used to adjust the LEBT quadrupoles to 
achieve these "magic numbers" at the DTL entrance. 

TRACE 3-D has also been used to determine the Twiss 
parameters at the entrance to the DTL and to iteratively search 
for LEBT quadrupole strengths to achieve these matched 
parameters. For these simulations the RMS quantities of an 
estimated PARMILA distribution were used to determine the 
ellipse parameters of the TRACE 3-D longitudinal 
distribution. This procedure resulted in more emittance growth 
and halo formation than measured from the matching routine 
previously developed. 

A new matching algorithm based on the PARMILA 
model of the LEBT and DTL has been developed. This new 
algorithm combines realistic initial phase-space distributions 
with the extensively tested three-dimensional space-charge 
calculations of PARMILA and first order corrections for space-
charge neutralization. 

To accurately model the beam transport through the LEBT 
into the DTL a large effort was expended to create realistic 
initial phase-space distributions. Initial particle distributions 
in transverse phase-space were created from measured 
distributions and all simulations began at the measurement 
position. The longitudinal distribution was estimated by 
tracking particles from the DC injection into the first buncher, 
through the second buncher, to the emittance station used to 
measure the input transverse distributions. The buncher 
phases and amplitudes used in the simulation had been 
estimated from previous phase-scan measurements while 
amplitudes were also checked through power and Q 
measurements for SUPERFISH simulations. To create the 
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input particle distribution the estimated longitudinal 
distribution was randomly combined with the transverse 
distributions created from the measured phase-space 
distributions. 

Because space-charge forces play a dominant role in the 
beam dynamics in this region, a measurement was made to 
estimate neutralization in the LEBT. Both horizontal and 
vertical phase-space distributions were measured at the last 
emittance station in the LEBT along with beam profiles 
obtained 89.1cm downstream of the emittance slit. These 
measured transverse distributions were combined with the 
estimated longitudinal distribution and used as the starting 
distribution in a PARMILA simulation. An iterative 
PARMILA simulation tracked the initial distribution of 
particles through this drift region with various effective current 
values and compared the resulting horizontal and vertical 
profiles to the measured profiles. The effective current which 
resulted in the best agreement between PARMILA and the 
measured profiles was 17mA for a measured peak current of 
21mA. This value of effective peak current was used for all 
subsequent modeling of the beam transport in the LEBT. It 
was assumed that the beam in the DTL is not neutralized and 
thus the effective current was set to the measured current of 
21mA when in the DTL. 

The PARMILA program was converted into a subroutine 
and combined with a non-linear system solving routine 
employing the Régula Falsi technique (modeled after the 
fitting routine used in TRACE 3-D [3]). Various 
minimization criteria were studied for the minimization 
routine. Since a mismatched beam results in emittance 
growth, it was found that the minimization of emittance 
growth in the first two DTL tanks resulted in a good average 
match along the DTL. The non-linear system solving routine 
adjusted the LEBT quadrupole gradients to minimize emittance 
growth in the first two tanks of the DTL. 

The results of the three matching algorithms discussed 
above were simulated with PARMILA and the results are 
shown in figure 3. The top graph displays horizontal 
mismatch (MHas defined by the TRACE 3-D code [3]) versus 
drift-tube number and the second graph shows normalized 
horizontal emittance (eH) as a function of drift-tube number in 
the first two tanks of the DTL. The third and fourth graphs are 
the mismatch (Mv) and emittance (ev) versus cell number for 
the vertical plane, respectively. 

Because the beam is small in the horizontal plane and 
large vertically, the horizontal space-charge forces are large as 
the beam enters the DTL. It is thus most difficult to achieve a 
horizontally matched beam distribution. The horizontal 
emittance is thus reduced more than the vertical emittance 
when the space-charge forces are properly calculated in the 
PARMILA matching algorithm. 

Conclusions 

Two-dimensional models and three-dimensional envelope 
models of the beam in the LEBT and the entrance to the DTL 
do not properly account for the changing space-charge forces 

70 80 90 100 
DTL Cell Number 

Fig. 3: Horizontal and vertical mismatch (M) and 
normalized emittance (e) versus drift tube number in the 
first two tanks of the DTL. 

due to the rapidly bunching beam at LANSCE. Because of 
this inability to properly represent the longitudinal beam 
distributions, these models do not lead to a satisfactory match 
of the beam into the DTL. Matching with these models can 
result in mismatched beam, emittance growth and halo 
formation. 

PARMILA has been combined with a non-linear system 
solving routine for matching beam into the LANSCE DTL. 
This new matching tool more accurately models the changing 
space-charge forces due to the rapidly changing longitudinal 
distribution. PARMILA simulations have shown that this 
new matching technique results in less mismatch in the DTL 
and lower emittance growth. The results of this new matching 
algorithm, presented here, will be tested before the end of the 
1996 run cycle. 
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Abstract 

The computer code PARMILA has been the primary tool for the 
design of proton and ion linacs in the United States for nearly 
three decades. Previously it was sufficient to perform simula
tions with of order 10000 particles, but recently the need to per
form high resolution halo studies for next-generation, high inten
sity linacs has made it necessary to perform simulations with of 
order 100 million particles. With the advent of massively par
allel computers such simulations are now within reach. Paral
lel computers already make it possible, for example, to perform 
beam dynamics calculations with tens of millions of particles, re
quiring over 10 GByte of core memory, in just a few hours. Also, 
parallel computers are becoming easier to use thanks to the avail
ability ofmature, Fortran-like languages such as Connection Ma
chine Fortran and High Performance Fortran. We will describe 
our experience developing a parallel version of PARMILA and 
the performance of the new code. 

Introduction 

Many countries are now involved in efforts aimed at develop
ing high power linacs for transmutation of radioactive waste, 
disposal of plutonium, production of tritium, and as drivers for 
next-generation spallation neutron sources. For these projects, 
high-resolution modeling far beyond that which has ever been 
performed in the accelerator community will be required to re
duce cost and technological risk, and to improve accelerator effi
ciency, performance, and reliability. Such accelerators will have 
to operate with extremely low beam loss (0.1-1 nA/m) in order to 
prevent unacceptably high levels of radioactivity. High resolu
tion simulations using on the order of 100 million particles will 
be needed to help ensure that this requirement can be met. Such 
simulations can only be performed on high performance comput
ing (HPC) platforms. For example, near term massively parallel 
processors and clusters of shared memory processors will have 
memories of 100's of GBytes and performance of a few TFLOPs. 
Compared with high-end workstations (500 MFLOPs) and high-
end PCs (100 MFLOPs), a 1 TFLOP HPC platform would out
perform these by factors of 2000 and 10000, respectively. 

The computer code PARMILA is the most widely used code 
in the United States for the design of proton and ion linacs. We 
have developed a parallel version of PARMILA that runs on the 
massively parallel CM5 at the Advanced Computing Laboratory 
of Los Alamos National Laboratory. This version of the code is 
written in CM Fortran. In addition to moving the code to the 
CM5, we also replaced the 2D (r, 6) space charge routine of the 
serial code with a new 3D (x, y, z) routine. The code will be 

used to model the LANSCE linac and linac designs for the Ac
celerator Production of Tritium (APT) project. As an example 
of its performance, a 2 million particle simulation of a 1.7 GeV 
superconducting linac for APT requires 3 hours on the 512 node 
partition of the CM5. Simulations of shorter linacs have been 
performed with up to 30 million particles. 

Approaches to Parallelization 

There are three main parallel programming paradigms: 
(1) single-instruction-multiple-data (SIMD), (2) single-
program-multiple-data (SPMD), and (3) multiple- instruction-
multiple-data (MIMD). SIMD is the easiest to use but is the 
least flexible; all the processors perform the same operations 
synchronously on different data. The SPMD approach is 
slightly more flexible; every processor runs the same program, 
but the programs may execute differently depending on the data. 
Finally, the MIMD approach is the most flexible and powerful, 
but it requires the most effort by the programmer to use it; here 
every processor can run a different program with different data. 

To parallelize PARMILA we adopted the data parallel ap
proach augmented by the use of utility libraries and scientific 
software libraries. This has the advantage that much of the re
sulting code looks like the original serial version; it can be eas
ily used and modified by a person with little parallel program
ming experience. Also, if the serial version changes it is easy 
to make corresponding changes in the parallel version. The par
allel version looks like a Fortran90 code, but in addition all DO 
loops over large arrays have been replaced with FORALL loops. 
Also, compiler directives appear after array declarations to spec
ify how data is to be distributed across processors. 

Steps in Parallelizing PARMILA 

The serial version of PARMILA consists of approximately 5000 
lines of Fortran 77 code. To port PARMILA to the CM5 we be
gan by running the serial version on a workstation for a prob
lem with zero current. As the parallel code evolved, the results 
were checked against the serial results. Eventually all DO loops 
over large arrays, such as the particle array, were replaced with 
FORALL loops. (FORALL loops are parallel DO loops and rec
ognized as such by the compiler.) This involved rewriting large 
sections of the serial code between DO/ENDO statements, fre
quently making use of temporary arrays. For much of the code 
this task was tedious but straightforward. Slight complications 
such as testing for lost particles inside of loops could be easily 
dealt with by using masked FORALL statements. A more com
plicated situation arose when tests inside loops effected the pro
gram flow. Consider, for example, the serial code used to gener
ate a 4D waterbag distribution: 
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do 100 i=l,nptcls <loop over particles> 
5 0 <generate 4 random numbers xl,x2,x3,x4> 

if (xl**2+x2**2+x3**2+x4**2 . gt.Dgoto 5 0 
<generate coords/momenta for this particle> 

100 continue 

This had to be replaced with code of the following form: 

100 <generate four LARGE arrays xl,x2,x3,x4> 
<mask off if xl**2+x2**2+x3**2+x4**2.gt.1> 
<pack good data into final array> 
<if final array is not complete, goto 100> 
<generate coords/momenta for all particles> 

This exemplifies a situation where utility routines (namely 
PACK) that are not part of CMF or HPF are essential. 

Besides rewriting large sections of code associated with DO 
loops, some other simple tasks were required to port PARMILA. 
As mentioned above, it is necessary to insert compiler directives 
in subroutines to specify the layout of parallel arrays. Another 
task was related to subroutine calls and data reshaping. In CM 
Fortran, parallel arrays cannot be reshaped through subroutine 
calls as they can in Fortran 90. Thus, a 2D array coord(6,ntot) 
cannot be used as in c a l l mysub (coord {1) ) and treated 
like a ID array in subroutine mysub. Also, a ID array x(ntot) 
cannot be used as in c a l l mysub (x ( n t o t / 2 ) ) and treated 
as a ID array of half the original length in the subroutine. Again, 
these situations are straightforward to deal with, but it can be te
dious to find all such occurrences and they can easily go unno
ticed until the program crashes or produces garbage. 

The major difficulty in porting serial codes to parallel ma
chines using CM Fortran or High Performance Fortran is dealing 
with those operations that cannot be easily dealt with in the data 
parallel paradigm. In the case of PARMILA, the difficulty is as
sociated with the space charge calculation. This is discussed in 
the next section. 

Space Charge Calculation 

PARMILA uses a Particle-In-Cell approach to computing the 
beam space charge. Charge is deposited on a grid, the fields are 
calculated on the grid, and the resulting fields are interpolated 
back to the particles. The steps involving charge deposition and 
field interpolation are not easily parallelizable. Consider, for ex
ample, charge deposition on a two-dimensional grid using area 
weighting. A serial routine would look like the following: 

do 100 n=l,np 
i=(x(n)-xmin)/hx 
j = (y(n)-ymin)/ hy 
ab=xmin-x+i*hx 
cd=ymin-y+j *hy 
rho(i,j)=rho(i,j) + ab*cd 
rho(i+1,j)=rho(i+1,j)+cd*(hx-ab) 
rho(i,j+1)=rho(i,j+1)+ab*(hy-cd) 

10 0 rho(i+1,j+l)=rho(i+l,j+1)+(hx-ab)*(hy-cd) 

The equivalent parallel routine is the following: 

i=(x-xmin)/hx ! i,j,x,y,ab,cd = arrays 
j=(y-ymin)/hy ! hx,hy,xmin,ymin = scalars 
ab=xmin-x+i*hx 

cd=ymin-y+j *hy 
forall (n=l:np)rho(i(n),j(n) ) = 

# rho(i(n),j(n))+ab(n)*cd(n) 
forall(n=l:np)rho(i(n)+l,j(n))= 
# rho(i(n)+l,j(n))+cd(n)*(hx-ab(n)) 
forall(n=l:np)rho(i(n),j(n)+l)= 
# rho(i(n),j(n)+l)+ab(n)*(hy-cd(n)) 
forall(n=l:np)rho(i(n)+l,j(n)+l)= 

#rho(i(n)+l,j(n)+l)+(hx-ab(n))*(hy-cd(n)) 

The above parallel routine has poor performance. First, the 
FORALL statements cause significant interprocessor commu
nication. Second, if the density array rho is uniformly spread 
across processors, then the routine will not be load balanced. For 
example, if one deposited a Gaussian charge distribution on the 
grid, then processors associated with the tail of the distribution 
would finish accumulating charge sooner than processors asso
ciated with the core. Performance can be improved in several 
ways: 

• One can use SEND routines. These are optimized utility 
routines that send data to processors based on index arrays 
and perform binary operations on the data (e.g. add. over
write, min, max). 

• One can use SCAN routines (also called Parallel Prefix 
routines). These are optimized routines that perform bi
nary operations cumulatively on a sequence of array ele
ments. For example, a SCAN-ADD operation on an array 
(1,2,3,4,5) would result in (1,3,6,10,15). 

• One can use MIMD-style routines written with message 
passing libraries. In this approach the programmer explic
itly writes the code that includes logic to determine how to 
partition the data so that the load is balanced. 

The approach based on SEND routines is easy to use but the 
performance improvement is modest. The approach based on 
SCAN routines is more difficult to implement, but the per
formance improvement is much better. This approach, using 
segmented-scan operations and data ordering, was implemented 
by Ferrell and Bertschinger in an N-body code for astrophys-
ical simulations [1], Finally, the MIMD-style approach is the 
most difficult to implement but yields the best performance im
provement. This approach has been used as part of the Numerical 
Tokamak Project, a DOE-funded High Performance Computing 
and Communications project [2][3]. 

Currently, the parallel version of PARMILA uses the method 
of Ferrell and Bertschinger for charge deposition and field in
terpolation. The field equations are solved using an FFT-based 
technique to convolve the charge density on the grid with a Green 
function defined on the grid. Using standard techniques it is pos
sible to treat a bunch of charge assuming open boundary condi
tions [4], We have also implemented a procedure that uses open 
boundary conditions transversely and periodic boundary condi
tions longitudinally. 

Performance 

We have used the parallel version of PARMILA to perform linac 
simulations with 1-30 million particles. For example, a 2 million 
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particle simulation of a 1.7 GeV superconducting linac for the 
APT project required 3 hours on the 512 node partition of the 
CM5. The job used only 2 GBytes, well below the 14.3 GByte 
maximum for the partition, so much larger jobs are possible. 

The success of the parallel approach depends on scalability, 
i.e., the ability to run larger problems in the same amount of time 
using more processors, or the ability to run problems of a fixed 
size in less time using more processors. (Note however that in
creasing the number of processors while keeping the problem 
size fixed cannot cause the execution time to decrease indefi
nitely: If the problem size is too small, the processors will do 
too little calculation, and the execution time will be dominated 
by communication.) The parallel version of PARMILA has ex
cellent scalability as shown in Table 1 : 

Table 1: Scaling Results (3.75M particles, 64x64x64 grid) 

Procs 

128 
256 
512 

CPU (min) 

15.5 
8.1 
4.3 

MEM (GB) 

1.8 
2.0 
2.5 

Conclusions/Future Work 

We have developed a parallel version of PARMILA that runs on 
the CM5 at the Los Alamos Advanced Computing Laboratory. 
This version of the code is written in CM Fortran. In addition 
to moving the code to the CM5, we also replaced the 2D (r, 0) 
space charge routine of the serial code with a new 3D (x, y, z) 
routine. Using the present version of the parallel code, simula
tions with 1-30 million particles are possible depending on the 
length of the linac being modeled. We plan to move the code 
to the new Cray T3E at the National Energy Research Scientific 
Computing Center. We expect a significant improvement in per
formance through the use of charge deposition and field interpo
lation routines that use message passing. 
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Abstract 

We measured the longitudinal phase space distribution of 
the proton beams provided by the 433 MHz linac at ICR, 
Kyoto University, by means of a new monitor which consists 
mainly of a thin gold target, a deflector cavity, a position 
sensitive detector (PSD) and three permanent magnet 
quadrupole lenses. Protons are scattered by the target are 
guided into cavity, then focused by the PMQs, deflected by the 
cavity, then focused by the deflector electrodes, and finally 
reach the PSD. The position and energy data from the PSD are 
employed to reconstruct the phase space configuration of the 
beam before hitting the target. The longitudinal emittance of 
the ICR linac was measured with the present monitor system 
under some different operating conditions. The obtained 
measurement results were used to optimize the RF condition. 

Introduction 

At the Institute for Chemical Research, Kyoto 
University, a 433 MHz proton linac has been operated. The 
linac mainly consists of 50 keV Ion source, and low energy 
beam transport, 2 MeV Radio Frequency Quadrupole (RFQ) 
linac, BeamMatching Section (BMS), and7 MeV Drift Tube 
Linac (DTL)[1]. In order to measure the longitudinal beam 
emittance of the 7 MeV proton beam, we developed a new 
beam monitor [2]. The monitor enables us to measure the 
beam distribution in the longitudinal beam phase space. 

The longitudinal beam distribution of the proton linac is 
obtained by measuring the position and energy of the protons 
which are scattered at the target and then deflected by an rf field 
whose frequency is the same as those of RFQ linac andDTL. 
The figure of the longitudinal emittance monitor is shown in 
Fig.l. 

The position and energy of a proton measured by Position 
Sensitive Detector (PSD) depend on the phase and energy 
when it is scattered at the target. By calculating the orbit of the 
deflected proton, the coordinates of the proton in the phase 
space can be obtained. In this way, a beam distribution in the 
longitudinal phase space is reconstructed from the measured 
position and energy distribution. 

When we accelerate the proton beams, how we control the 
rf condition is large problem. Then the variations of the 
longitudinal beam distribution at different rf conditions were 
measured, in order to examine the effect of the rf condition to 
the longitudinal beam dynamics. 

Proton Beam 

Scattered 
Proton 

Deflector 
Cavity 

0 1 2 3 4 5 6 7 8 9 1 0 
I I I I I I I I I I I r m 

Position Sensitive i - x 
Detector 

Fig. 1 The longitudinal emittance monitor 

Measurement 

We measured the beam distributions for several rf 
conditions. In the measurement, we used a gold target of 0.37 
mm in width and 100 ^g/cm2 in thickness. The gold is 
deposited on a thin carbon backing foil whose thickness is 10 
Hg/cm2. The gap voltage of the deflector is 38 keV estimated 
from the position variation of the deflected protons when the 
rf phase of the deflector is changed. 

The longitudinal beam matching was controlled by 
adjusting the rf phases and amplitude of the RFQ, the DTL and 
a double gapped buncher installed in the BMS. 

Some of the results are shown in Fig. 2(a)-(d). The four 
figures are beam distributions on the PSD. We can find two 
islands on each figure; the upper island comes from the 
protons scattered by gold target, and the lower island comes 
from those scattered by carbon foil. The longitudinal 
emittances can be estimated from the upper island. 
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Fig. 2(a>(d) correspond to following conditions A - D. 
The condition A is well matchedrf condition, andtheshapeof 
the upper island is well-regulated In the condition B, the rf 
phase of the DTL is different from that of A by 11 °. The shape 
of the upper island become a little deformed, and the mean 
output energy is less than A, and protons out of stability 
region are more than A. In the condition C, the rf is miss 
matching, where the rf phase of the DTL is different from that 
of A by 43° . Many unstable protons are found In the 
condition D, the buncher voltage was made zero, and the rf 
conditions ofRFQ and DTL were optimized. The spread of the 
detected positions is larger than that for other conditions. 
Because the RFQ output beam was not rebunched, not some 
amount of protons may go out of acceptance of the DTL. 
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Fig. 2 Proton distributions on the PSD at different rf 
conditions. Well-matched condition (a), and the rf phase of the 
DTL is different from the matched condition by 11° (b) and 
43° (c). In (d), the buncher voltage is zero, and RFQ and DTL 
conditions are optimized. 

Analys is 

The position-energy distribution of the scattered proton 
are transformed to longitudinal phase space distribution. From 
the distributions of the upper proton islands of Fig. 2(a)-(c), 
the phase space distributions are obtained, as shown in Fig. 
3(a)-(c). It is difficult to transform the distribution in Fig. 
2(d), because the beam spread is too large. The phase center of 
distribution are varied and mean energies of (b) and (c) are 
lower than (a). We estimated the effective rms emittance, 
considering the effects of measurement resolutions, by using 
following formula [3], 

*r = H > 1 " m l - sl(<P\ - sl{E\ - slsl] 
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where s, is resolution of the phase measurement, and sE is that 
of energy measurement. In this measurement s0 is 4.5 deg, 
and sE is 14 keV. In order to get high phase resolution, we 
used a narrower target than previous experiment, but this was 
not so effective. Only the change of setting angle of the target 
as shown in Fig. 1 might be effective to the phase resolution. 
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We calculated two kinds of rms emittances. One is 
calculated from all particles, and the other is calculated from 
the particles in a window of 50 deg x 600 keV . The purpose 
of the window is to estimate the rms emittance of stable beam. 
The obtained rms emittances for each distributions are shown 
in Table 1. The size of rms emittance for condition A and B are 
almost same, but the emittance (all) for C is 1.4 times as large 
as that for A. 

Table 1 
Longitudinal rms emittances of the beams for different rf 

conditions. The rms emittances in the window are calculated 
from the particles in a area of 50 deg x 600 keV around the 
center. 

condition 

A 
B 
C 

rms emittance 
(all particles) 
\n mm mrad] 
0.87 ± 0.07 
0.86 ± 0.06 
1.24 ± 0.06 

rms emittance 
(in window) 
[jt mm mrad] 
0.43 ± 0.06 
0.42 ± 0.07 
0.40 ± 0.07 

-60 -40 -20 0 20 40 60 
Phase [deg] 

Conclusion 

We measured the longitudinal beam distribution at the 
different rf conditions. The distributions were different by the 
condition, and we got the optimizing rf condition with this 
measurement. Then longitudinal rms emittances are obtained 
for three conditions. At a large mismatched phase, the rms 
emittance found to be 1.4 times larger than that of matched 
beam. 
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Fig. 3 Longitudinal Phase space distribution of the beam, (a) 
is transformed from the upper island of Fig. 2(a), (b) and (c) are 
also transformed from those of Fig. 2(b) and 2(c), 
respectively. 
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PERFORMANCE OF THE 100 MEV INJECTOR LINAC 
FOR THE ELECTRON STORAGE RING AT KYOTO UNIVERSITY 

T.Shirai, T.Sugimura, Y.Iwashita, S.Kakigi, H.Fujita, 
H.Tonguu, A.Noda and M.Inoue 

Nuclear Science Research Facility, Institute for Chemical Research, Kyoto University 
Gokanosho, Uji, Kyoto 611, Japan 

Abstract 

An electron linear accelerator has been constructed as an 
injector of a 300 MeV electron storage ring (Kaken Storage 
Ring, KSR) at Institute for Chemical Research, Kyoto 
University. The output beam energy of the linac is 100 MeV 
and the designed beam current is 100 mA at the 1 usee long 
pulse mode. 

The transverse and longitudinal emittance are measured 
to evaluate the beam quality for the beam injection into the 
KSR. They are observed by the profile monitors combined 
with quadrupole magnets or an RF accelerator. The results are 
that the normalized transverse emittance is 120 7t.mm.mrad. 
The longitudinal emittance is 15 7i.deg.MeV and the energy 
spread is +2.2 %. 

Introduction 

A compact electron storage ring (Kaken Storage Ring, 
KSR) is now under construction at the Institute for Chemical 
Research, Kyoto University [1]. The layout of the accelerators 
is shown in Fig. 1. The KSR has a race track shape and its 
maximum beam energy is 300 MeV. It will be used as the 
synchrotron radiation source from the dipole magnet and the 
insertion device. The critical wave length of the synchrotron 
radiation is 17 nm. It will be also used for the research of the 
free electron laser. 

The construction of the linac had been finished and we 
succeeded to accelerate the electron beam of 140 mA in 
October, 1995. The design beam energy is 100 MeV and the 
pulse width is variable from 10 nsec to 1 usee. Table 1 shows 
the main linac parameters. The linac will be also used for the 

Table 1 Beam parameters and main specifications of the linac. 

Output Electron Beam 
Energy 
Max. Pulse Width 
Max. Repetition 

Electron Gun 
Cathode Assembly 
Max. Extraction Voltage 

Accelerating Structure 
Bore Radius 
Length 
Operating Frequency 
Maximum Electric Field 

100 MeV 
1 |isec 
20 Hz 

Y-796 (Eimac) 
-lOOkVDC 

11.74- 13.4 mm 
3m 
2857 MHz 
15MV/mat20MW 

experiments of the coherent X-ray generation by the election 
beam. Especially, the parametric X-ray radiation (PXR) 
experiment has been already started. 

Accelerator 

The electron gun has the Pierce electrode and the cathode 
assembly is the Y-796 (Eimac). The maximum extraction 
voltage is -100 kV. The pre-buncher is a single reentrant cavity. 
It is designed to bunch the beam within the phase spread of 60 
degree. The buncher is a disc-loaded and 3 step constant 
gradient structure. It has 21 cells and the total length is 777 
mm. The designed phase spread is within 3 degrees at the beam 
current of 100 mA when the input power is 12 MW. 

Optical Beam Course 

o 
Electron Strage Ring 

Buncher Accelerator No. 1 
Electron Q » | frpc= 
Gun Quadrupole 

Doublet 1 
Quadrupole 
Doublet 2 

Electron Injector 
Bending 

Accelerator No.2 Accelerator No.3 Magnet 

Quadrupole 
Doublet 3 

Quadrupole 
Doublet 4 

Figure 1 Layout of the electron accelerator. 
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There are three main accelerating structures. The main 
characteristics of the accelerating structure are also listed in 
table 1. The maximum electric field is 45 MV per an 
accelerating structure without beam loading at the input power 
of 20 MW. The doublets of the quadrupole magnets are used as 
focusing elements between the accelerating structures. 

Klystron 

There is a klystron for each accelerating structure. The 
total number of the klystron is 4 including the buncher, pre-
buncher system. The klystron is 111-8568. The maximum 
output power is 21 MW and the pulse width is 2 usee. We are 
going to replace the klystron with Mitsubishi PV3030A2. The 
present modulators and the focusing coils are reused for the 
new klystrons so that the replacement cost and time can 
become minimum. The solenoid is a single electromagnetic 
coil and generates the magnetic field of 0.9 kGauss on the axis. 
Figure 2 shows the relation between the cathode voltage and 
the output power. The output power of 30 MW is available at 
the cathode voltage of 250 kV. The power efficiency is 48 %. 

Beam Measurement 

The beam emittance and the energy is measured 
downstream of the linac. Figure 3 shows the schematic view of 
the beam monitor section. The beam current is measured by the 
current transformer (CT) with ferrite core. The main 
components in this section are two profile monitors (PMl, 
PM2). They consist of screens, CCD cameras and an image 
memory unit. The image data is analyzed by the computer in 
the control room. The material of the fluorescence screen is an 
alumina ceramic in which a little chromium oxide is 
homogeneously doped (Desmarquest, AF995R). PMl is used 
for the measurement of the transverse beam profile and the 
emittance. PM2 is used for the measurement of the energy 
spread and the longitudinal emittance. 

30 

20 

10 32 
60.00 

40.00 ~. 

20.00 

0.00 
100 150 200 

Cathode Voltage (kV) 

250 

Figure 2 RF output power and the efficiency of the klystron 
(PV3030A2). The pulse width is 2 u,sec. 

Transverse Beam Profile and Emittance 

The shape of the beam distribution in the transverse phase 
space is assumed, 

yc +2axx'+fk = £, (1) 
where a, p\ y are Twiss parameters and e is the transverse 
emittance. The Twiss parameters are transformed from QD to 
PMlaccording to the following equation. 
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where m.. are elements of a transfer matrix between QD and 
PMl. 

PMl 

mu "hi 

"hi 
(3) 

QD 

From the formula (2), the rms beam radius a at PMl is 
obtained. 

a2pm =mu
2(ep)-2mnmn(ea) + mu

2(£Y) 
(4) 

(ep)-(ey)~(ea)2=e2 

where the Twiss parameters are values at QD. We measure the 
beam size by the profile monitor (PMl) with various field 
gradient of QD and calculate the emittance by the least square 
fitting. 

Figure 4 shows the relation between Gmi
2 and the field 

gradient of QD. The beam current is 100 mA and the pulse 
width is 100 nsec. It is the operation mode of the beam 
injection into the KSR. The unnormalized emittance at QD is 
0.57 Jt.mm.mrad and the normalized value is 120 7t.mm.mrad. 

4.3m 3.7m 

Q D Q F PMl AM 

Acc3 
CT Vi 

PM2 

I 

Fluorescence 
light 

To Control 
Computer 

Video Image 
Memory Unit — | P ~ ^ * 

CCD 

Fluorescence 
light 

Minor 

To Beam 
Dump 

Mirror 

Camera 

Figure 3 Schematic view of the beam monitor section down
stream of the linac. 
Acc3:Third accelerating structure, CT:Current transformer, 
QD,QF:Quadrupole magnets, PM1,PM2:Profile monitors, 
AM:Analyzing magnet. 
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Energy Spread and Longitudinal Emittance 

The beam energy spread is measured by the profile 
monitor (PM2) downstream of the 5 degree analyzing magnet. 
The rms beam radius a at PM2 is, 

where T] is the dispersion and is 0.15 m. The first term is due to 
the transverse emittance and it is calculated from the measured 
data. The second one due to the energy spread. The correlation 
is assumed to be negligible between the two terms. The 
measured beam profile at PM2 is shown in Fig 5. The beam 
current is 100 mA and the pulse width is 100 nsec. The center 
beam energy is 109 MeV and the energy spread is +2.2 %. 

To observe the longitudinal emittance, the phase of the 
last accelerating structure (Acc3) is set so that the relativistic 
electron beam go through it with the synchronous phase of 
zero. The transfer matrix from Acc3 to PM2 is, 

'6} ( 1 OY0Ï 
(6) 

\^J PR2 
1 

\ J Accl 

(8) 

where 0 and E are relative phase and energy to the synchronous 
particle. In this formula, the approximation is used because the 
synchronous phase is zero. 

Vj ân(0)«V^e (7) 

Similar to the formula (4), the relation of the rms energy 
spread, longitudinal emittance and Twiss parameters is, 

(E)2
PM2 = /7Î2!2 (ep)-2m22m2l (sa)+m12

2 (ey) 

(ep)-(£y)-(eaf=e2 

The energy spread is measured with various RF voltage (Vrf) 
and the longitudinal emittance is calculated by the least square 
fitting. 

Figure 6 shows the relation between the square of rms 
beam radius at PM1 and the RF voltage of Acc3. The beam 
current is 100 mA and the pulse width is 100 nsec. The center 
beam energy is 71 MeV. The longitudinal emittance is 15 
7t.deg.MeV. The phase spread is +8.0 degree. 
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Figure 4 Relation of the square of the rms beam radius and the 
field of the quadrupole magnet (QD). The solid line shows 
a best fit curve. 
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Figure 5 Beam profile at the profile monitor (PM2) 
downstream of the analyzing magnet. 
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Figure6 Square of rms beam radius at the profile monitor 
(PM2) as a function of the Acc3 RF voltage . 
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NUMERICAL SIMULATION OF IH ACCELERATORS WITH MAFIA AND 
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Abstract 

Two IH drift tube cavities will be part of the new pre-stripper 
LINAC for the beam intensity upgrade of the GSI accelerator fa
cility in Darmstadt (Germany). A major part of the cavity design 
process consisted of numerical electromagnetic simulations us
ing MAFIA1. The simulation method as well as the dependence 
of the field distribution on some key geometries are discussed. 
Based on these calculations the tanks are under construction and 
a 1:5.88 scaled RF model was built to compare the results and to 
determine the exact drift tube geometry. This paper describes the 
most important steps in the design process and presents results 
for the simulation and the measurement. 

numerical field calculations. The eigenmode solver of MAFIA 
[1] was used to calculate the electromagnetic field distrubution 
and the resonance frequencies of both cavities. 

Table 1: Main dimensions of IHl and IH2. 

IHl 
Radius [m] 
Inner length [m] 
Drift tubes 
Input undercuts [m] 
Output undercuts [m] 

IH2 
0.915 1.017 
8.995 10.175 

52 45 
0.221 0.400 
0.480 0.520 

Gap quadrupole-girder 0.390 0.390 

Introduction 

The accelerator facility at GSI basically consists of a heavy ion 
linear accelerator (UNILAC), a heavy ion synchrotron (SIS) and 
a heavy ion storage ring (ESR). To be able to fill the SIS up to its 
space charge limit, the first (pre-stripper) part has to be replaced. 
Two IH drift tube linacs (IHl) and (IH2) will be part of the new 
UNILAC. They are designed to provide an effective voltage gain 
of 40.8 MV (IHl) and 42.4 MV (IH2) at a resonance frequency 
of 36.136 MHz (see also [7], [3]). 

MOOOWWPPMW»"* 

\ MO(MMMt3BfeaM6A9tffcy>ju> 

Figure 1: Layout of IHl and IH2 after the optimization with 
MAFIA. 

Simulation 

Electromagnetic properties of IH-resonators 

The most important parameters of an IH-cavity are the frequency 
of the acclerating mode and the gap voltage distribution. The 
basic relations for such a cavity operated in the Hm-mode are 
given in [4]. 
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Unlike earlier designs, the IH-cavities were planned to be 
cylinders with circular cross sections, in order to provide bet
ter mechanical stability against gravitational and vacuum forces. 
Thus it was no more possible to measure and to tune the cavities 
during the production. As tuning elements reduce the reliability 
of such a structure, the parameters for the geometry had to be de
termined in advance as good as possible. This was performed by 

lSolution of Maxwell's equations using a Finite Integration Algorithm 
Work supported by GSI, Darmstadt, Germany. 

Figure 2: Voltage distribution for different depths of the under
cuts in the girders. 

Reference voltage distributions for IHl and IH2 were derived 
earlier from LORASR beam dynamics calculations and from ex
perience with respect to high shunt impedance values. They are 
plotted in figures 7 and 8. There are two very effective principles 
to tune the gap voltage distribution: 
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• Variation of the ratio g/L of drift tube gap to period length. 
A reduction of the capacity per length induces a reduction 
of the gap voltage and vice versa [5]. 

• Undercuts at the girder ends rise the gap voltage in the re
gion of the tank ends (see [6] and figure 2). 

In contrast to earlier designs the voluminous quadrupoles will 
be mounted on the girders. Using such an array, the local capac
ity rises and tends to detune the structure locally. To compensate 
the resulting increase of the gap voltage, the lens support was 
elongated and the distance to the opposite girder was enlarged 
(see figure3). 

2.0 
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> 
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§> 1.0 
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O 0.5 

0.0 

initial 
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optimized 

initial 

KKKL 

optimized 

68 70 72 
Gapnumber -

74 76 

Table 2: Some data concerning the simulations. 

Smallest mesh step: 
Biggest mesh step: 
Number of mesh points: 
CPU-time: 
Machine: 

3 mm 
30 mm 
2-3 million 
36 hours 
IBM RS-6000 590 

To locally optimize the voltage distribution, a detached simu
lation of shorter sections is possible. Some cross-sections of the 
cavities exist, on which the magnetic field is perpendicular. The 
cavities can be split at these points, if magnetic boundary condi
tions are applied. 

The arrangement around the quadrupole lenses was optimized, 
using such a short section. A comparison of the resonance fre
quencies of single sections also gives a first impression of the 
total voltage distribution. Sections with higher frequencies will 
have lower gap voltages and vice versa. 

As a last step, after the voltage distribution was optimized, the 
exact cavity radius rCav was determined in order to match the 
nominal frequency / „ . This can be done with sufficient accuracy, 
using the simple relation 

rcav 
In 

• r (i) 

with r and / being the radius and the frequency from the last 
calculation. 

Figure 3: Optimization of the arrangement around the 
quadrupole lenses. The distance to the opposite girder was 
enlarged and the lens support was elongated. 

Procedure for the Simulation 

In comparison to the complete IH-cavities, the drift tube geom
etry represents a rather close-meshed structure. A discretization 
of the real drift tubes with an acceptable resolution would lead 
to a tremendously large number of meshpoints. 

Thus, the main problem was to find an appropriate approxima
tion for the real drift tube geometry. An octagonal cross-section 
was chosen, that can be modeled with very few mesh-steps (see 
figure 4). Detailed simulations had to be perfomed in order to 
match the capacities of the real drift tubes and their substitutes. 
In spite of the rather coarse discretization, about 40 000 mesh
points were necessary to model a slice with one gap, resulting in 
3 000 000 meshpoints for IH1 and 2 000 000 for IH2. 

Figure 4: The real drift tube and its substitute. The octogonal 
cross-section can be discretized with only 3 cells along the ra
dius. 

Figure 5: The 1:5.8 
GSI). 

model for cavity IH2 (Photo: A. Zschau, 

Measurements 

A 1:5.88 scaled model was built, which allowed to compare the 
numerical results with measurements. In addition, a conical ge
ometry for the drift tubes facing the quadrupoles was designed 
and tested, which reduced the peak field strength on axis by 
«30%. Compared with the other gaps, the peak field still is at 
least 12% higher. 

Furthermore, plungers with combined capacitive and induc
tive action for tuning the resonance frequency in the range of 0% 
to —0.5% were tested (see figure 6). 
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Figure 6: The LC-plunger and its effect on the resonance fre
quency. 

Results 

A comparison of calculated and measured voltage distribution 
for IH2 (figure 8) shows a good agreement. Even better and more 
important is the agreement in the resonance frequency (table 3), 
as a later tuning is only planned in the range of 0% to —0.5% 
(see figure 6). Figure 7 shows two different results in compar
ison with the reference after a first optimization of IHl due to 
variation of the undercuts in the girders and the g/Z-distribution. 
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Figure 7: Calculated and reference voltage distributions in cav
ity IHl. 

Figure 8: Calculated, measured and reference voltage distribu
tions in cavity IH2. 

Summary 

With help of the calculations, the tanks for both cavities could be 
ordered, even though the exact drift tube distances in tank IHl 
had not yet been optimized with respect to the reference volt
age distribution. The main parameters to be determined were the 
tank radii and the dimensions of the undercuts in girders. Mea
surement and simulation showed a very good agreement. 

References 

[ 1 ] The M AH A collaboration, User's Guide MAFIA Version 3.2, CST 
GmbH, LauteschlâgerstraBe 38, D-64289 Darmstadt, Germany. 

[2] GSI Scientific Report 1995, GSI-96-01, Report, May 1996, ISSN 
0174-0814, pp. 166-169. 

[3] U. Ratzinger, The New Prestripper Linacfor High Current Heavy 
Ion Beams, these proceedings. 

[4] E. Nolte et al., The Munich Heavy Ion Postaccelerator, Nuclear In
struments and Methods 158 (1979), pp. 311-324. 

[5] E. Nolte et al., Improved Performance of the Munich Heavy Ion 
Postaccelerator, Nuclear Instruments and Methods 201 (1982), 
pp. 281-285. 

[6] K. Satoh, T. Mitsumoto, E. Arai, Construction and Operating Ex
perience with the Tokyo Institute of Technology Post Accelerators, 
Nuclear Instruments and Methods A 268 (1988), p. 538. 

[7] Beam Intensity Upgrade of the GSI Accelerator Facility, GSI-95-
05, Report, June 1995, ISSN 0171-4546. 

Table 3: Calculated and measured frequencies of the accelerat
ing andJùghermode^forca^ityTH^ 

Frequency of Modes [MHz] 
1 2 3 4 ~ 

MAFIA 36.275 37.962 42.208 47.570 
Measurement 36.287 37.885 41.868 47.011 
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Abstract 

In linear accelerators, misalignments of the machine 
elements can cause considerable emittance growth due to 
wake fields, dispersion and other effects. Hence, tight limits 
are imposed on machine tolerances, design parameters and 
methods of machine operation. In order to simulate the beam 
dynamics in linacs, the tracking code L has been developed. 
Including both single- and multi-bunch effects, the behaviour 
of the beam in the machine can be simulated and adjustments 
on parameters of the machine elements up to complete 
correction techniques and operation procedures can be 
applied. Utilization of the program is facilitated by a graphical 
user interface. In this paper we will give an overview over the 
capabilities of this code and demonstrate its efficiency at 
attacking the problems associated with large linear 
accelerators. 

Introduction 

The tracking code L is embedded in the MAFIA software 
package. It is equipped with a graphical user interface (GUI), 
guiding the user through the simulation procedure. Figure 2 
e.g. shows the dialogue for a quadrupole creation. 

L is able to compute single and multibunch behaviour 
inside the accelarating structure. The single bunch case covers 
the development of the emittance, energy spread and the 
optical functions due to the influence of short range wake 
fields and structure misalignment. 

The effects relevant for a multibunch simulation are: 
• beam loading 
• long range wake fields 
• charge fluctuation 
• RF fieldkicks from tilted accelerating structures 
• RF phase errors 
• longitudinal jitter of the bunch position 
The power of a new software is best demonstrated 

discussing an example. We will perform a tracking calculation 
in the first sector of the S-band linear collider (SBLC). This 
sector consists of 48 FODO cells. Each of them bears two 
accelerating structures of 180 cavities (total length 6m), one 
focusing and one defocusing quadropole magnet with an focal 
length of 4.3 meter. Another quadrupole with the double focal 
length is located at the beginning of the structure establishing 
ot=0. Therefore the total length of sector 1 is 600 meter. In our 
example we will consider single bunch dynamics. 

The principal simulation procedure is shown in Figure 1. 
We will follow this concept during this paper. 

MAFIA 4.0 

The Tracking Code L 1 

define machine 
element 

i 
generate element 

sequence 

+ 
generate alignment and 
operation parameters 

for all elements 

1 
tracking 

calculation 
< 

calculate higher 
order modes 

calculate short 
range wake 
potentials 

Figure 1 The tracking code L is embedded in the MAFIA 
software system. Flux diagram of the tracking procedure 

Creating the elements 

In the L-code no field problem on a discretised space is 
solved, but a sequence of transfer matrices belonging to the 
elements appearing inside a linear accelerator is definedfl]. 
Implemented elements are: 

• drift spaces 
• quadrupoles 
• accelerating structures 
• elements with arbitrary transfer matrices 
To each element a beam position monitor and a dipole 

magnet can be added. This feature is important for the 
application of correction techniques. 
The following insufficienies can be attached to the elements: 

• systematic misalignment and tilts in the transverse 
directions 

• accidental misalignments and tilts by a root-mean-
square-value 

• sag of a structure element 

1 Now at the Max-Planck-Institut for Plasma Physics, Koitenhaeger Landstrasse, 17489 Greifswald, Germany 
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Since no drift spaces appear in our example, we will start 
our input with the quadrupoles( Figure 2). The parameters 
required are the physical length and the focal length in meter. 
Finishing our input we add the new quadrupole to the list of 
existing quadrupoles. 

At every time it is possible to display the parameters of 
previous structure elements using the show button, change 
parameters with the replace button or remove an unused 
element by pressing the delete button. 
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Figure 2 The dialogue for quadrupole creation. The nescessary 
settings like length and focal length are separated from the optional 
(dipole or BPM), and the description of tilts and misalignments. 

We will continue in our problem description by defining 
the accelerating structures. The geometrical dimensions were 
already mentioned in the introduction. Furthermore the 
qualityfactor (Q= 13500), the frequency (f=2.998 GHz), the 
loss parameter (k„ =1.11 1014 V/As) have to be defined. 
Depending on whether single or multibunch dynamics are to 
be calculated, the short or the long range wakefields 
respectively have the main influence on the result of the 
calculation. We will restrict ourselves to the investigation of 
the single bunch behaviour. Consequently we need the short 
range wake information [4]. 

The bunchlength in the SBLC collider is c=300u.m. The 
wakefield calculation takes place in the MAFIA-T2-module. 
The longitudinal wakepotential in a range of 13a from the 
bunch head is needed. L is able to consider monopole, dipole 
and quadrupole wakes. The transverse wake potential is 
calculated by means of the Panofsky-Wenzel-theorem. 

In a multibunch calculation the frequencies of the modes 
in the several passbands must be supplied. 

Building the machine 

After having defined every single element of the machine 
is, we continue with glueing the primitves together to a more 
complex structure, a so called module. In our example we take 
2 accelerating structures and as well a focusing as a 
defocusing quadrupole and put them together in a FODO-cell. 

It is possible to combine previously build modules with 
other elements, each of them with an arbitrary number of 

repetitions. In this facil manner we can construct sector 1 of 
the SBLC from the 193 elements within one minute. 
After the modules are expanded into a structure, the 
misalignments to elements and classes are set by means of a 
random generator. Furthermore L offers the application of the 
slow ATL-ground motion to the final lattice. 

Even in this state every single setting is accessible via the 
graphical user interface. 

Defining the bunch 

Every particle inside the bunch (1.1 1010 particles in case 
of the SBLC) has different initial offsets (x, y), slopes (x\ y'), 
energies (W), and longitudinal positions (s). In order to model 
the bunch with a moderate numerical effort, it is divided into 
several slices, distributed equidistantly over its range. 
Assuming no uncorrected energy spread each particle inside 
one slice has the same energy. L offers the feature to include 
the uncorrected energy spread by defining subslices inside 
one slice. 

To analyze the multibunch dynamics it is often sufficient 
to assume the single bunches inside the bunchtrain to be 
pointlike charges. Nevertheless it is possible to divide every 
bunch into slices and to examine the combined single and 
multibunch effects. 

Performing the calculation 

The next step is starting the calculation. After 2 minutes 
calculation time the results of the first shot through the 
machine are available, such as the emittance(see Figure 3), the 
energy distribution (Figure 4), the phase space ellipse (Figure 
5) or the trajectory of the bunch (Figure 6). 

The L-code calculates the beam dynamics in both 
transverse directions in one run. Furthermore it provides the 
possibility to switch single effects (e. g. all longitudinal wake 

EMITTANCE GROWTH 
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Figure 3 The emittance growth in the transverse x direction (solid 
line) and the y-direction dashed line along the machine due to 
wakefields and misalignment. 
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Figure 4 The energy distribution inside the bunch. Every point 
marks one slice of the bunch. 

fields or only dipole wakes) on or off right before the tracking 
calculation commences. 

Correction Techniques 

The code is intended not only for static analysis of emittance 
growth in a linac but rather for the simulation of complete 
linac operation. Therefore several features have been added 
allowing to simulate both perturbing effects occurring at 
machine operation and the application of advanced trajectory 
and emittance correction techniques. The effects perturbing 
machine operation include for instance random fluctuations of 
the bunch charge, jitter of the bunch positions or slow 
displacement of machine elements due to inelastic ground 
motion [3]. On the other hand, machine elements can be 
equipped with beam position monitors simulating the 
measurement of the transverse beam offset relative to the 
elements and with dipole magnets deflecting the beam. Thus 
the user can create his own correction procedure in the 
MAFIA command language, reading the beam positions or 
emittance profile obtained in the tracking calculation and then 
correct the beam emittance by adjusting any machine 
parameter (element displacements, deflection angles of dipole 
magnets ...) This feature has been applied successfully to a 
variety of correction techniques like Dispersion-Free and 
Wake-Free orbit correction, trajectory bumps and others. 

Conclusion 

The tracking code L is a powerful tool to investigate both, the 
single and the multibunch behaviour inside a linear 
accelerator. Beyond that it is able to simulate the effects of 
different correction schemes. The graphical user interface will 
guide you securely through this matter. 

PHASE SPACE E L L I P S E 

Figure 5 Plot of the phase space ellipses. The solid line shows the 
transverse x direction the dashed line the y-direction 
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Figure 6 Plot of the transverse position (solid line and scale) and 
slope (dashed line) of the particles along the machine. 

References 

[1] M. Drevlak,"On the Preservation of Single- and Multi-
Bunch Emittance in Linear Accelerators", DES Y 95-225, 
(1995) 
[2]"International Linear Collider Technical Review Report 
1995"SLAC-R-95-471, (1995) 
[3]B. A. Balakov et al.: "Investigation of Seismic Vibrations 
and Relative Displacements of Linear Collider VLEPP 
Elements", Proc. 1991 IEEE Part. Ace. Conf., San Fransico, 
USA, pp3273,1991 
[4]T. Weiland, "On the Numerical Solution of Maxwell's 
Equations and Applications in the Field of Accelerator 
Physics", Particle Accelerators, 1985, Vol. 17, p 227-242 

248 



DESIGN STUDIES FOR THE POSITRON FACTORY 

S.Okada, H.Sunaga, RKaneko, S.Masuno, A.Kawasuso, T.Sakai, HTakizawa and K.Yotsumoto 
Takasaki Establishment, Japan Atomic Energy Research Institute 

1233 Watanuki, Takasaki, Gunma370-12, Japan 
Y.Honda and S.Tagawa 

The Institute of Scientific and Industrial Research, Osaka University 
Ibaraki, Osaka 567, Japan 

Abstract 

In the design study for the Positron Factory, a feasibility 
of simultaneous extraction of multi-channel monoenergetic 
positron beams, which had been proposed at the previous 
conference (Linac 94), was demonstrated by an experiment 
using an electron linac. On the basis of the experimental 
result, an efficient moderator structure, which is composed of 
honeycomb-like assembled moderator foils and reflectors, is 
proposed. 

Introduction 

We have been promoting design studies for the "Positron 
Factor}-' [1], in which linac-based intense monoenergetic 
positron beams are planned to be applied for advanced materials 
characterization and new fields of basic research. A tentative 
goal of the slow (i.e. monoenergetic) positron beam intensity 
is 10io/sec, which is larger by two orders of magnitude than 
those of existing strongest beams in the world. We have 
performed a conceptual design of a high-power electron linac of 
100 kW class with a beam energy of 100 MeV and developed a 
newJy designed electron-positron converter. We have proposed 
a concept of simultaneous extraction of multi-channel mono
energetic positron beams, on the basis of a Monte Carlo 
simulation, in a design study on a positron moderator. In this 
report, an experimental result to confirm the feasibility of this 
concept is demonstrated. 

Design Studies 

Linac and converter 

We have performed design studies on a high-power electron 
linac and an electron to positron & photon converter as 
follows[2]: 
1) An optimum electron beam energy for slow positron 

generation was estimated to be around 100 MeV. 
2) It was calculated that a tentative goal of the slow positron 

beam intensity (10io/sec) could be attained with a linac of 
100 kW class with the above energy range. 

3) A technical survey study confirmed a feasibility of 
manufacturing such a state-of-the-art linac. 

4) Further detailed analyses were carried out concerning 
thermal deformation of the accelerator structures, beam 
instability, reliability of the components, down-sizing of 
the machine and a computer-aided control system. 

5) A 'self-driven rotating converter' suitable for the high power 
beam was proposed and successfully tested. 

A concept of the linac is shown in Fig. 1. Some details of 
the design has been changed from that presented at Linac 94. 
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Fig.l A concept of the high-power electron linac for the 
Positron Factory. 
Beam Energy: 100 MeV 
Beam Current: 1 mA (average) 
Beam Power: 100 kW (average) 
Pulse Width: <-~3.5 us 

Multi-channel positron moderator assemblies 

We have proposed 'multi-channel moderator assemblies' 
to supply multiple slow positron beams simultaneously as 
shown in Fig.2 [2]. The slow positron yield, that is a ratio 
of the number of slow positrons emitted from each tungsten 
moderator assembly to that of incident electrons onto the 
tantalum converter, was estimated using a newly developed 
Monte Carlo simulation system [3]. The result is shown in 
Fig.3. The contribution by energetic positrons from the 
converter to generate slow positrons drastically decreased at 
the assemblies distant from the converter. It was deduced 
from tracking of the particles that this is caused by spatial 
spread of the positron beam. On the contrary, there still were 
sufficient slow positron yields originating in energetic 
photons, even at the rear assemblies. This is because the 
photons go almost straightforward and cause pair production 
reactions uniformly in every assembly. Thus produced 
positrons have comparatively lower energies, which results 
in higher probabilities to be thermalized in each moderator 
foil. 

To demonstrate a feasibility of the simultaneous 
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extraction of multi-channel slow positron beams, we fabricated 
a set of 2 channel tungsten moderator assemblies as shown in 
Fig.4. The set was composed of 18 tungsten foil layers of 25 
M-m in thickness. Slow positrons from each 9 layers were 
separately extracted by 2 tungsten mesh grids. Each moderator 
layer was divided into 3 parts, electrically separated and biased 
to drift emitted slow positrons by sloping the electric field 
toward the extraction grids. We observed the slow positron 
beam profile from the assemblies with a MCP (micro channel 
plate), using a 100 MeV electron beam from a S-band electron 
linac at Osaka University. 

energetic 
positrons & 
photons 

slow positron extraction 

energetic 
electrons 
(lOOMeV) 

tantalum 
(8.2011^) 3rd assembly 

/ 

tungsten(50rmnX50mmX25(iirî )X10 foils 
(gap: 8mm) 

Ta converter to W moderator assembly: 27.7mm | 
assembly to ssembly: 27.7mm J 

\ 
Fig.2 A concept of the simultaneous multi-channel extraction 

of slow positron beams by multiple moderator 
assemblies and the geometry for the Monte Carlo 
simulation. 

Slow Positron Yield (slow positrons / incident electrons) 
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Fig.3 Slow positron yields (ratios of the number of slow 
positrons to that of incident electrons) at the multiple 
moderator assemblies calculated with the Monte Carlo 
simulation for the case indicated in Fig.2. 
Contributions by positrons and photons emitted from 
the converter are separately evaluated. 

The result is shown also in Fig.4. Three peaks were 
observed in the slow positron beam intensity profile. The 
largest one was attributed to slow positrons from the first 
channel which was nearer to the tantalum converter. The 
second and third peaks were both attributed to slow positrons 
from the second channel. It is assumed that back-scattered 

positrons and pair production reactions by photons give rise 
to the third peak, because thick tungsten plates were placed at 
the end of the second moderator assembly. This means that 
positrons and photons passing through the first and second 
assemblies still have a potential to generate slow positrons, 
and also that it will be efficient to place a heavy metal at the 
end in fabrication of moderator assemblies. 

The intensity of slow positrons from the second channel 
was smaller only by an order of magnitude than that from the 
first channel, which agreed well with the simulation result. It 
was concluded that such an extra positron beam will be 
useful for preliminary or potential researches which are 
promoted simultaneously with main experiments using the 
strongest beam. 

W(lmmt ) w ( 2 5 H"* ) 

Moderator Foils 
CfS 

W(25 liait ) 

Converter 

11/ (Ta) 
Ips. Electron 

) ~ Beam 

Fig.4 Experimental setup of 2-channel moderator assemblies 
for the demonstrative experiment of the simultaneous 
extraction of multi-channel monoenergetic positron 
beams and the intensity of extracted slow positrons 
observed with a MCP. 

Proposal of a new efficient moderator structure 

The above result suggests usefulness of a heavy metal 
plate for a reflector and importance of the assembly structure. 
To evaluate the structure effect, we calculated conversion 
efficiencies from energetic positrons and photons to slow 
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positrons for the following three cases as indicated in Fig.5. 
The first structure is a usual one, which consists of ten 
tungsten foils of 25 n-m in thickness parallel placed. The 
second is a set of these foils whose surrounding planes except 
for the positron and photon injection side and the slow 
positron extraction one are enclosed by thick tungsten plates. 
The third structure has an additional set of eleven tungsten foils 
crossing the above foils in the second one to make a 
honeycomb-like assembly of foils enclosed by the reflectors. 

lower energy ones. Therefore, the slow positron yield in the 
third structure is expected to increase by a few times that in a 
usual one. The moderator assembly with a honeycomb-like 
structure enclosed by reflectors proposed here is promising 
for realizing an intense monoenergetic positron beam of more 
than 10io/sec in intensity. 

Conclusion 

a) Tungsten Foils (lOcmXlOcmXaSujri X10 foils) 
(gap = 1cm) 

Projectile Injection 
Direction 

(Positron & Photon 
Slow Positron 
Extraction Direction 

b) Enclosure by Thick Tungsten 0 Addition of Cross Foils 
Plates (Reflectors) (Reflectors & Honeycomb 

Structure) 

In the design study for the Positron Factor}', we 
demonstrated a feasibility of simultaneous extraction of 
multi-channel monoenergetic positron beams using an 
electron linac, by an experiment. A more efficient moderator 
structure, which was suggested by the experimental result, is 
proposed. The world-highest monoenergetic positron beam of 
more than 1010/sec in intensity will be realized by the use of 
a high-power electron linac of 100 kW class with a beam 
energy of 100 MeV. 
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Fig.5 Proposed new structures of positron moderator 
assembly. 
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Fig.6 Calculated conversion efficiencies from energetic 
positrons and photons to slow positrons in positron 
moderator assemblies having different structures shown 
in Fig.5. 

Fig.6 shows the calculation result. It is obvious that the 
structure effect is remarkable especially for higher energy 
projectiles. The number of the higher energy positrons and 
photons emitted from the converter is more than that of the 
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Abstract. 

Two new mutually supporting ideas to overcome 
problems resulting from inevitable particles loses in 
ADTT linac and significantly improve reliability of its 
operation are discussed. To decrease induced radioactivity 
it is proposed to insert into linac channel material with 
extremely low activation cross-section and to use in main 
part of the linac single - gap cavities (room-temperature 
or SC) supplied by individual force phased low power 
generators. Realization of these proposals allows to over
come strong physical limitations on beam losses and to 
reach non-stop operation of the linac in spite of failures 
in one or several channels of the high-beta linac part. 

Introduction 

The significant and rising interest to new technolo
gies on processing of nuclear wastes, use of weapon-grade 
plutonium, production of nuclear materials (3H and 
239Pu), and also a thorium fuel cycle development, 
stimulate design of 1 GeV high-current accelerators. These 
accelerators, as major part of electronuclear installations, 
are considered in different variants both proton linacs 
[1,2] and cyclotron complexes [3]. Beam current varies 
typically from 10 up to 100 mA depending on application. 

Main problems under design of the high-current 
linac are achievement of minimum activation of its parts 
and long time non-stop operation. The activation level, 
determined by high-energy proton losses should permit 
hand-on maintenance of the machine. 

Studies of beam halo formation as main reason of 
particles losses are conducted in many scientific centers of 
the world [4,5]. Unfortunately, despite of plenty 
interesting results, there is no reliable method of an esti
mation of small particles losses, which define actual linac 
activation. Our approach is based on the LAMPF beam 
losses data. The losses are about 0.2 nA/m at average 
beam current of 1 mA. We accept this beam losses level as 
a limit, which allows hand-on maintenance of the ma
chine. On the basis of published results, it is difficult to 
assume reduction of relative losses with increasing of av
erage current up to 100 mA. Thus, the enough quick 
achievement of radiation-free condition becomes very 
problematic. 

As it is mentioned above, the second major problem 
of designing of high-current linac is to ensure non-stop 
operation of the electronuclear complex. In existing linacs 
uninterrupted operation depends mainly on a reliability of 
RF system. In our proposal the linac operation reliability 
does not practically depend on failure one or several RF 

generators and resonators of main part of the accelerator 
(MPA). 

Supposed new ideas are the use of materials with low 
activation and small vield of neutrons for accelerating 
structures manufacture as well as application of single-
gap resonators with individual RF supply and external 
phasing of accelerating fields for MPA. 

Block-scheme and parameters of the accelerator 

In majority of the projects RFQ structure is accepted 
as initial part, DTL structures with arrangement of quad-
rupoles in drift tubes or outside of resonators (BCDTL, 
CCDTL etc.) are considered as the intermediate part. The 
700 - 1000 MHz CCL and DAW are usually considered 
as MPA. However appreciable distortion of an accelerat
ing field in CCL cells can make inconvenient of its use for 
acceleration of high average current beams [6]. Main lacks 
of DAW are relative complexity of manufacturing and 
tuning but also difficult} of heat remove at high average 
power. 

Use of RF generators of high unit power (about 1 
MW) in all earlier proposed projects influences on choice 
of length and type of focusing structure in MPA, that 
results in serious difficulties at feeding of high CW power 
in resonators and stops the operation of whole machine at 
failure of even one generator. 

In Fig. 1 the linac block-scheme is presented, in which 
specified proposals are introduced. The accelerator 
consists of injector, RFQ section, Alvarez type DTL as 
intermediate part and main part, consisting of 2300 sin
gle-gap resonators disposed in groups of 3 to 6 ones be
tween focusing quadrupoles. The main parameters of the 
accelerator are presented in Table. 

RFQ with coupling windows (4-ladder type) is used 
in the proposal [7]. RFQ is terminated by output dynamic 
matcher developed according to [8].The DTL is Alvarez-
type accelerating structure with PMQ's. An opportunity of 
use PMQ in DTL-section of CW linac is provided due to 
application of low activation and small neutron yield 
graphite absorbers in an area of drift tubes apertures. The 
absorber thickness is chosen by constructive reasons, en
suring absorption more than 99 % of lost particles. The 
minimum thickness changes from 0.1 mm at 5 MeV up to 
2 mm at 100 MeV. 

The accelerating module at the beginning of MPA is 
schematically shown in Fig.2. The MPA consists of sin
gle-gap toroidal resonators groups between which mag
netic quadrupoles are placed. The resonators are made of 
graphite. Their internal surface is covered by ~ 0.1 mm 
Cu-layer, that provides necessary electrical conductivity 
and improves vacuum conditions. The number of resona
tors in each group is equal to 3 at the beginning and to 6 
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at the M PA end. M PA focusing period length is 8|3L The 
ion line elements inside lenses are graphite tubes, the wall 
thickness of which gradually grows from 2 up to 20 mm. 

The main advantage of M PA consisting of single-gap 
resonators is that of linac saves operation condition even 
at failure of several successive resonators. Even without 
acceptance of special measures in case of absence for any 
reasons of acceleration in any of resonators the beam re
mains stable in subsequent steps of acceleration. Thus 
arising output energy oscillations do not disrupt operation 
of target blanket complex even at presence of bend mag
nets in the extraction and beam distribution channel. In
dependent excitation of each resonator permits by means 
of control system to remove energy variations and longi
tudinal coherent particle oscillations due to change of RF 
field phase (and/or amplitudes), at which the beam passes 
accelerating gaps, following by faulty one. 

Calculations show, that M PA based on 600 MHz 
toroidal single-gap resonators is on a par with CCL and 
DAW by such parameters as an effective shunt-
impedance. In contrast to multi-gaps resonators there are 
no problems, connected with tuning and stabilization of 
accelerating fields in the single-gap resonator. In particu
lar, it means, that the requirements to accuracy of manu
facturing of single-gap resonators are much reduced in 
comparison with multi-gaps ones. Whole M PA can be 
constructed by using of 3-4 types of toroidal resonators, a 
fact that makes M PA cheaper in manufacturing. The in
dependent phasing permits to decrease distance between 
gaps and reduce 20-50 ° o M PA length. 

To excite single-gap resonators, 55 kW (for 100 mA 
CW beam current) RF generators are required which can 
be located near the resonators. Such lev el of RF power for 
resonators supply does not represent difficulties and does 
not require appucation complex and expensive feeder sys
tem. Use of single-gap resonators permits in the best way 
to realize idea of application of materials for lost particles 
absorption. Estimations, showing an opportunity of 
manufacturing of the M PA resonator completely from the 
similar material are done. For example, use fine-grain 
pyrohtic graphite having significant mechanical durabil
ity, high heat conductivity and ability to form with copper 
strong connection, permits to create the resonator for 
CW mode operation with characteristics are on a par with 
resonators constructed from usual materials, but almost 

without of induced activation. 
An important additional feature of our MPA scheme 

is a fact that the distance between neighbouring gaps 
practically does not depend on p>. due to opportunity to 
force required phase that allows MPA length reduce to 
530 m. 

The given scheme and presented proposals allow to 
realize linac both for CW at average beam current 100 
mA, and for pulsing mode at average current 10 m A 
(pulse current 100 mA). At identical accelerating structure 
designs they differ only by RF system power. 

Conclusion 

The realization of the considered above proposals on 
design of high-current linac allows to overcome physical 
restriction on value of particle losses, representing main 
obstacle to increase of beam intensity from 1 mA up to 
100 mA. Elimination of reliability dependence of the 
whole electronuclear complex on linac RF system reliabil
ity permits easily to reach a high level of non-stop failure 
operation. The basic advantages of the given scheme are 
as follows: 

- opportunity of construction of the high-current li
nac at relative beam losses to 104 -10 5 , that will allow to 
have easy access to machine units, 

- elimination of linac's operation stops under failure 
of RF generators and resonators in MPA, 

- reduction of linac length down to 600 m due to in
crease of acceleration rate in MPA (see above this page), 

- using of low power of RF generators in MPA, that 
opens a way to use of high efficiency solid-state genera
tors, 

- opportunity of appucation of PMQs in DTL, 
- high degree of freedom in configuration of linac 

elements, first of all focusing lenses, 
- simplicity of accelerating fields tuning in MPA 

resonators and elimination of the problem of RF power 
feeding into them.Both proposals supplement each other 
and give the greatest effect at joint application.The pro
posed solutions can be used both in CW and pulse linac 
operation modes . Appucation of single-gap resonators in 
MPA easily permits to change to SC variant of MPA, 
since such resonators are widely used in existing SC ion 
linacs. 

Injector 300 MHz 600 MHz 

DTL Ï MAIN PART 

80 keV 7 MeV 

_ 15m L 

100 MeV 2300 single-gap resonators 1000 MeV 

60 m 1 530 m 

Fig. 1 Block - scheme of the 1000 MeV Linac with output beam current 10 - 100 m A 
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Table 1 

Parameter 

Structure Type 

Energy (MeV) 
Frequency (MHz) 
Number of cavities 
Total Length (m) 
Aperture Bore Radius (cm) 
Average Field (MV/m) 
Synchronous Phase (deg) 

Shunt Impedance (eff.) (Mfi/m) 
RF power losses in wall (MW) 
Beam Power (for 100 / 10 mA) (M W) 
Number of RF Generators 
Efficiency of Resonators (%) 
Quadrupole Lattice 
Quadrupoles Gradient (T/m) 

Initial part 

RFQ 

0.08-7 
300 

2 
10 
0.8 

ramped 
90-30 

-

0.8 
0.7/0.07 

2 
47 

FD 

-

Intermediate 
part 
DTL 

with PMQ's 
7- 100 

300 
5 

60 
0.8-1.0 

ramped 
30 
35 

7.5 
9.3/0.93 

20 
55 

FODO 
56-23 

Main part 

Single-gap 
resonators 

100 - 1000 
600 

2300 
530 
2.5 
2 

30 
21-35 

35 
9 0 / 9 
2300 

72 
FODO 

18.5- 16.9 

FT 
-Cauities 

Copper-plated surface 

FT 
Fast Tuner 

Quadrupole 
D-Lens 

Fig. 2 Schematic view of MPA resonators 
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Abstract 

The first results of the experiment on the beam-based 
adaptive alignment of the magnetic elements of linear colliders 
are given in this report. This experiment has been realized on 
the Stanford Linear Collider at SLAC (USA) at the FFTB 
facility and showed the good convergence and stability of the 
method. It can be applied to compensate as any sharp or fluent 
technical displacement of quads as the seismic vibrations of the 
ground. 

The main idea of the method 

One of the greatest challenges to the development of TeV-
scale e+e~ linear colliders is to make particle beams with 
extremely small sizes up to few tens nanometers. Producing 
and colliding tightly focused beams requires careful control, 
precise alignment and stabilization of magnetic elements. The 
demands to precision of alignment could be from few microns 
till to some nanometers. However, seismic movement of the 
ground, technical noise and many other reasons leads to 
destruction of the alignment and makes our efforts to do 
alignment one time forever absolutely useless. Therefore, the 
alignment should be only adaptive, which operates 
simultaneously with the operating of the accelerator. 

The proposed algorithm of adaptive alignment [1] is an 
iterative process and consists of following steps. Each quad has 
the beam position monitor (BPM). To shift the certain lens 
the method requires BPM's data from this quad and two 
neighboring ones (i.e. algorithm is local). 

Then suggested shifts for each quad can be calculated by 
following formula: 

( a- , « i o f ' 1 ,. f, ' 6EW\ LhL2 r, 

AX:=[Bkl^B,_li±-Bra:-[7J+--K,[l-r-jjjTn—^.CnVg 

where dE/E - beam energy spread, 
a, - data from BPM of the quad number i; 
LI - distance to the previous quad; 
L2 - distance to the next quad; 
/, - length of the quad number i; 
Kj - reverse focusing distance of the quad; 
Bj - coefficient, which takes into account the differences of 

the real optics from the thin lens approximation. 

Bl=\.-~Krll 

In each iterative step suggested shifts should be calculated 
for all quads, and then all of them should be moved 

simultaneously. The movement can be realized as by the 
shifting of the quad itself, as by changing of the magnetic field 
configuration with help of special additional coils. 

This algorithm smoothes the sharp thrustes very fastly, and 
more slowly - the fluent ones. 

Results of the experiment 

The method has been tested experimentally on the Stanford 
Linear Collider at SLAC. 

For the first, the independence of the method from the 
beam oscillations was checked. For that aim two sets of 
suggested shifts of quads was calculated. One for normal beam 
passing and second - after forced deflection of the beam in 
vertical direction, which have leaded to the big beam 
oscillations. In the both cases the calculated shifts of quads 
were very similar. It means that the algorithm of adaptive 
alignment is sensitive only to the real displacement of quads, 
but not to the beam oscillations. 

After that, the algorithm was applied to the final focus of 
operating accelerator to improve it alignment. 

The Figure 1 shows the initial behavior of the beam, and 
Figure 2 - it oscillations after 7 iterations of the adaptive 
alignment algorithm. 

Fig. 1 Vertical component of the beam oscillations (upper part of 
the picture) and suggested shifts of quads (lower part of the 
picture) before the Adaptive Alignment. 

It can be seen that after the procedure of adaptive alignment 
the beam reduced its oscillations about 10 times. The 
suggested shifts are about zero. It means that the quads are in 
practically strait line. 
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Fig. 2 Vertical component of the beam oscillations (upper part of 
the picture) and suggested shifts of quads (lower part of the 
picture) after 7 iterations of the Adaptive Alignment. 

Conclusion 
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It was experimentally confirmed that the method of 
adaptive alignment works enough fastly and properly and can 
be applied to compensate as any sharp or fluent technical 
displacements of quads as the seismic vibrations of the ground. 

The Adaptive Alignment is a convergent process even the 
BPM's null-calibrations errors take place [2]. 
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Abstract 

This paper summarizes our ongoing effort on the design 
of rf-extraction structures for the rf power source of a future 
TeV linear collider based on using the relativistic-klystron 
two-beam accelerator technology to drive Next Linear Collider 
structures (TBNLC). Several structure configurations 
involving different geometries and materials are examined 
using 2D and 3D computer code simulations. Three-cell 
detuned traveling wave structures and three-cell detuned choked 
-mode traveling wave structures are found to be the most 
attractive. 

Introduction 

The two-beam-accelerator (TBA) concept has an inherent 
high efficiency for power conversion from drive beam to rf 
power. LBNL/LLNL has launched a study based on a 
Relativistic-Klystron Two-Beam-Accelerator (RKTBA) [1] to 
provide a rf power source for the Next Linear Collider (NLC). 
In this concept a single intense energy electron beam is used to 
power a number of rf output structures. A small fraction of the 
beam energy is extracted in each structure, and the beam is 
then reaccelerated before the next structure. The use of a single 
beam for many rf outputs can lead to increased efficiency and 
lower cost. 

The main goal of this work is to provide a realistic design 
of rf-extraction structures using 3D numerical simulations. 
The rf-extraction structures should have surface electric field 
below the electrical breakdown voltage 70 MV/m, should have 
high efficiency with low BBU growth over 100 structures, and 
should be cost effective and compact. Each rf-extraction 
structure must produce 360 MW for the TBNLC parameters 
described in Table I. 

Table 1. Power Source Requirements for TBNLC 
rf frequency 11.424 GHz 
rf current 1,150 A 
repetition rate 120 Hz 
peak power/structure 360 MW 
distance between extraction structures 2 m 
pulse length 300 ns 

We perform full three-dimensional electromagnetic 
simulations of the complete cavity geometry, including output 
structures via full 3D self-consistent particle calculations and 
with the assumption of rigid beam. Most of the 3D 
calculations are performed using the 3D electromagnetic code 
MAFIA with the stiff beam approximations. An alternative 
3D electromagnetic code ARGUS is used to cross-check the 
MAFIA results, while full particle simulations are used 

* Supported by DOE SBIR grants DE-FG03-95ER81974 and DE-
FG03-96ER82179 (1), by DOE contract W-7405-ENG-48 (2), and 
by DOE contract AC03-76SF00098 (3). 
f bk consulting, 518 Bavarian Ct., Lafayette, CA 94549 

to cross check the stiff beam approximation results. 
The considered geometries include multi-cell TWS, 

choked-mode multi-cell TWS, and structures employing pill
box cavities, reentrant cavities, tapered cavities, disk-loaded 
cavities, choke cavities, and Bragg Reflector or corrugated 
cavities. Here we present the two most promising designs we 
obtained. 

The transverse beam dynamics of the multi-bunches are 
first examined against the dipole wakefield assuming one 
macro-particle per bunch. Then wakefield effects within a 
bunch are examined. 

Three-Cell Inductively Detuned Traveling Wave 

Structure (ID-TWS ) 

The 3-cell TWS have the following features; (1) They are 
inductively detuned, i.e. the phase velocity of the electric field 
of the structure is greater than the beam electron velocity, to 
enhance the longitudinal stability, (2) TWS is chosen to 
reduce the surface electric field, and (3) the smallest number 3 
for TWS is chosen to minimize beam break-up (BBU). 

Based on 2D calculations, earlier work of LBNL/LBNL 
lead to a conceptual design of the 3-cell inductively detuned 
traveling wave structure( ID-TWS ) shown in Fig.l. 
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Fig. I. Three-cell traveling-wave output structure. The structure 
is cylindrically symmetric with the exception of the two 
WR90 waveguides connected to the last cavity. 
Dimensions for particle simulations were p=8.75 mm, 
a=8.00 mm, b=12.43 mm, and t=2.50 mm. 

We carry out 3D particle simulations of the 3-cell ID-
TWS for a train of 1000 Gaussian bunches of 600 A of DC 
current with 1150 A of rf component. A sinusoidal output 
power is obtained after the initial transient ramp-up phase. 
After the ramp-up phase the time-averaged power of 180 MW 
from an output waveguide, or 360 MW per structure is indeed 
obtained. The output power is calculated by evaluating 
Poynting vector over the cross-sectional area at each WR90 
output waveguide exit. The 3D simulation also indicate that 
the detuning angle between the field and electron bunches is 60 
degrees rather than 90 degrees found in the periodic 2D 
geometry with no output structures. 
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Transverse Beam Dynamics in the 3-cell ID-TWS 

Beam transport over many structures is a crucial concept 
in a TBA. The betatron node scheme is an effective method for 
reducing BBU. By spacing the structures at betatron 
wavelengths of the focusing system, particles experience the 
least transverse kick. In reality there exists some mismatch of 
this betatron node scheme due to errors in the focusing 
systems, and nonuniformity in beam energy. The beam 
centroid can then be driven to oscillate with exponentially 
growing amplitudes. Here we wish to present the transverse 
beam dynamics in such realistic situations. 

The transverse beam dynamics can be examined either in 
the real space utilizing the transverse wakefield, or in the 
frequency space utilizing the transverse impedance. The BBU 
of the 3-cell ID-TWS was studied earlier, in the frequency 
domain, using the OMICE code [2], Here we present the BBU 
calculation in the real space via MBBU code [3]. Figure 2 
shows the dipole wakefield of the 3-cell ID-TWS in the 2D 
approximated geometry. Shown are the transverse wakefields 
of a 11.4 GHz Gaussian bunch with a=3mm (solid) and 
o=6mm (dotted) where o is the standard deviation length of a 
Gaussian distribution. For clarity wakefields only up to about 
6 bunch spacing are shown. The filled circles and open circles 
indicate the wakefields at centers of bunches. Higher 
wakefields are seen for the shorter bunches. Since a small 
increase in wakefield magnitude results in a cumulative BBU 
over many bunches and traveling many structures, the bunch 
length needs to be compromised with respect to BBU. 
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Fig. 2. Transverse wakefield of a 11.4 GHz Gaussian Bunch with 
bunch-length standard deviation of 3mm(solid) and 
6mm(dotted). The wakefields at center of each bunch are 
indicated as filled circles( 3mm) and open circles (6 mm). 

The MBBU code assumes each bunch as an object, 
ignoring interactions between particles within a bunch. First, 
for simplicity, we assume one macro particle per bunch and 
equal spacing between bunches. The transverse displacements, 
& of the j-th bunch with energy Yj can be represented in the 
following BBU equation. 

d_ 

dz r j ^ j + Yj(z)kl Xz)Çj = ̂ G(z) iw((j-k)sb)Çk, 
P>J A) k=\ 

wavenumber due to the focusing field, W is the transverse 
wake function in cm'3, I is the average current in z in kA, and 
Io=mc3/e =17.05 kA. Here 

G(z) = l for (£-\)Lp<z<(£-l)Lp + Lg 

= 0 otherwise 

where £ is structure index, L„ is the periodic length of 
structures, L„ is one structure length, and BBU is tested over 
a device of 100 structures. The bunches experience a 
transverse kick while traversing the structures, and then 
translate down the beam pipe. The function G(z) reflects this 
alternating process. The numerical integration is required only 
in the structure region, while we utilize the transfer matrix in 
the drift region. We can further simply the BBU equation if 
Lg « Lp. In such cases we can approximate the transverse 
momentum kick during traversing the rf-extraction cavities as 
a delta-function kick; G(z)= Lgô(z-£Lp).'We can then 
transform the equation into matrix multiplication. 

In Figs. 3-5 we present the BBU results using the MBBU 
code for the wakefield of the Gaussian bunch of c=3mm (solid 
line in Fig.2). For Figs. 3 and 4 only the wakefields at the 
bunch centers are considered in the BBU calculation. The 
initial beam displacements were assumed to be uniform with 
no transversal momentum for all cases. An average beam 
current of 600 A with 10 MeV beam energy, and betatron 
length of 2 m are considered. 

Fig. 3 summarizes the BBU in the 3-cell ID-TWS over 
100 structures for various energy spread within a bunch. If the 
energy spread is larger than ± 5 %, due to the Landau 
damping, the BBU can be reduced to an acceptable level over 
100 structures. 

10"1o 20 40 60 80 100 
rf-Extract ion Structure Number 

where z is the axial coordinate in cm, s£> is the distance 
between bunches in cm, ka in cm"1 is the betatron 

Fig. 3. BBU for 3-cell ID-TWS for various energy spread within a 
bunch. The betatron node scheme is used assuming a 1% 
error in the average beam energy from the optimum value 
for all cases. 

In Fig. 4, we show the transverse beam centroid 
displacements with respect to the mismatch in focusing field 
or the beam energy at the end of 100 structures, for the 3-cell 
ID-TWS with the betatron node scheme, assuming ±5% beam 
energy spread within each bunch. The 3-cell detuned TWS 
shows acceptable BBU with the betatron node scheme with 
respect to a ±1% error in energy flatness and field accuracy. 
For good beam transport it is expected that a 1% error in 
focusing field can be tolerated. The BBU in Figs. 3 and 4 show 
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similar results as the previously published OMICE code 
results [2]. Detailed comparison of the two code results are 
being investigated. 

(A « 

leg 

Fig. 4. Relative growths after the 100th 3- cell ID-TWS vs. 
focusing field or beam energy mismatch from the 
optimum values. The betatron node scheme is used, 
assuming 5% beam energy spread within each bunch for 
all cases. 

Next we include the finite size of a bunch and the 
wakefield effect within a bunch. Imagine that each filled circle 
in Fig. 2 is stretched along the solid line over a finite length; 
2a and 0.2c. We then divide each bunch by 11 slices 
uniformly over 2a and by 3 slices over 0.2a respectively. The 
BBU results are shown in Fig.5 over 100 structures with 0% 
and ±5% energy spread wiuhin each slice. Shown are results 
for one macro particle per bunch with zero length (solid), 3 
slices over 0.2a bunch length (dashed) and 11 slices per bunch 
over 2a bunch length (dotted). Landau damping effect works 
more effectively with finite size bunches. 

20 40 60 80 100 
Rf-Extraction Structure Number 

Fig. 5. BBU over 100 structures with 0% and ±5% energy spread 
within each bunch. Shown are for bunches of zero 
length (solid) and for finite sizes of 0.2a (dashed) 
and 2o (dotted). 

Three-Cell Detuned Choked-Mode 

Traveling Wave Structures 

In order to transport a beam over many output structures 
one has to damp higher order modes (HOM), that lead to BBU 
and degrade the beam dynamics, while keeping the fundamental 
mode unaffected. Narrow structures on a pill-box cavity, or 

choked-mode cavity, with a beam pipe can trap the 
fundamental mode while higher order modes propagate into an 
absorber. Shintake [4] has proposed using a choke cavity 
structure for a high energy linac. Here we apply the concept to 
a 3-cell traveling wave choke structure for an rf-extraction 
structure. The choke structure shown in Fig. 6 is cylindrically 
symmetric except for the two output waveguides attached to 
the last cavity. 

Absorber 

d1 

J d 2 | 

Fig. 6. Schematic of the 3-Cell TWS with choke. The structure is 
cylindrically symmetric with the exception of the two 
WR90 waveguides connected to the last cavity. 

Table 2. Choked-mode TWS parameters 
cavity height 12.43 mm 
cavity width 8.75 mm 
choked cavity width (d2) 6.45 mm 
choked cavity height (dl) 6.45 mm 
choked cavity gap 1.00 mm 

The transverse wakefield is smaller with the choked-mode 
structure than without[5]. More importantly the HOMs should 
damp out in a choked-mode TWS even if they do not 
propagate out of the cavity structure. This reduction in wake 
fields represents a significant advantage for a choked-mode 
TWS. 

We wish to thank Dr. A. Sessler for valuable discussions. 
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Abstract 

The S-DALINAC is a recirculating superconducting electron 
linac operating at 3 GHz. The accelerator delivers cw-beam to 
various experiments with energies from 3 to 120 MeV and cur
rents from 1 nA to 60 /iA covering a wide dynamic range. Since 
August 1991, some remarkable progress has been achieved: 

The unloaded quality factors of the twelve niobium cavities 
were increased by chemical treatment, now ranging from 8-108 

to 2- 109, while the accelerating gradients of all cavities exceed 
5 MV/m by far. 

In 1995, all cavities were equipped with new superconduct
ing input couplers providing variable coupling strength. In ad
dition, a superconducting 2-cell capture cavity (/3=0.85) was in
stalled as the first element of the injector. Beam transport proper
ties of the main linac were improved by installation of three cold 
quadrupoles in the cryostat. All devices operate successfully. 

Further measures in beam diagnostics were taken. Diagnos
tic stations for the determination of transverse and longitudinal 
beam properties, using transition radiation emitted from a thin 
foil and computer graphics processing, have been developed and 
are used routinely now. To measure easily even small beam cur
rents without disturbing the beam, rf cavities with low Q have 
been developed. Using a simple setup, currents down to some 
nA can be detected. 

Introduction 

The S-DALINAC [1] is a superconducting recirculating linear 
electron accelerator at Darmstadt, the layout of which is shown 
in Fig. 1. The electrons, emitted from a thermionic cathode are 
electrostatically accelerated up to 250 keV. In the Chopper/ Pre-
buncher section (at room temperature) the continuous electron 
beam gets its time structure, which is necessary for the following 
acceleration in the superconducting S-band cavities. The injec
tor consists of a 2-cell capture cavity (see below), a 5-cell cavity 
and two one meter long 20-cell cavities fabricated from RRR 280 
niobium and operated in liquid helium at 2 K. Within 5 meters, 
the electrons are accelerated up to 10 MeV and can either be used 
for low energy experiments or bent by 180°for injection into the 
main linac. With eigth 20-cell cavities the energy of the beam 
can be increased by 40 MeV. The beam can either be recircu
lated twice or extracted after each linac passage. From the first 
recirculation the beam can be bent and matched to the undulator 
of the Free Electron Laser. 

^Exper imenta l 250 keV 

Area 10 MeV In jector Prebuncher Chopper / Preacce lera tor 

"0—0 °Q—<mmmJ I 

To Exper imenta l 

1st Recirculat ion Undulator Optical Cavity 2nd Reci rcu lat ion 
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Figure 1: Layout of the S-DALINAC accelerator hall. 

Accelerator Operation 

Since August 1991 the S-DALINAC has delivered more than 
11.500 hours of beamtime for a variety of nuclear and radia
tion physics experiments. The electron beam produced covers a 
wide range of energies and currents to fulfill the different needs. 
Energies up to 10 MeV from the injector are used for nuclear 
resonance flourescence (NRF) experiments [2], for production 
of channeling radiation (CR) [3] and parametric X-rays (PXR) 
[4]. Beam energies from 22 to 120 MeV were used for high en
ergy channeling and parametric X-rays as well as for coincident 
(e,e',x) and single arm (e,e') electron scattering experiments. 
These experiments use a cw beam with a bunch repetition rate of 
3 GHz or 10 MHz for time of flight applications. For driving the 
Free Electron Laser (FEL) project [5], a bunch charge of 6 pC is 
necessary, which is obtained at a repetition rate of 10 MHz, using 
a subharmonic chopper/ prebuncher section. The different ener
gies and currents produced by the S-DALINAC together with 
the coresponding experiments are summarized in Tab. 1. The 
energy spread of the accelerator is AE/E = ±2.5 • 10~4. 

Cavity Performance 

In the fall of 1993 two ceramic windows of rf feedthroughs had 
developed strong leaks, which caused a degradation of the un
loaded quality factor of most of the cavities to the lower 108 

range. Due to the limited cryogenic cooling ( about 100 W at 2 K) 
this limited the achievable energy to 50 MeV even when recircu
lating the beam twice. Therefore it was necessary to increase the 
cavity Qo by chemical polishing of the inner surface of all cavi
ties. In two maintenance periods all ten 20-cell cavities and the 5-
cell cavity were taken out of the cryostat, chemically treated and 
reinstalled. Two different cleaning methods were applied: With 
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the help of DES Y we were pleased to use the TTF [6] chemistry 
and clean room infrastructure for two cavities. After ultrasonic 
cleaning, a layer of 1 /xm thickness of the inner surface was re
moved by BCP (1:1:2). The cavities were rinsed with ultra pure 
water ( 18 MSlcm) and dried in a class 10 clean room. The other 
cavities were treated in our laboratory. After ultrasonic cleaning 
the inner surface was first oxidized by HNO3. then the oxide was 
removed by HF. Finally the cavities were rinsed with ultra pure 
water and dried with filtered nitrogen. As a result the unloaded 
quality factors of all cavities increased by at least a factor of two, 
reaching now 8108 to 2-109, but still below the design value of 
3109 . The accelerating gradients of all cavities exceed the de
sign gradient of 5 MV/m by far, some cavities reach 10 MV/m 
after a short processing. The average gradient of all cavities is 
presently 6.7 MV/m, while the mean quality factor is 8.9108. 
This determines in conjunction with the limited cryogenic cool
ing the maximum electron energy to 120 MeV at present. 

Table 1: Delivered beams from the S-DALINAC. 

Experiment Energy Current Mode 
(MeV) (nA) 

NRF 2.5-10 40 3 GHz, cw 
CR, PXR 3-10 0.001 - 10 3 GHz, cw 
CR, PXR 35-85 1 3 GHz, cw 
(e,e'), (e,e'x) 22-120 5 3 GHz, cw 
FEL 30-38 2.7Apeak 10 MHz, cw 

After several warmup and cooldown periods another effect 
was observed. While all the cavities were not touched in any 
sense (not removed from the cryostat, held under vacuum), some 
of them show a certain time dependency of the unloaded qual
ity factor. Directly after cooldown, some cavities start at a rather 
low Qo and show field emission at a certain gradient. After sim
ply operating the cavities at a medium gradient for 15 minutes the 
Qo increases by a factor of 3 and the field emission observed be
fore vanishes completely. This effect was observed many times 
for certain cavities, while other cavities show no change in the 
unloaded quality factor during operation. 

Accelerator Improvement 

Together with the replacement of the sc cavities, several new 
components were installed in the accelerator. All cavities were 
successively equipped with new rf input couplers (Fig. 2) provid
ing variable coupling strength (107 < Qext < 1010) by changing 
the distance between the antenna and the coaxial resonator. This 
variability has proven to be very useful, since it allows an op
timum in matching the different beamloading and microphonic 
perturbation conditions. For diagnostic purposes one is able to 
couple critically. 

As the first element of the sc injector a new 2-cell capture cav
ity has been installed. The cavity has a reduced phase velocity of 

(3 = 0.85 and provides an energy gain of 350 keV over a length 
of 8.5 cm when operated at a gradient of 5 MV/m. 

IQ cm 

Figure 2: Cut of the tuneable sc input coupler. 

To improve the transverse acceptance of the accelerator 
four quadrupoles were installed on the main linac axis. One 
quadrupole is placed outside the cryostat in front of the linac, 
while the other three quadrupoles had to be installed inside the in
sulating vacuum of the cryostat. Therefore they where designed 
to be superconducting, using a NbTi wire (NbTi filament sur
rounded by Cu) and special low temperature magnetic material 
called CRYOPERM 10 to form the poles and return chokes. The 
maximum gradient is 1.5 T/m, the effective length 5.6 cm. After 
installation it turned out, that the cooling of these quadrupoles is 
not sufficient (they only reach 22-25 K). Nevertheless, the resis
tance of the coils becomes low enough to operate them at their 
nominal gradient with a dissipation of 0.5 W per quadrupole. 

Beam Diagnostics 

Since 1994, several new beam diagnostic stations along the ac
celerator have been installed. A detailed discussion of beam di
agnostics at the S-DALINAC using transition radiation can be 
found in [7,9]. Therefore only a short description for the deter
mination of transverse and longitudinal beam properties is given. 
Moreover, a new setup measuring the beam current without dis
turbing the beam using a low-Q rf-cavity is reported. 

Transverse Phase Space 

The experimental setup for observation and analysis of optical 
transition radiation (OTR) is shown in Fig. 3. The radiation emit
ted from a 25 (im thick aluminium foil being hit by the electron 
beam is observed through a vacuum window with a CCD cam
era which is well shielded to avoid radiation damage. The sig
nal from the CCD is digitized by a framegrabber installed in a 
PC. The analysis of the grabbed picture is performed on a alpha-
VAX using the special data language IDL [8]. This setup allows 
within seconds emittance measurements, using the three gradi
ent method, and has been used at energies ranging from 250 keV 
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to 120 MeV. Currently five OTR-setups are installed along the 
beamline and are used routinely. 

Al-Target 

e —<-

Figure 3: OTR diagnostic station. 

The same setup is used to determine the energy spread of the 
electron beam in a dispersive section of the beamline. The on
line determination of the energy spread is an important help in 
optimizing the rf phases of the cavities. 

Longitudinal Phase Space 

For operation of the FEL, knowledge of the bunch length, i.e. 
the peak current is essential. The setup shown in Fig. 4 uses the 
coherent part of the transition radiation in the far infrared. The 
radiation passes through a Michelson interferometer consisting 
of a mylar beamsplitter, one fixed and one movable mirror and 
is detected in a pyroelectric detector. Analyzing the measured 
autocorrelation in frequency space taking into account the spec
tral properties of the setup finally yields a bunch width of 4 ps in 
a nearly gaussian distribution, which was confirmed by a streak 
camera measurement using spontaniously emitted ligth from the 
undulator of the FEL. A detailed description of the setup and the 
analysis can be found in [9]. 

Nondestructive Beam Monitoring 

To measure the beam current and position without stopping the 
beam new rf cavities were developped. The low quality factor 
(1800 for the current monitor, 1000 for the position monitor) of 
these cavities build from stainless steel 4301 leads to a negligi
ble temperature sensitivity. Once calibrated these monitors op
erate without temperature control and need no adjustment. With 
a simple setup using frequency modulation a sensitivity of 20 nA 
for the current monitor and 0.3 mm//xA for the position monitor 
could be achieved. Presently two monitors are installed, one in 
the injector and one in the extraction beamline. 
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Figure 4: Interferometer setup for bunch length measurement 
with transition radiation. 

Outlook 

For further increase of the quality factors of the sc cavities, a high 
pressure water rinsing system will be installed and will be avail
able in fall of this year, which will hopefully lead to a Qo - 3 • 109. 
The beam transport system will be further optimized which is 
expected to result in improved transverse stability and a reduced 
energy spread by making use of nonisochronous recirculations. 
Beam diagnostics especially the nondestructive monitoring will 
be installed in every recirculation and in front of every experi
mental area. 
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Abstract 

This paper reviews the work performed by the 
International Linear Collider Technical Review Committee to 
examine and compare the designs and R&D status of the 
various e+e" linear colliders currently under study in the world. 
The paper summarizes the highlights of the report issued in 
December 1995 and, where applicable, indicates some of the 
changes that have occurred since its publication. 

Introduction 

In June 1994 at EPAC 94 in London, the International 
Council of the Interlaboratory Collaboration of R&D Towards 
TeV-scale Electron-Positron Linear Colliders created an 
International Technical Review Committee (TRC) consisting 
of close to sixty scientists, and charged it with producing a 
report bringing together in one document all the e+e" linear 
collider designs and technologies in the world. The machines 
to be studied and compared were to start at cm. energies of 
500 GeV and have expansion capability to 1 TeV and above. 
The report [ 1 ] was completed in December 1995. The author of 
this paper was Chair of the TRC, T. Weiland represented the 
Secretariat, and E. Mitchell at SLAC was in charge of 
production. The TRC report is 186 pages long and only some 
of the highlights can be summarized here. 

The particle physics community has been greatly 
interested in such an accelerator for some years, and, if 
anything, this interest has grown with the decision to proceed 
with the LHC. Indeed, these two machines are highly 
complementary in what they can contribute to the field. The 
linear collider will be a precision tool to study 11 production 
at threshold and above. If the Higgs and/or supersymmetric 
particles exist, the linear collider will be instrumental in 
discovering and/or studying them. If none of these particles 
exist, the machine will make it possible to explore other 
mechanisms to explain electroweak symmetry breaking. These 
are some of the most burning issues to be elucidated in the 
next few years. The e*e" linear collider also has the potential of 
producing exciting physics from e"e", e~y and yy collisions, 
and of involving other applications such as FEL's and other 
technologies. 

The TRC report consists of six chapters. The first chapter 
is a description of six machines at 500 GeV cm. energy: 
TESLA, SBLC, JLC (S-, C- and X-band), NLC, VLEPP and 
CLIC. The second chapter includes the reports of six working 
groups respectively describing and comparing Injection 
Systems, Damping Ring and Compression Systems, Linac 
Technology, Beam Dynamics, Beam Delivery and 
Experimentation for the various machines. The third chapter 
describes methods proposed for each machine to upgrade their 
cm. energies to 1 TeV and to obtain e"e", e"y and y y 
collisions. Chapter 4 describes on-going experiments and test 
facilities. Chapter 5 discusses present and future areas of 
collaboration, and Chapter 6 presents conclusions. Given that 

this conference is devoted primarily to linacs, the emphasis in 
this paper is focused on this subject. 

Machine Parameters and Designs 

Overall and final focus parameters for all the machines are 
shown in Table 1 and those for pre-linacs, damping rings and 
main linacs are given in Table 2. For each machine, there are 
two columns: the first one gives the numbers listed in the 
TRC report of December 1995, the second one shows new 
numbers where an update has taken place as of August 1996. 
As can be seen, all the machine designs have now reached 
luminosities above 10" cm "2 sec"' which with the exception 
of VLEPP, are obtained by using many bunches per rf pulse. 
The main linacs which operate at the lower rf frequencies have 
the lowest gradients and are therefore the longest. For all 
machines, the ultimate and most challenging specification is 
the ay* at the IP which ranges between 19 and 3 nm. For 
reference, the FFTB at SLAC at 50 GeV has so far reached a 
Gy of 70 nm. Let us now characterize the various machines by 
dividing them into four groups in order of ascending rf 
frequency: 1) TESLA, 2) SBLC, JLC(S), JLC(C), 3) JLC(X), 
NLC (with its future TBNLC option), VLEPP, and 4) CLIC. 
The building blocks of the various main linac "power units" 
for these machines are shown in Fig. 1. The design, 
engineering, mass production and cost of these "power units" 
are crucial to the success of whichever linear collider 
ultimately gets selected and built because of the large 
quantities of identical components involved. 

TESLA (Group 1) 

This machine is in a category by itself because it is the only 
one that uses superconducting accelerator sections for the main 
linacs. The rf frequency is the lowest (1.3 GHz) and the beam 
aperture is the largest (2a = 7 cm). All the characteristics of 
TESLA result from these basic features. The advantages are 
that the rf pulse is long, the bunch spacing is wide (708 ns), 
the transverse wakefields [which for single bunches vary 
roughly as X~*(a/Xy2 :] are weakest, and corresponding 
alignment tolerances are loosest (by at least a factor of 5 for 
multibunches). As a result, emittance growth will be easiest to 
control. Ground motion effects may be compensated by fast 
feedback controls and by bunch-to-bunch steering at the end of 
each linac. Note, however, that the decision to reduce the 
repetition rate from 10 to 5 Hz has forced ay* down from 64 to 
19 nm to conserve luminosity. The biggest challenge for 
TESLA is to perfect the rf superconducting technology to the 
point where accelerating gradients of 25 MV/m can be attained 
reliably with Q„'s of at least 5 x 109, and that costs can be 
made affordable. The main linacs consist of 616 power units, 
each involving a pulsed modulator supplying an 8 MW peak 
power klystron which in turn drives 32 one-meter long 
superconducting structures in four long cryostats, 
incorporating HOM couplers and quadrupoles. Related 
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TESLA SBLC JLC(S) JLC(C) JLC(X) NLC VLEPP CLIC 
TRC Updated* TRC Updated* TRC Updated* TRC Updated* TRC Updated* TRC Updated* TRC Updated* TRC Updated* 
12/95 8/96 12/95 8/96 12/95 8/96 12/95 8/96 12/95 8/96 12/95 8/96 12/95 8/96 12/95 8/96 

Initial energy (c. of .m.) (GeV) 
RF frequency of main linac (GHz) 
Nominal Luminosity (1051 c m : s"')' 
Actual luminosity (10" cm"! s ' ) ' 
Linac repetition rate (Hz) 
No. of particles/bunch at IP (1010) 
No. of bunches/pulse 
Bunch separation (nsec) 
Beam power/beam (MW) 
Damping ring energy (GeV) 
Unloaded/loaded gradient (MV/m)' 
Total two-linac length (km) 
Total beam delivery length (km) 

yEx/yEy(m-rad x 10"6) 
P x 7 py<*(mm) 
o,7c, , ' (nm) before pinch 
oz* (Jim) 
Crossing Angle at IP (mrad) 
Disruptions D X/Dy 

HD 

Upsilon sub-zero 
5B (%) 
nT (no. of y's per e) 
Npa4, (pT"""=20 MeV/c,eml„=0.15) 
Nhld„„s/crossing 
Nie,sxlO-2(pT

l,""=3.2GeV/c) 

500 
1.3 
2.6 
6.1 
10 
5.15 
800 
1000 
16.5 
4 

ht 25/25 
29 
3 

20/1 
25/2 
1000/64 
1000 
0 
.56/8.7 
2.3 
.02 
3.3 
2.7 
19. 
.17 
.16 

3.69 
6 
5 
3.63 
1130 
708 
8.2 
3.2 

14/.25 
25/.7 
845/19 
700 

.28/17 
1.63 

2.5 
2.0 
31 
.13 
.3 

500 
3 
2.2 
3.75 
50 
2.9 
125 
16 
7.26 
3.15 
21/17 
33 
3 

10/.5 
22/.8 
670/28 
500 
3 
.36/8.5 
1.8 
.037 
3.2 
1.9 
8.8 
.1 
.14 

3.16 
5.3 

1.1 
333 
6 
7.25 

32 

S/.25 
11/.45 
335/15.1 
300 
6 
.32/7.1 
1.68 

2.8 
1.4 
7.1 
.04 
.1 

500 
2.8 
5.2 
4.3 
50 
1.44 
50 
5.6 
1.3 
2 
3 1 / -
22.1 
3.6 

3.3/.05 
10/. 1 
260/3 
120 
6.4 
.29/25 
1.6 
.2 
12.7 
2.2 
31.6 
.98 
3.4 

5.29 
4.6 

0.87 

8.2 
1.8 
37 
.48 
1.0 

500 
5.7 
7.3 
6.1 
100 
1 
72 
2.8 
2.9 
2 
40/32 
18.8 
3.6 

3.3/.05 
10/. 1 
260/3 
120 
6 
.20/18 
1.4 
.14 
6.5 
1.5 
10.3 
.23 
.66 

4.19 
6.3 

3.2 
1.98 
40/33 

15/.2 
318/4.3 
200 
8 
.225/16.7 
1.5 
.079 
3.4 
1.3 
15.8 
.1 
.27 

500 
11.4 
5.1 
5.2 
150 
.63 
85 
1.4 
3.2 
2 
73/58 
10.4 
3.6 

3.3/.05 
10/. 1 
260/3 
90 
6.1 
.096/8.3 
1.4 
.12 
3.5 
.94 
2.9 
.05 
.14 

5.49 
5.1 

.65 

3.67 
1.98 
73/57 
10.5 

7 
.098/8.38 
.93 
.124 
3.1 
.9 
6.0 
.06 
.14 

500 
11.4 
5.3 
7.1 
180 
.65 
90 
1.4 
4.2 
2 
50/37 
15.6 
4.4 

5/.05 
10/. 1 
320/3.2 
100 
20 
.07/7.3 
1.34 
.089 
2.4 
.8 
2 
.03 
.08 

3.9 
5.5 

.75 

4.8 

50/35 
17.6 
10.4 

4/.09 
10/.15 
294/6.3 
125 

1.41 
.09 
3.2 
1.1 
7 
.05 
.14 

500 
14 
12.3 
9.3 
300 
20 
1 

-
2.4 
3 
100/91 
7 
3 

20/.08 
100/.1 
2000/4 
750 
6 
.4/215 
2 
.059 
13.3 
5 
1700 
45.9 
56.4 

11.9 
9.7 

0.82 

10.0 
4.7 
1219 
11 
28 

500 
30 
0.7-3.4 
1.07-4.8 
2530-1210 
.8 
1-10 
.67 
.8-3.9 
2.15 
80/78 
8.8 
2.4 

3/. 15 
10/.18 
247/7.4 
200 
1 
.29/9.8 
1.42 
.07 
3.6 
1.35 
3 
.05 
.10 

5.27 
6.4 
700 

20 
1 
4.5 

100/95 
7.5 

3.4/. 1 
10/.13 
264/5.1 
160 
20 
.21/10.6 
1.2 

1.3 
8.4 
.06 
.15 

For the sake of uniformity, the nominal luminosity is simply defined as N2/4it ax* o"y* times the number of crossings per second, and in all cases assumes head-on collisions, no hour-glass 
effect and no pinch. The actual luminosity incorporates all these effects, including crossing angle where applicable. NLC calculations assume crab-crossing. The TRC background 
calculations were made by P. Chen of SLAC. The updated ones were made by D. Schulte of DESY. 

" The main linac loaded gradient includes the effect of single-bunch (all modes) and multibunch beam loading, assuming that the bunches ride on crest. Beam loading is based on bunch 
charges in the linacs, which are slightly higher than at the IP. 

* If a number does not appear in the updated column, this means that the number in the TRC column still holds. 

Table 1. Linear Colliders: Overall and Final Focus Parameters—500 GeV cm. Energy 



TESLA SBLC JLC(S) JLC(C) JLC(X) NLC VLEPP CLIC 
TRC Updated* TRC Updated* TRC Updated* TRC Updated* TRC Updated* TRC Updated* TRC Updated* TRC Updated* 
12/95 7/96 12/95 7/96 12/95 7/96 12/95 7/96 12/95 7/96 12/95 7/96 12/95 7/96 12/95 7/96 

rvj 
en 

Pre-linacs 
First stage e* energy (GeV) 
Second stage e1 energy (GeV) 
Beam energy to make e* (GeV) 

Damping Rings 
e* pre-damping ring energy (GeV) 
e1 damping ring energy (GeV) 
Ring circumference (m) 
Damping times (ms) (x/ t , ) 
Number of bunches per ring 
Bunch length (mm) 
Extr. beam emittance, (Y£»/yey 10~'' 

Main Linacs 
RF frequency (GHz) 
Unloaded/loaded gradient (MV/m)1* 
Active two-linac length (km) 
Total two-linac length (km) 
Total number of klystrons 
Total number of modulators 
Klystron peak power (MW) 
Klystron repetition rate (Hz) 
Klystron pulse length (iisec) 
Pulse compression ratio 
Pulse compression gain 
RF pulse length at linac (ijsec) 
Number of sections 
Section length (m) 
alX (range if applicable) 
Total AC power to make rf (MW) 
Wall plug -» beam efficiency (%) 

4 
-
250 

4 
20,000 
20/20 
800 
10 
20/1 

1.3 
25/25 
20 
29 
604 
604 
8 
10 
1315 

-
-
1315 
19328 
1.04 
.15 
164 
20 

1130 

14/.25 

22 

5 

94 
19 

3.15 

-
250 

3.15 
650 
3.8/3.8 
125 
3.6 
10/5 

3 
21/17 
30.2 
33 
2517 
2517 
150 
50 
2.8 
-
-
2.8 
5034 
6 
.16/11 
139 
10.7 

333 

5/.25 

32 

140 
10.4 

1.98 

-
10 

1.98 
1.98 
222 
6.1/8 
100 
4.8 
3.3/.05 

2.8 
31/-
19.8 
22.1 
2560 
2560 
135 
50 
4.5 
3.75 
~2 
1.2 
5120 
3.6 
.14/.1 
118 
3.0 

1.98 
20 
10 

1.98 
1.98 
321 
3.5/4.3 
288 
5 
3.3/.05 

5.7 
40/32 
15.7 
18.8 
43561 
2178 
48 
100 
2.4 
5 
3.5 
.48 
8712 
1.8 
.16/. 12 
139 
4.6 

10 

40/33 
15.1 

4184 
2092 
50.3 

3.35 

8368 

.173/. 125 
153 
4 

1.98 
10-20 
10 

1.98 
1.98 
277 
4.0/5.2 
340 
5 
3.3/.05 

11.4 
73/58 
8.7 
10.4 
3320 
3320 
135 
150 
.5 
2 
1.96 
.23 
6640 
1.31 
.20/. 14 
114 
5.6 

20 

73/57 
8.4 
10.5 
4276 
2138 
68 

.7 
3 
2.9 

6414 

99 
6.8 

2 
10 
3-6 

2 
2 
223 
4.1/4.6 
360 
4.1 
2.5/.03 

11.4 
50/37 
14.2 
15.6 
3936 
1970 
50 
180 
1.2 
5 
3,83 
.24 
7872 
1.8 
.22/. 15 
103 
8.2 

1.98 

1.98 
1.98 

3/.03 

50/35 
16.3 
17.6 
4528 
2264 

3.6 

9056 

121 
7.9 

3 

150 

3 
160 
1.8/2.9 
3 
9.8 
45.5A45 

14 
100/91 
5.8 
7 
1400 
140 
150 
300 
.5 

2.15 
9 
2.15 

2.15 
2.15 
283 
10.5/10.5 
48x10 
1.8 
2.5/.04 

30 
80/78 
6.3 
8.8 
2 
NA 
NA 

2530/1210 
.0116/00176 

4.55 3.2 
3.2 
.11 
5600 
1 
.14 
57 
8.4 

-
.0116/00176 
22466 
.280 
.2 
100 
1.6/7.8 

48x20 

100/95 
4.9 
7.5 
10 

700 
.0413 

.0413 
15256 
.323 

96 
9.3 

The main linac loaded gradient includes the effect of single-bunch (all modes) and multibunch beam loading, assuming that the bunches ride on crest. Beam loading is based on bunch charges in the Hnacs, 
which are slightly higher than at the IP. 

If a number does not appear in the updated column, this means that the number in the TRC column still holds. 

Table 2. Pre-linacs, Damping Rings and Main Linac Parameters—500 GeV cm. Energy 
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requirements are the compensation of the mechanical cavity 
detuning due to the Lorentz force, the absolute need to 
suppress field emission to avoid heat losses and captured dark 
current, the construction of a variable coupler, and alignment 
of components within the cryostats. The electron bunch train 
can be produced from a laser-driven gun but the positron bunch 
train is too intense for a conventional target to survive. Hence, 
the intent is to shoot the spent e~beam after the IP through an 
undulator to produce y's which then produce positrons in a 
thin rotating target. The 3.2 GeV damping rings (often called 
dog-bones because of their shape) must be designed to accept 
and damp each long train of bunches (240 km) in a 
"compressed" circumference (17 km). Finally, since the main 
linacs are already very long (32 km), the expandability to 
1 TeV cm. energy will preferably be achieved, at least in part, 
by an increase in gradient (say 40 MV/m). Such a gradient will 
require an additional 25% increase in length to 40 km. The 
desired luminosity at 1 TeV can be reached with a ay* of 

6.5 nm and a 8B of 2.5%. 

SBLC, JLC(S) and JLC(C) (Group 2) 

SBLC and its close cousin, JLC(S), benefit from the most 
widespread and proven technology developed at SLC and 
elsewhere for many years. Roughly speaking, their main linacs 
are equivalent to 7-10 SLAC linacs. SBLC has the next-to-
largest rjy* (15 nm) after TESLA and gets its luminosity at 
50 Hz repetition rate with 333 bunches per pulse spaced 6 ns 
apart and 1.1 x 10'" particles per bunch. JLC(S) gets its 
luminosity with a ay* of 3 nm, 50 Hz, 50 bunches spaced 
5.6 ns apart and 1.44 x 10"' particles per bunch. For the 
500 GeV cm. case, SBLC does not use pulse compression 
whereas JLC(S) uses SLED I. The respective power units are 
shown in Fig. 1. Because of multibunch operation, the 
accelerator structures are designed to detune and damp 
transverse wakefields. SBLC has tested 6 m-long sections with 

two sets of higher-order mode couplers along their length, 
which can also be used as pick-ups to align the sections by 
minimizing beam induced fields. Sputtering of a 20 |J.m-thick 
low conductivity material onto the disk edges is also being 
used to differentially reduce the Q of undesirable modes by a 
factor of 5 without affecting the fundamental mode Q by more 
than 5%. Initial alignment tolerances are on the order of 
100 ]im and sections must be mounted on girders to within a 
tolerance of about 30 |im rms. JLC(S) uses 3.6 m-long 
sections similar to the SLC. The electron and positron sources 
for SBLC are similar to TESLA's, those for JLC(S) resemble 
those of the SLC but have not yet been designed in detail. The 
energies of the damping rings are respectively 3.15 and 
1.98 GeV. Extension to 1 TeV cm. for SBLC is envisaged 
by doubling the number of klystrons and adding pulse 
compressors to double the gradient within the original machine 
length. No upgrade option to 1 TeV has been offered for 
JLC(S). 

JLC(C) was not considered in any detail in the TRC report 
because experimental work at C-band had not yet started at 
KEK at the time. Since then, an active R&D program has 
been launched on the rf components, including a 50 MW peak 
power klystron, a choke-mode type, 1.8 m-long accelerator 
structure and a multicell coupled cavity system for a short 
SLED II pulse compressor. The choke-mode structure 
eliminates the multibunch wakefield problem and has an 
alignment tolerance of 30 (im. The beam characteristics are 
similar to those of the X-band design, except for a longer 
bunch length. Extension to 1 TeV cm. energy would be 
obtained by doubling the klystron output power to 100 MW 
and increasing the length of the main linacs by 40%. 

JLC(X), NLC and VLEPP (Group 3) 

Although VLEPP is designed for 14 GHz while JLC(X) 
and NLC use 11.4 GHz for their main linacs, these three 
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machines can be described in a single group because of their 
technological similarities. JLC(X) and NLC have similar 
luminosities, repetition rates, numbers of bunches per pulse 
and charges per bunch. The o"v* at the IP for JLC(X) is 3 nm 
whereas that for NLC is about 6 nm, but this difference does 
not arise from any fundamental differences in design. There is 
also a slight difference in c / , and crab-crossing at the IP is 
proposed for NLC whereas it may not be needed for JLC(X). 
The main difference between the two machines appears in their 
main linac gradients (57 MV/m for JLC(X) vs. 35 MV/m for 
NLC) and results from the differences in their power unit 
designs (see Fig. 1). JLC(X) proposes to use the delay line 
distribution system (DLDS) whereas NLC uses SLED II, 
possibly to be replaced by the more efficient binary pulse 
compression (BPC) at a later date. The NLC klystron is 
planned to be a 50 MW tube (later to be upgraded to 75 MW) 
with periodic permanent magnet (PPM) focusing, which is 
currently being tested successfully at SLAC. The JLC klystron 
will probably be similar. R&D toward efficient and simplified 
modulators is crucial for eventual economy of electric power 
and manufacturing costs. For accelerator structures, NLC will 
use sections in which transverse deflecting modes are both 
detuned (within a Gaussian distribution) and damped to a Q of 
about 1000 (by coupling to four external parallel rectangular 
matched manifolds). First tests of this so-called DDS structure 
indicate that its fabrication can be achieved successfully by 
diffusion bonding of cups with cell-to-cell alignment better 
than 4 )im. It is likely that JLC(X) will use very similar 
sections, albeit 1.3 m long. The electron bunch trains for both 
machines will be produced by laser-driven photocathode guns, 
and the positrons by improved SLC-type sources, in 
combination with various L-band and/or S-band pre-
accelerators. The pre-damping and damping ring energies are all 
at about 2 GeV. 

VLEPP is based on a design with a single bunch per if 
pulse which does away with the multibunch wakefield 
problem. This design must get its luminosity from a much 
greater charge per bunch (2 x 10" particles) which 
unfortunately leads to very high backgrounds. The VLEPP rf 
power unit can also be seen in Fig. 1. In theory, it leads to a 
loaded gradient of 91 MV/m. For extension to 1 TeV c m . , 
JLC(X) and VLEPP would be doubled in length whereas NLC 
would get there by a 20% increase in length (built-in from the 
beginning), a doubling in the number of klystrons and an 
increase in their power from 50 to 75 MW. Alternatively, if 
the TBNLC (two-beam) technology based on drive beams 
accelerated by induction linacs were to become successful in 
the future, the NLC could have its array of klystrons, 
modulators and rf pulse compressors replaced by 64 sequential 
drivers, each 300 m-long (see Fig. 1) with reacceleration 
modules and transfer structures to supply the individual linac 
structures with the desired rf pulses. 

CLIC (Group 4) 

CLIC occupies a unique position in parameter space. The IP 
spots are similar to those in Group 3. The machine is 
characterized by the highest linac rf frequency, highest dark 
current capture field and potentially highest gradient. It requires 

many innovations, has the strongest wakefields, and therefore 
the tightest fabrication and alignment tolerances. The rf power 
is generated by an intense drive beam, accelerated by LEP-type 
superconducting structures, which induces the power in special 
transfer structures. The problem of producing thousands of 
klystrons, modulators and rf pulse compressors is replaced by 
having to create two high-current drive beams with a bunch 
time structure capable of generating rectangular rf pulses at 
30 GHz. The problem of producing these drive beams and then 
conserving their phase space qualities along the full length of 
the linacs is a major challenge. An advantage of the CLIC 
two-beam scheme is that it allows all the components to be 
housed in one tunnel. The front end of the main e+e" beam 
generation is analogous to the front end of the SLC. A number 
of design features of these drive and main beams remain to be 
elucidated, particularly for 20 bunches/pulse operation which 
has recently been chosen to bring up the luminosity within the 
range of the other machines. For 1 TeV c m . energy, both the 
drive and main linacs would be doubled in length. 

C o n c l u s i o n s 

Because of lack of space, there are many topics in the TRC 
report that cannot be reviewed in this paper. Fortunately, many 
other papers at this conference deal with recent important linear 
collider developments. Worldwide investment in this field is 
spawning a vast amount of new knowledge and technologies. 
The SLC at SLAC and the new test facilities at DESY, KEK, 
SLAC, BINP, CERN and LBNL are contributing to an 
explosion of R&D. New laser-driven photocathode electron 
sources with 80% polarization have become a reality, and new 
positron sources and pre-linacs are undergoing design. The very 
small emittances that must be created by the damping rings 
and preserved through the bunch compressors, main linacs, 
beam delivery systems and final foci are giving rise to new 
ideas about instrumentation, alignment, stability, collimation 
and beam containment. New insights are being gained into 
beam dynamics (dispersion-free and wakefield-free steering, 
transient beam loading) and into the important field of ground 
vibrations over a wide range of frequencies ( 10~2 to 10+2Hz) and 
coherence lengths. Finally, a whole new approach towards 
design for manufacturing (DFM) to decrease mass production 
costs while preserving tolerances, cleanliness to avoid field 
emission and dark current, high vacuum conditions, and above 
all, reliability of operation, is being introduced into the field of 
accelerator fabrication and pricing. 

Work supported by Department of Energy contract D E -
AC03-76SF00515. 
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SLC Status and NLC Design and R&D* 

T.O. Raubenheimer 
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309 

Introduction 

In this paper, we will first review the status of the Stanford Lin
ear Collider (SLC). In particular, we will discuss the luminosity 
and performance issues and the accelerator studies that relate to 
future linear colliders. Next, we will describe the present state 
of the Next Linear Collider (NLC) design and the ongoing R&D 
effort which is, in addition to the work at the SLC, supporting the 
design. This includes extensive ground motion measurements to 
verify the required stability, measurements of the dipole wake-
fields to verify the performance of the Damped-Detuned acceler
ator Structures (DDS), and tests of the rf structure BPMs that are 
needed to align the structures to the beam trajectory. It also in
cludes the development and fabrication of the X-band structures, 
klystrons, and rf pulse compressors that are needed to accelerate 
the beams with gradients in excess of 50 MV/m. 

It should be noted that much of the material reported here is 
described in greater detail in other papers submitted to this con
ference and thus the appropriate references are included through
out. In addition, because of space limitations, we only briefly 
describe the design of the NLC and, instead, concentrate on the 
R&D that is supporting the design; detailed descriptions of the 
NLC design can be found in Refs. [1, 2, 3]. 

SLC Status 

The 1996 SLC/SLD physics run was not as successful in terms of 
luminosity as was initially expected. There were numerous oper
ational difficulties, including a fire in the cable tray of the North 
Damping Ring, a dirty vacuum vent in the same ring, and poor 
accelerator availability. The poor availability and frequent faults 
made optimizing the luminosity difficult. Regardless, the aver
age luminosity during the physics run was slightly better than 
that obtained during the 1994-1995 collider run; the luminosity 
recorded by the SLD detector per week and the integrated lumi
nosity are plotted in Fig. 1. The increase in average luminosity 
was primarily due to an increase in the beam currents at the IP. 
The charge per bunch was increased from TV ss 3.5 x 1010 in 
1994 and 1995 to roughly TV « 4 x 1010 in 1996. 

Although the 1996 collider run did not attain the luminosity 
desired, a new high resolution vertex chamber, the VXD3, was 
commissioned in the SLD and an enormous amount was learned 
about both the operation of the SLC as well as the accelerator 
physics and operational issues relevant to a future linear collider. 
In particular, significant progress was made in the following ar
eas: 

* Work supported by Department of Energy contract DE-AC03-76SF00515. 

• Beam-based feedbacks 

• Beam collimation and collimator wakefields 

• Beam jitter 

• Sub-micron beam size diagnostics. 

We will describe each of these issues in more detail subse
quently. 

1992 1993 — 1994 1995- 1996 

Figure l : Luminosity history in the SLC. 

Beam-Based Feedbacks 

The SLC utilizes over 30 fast beam-based feedback loops to con
trol and stabilize the beams and most future linear collider de
signs are even more heavily reliant on the beam-based feedback 
systems. Unfortunately, during the previous SLC runs, it was 
found that the gain, and thereby the frequency response, of the 
feedback systems had to be reduced substantially to prevent the 
feedbacks from oscillating [4]. This was found to be especially 
true in the linac where many feedbacks are 'cascaded' to pre
vent them from interfering with each other. The principle of the 
cascade is that each feedback loop transmits what it measures to 
the next downstream loop with the assumption that the trajectory 
deviation will be corrected and thus the downstream feedback 
should not respond to it. To allow the cascade system to adapt 
to changes in the optics and the energy profile along the linac, 
the cascade transfer matrices are calculated adaptively from the 
natural beam jitter. 

Studies during the 1994-95 and 1996 collider runs, identified 
three primary performance limitations: 
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• Feedback transfer matrices had significant errors — partly 
due to optics modification from transverse wakefields, 

• Cascade assumes purely linear transport matrices through 
the linac and thus the feedback loops only talk to the 
next downstream loop but wakefields and chromatic effects 
make the linac transport nonlinear, 

• Cascade adaption does not correctly account for the finite 
BPM resolution yielding incorrect transfer matrices be
tween feedback loops. 

After these problems were identified, near perfect perfor
mance was attained at low currents, where the wakefields are less 
important, and when the cascade matrices were calculated from 
dedicated oscillations where the measurements were not limited 
by the finite BPM resolution. This was important because it ver
ified the feedback principles although it suggested that the algo
rithms need to be modified. In the future, at the NLC, the cascade 
matrices will likely be calculated from dedicated oscillations and 
the cascade system will be modified to account for the nonlinear-
ity of the beam transport through the linac. 

During the diagnostic process another important realization 
was made, namely, that different feedback algorithms have dra
matically different sensitivities to errors. The SLC beam-based 
feedbacks do not use very aggressive algorithms. The cross-over 
frequency, below which the feedback damps rather than ampli
fies incoming oscillations, is ^/rep* where frep is the sample 
rate. In the past, members of the linear collider community have 
suggested using far more aggressive feedback systems. For ex
ample, the simple double-dead-beat system, which uses the two 
previous measurements to estimate the next, has a higher cross
over frequency, g frep, and a faster rate of damping. Unfortu
nately, these systems were found to be extremely sensitive to er
rors. In fact, even relatively small changes to the SLC feedback 
algorithms were seen to perform much worse when realistic er
rors were included. At this time, the details of the error sensitiv
ity are not understood and this requires additional study. 

Beam Collimation 

During the 1994-1995 SLC run, it was noticed that optimal lu
minosity was found when the beams had large wakefield tails at 
the end of the linac. It was suggested that these wakefield dilu
tions were required to cancel some wakefield dilutions further 
downstream and this led to a study of the beam collimators [5]. 

Over the years, the SLC has installed a large number of colli
mators to reduce the backgrounds in the detector and this is also 
felt to be essential for a future linear collider. On inspection at 
the end of the 1994-95 run, it was found that many of these col
limators were badly damaged. The collimators had been coated 
with a layer of gold to reduce the number of backscattered par
ticles. Unfortunately the thermal contact between the goldl ay-
ers and the body of the collimators was insufficient and the beam 
melted a very irregular channel through the gold [6]. This caused 
wakefields that were roughly 25-50 times larger than expected. 
Most of these damaged collimators were replaced for the 1996 
run. To prevent similar damage, the replacement collimator jaws 

were coated with either vanadium or TiN. Both of these coat
ings have resistivities that are roughly 10 times larger than that 
of the gold but it was thought that they would have much better 
survival. 

Measurements made during the 1996 SLC run [6] showed 
that the geometric component of the transverse wakefield was 
in agreement with the results of MAFIA calculations but the re
sistive wall wakefield of both the vanadium-coated collimators 
and the undamaged gold-coated collimators was roughly a fac
tor of four higher than expected. The reasons for this discrepancy 
are still not explained and a facility is being planned at SLAC to 
test different collimator geometries and materials to gain further 
understanding [7]. 

Transverse Beam Jitter 

Transverse beam jitter has two effects: it decreases the lumi
nosity by decreasing the overlap of the two colliding beams 
and, more importantly, it makes the diagnostics more erratic 
and harder to interpret, thereby decreasing the effectiveness of 
the tuning procedures. During the 1994-1995 SLC run, many 
sources of transverse beam jitter were traced and eliminated [8]. 
Much of the jitter was found to arise from quadrupole vibra
tions induced by pressure surges in the cooling water system 
and vibrations from the water pumps. These were and are being 
corrected by modifying the quadrupole supports and the water 
pumps. 

Another significant source of jitter on the electron beam was 
found to arise from the long-range transverse wakefield kicks 
due to the preceding positron beam. This source was reduced 
by changing the linac focusing lattice so that the electron and 
positron bunches have significantly different phase advances and 
thus the electron bunches are no longer driven resonantly by the 
positron beam [9]. 

Unfortunately, there still remains a 'white noise' source, that 
causes the vertical trajectory jitter to grow uniformly along the 
length of the linac by roughly 0.3ay, whose source was undeter
mined. While damaging to SLC operation, this would also be a 
significant concern for NLC operation. There had been a number 
of candidates considered for this jitter, including dark current in 
the linac structures that drive transverse wakefields, higher-order 
correlations on the injected beam that then, due to the transverse 
wakefields, cause the motion of the bunch centroid to increase 
[10], and the more prosaic effect of 10% bunch length fluctua
tions [11] that arise from the sawtooth instability in the damp
ing rings [12]. This later effect, where the variation of the bunch 
length changes both the loading due to the longitudinal wakefield 
and the deflections due to the transverse wakefields, describes 
the observed jitter well [13]. Measurements have confirmed that 
there is a high degree of correlation between the linac jitter and 
the sawtooth signal from the damping rings [10]. 

Sub-Micron Beam Diagnostics 

Finally, additional diagnostic tools were commissioned includ
ing the 'laser wire' [14] which was installed inside the SLD de
tector. The laser wire is created by focusing an intense 349 nm 
laser to narrow spot, about 380 nm with a Rayleigh length of 
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5 fim. The e~ / e + beam is then scanned across the laser and the 
beam size is inferred from the rate of Compton backscattering. 
During the end of the 1996 SLC run, the laser wire was commis
sioned and found to have a width of 400-500 nm, roughly 20% 
greater than design but still more than sufficient for SLC oper
ation. In the NLC, such devices will be needed throughout the 
linacs and final focus to measure the beam emittance. 

Another important diagnostic is a technique of inferring the 
individual beam sizes at the IP using both the beam-beam deflec
tion scans, which just yield the convoluted size of the two beams, 
and the BPMs to measure the energy loss of the outgoing beams 
[15]. This technique will be very important at the NLC where, at 
present, the beam-beam deflection is the only diagnostic capable 
of resolving the beam sizes at the IP. 

NLC Design and R&D 

The Next Linear Collider (NLC) [1, 2, 3] is a future elec
tron/positron linear collider that is based on copper accelerator 
structures powered with 11.4 GHz X-band rf. It is designed to 
begin operation with a center-of-mass (cms) energy of 500 GeV 
(which could be decreased to 350 GeV to study the top quark) 
and to be adiabatically upgraded to 1 TeV cms. At the onset, the 
entire infrastructure will be constructed for the 1 TeV cms up
grade. The upgrade to 1.5 TeV could proceed either by a straight
forward 50% extension of the linac length, a trombone is incor
porated into the design to facilitate this extension, or by improve
ments in the rf technology, increasing the accelerating gradient; 
the final focus and collimation sections have been designed with 
sufficient length to facilitate the upgrade to 1.5 TeV cms. 

The initial rf system for 500 GeV cms is based on components 
that have been developed or can be expected in the near future. 
Specifically, it is composed of 50 MW X-band klystrons, SLED-
II rf pulse compressors, and Damped-Detuned accelerator Struc
tures (DDS) that reduce the long-range transverse wakefields by 
a combination of weak damping and detuning of the dipole mode 
frequencies. The upgrade to 1 TeV is based on expected im
provements in the rf technology and would proceed by replac
ing the 50 MW klystrons with 75 MW klystrons and doubling 
the number of modulators and klystrons. 

The NLC design, shown schematically in Fig. 2, contains all 
of the components found in the SLC. There are sources, damp
ing rings, and bunch compressors to produce the low emittance 
beams, long linacs to accelerate the beams to the desired ener
gies, and collimation sections and final foci to produce the small 
spots needed at the IP. In this paper, we cannot describe the var
ious components of the design and instead we refer to the recent 
design study that was completed and documented in the 'Zeroth-
Order Design Report for the Next Linear Collider' [1]. This is a 
complete systems study with engineering support in crucial areas 
to verify feasibility. 

The design incorporates many of the hard lessons from the 
SLC. Throughout the design, we have been careful to provide 
substantial operating margins on all the subsystems; if all of the 
subsystems perform as designed, then the luminosity would be 
roughly three times higher than that specified. In addition, the 
tolerances were specified to attain the design luminosity over a 

large range in operating parameters, such as bunch charge and 
beam emittance, and not just at a single point. Finally, the de
sign includes extensive beam collimation sections and detailed 
diagnostic layouts and tuning procedures; all of these have been 
added onto the original SLC design as operational experience 
has been gained. The NLC design was reviewed by an exter
nal committee in March of 1996 and was presented to the 1996 
DPF/DPB Snowmass meeting. At this time, a larger engineering 
effort is being started to further study the reliability issues as well 
as studying the issues associated with mass manufacture of com
ponents and, ultimately, producing a cost estimate and schedule. 

Electron 
Injector 

Electron Main Linac 
240-490 GeV (X) 

RF Systems 

(X) 11.424 GHz 

(S) 2.856 GHz 

(L) 1.428 GHz 

(UHF) 0.714 GHz 

Positron 
Injector 

Positron Main Linac 
240-190 GeV (X) 

Figure 2: Schematic of the NLC; from Ref. [1]. 

As stated, detailed descriptions of the NLC design can be 
found elsewhere. In the next sections, we will describe some 
highlights of the ongoing R&D program that supports the NLC 
design. 

Ground Motion Measurements 

Because the NLC operates with low emittance beams which are 
focused to small spot sizes, there was concern that fast ground 
motion could cause beam jitter, leading to a significant loss in 
luminosity, while slower ground motion could prevent one from 
ever being able to properly align and tune the collider. Recent 
measurements at SLAC of the fast ground motion (0.01 Hz< 
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/ < 100 Hz), using very high resolution seismographs, have 
confirmed the amplitude of the ground motion but have shown 
that the large amplitude motion is highly correlated [16]. Such 
motion has relatively little impact on the design and, with the ex
ception of the final doublets which may need additional stabiliza
tion, the motion would not cause a significant (> 2%) source of 
luminosity loss. Of course, the design must be engineered care
fully to ensure that any additional 'cultural' noise is minimized; 
measurements of the FFTB magnets at SLAC indicate that this 
is reasonable goal. 

At much lower frequencies, it has been suggested that the 
ground has a diffusive behavior which can be described by the 
ATL rule [17]. This slow uncorrelated motion would cause the 
beam trajectory to drift with time requiring additional steering 
and tuning. Measurements of the motion of the magnets in the 
FFTB beamline at SLAC over a period of 180 hours found mo
tions much smaller than previously reported [18]. This empha
sizes the importance of site selection, although the FFTB tunnel 
could not be considered a quiet or ideal location. Finally, detailed 
simulations of the NLC linacs show that this slow ground motion 
should not significantly impede the operation of the collider [19]. 

Klystrons [20] 

As described, the NLC will initially rely on 50 MW klystrons 
which will then be upgraded to 75 MW klystrons to achieve a 
full 1 TeV in the center-of-mass. At this time, the XL series of 
X-band klystrons are producing the required 50 MW pulses [21]. 
The latest klystron in the XL series, the XL4, produces 75 MW 
with an efficiency of 48%. The tube is very robust with sta
ble output power and an infrequent fault rate. Furthermore, the 
performance of the XL series has been in close agreement with 
the simulation results giving confidence in our ability to design 
klystrons with the aid of computer simulation. 

Unfortunately, the XL klystrons all use solenoidal focusing 
and these solenoids are both expensive and consume a significant 
amount of power. Thus, a Periodic Permanent Magnet (PPM) 
focused klystron, shown schematically in Fig. 3, has been de
veloped [22]. In initial tests just completed, this klystron pro
duced 1.5 /xs pulses of 52 MW at 55% efficiency; this exceeds 
the requirements for the NLC. In addition, the klystron produced 
300 ns pulses of 60 MW at 63% efficiency. At the higher power, 
the length of the pulse was limited due to rf breakdown and thus 
the klystron has been opened and the cavities are being coated 
with TiN. The next PPM klystron is being designed to produce 
75 MW which will meet the requirements for the 1 TeV cms NLC 
upgrade. 

Damped-Detuned Accelerator Structures [23] 

To control beam-breakup of the long bunch trains in the NLC 
linacs, the long-range transverse wakefields in the accelerator 
structures must be reduced. This is done by acombination of de
tuning the dipole modes so that there is a ~10% Gaussian spread 
in the frequencies, causing the dipole modes to rapidly decohere, 
and damping the dipole modes with Q's of roughly 1000 to pre
vent the modes from recohering at a later time. The damping 
is added to the Damped-Detuned Structures (DDS) by coupling 

each cell to four manifolds running along the length of the struc
tures as illustrated in Fig. 4. Recent measurements of the trans
verse wakefields in the DDS structures, which were in excellent 
agreement with theory, showed that the wakefield is damped be
low the limit required for the NLC [23]; additional optimization 
of the matching into the manifold loads should reduce the wake
fields even further. 
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Figure 4: Schematic DDS structure; from Ref. [1]. 

The four damping manifolds also provide a straightforward 
method of measuring the induced dipole modes. In the NLC, the 
accelerator structures, which will be mounted on remote movers, 
need to be aligned to the beam trajectory by minimizing these 
measured dipole mode signals with high resolution. Further
more, because the frequencies of the dipole modes vary along 
the length of the structure, one can determine what portion of 
the structure is misaligned. This technique was tested during the 
recent wakefield measurements [24]. The analysis of the reso
lution was complicated by a very large kink in the structure due 
to an unfortunate construction error. Regardless, the measure
ments reproduced the measured alignment, including the kink. 
Further analysisis required but the initial results look extremely 
promising. 
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NLC Test Accelerator [26] References 

The NLC Test Accelerator (NLCTA) [25] is designed to both test 
all of the rf components required for the NLC and to verify the 
beam loading compensation technique that is needed to control 
the energy spread along the NLC bunch train. It consists of a 
70 MeV X-band injector, a magnetic chicane, and six 1.8 m X-
band ( 11.4 GHz) accelerator structures that are designed to sup
press the long-range transverse wakefields. The X-band injector 
and the six main accelerator structures will be powered with four 
50 MW X-band klystrons, whose peak power is compressed with 
SLED-II pulse compressors, producing a 50 MV/m acceleration 
gradient. 

At this time, the entire NLCTA beamline, except for the six 
accelerator structures, has been installed and is under vacuum. 
Beam from the gun has been accelerated to 60 MeV in the injec
tor and transported to the final dump. Commissioning will begin 
this fall as the additional klystrons and accelerator structures are 
installed [26]. 

Conclusions 

Although the 1996 SLC/SLD physics run did not deliver the lu
minosity expected, the SLD detector commissioned a new ver
tex chamber, the VXD3, and the run yielded a lot of useful accel
erator physics. Many performance limitations were understood, 
giving important information for both SLC and future linear col
liders. This includes experiments on beam-based feedback, col
limator wakefields, a determination of the 'anomalous'jitter, and 
the laser wire. 

Recently, a design study for the NLC was completed and doc
umented in the 'Zeroth-Order Design Report for the Next Lin
ear Collider.' This is a complete systems study with engineer
ing support in crucial areas to verify feasibility. This design in
corporates many of the hard lessons from the SLC and was both 
reviewed by an external committee in March of 1996 and pre
sented to the 1996 DPF/DPB Snowmass meeting. At this time, 
a larger engineering effort is being started to estimate a cost and 
schedule. 

In addition, the NLC R&D program has yielded very impres
sive results including the PPM klystron which exceeded the effi
ciency requirements and performed almost exactly as predicted, 
the DDS accelerator structure which also performed very close 
to expectations, and the extensive ground motion studies, which 
show that the highly correlated nature of the ground motion sig
nificantly reduces its impact and would cause minimal luminos
ity loss. Finally, the NLCTA, which is a model of the NLC linac 
and will verify the entire NLC rf system, is being commissioned. 

Although this paper has concentrated on the SLC results and 
the NLC design, it must be emphasized that this is a really excit
ing time for all the future linear collider designs. Many of the test 
facilities, that have been designed to demonstrate the required 
technology for the different designs, are or will be commissioned 
soon. As these tests are completed, the next big challenge will 
be to complete fully engineered cost estimates for designs with 
the required reliability and operating margin to ensure successful 
operation. 
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Abstract 

Due to the progress of accelerator technology in recent 
years it is now possible to consider the construction of a Free 
Electron Laser (FEL) that provides coherent radiation at 
wavelengths very far below the visible. In this paper, various 
projects are mentioned which are under way to establish the 
Self-Amplified Spontaneous Emission (SASE) principle at 
very short photon wavelengths as well as multiple harmonic 
generation. The basic principles are briefly explained and the 
expected performance is discussed. 

With respect to linac technology, the key prerequisite for 
such single-pass, high-gain FELs is a high intensity, 
diffraction limited, electron beam to be generated and 
accelerated without degradation. Key components are RF 
guns with photocathodes, bunch compressors, and related 
diagnostics. 

Once proven in the micrometer to nanometer regime, the 
SASE FEL scheme is considered applicable down to 
Angstrom wavelengths. It is pointed out that this latter option 
is particularly of interest in context with the construction of a 
linear collider, which requires very similar beam parameters. 

Introduction 

In a Free Electron Laser (FEL), an electron beam radiates 
photons at much higher power and better coherence than it 
does due to spontaneous synchrotron radiation. The main idea 
is that electrons moving in a transverse magnetic field of 
alternating polarity (undulator) may amplify an existing 
electromagnetic radiation field (see e.g. [1]). The reason is 
that for properly chosen phase and wavelength the scalar 
product of the electron's velocity vector and the electric field 
vector does not vanish on average, resulting in an average 
energy transfer between the electron beam and the radiation 
field. As a consequence of this interaction, depending on the 
relative phase, some electrons get accelerated and others 
decelerated This results in a longitudinal density modulation 
of the electron beam at the optical wavelength during the 
passage through the undulator. This, in turn, causes 
increased, stimulated emission at the resonant wavelength 
(high gain mode). The radiation power increases 
exponentially until, mainly because the electrons run out of 
resonance due to their energy loss, a saturation effect sets in. 
Compared to state-of-the-art synchrotron radiation sources, 
one expects better coherence, larger average brilliance, and 
in particular, up to eight or more orders of magnitude larger 
peak brilliance at a pulse lengths of about 200 fs FWHM (see 
Fig. 3). 

Meanwhile many FELs are under operation worldwide, 
several of them serving as user facilities (for an overview see 

Ref. [2]). Most of them are operated in the so-called oscillator 
mode, i.e. the radiation field is accumulated inside an optical 
cavity formed by two mirrors placed at the entrance and at the 
exit of the undulator. The major energy transfer from the 
electron beam to the radiation field takes place only after 
several electron bunches have passed the optical cavity thus 
generating an intense radiation field. Such operation principle 
only needs quite short undulator magnets and moderate 
values of electron beam parameters like emittance and peak 
current. 

It is an essential advantage of the FEL principle that 
there is no fundamental limit in the choice of the photon 
wavelength. The photon wavelength \ h of the first harmonic 
is related to the period length of a planar undulator K by 

-ph 1 + 
K' (1) 

where y = E/mc is the relativistic factor of the electrons and 
K = e B A /27imc the 'undulator parameter', e being the 
elementary charge, m the electron rest mass, c the speed of 
light, and Bu the peak field in the undulator. It is seen that 
very short photon wavelength can be achieved if only the 
electron energy (i.e. y) is chosen sufficiently high. However, 
in going to shorter and shorter wavelengths, several technical 
problems arise: 
• For wavelengths below some 200 nm there are no good 

mirrors. This is the main reason why the shortest 
wavelength ever attained is 240 nm [3], The solution is to 
operate the FEL in the amplifier mode, using an external 
input signal. To this end however, a high power coherent 
input source (called seed laser) is necessary. Also, to 
achieve saturation within an undulator of reasonable 
length, very good electron beam quality is required. The 
gain length LG (i.e. the photon power e-folding length) in 
the high-gain amplifier mode is given by [4] 

L - 4 ^ ( 2 ) 

with the FEL parameter p (in this case for a helical 
undulator) 

4y 

^ p ^ u 
V 3 

2ro 
(3) 

Qp is the plasma frequency: 

n. 
2cr e I 

(4) 
\yeoTJ 

re being the classical electron radius, ar the rms electron 
beam radius and I the peak current inside the electron 
bunch. Besides these formulae there are others that also 
take into account 3D effects like electron beam emittance, 
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photon diffraction[5] as well as quantum fluctuations[6], 
and there are various computer simulation codes. All of 
these indicate that, in the VUV, electron beam diameters 
of some 10"4 m and peak current above 500 A are needed 
to achieve a gain length below 1 m and saturation within 
20 m undulator length. 
Another complication arises if, in the wavelength regime 
envisaged, there is no seed laser. For this case is has been 
proposed to use the spontaneous radiation in the first part 
of the undulator as an 'input' signal [4,7]. This principle 
is called 'Self-Amplified Spontaneous Emission (SASE)'. 
It has been demonstrated successfully in the mm wave 
regime[8], and it is at present the subject of several proof 
of principle experiments at much shorter wavelengths (see 
below). The reason why SASE is specially attractive is 
that it does not rely on any atomic system's properties any 
more (thus allowing arbitrary tuning), and that it is the 
main candidate for getting into the subnanometer 
wavelength regime. For a diagram see Figure 1. 

electron 
beam Ë- 'WWVNJWVY 

<1 
Undulator beam 

dump 

j p . ^ / radiation ^ 
l u » l power ) 

distance 

Fig. 1. Schematic drawing of an FEL operating in the „Self 
Amplified Spontaneous Emission = SASE" mode. 
The peak current in the electron bunch is very high 
and the undulator is long enough, so that power 
saturation is reached during a single passage starting 
from noise. 

• For the high gain mode to work, a very demanding upper 
limit for the electron beam emittance has to be observed, 

X 
8 < _ H i L ( 5 ) 

see e.g. [9]: 

47t 
Fortunately it helps that the electron beam emittance 

decreases during acceleration - the Liouville Theorem for 
accelerated beams requires the normalized emittance 
e " = e \ y - 1 to stay constant. Thus acceleration to the 

high y, that is needed in order to satisfy the resonance 
condition (1) for short wavelengths, automatically 
decreases the emittance. Also, if diffraction effects are not 
very critical, condition (5) can be relaxed [5,6]. 
Nevertheless there remains a tighter and tighter tolerance 
on the normalized emittance of the electron source if one 
wants to attain shorter and shorter photon wavelengths. 

Accelerator Technology 

The way to provide the required electron beam quality at 
the entrance of the undulator is determined both by physical 
limitations and technical possibilities. By extrapolating the 
present state-of-the-art beam parameters by a few factors of 
two, one can expect beam parameters as given in Table 1. At 
beam energy below some 200 MeV only more relaxed beam 
parameters can be realized due to space charge forces. With 
these values, a SASE FEL operating well below 100 
nanometers could be realized. Schematically, such a machine 
is illustrated in Fig.2. Its essential components are: 

• a low emittance photoinjector 
• electron beam chicanes for longitudinal bunch 

compression 
• accelerating structures with minimum wakefield effects 
• a long undulator with very small field errors, 

preferentially with periodic focusing superimposed 

photon 

beam 

Parameter 
beam energy 
rms energy spread o /y 
s n (normalized emittance) 
rms bunch length CTS 

peak electron current 

Units 
MeV 
lO"3 

7i mrad mm 
mm 
A 

Value 
>200 
1.0 
2.0 
0.1 
2000 

Table 1 : Typical electron beam parameters envisaged for 
VUVFELs. 

rf gun 
a ^ mm 
s 

140 MeV 
0.25 mm 

380 MeV 
28 eV 

photon beam 

Fig. 2. Schematic layout of the first phase of the SASE FEL 
project based on the TESLA Test Facility at 
DESY[31]. The bunch length is reduced from 2 mm to 
0.25 mm within two steps of bunch compression. The 
over-all length is some 100 meters. 

Electron source 

The very small normalized emittance required by the 
transverse coherence condition (5) came within reach due to 
two major achievements: The development of the rf photo-
injector gun [10] and the concept of space charge 
compensation! 11]. 

In an rf gun, electrons are photo-emitted from a cathode 
which is placed in the split plane of an rf cavity and 
illuminated by a laser beam. Hence the electrons experience a 
high electric field from the very beginning (typically about 
40 MV/m in an L-band gun ) and are rapidly accelerated, 
thus reducing space charge forces as quickly as possible. 
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Since electrons start with nearly zero velocity, some phase 
slippage occurs with respect to the rf wave. The start phase <f>0 
is chosen so that the electrons travel near the crest of the 
wave at the exit of the cavity. The start phase is an important 
parameter to trade off transverse versus longitudinal 
emittance. With a fine adjustment of the phase either the 
minimum transverse emittance or the minimum longitudinal 
emittance can be optimized. 

In spite of the very quick acceleration, there is still 
considerable emittance growth due to space charge forces. By 
applying solenoid focusing, a bunch rotation in phase space 
can be performed, such that there is mutual compensation of 
space charge effects before and after this focusing [II]. 
Geometry and focusing strength must be chosen such that this 
compensation is optimum just when further acceleration sets 
in (ultimately eliminating emittance growth as space charge 
effects scale with 1/y2). 

Longitudinal Bunch Compression 

As mentioned before, a very high instantaneous beam 
current is needed in the undulator to reach photon power 
saturation within a reasonable undulator length. A typical 
number is 1250 A, corresponding to 100 urn rms bunch 
length for a 1 nC bunch charge. This value is not attainable 
directly from the electron gun, because space charge forces 
would blow up both the transverse beam size and the 
momentum spread. Thus, the use of magnetic bunch 
compression is foreseen, in order to reduce the rms bunch 
length from an initial value of about 2 mm. In principle one 
could consider performing the bunch compression in one step 
at an energy level, where space charge is not critical any 
more (> 200 MeV or so). However, the cosine-like time 
dependence of the accelerating field would then impose an 
intolerable nonlinear correlated energy distribution along the 
bunch. The proposed solution is to perform compression in 
steps. 

It is worth noting that multi-nC bunch compression 
below 100 um is an objective of the Accelerator Test Facility 
under construction at KEK, Japan [12] because it is an 
essential component of future linear colliders. It should also 
be noted that emittance conservation during bunch 
compression is a critical issue because of coherent radiation 
effects in the compressor[13,14]. 

Accelerator 

The different linac concepts differ mainly with respect to 
the choice of rf frequency. Roughly speaking, larger rf 
frequencies (up to 30 GHz) offer a higher accelerating 
gradient, i.e. a shorter overall tunnel length, at the price of 
reduced power efficiency and worse beam energy 
distribution[27]. In contrast, low frequency linacs (down to 
1.3 GHz for the superconducting TESLA linac) promise very 
good beam quality, because each electron bunch extracts only 
a small fraction of the large energy that is stored in the big 
cavity volume (small 'wakefield' effects)[31]. 

For a short wavelength FEL the highest priority is 
electron beam quality and large average beam current, while 
high accelerating gradient might be of secondary importance. 
Thus there is a clear preference for low frequency linacs. 
With respect to longitudinal wakefields of 200 fs long 
bunches, this preference is based on generally accepted 
scaling rules, because no experimental experience is yet 
available. Work is in progress to improve the understanding 
of these effects. 

Undulator 

The undulator is the most prominent FEL specific 
component. It has two functions: 
1. It has to provide the sinusoidal field so that the FEL 

process can take place. 
2. In order to keep the beam size small over the whole 

undulator length, an alternating field gradient caused by a 
superimposed quadrupole lattice has to be provided. 

The main challenges are the total length of 10 m or more, the 
additional quadrupole focusing to be supplied and tight 
tolerances which need to be observed in order to guarantee 
permanent overlap of the electron beam and the photon beam. 

Projects under way 

Worldwide, several single pass FELs are either proposed 
or under construction to study lasing at shorter and shorter 
wavelengths. Table 2 gives an overview. 

When 
1996 
1996 

1997 

1998 

1999 

2000 

2000 

>2000 

Where 
UCLA 
Los Alamos 
Ntl. Lab. 
BNL 

DESY TTF 
FEL Phase 1 
Spring-8 (if 
funded) 
DESY TTF 
FEL Phase 2 

SLAC LCLS 
(if funded) 
Linear Colli
ders (if funded) 

Wavelength 

10 -20 um 
16 um 

>0.9 urn 

50-100nm 

20 nm 

6nm 

0.1 - 5 nm 

0.1 - 6 nm 

Objectives 
start-up, growth rate [24] 
start-up, growth rate [29] 

start-up, growth, 
saturation, tapering, short 
bunch, superradiance, 
harmon. generation [22] 
start-up, gain length, 
saturation [30] 
start-up, gain length, 
saturation? [23] 
start-up, gain length, 
saturation, superradiance, 
harmonics....USERS [30] 
dto., USERS [25,26] 

dto., USERS [28] 

Table 2: Overview of linac based FEL projects relevant to 
pave the way towards short wavelengths. 

FEL Process 

Various computer codes have been used to investigate the 
start-up from noise, and the lethargy, exponential and 
saturation regimes, respectively, e.g. NUTMEG [15], 
GINGER[16], FS2R[17], TDA[18,19], FELEX[20]. There is 
no essential disagreement between results of all these codes 
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written by different groups and based on different approaches. 
A critical issue for a SASE FEL is to take into account the 
time dependence of the input noise and the slippage effects in 
the theory and in the simulations. A full 3D simulation of 
these processes has not been done yet. 

A peculiar characteristic of the SASE FEL is the strong 
spiking both in the temporal and spectral domain of the 
emitted radiation[21]. It is a consequence of longitudinal 
subsections inside each electron bunch radiating at 
statistically independent phases if the start-up is from noise 
instead of being „seeded" by an external radiation field of 
high longitudinal coherence (i.e. by a „seed laser"). As a 
consequence, one expects large fluctuations of the 
instantaneous radiation power distribution inside each 
radiation pulse, changing from pulse to pulse, while the 
radiated power averaged over each pulse can be quite stable. 

1 0 |—i i 11 uni—i i i I I I I I |—i i i mii|—i i i I IMI|—i i 1111M 

101 102 103 104 105 10 

Energy [eV] 

Fig. 3. Spectral peak brilliance of X-ray FELs compared with 
third generation radiation sources and plasma lasers. 
For comparison, the spontaneous spectrum of an X-
ray FEL undulator at 20 GeV is also shown. 

After saturation the SASE FEL behavior is determined by 
the nonlinear regime of the spikes. The total linewidth (half 
width half maximum) has been estimated using GINGER to 
be of the order of the FEL parameter p as expected from the 
ID time dependent model. As an illustration, Figure 3 shows 
predicted peak brilliance values for various radiation sources. 
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It is seen that they exceed values of state-of-the-art radiation 
sources by several orders of magnitude. The average 
brilliance is also increased (however by a smaller factor), 
especially if a superconducting, high average current linac is 
used, see Table 3. 

As an alternative to the SASE concept, schemes 
generating harmonic content of the longitudinal electron 
density modulation at higher (up to say the 40th) harmonics 
of a conventional laser have been considered (multiple stage 
harmonic generation). An FEL using this principle is under 
construction at BNL [22]. Because start-up is not from noise, 
improved stability and longitudinal coherence are expected, at 
the price of more hardware complexity and limited tunability. 
Experimental experience on both SASE and harmonic 
generation is needed to find out which scheme is the most 
promising one towards ultra-short wavelengths. 

Parameter 
beam energy 
Iph (radiation wavelength) 
A.u(vmdulator period) 
effective undulator length 
rms beam size 
s11 (normalized emittance) in the 
undulator 
peak electron current 
number of electrons per bunch 
number of photons per bunch 

rms energy spread Oy/y 
rms bunch length o^ 
Lg (power gain length) 
Psat (saturated power) 
average brilliance 
[photons/s/mm2/mr/0. l%] 
bunch train length 
number of bunches per train 
repetition rate 

Units 
GeV 
run 
mm 
m 
mm 
7t mradmm 

A 

lO"3 

jj.m 

m 
GW 

usee 

Hz 

Value 
1.000 
6.4 (193 eV) 
27.3 

25 
0.05 
2.0 

2490 
6.24E+9 
4E+13 
1.00 

50. 
1.00 
3 
upto6E+21 

800 
up to 7200 
10 

Table 3: Main parameters of the TESLA Test Facility 
FEL (TTF FEL)[30]. The insertion device is 
assumed to be a planar hybrid undulator. These 
values should be used as a guideline only since 
experimental experience has still to be gained 
in this wavelength regime. 

Perspectives for Hard X-ray FELs 

It is a most attractive feature of the SASE principle that 
there is apparently no wavelength limit, so that the idea came 
up to construct a SASE FEL operating in the Angstrom 
regime, i.e. on the natural scale of atomic physics and 
chemistry. This requires a very high quality electron beam in 
the energy range of 10 - 30 GeV. Since quantum fluctuation 
effects, which govern the electron beam size in a storage ring, 
are absent in a linac to a great extent, such high quality 
beams can only be provided by a linear accelerator. A first 
proposal of this kind came up at SLAC[25,26], More recently 
it has been proposed to combine the construction of a future 



linear collider with installation of a multi-user X-ray FEL 
facility[28]. A linear collider is a pair of linear accelerators 
(each some 15 km long) directed against each other to collide 
electron and positron beams at 500 GeV center of mass 
energy, see e.g. [27]. 

The key point is that a linear collider also needs 
accelerator components capable of maintaining excellent 
beam quality during acceleration, but it cannot run, mainly 
for power consumption reasons, at high duty cycle. Therefore, 
the electron pulse structure consists of trains of electron 
bunches, repeated at the linac repetition rate frep, which is of 
the order of 10 Hz. It is proposed to run in an interleaved 
pulse mode, where rf pulses for high energy physics and those 
for X-ray physics alternate. For an X-ray FEL, only some 
20% of the total collider length needs to be powered during 
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Fig. 4. Sketch of a Coherent X-ray source based on the TESLA linear collider installation. The beam can be extracted at any 
energy between 2 and 250 GeV and is transferred to the X-ray lab located close to the interaction points (LP). 
Many extraction lines could be considered in parallel, so that various beam energies are available in the X-ray lab 
quasi-simultaneously. The X-ray FEL electron beam is provided by an rf gun followed by a sequence of bunch 
compressors, while the high energy pulse is served by a damping ring. 
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PB INJECTOR AT CERN 

H. D. Haseroth, for the Lead Ion Accelerating Facility Collaboration 
CERN 

1211 Geneva 23, Switzerland 

ABSTRACT 

For the CERN Lead Ion Accelerating Facility (achieved 
within a collaboration of several outside laboratories and with 
financial help of some member states) a new dedicated Linac 
has been built. This Linac has been installed in 1994 and 
served during two extended physics runs. 

This paper reviews the main characteristics of this 
machine and describes the first operational experience. 
Emphasis is put on new features of this accelerator, its 
associated equipment and on the peculiarities of heavy ions. 

INTRODUCTION 

The Pb injector Linac is part of the Lead Ion 
Accelerating Facility at CERN [1] which has been described 
at different conferences [2,3]. This project has not been a 
CERN project but a joint project with several outside 
laboratories and helped also by outside financial 
contributions. 

The work reported here is the result of a collaboration 
between different laboratories, namely GANIL (Caen, 
France), Legnaro (INFN, Italy), GSI (Darmstadt, Germany), 
Torino (University, Italy) and CERN (Geneva, Switzerland), 
supported by financial contributions from Sweden and 
Switzerland, and helped with software and some hardware 
from India (VECC, Calcutta, TIFR and BARC, Bombay), a 
debuncher from IAP (Frankfurt, Germany) and manpower for 
installation from Prague (Czech Academy of Sciences). 

The Pb injector Linac ("Linac 3") started operation in 
June 1994 and first results have been presented at the last 
Linac Conference [4], where also some papers on details of 
the machine were submitted [5,6,7,8]. 

DESIGN AND INSTALLATION OF THE LINAC 

The design of this machine was decided to a large extent by 
the characteristics of the existing CERN machines and their 
auxiliary equipment and of course also by our collaborators, 
their experience and possibilities. Fig. 1 shows the layout of 
the whole facility. Several considerations determined the 
choice of the machine parameters. From the future 
experiments there was the request for a certain minimum 
intensity to be made available (5xl07 ions per SPS 
supercycle) and the other important boundary was the cost 
factor. CERN had no major funds available for up-grading its 
machines to heavy ions and the future ion experiments were 
struggling with their own financial problems but several of 
the institutes involved were willing to contribute in kind. The 
choice for the machine parameters had to be made by taking 

stripper 

4 pulses 

Fig. 1 : Layout of the CERN Heavy Ion Accelerating Facility 

into account these conditions. It was evident that a new Linac 
would be needed and to minimise its cost a source with a high 
charge state had to be selected. Given the good performance 
of ECR (electron cyclotron resonance) sources, the positive 
experience in using them at CERN and their availability from 
a collaborating lab (GANIL), the choice for the future linac 
was quite clear. A filter line to select the desired charge state 
and a RFQ for further acceleration were obvious choices 
(experience at INFN Legnaro). The linac itself has been an 
open question for some time and was finally determined by 
the positive results at GSI with their high charge state injector 
using an interdigital H structure ("IH"). Its compact design 
and - for its length - modest RF power requirements and the 
possibility to profit from GSI's and its subcontractors 
experience made it an attractive choice for Linac 3. An 
important parameter was of course the final energy of the 
linac. It has been determined by careful consideration of: 

• the maximum magnetic rigidity allowed in the 
(complicated and expensive to up-grade) injection 
line to the Booster 

• the charge state achievable when stripping after the 
Linac 

• the losses when stripping at lower energies 
• the losses due to charge exchange reactions in the 

PSB and PS as a function of energy and charge state 
• the energy at the top of the accelerating cycle in PSB 

and PS to make transfer to the next machine not too 
complicated 
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Fig.2 Layout of Linac3 with filter line 

The final choice made here was 4.2 MeV/u at the output 
of the Linac and stripping at this energy to Pb53+. 

The ion source 
The first element of the Linac is the ECR source 

delivering in a pulsed mode (the so called "afterglow") a 
current of 120 nA of 208Pb27+. The source is operating at 10 
Hz, the frequency chosen for future operation for the LHC 
(CERN's Large Hadron Collider) and compatible with all the 
new machine components. It maybe recalled that the original 
specification for this source was 30 nA and during its 
construction phase the afterglow mode was applied pushing 
its performance to above 80 |iA. Careful tuning and some 
modifications resulted in the present intensity. 

The Low Energy Beam Transport 
To transport the beam from the ion source into the RFQ, 

a special line has been designed, which does not only match 
the beam into the RFQ. It acts also as a high resolution 
spectrometer (0.3 %), that eliminates the unwanted charge 
states and even the unwanted isotopes, if needed. 

The RFQ and the Medium Energy Beam Transport 
The RFQ is of the four rod type and has symmetric 

supports for the vanes. It accelerates the beam from 2.5 keV/u 
to 250 keV/u with a very good transmission. With one 
buncher cavity and two quadrupole doublets matching is 
achieved into the first IH tank. 

The IH Linac 
Three cavities accelerate the beam to 1.8, 3.1 and 

4.2 MeV/u respectively. The first tank operates like the RFQ 
at 101.3 MHz, tanks 2 and 3 at 202.56 MHz. Transverse 
focusing is provided by quadrupole triplets, two in tank 1, one 
between tanks 1 and 2, and one between tanks 2 and 3. 

Stripper and Filter Line 
Another magnetic quadrupole triplet is employed after 

tank3 to focus the beam onto the carbon stripper foil to 
minimise the transverse emittance blow-up. An arrangement 
of four bending magnets is used with a slit in the middle to 
analyse the beam and to select the required charge state 
(normally Pb53+). The first bending magnet is stronger, such 
as to allow spectrometer measurements even for the (un-
stripped) Pb27+ beam. 

Instrumentation 
Instrumentation on Linac 3 is vital, not only because 

several different labs were involved in the construction, which 
meant that beam quality checks were important at the hand
over points, but also due to the additional complications when 
working with heavy ions. Beam current measurements are 
achieved by transformers and faraday cups. Profile 
measurements are done with secondary emission grids and 
the longitudinal beam characteristics are monitored with 
capacitive phase probes (some with four sectors to allow for 
position measurements) and a so called BLVD (Bunch 
Length and Velocity Detector) [9]. Apart from the existing 
emittance measuring lines a special multislit/scintillator 
screen device has also been set up [10]. 

Installation 
Installation of the source had been achieved already at 

the end of 1992. In July 1993 the LEBT was used to measure 
the source characteristics. By then most of the filter line had 
been installed too. Tanks 2 and 3 arrived in December 1993, 
tank 1 in February 1994 and the RFQ in April 1994. 

SETTING-UP AND OPERATIONAL PERFORMANCE 

The somewhat hectic installation period in 1994 was 
followed by a very fast running in. This was necessary 
because it was clear that the subsequent machines, not used to 
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partially stripped heavy ions, would require a fairly extended 
period for setting-up. 

Conditioning of the RF cavities caused no major 
problems. Some days were in general sufficient to overcome 
problems. The buncher behj-d the RFQ, however, suffered 
from operating ion pumps and even from the very low 
intensity beam passing through the RFQ when it was not yet 
powered. This beam coming from the source before the 
maximum of the after glow pulse was finally suppressed to 
have reliable operation of the buncher. In spite of the fast 
running in careful measurements were done using the 
sophisticated equipment available for beam diagnosis. 
Provisional installation to measure the beam out of the RFQ 
and out of tank 1 were made to check the performance of the 
subsystems before injecting into the next unit. The BLVD in 
particular proved its value. 

No major problems were encountered. Vacuum 
conditions throughout the linac were completely adequate. 
Some weak points on some RF amplifiers (failing HT 
components and insufficient cooling) have been corrected. 

PRESENT PERFORMANCE AND IMPROVEMENTS 

Work continued on different improvements concerning 
the ion source, triplet and tank alignment and also the field 
distribution in the tanks. Some problems with the mechanics 
of the stripper were also tackled. 

Table 1 shows the original, the design and the present 
performance of Linac 3. 

provide for the intensities and emittances needed for the 
LHC [13]. 

First electron cooling tests were performed in LEAR with 
Pb53+ ions in December 1994. Considerably better lifetimes of 
the beam were achieved using PbM+ ions [13]. The current 
after the stripper at the Linac exit for Pb54+ can be made equal 
to the normal Pb53+ current by optimising the stripper foil. 

Another possibility, depending on ion source 
development [14], is a high current, short pulse, source (EBIS 
or Laser source) that could provide the necessary intensity 
and keep the required low emittance by mono turn injection 
into the PSB. Work in this field is going on in some labs, e.g. 
BNL (EBIS) and CERN (laser source, in collaboration with 
ITEP and TRINITI, [15]). 

MACHINE EXPERIMENTS 

Tests with Higher RF Power 
Some interesting experiments were performed in 

collaboration with GSI. The IH structure shows very good 
voltage holding capabilities in spite of the small radius of 
curvature on the drift tubes. Tests were made on tank 2 with 
considerably higher RF powers than nominal. The normal 
operating level requires 346 kW. Test made in 1995 with 
550 kW showed excellent behaviour. In 1996 an increased 
power level of 800 kW was successfully applied. The 
conditioning of the tank took about 18 hours with a repetition 
rate of slightly below 1 Hz and 200 us pulse length. The 
radiation values during conditioning are presented in Fig. 3. 
The radiation is measured 90 cm from the tank axis. 

design 

1994 

present 

Source 

current 

[HA] 

80 

80 

120 

Linac 

output 

cunent 

[HA] 

65 

60 

90 

Horizontal 

emittance 

(norm.) 

[jimmmrad] 

.81 

1.2 

.85 

Vertical 

emittance 

(norm.) 

[Jtmmmrad] 

.80 

1.1 

.80 

energy 

spread 

[keV/u] 

2.1 

2.5 

2.2 

Table 1 : Linac beam characteristics (Emittances are 4x the 
rms values, the energy spread is given after debunching) 

Although it is true that the original specifications for the 
minimum intensity have been exceeded by a factor of eight, 
future physics experiments will probably require higher 
intensities (e.g. the search for strangelets). In any case the 
LHC (Large Hadron Collider) where lead ions will be 
accelerated to a few TeV/u will require higher intensities to 
achieve a reasonable luminosity. 

Apart from intensity improvements on the source, which 
will reflect proportionally on the final intensities, and 
improvements in the transmission of the circular accelerators, 
several scenarios have been studied for the LHC [12]. Present 
planning calls for a faster (10 Hz) repetition rate of the linac 
and injection into LEAR (Low Energy Antiproton Ring). 
Accumulation of about ten pulses and electron cooling would 

400 450 500 550 600 650 700 750 800 

RF power (KW) 

Fig. 3. Radiation levels near tank 2 
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The two points around 620 kW are taken at different 
times. Basically this figure shows the radiation increase as 
RF conditioning proceeds. These values are not to be taken as 
the values under normal operation. 

The design and actually achieved fields in tank 2 are 
shown in table 2. It must be stressed that these values have 
been realised with a very short conditioning time and are 
certainly not yet the maximum levels that can be obtained. 
These levels were determined by the maximum RF power 
available with the present configuration. 

Table 2: Accelerating fields in tank 2 for the design 
conditions and scaled to 800 kW 

We plan to have RF power available for further tests with up 
to 2 MW to reach (perhaps) the breakdown limit of the tank. 

"Energy Ramping" During the Pulse 
Multiturn injection into LEAR, to accumulate, cool and 

store ions for the LHC, maybe helped by an energy variation 
during the beam pulse. Requirements for this scheme are: a 
relative momentum variation of ± 0.4 % during a Linac pulse 
of 20 to 60 u.s whilst keeping the beam momentum dispersion 
within 0.02 % at 1 a. Several machine experiments ("MDs") 
were made to test the feasibility of this scheme. 

Dynamic ramping with the debuncher phase alone did 
not give the required results. Additional ramping with the 
tank 3 amplitude (Fig. 4) yielded the necessary variations for 
the energy together with the required energy dispersion. 
Fig. 5 shows the energy dispersion in the beginning, the 
middle and the end of the ramp (superimposed pictures). The 
variation is ± 40 keV/u and the dispersion is about 10 keV/u. 

Ramping with parameters of a machine, which is built to 
supply constant energy, means of course deviating from the 
optimum settings and results in a reduced stability and a more 
delicate operation. The best solution appears to be a dedicated 
energy corrector cavity: 
• it allows for energy variation with a minimum alteration 

of other beam/machine parameters, since it can be placed 
close to the tank 3 output where the beam is very short. 
This would permit the Linac to be run with its optimum 
settings without spoiling its performance. 

• stripping can then be performed at constant energy, 
hence constant distribution of the resulting charge states. 
Another important application of special and dedicated 

hardware for the energy ramping for LEAR is to keep the 
injection energy into the Booster constant in spite of changes 
of or on the stripper foil. Stripper foils usually show some 
variations in thickness and replacing one foil produces 
inherently a change in the energy of the stripped beam. 

Fig. 4: Debuncher phase (lower), tank 3 amplitude (upper trace) 

Effective accelerating field 
Average field in gaps with 
highest gradient 

Design Fields 
[MV/m] 

6.4 
15.8 

Scaled to 
800 kW 
[MV/m] 
9.3 
24.0 

Fig. 5: Energy spectra during the ramping 

These changes are quite difficult to cope with on the Booster 
machine which requires a lengthy resetting of the injection 
and especially of the RF parameters. As the necessary stripper 
foil changes cannot always be predicted and preventive 
maintenance is hence excluded it is usually tried to trim the 
Linac energy to another value to compensate for the different 
stripper foil. It is clear, however, that this means - as a Linac 
is a fixed energy machine - deviating from the optimum 
settings. For this reason it is highly desirable to have a special 
energy corrector cavity after the Linac which allows energy 
corrections without touching the optimised parameters of the 
Linac itself. Another problem that could be eased by a 
dedicated cavity, is ageing of the stripper foil, which can 
result both in energy variations and in changes of the energy 
dispersion. 

Tests with Pb2s+ 

Although 208pb25+ had been foreseen as "nominal ion" 
right from the beginning, all the initial running including the 
physics runs of 1994 and 1995 had been done with Pb27+. The 
high intensity the source was able to provide, and the lower 
RF power needed for the Linac cavities, made this a good 
choice. However if the source can give the same (electric) 
current of Pb25+ there is already a gain of some 8% in terms of 
number of ions. It must be remembered in this context, that 
the Linac accelerates to 4.2 MeV/u (by adjusting the field 
levels correspondingly) independent of the charge state of the 
ion. The output of the stripper in terms of Pb53+ is again 
independent of the charge state of the incoming ion and 
depends solely on its energy. Hence converting the same 
current of Pb25+ will result in 8% higher current after the 
stripper. Preliminary tests are under way to explore this 
possibility and have quickly produced an increase of the 
current by some 11%. The overall gain in terms of number of 
ions is hence about 20%. There is some hope that this mode 
of operation can be used for the physics run later this year and 
that further optimisation of the source can give even higher 
intensities. 
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Stripper foil ageing 
The carbon stripper foils show a very good lifetime of 

several months. Some ageing effects have been observed that 
are of importance for the Booster synchrotron. Fig. 6 shows 
the energy spectrum (after the debuncher) with a stripper foil 
of a few months (note the Pb54+ on the right), fig.7 shows the 
same spectrum under identical machine conditions but with a 

Fig. 7: Energy spectrum with new foil 

new foil. With the old foil one can clearly see a low energy 
tail in the spectrum. Some curling of the foil maybe the 
reason. This effect reduces considerably the trapping 
efficiency of the Booster. Fortunately it is easy, if the effect is 
noticed, to put in a new foil. 

CONCLUSION AND ACKNOWLEDGMENTS 
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It is a pleasure to acknowledge here the enormous help 
given to this project by our friends from the collaborating 
institutions, in particular from GANIL, Legnaro, GSI and 
Torino, but also from LAP, CAT and Prague and of course 
also - last but not least - the financial contribution by Sweden 
and Switzerland. Thanks are of course also due to the CERN 
people in the different groups of the PS division, and likewise 
from the previous AT, MT, ST and TIS divisions. 

Special thanks go to several of my colleagues in the PS for 
supplying material for this paper especially to C. E. Hill, 
A. Lombardi, E. Tanke and R. Scrivens. 

REFERENCES 

[1] N. Angert, M. P. Bourgarel, E. Brouzet, R. Cappi, D. Dekkers, 
J. Evans, G. Gelato, H. Haseroth, C. E. Hill, G. Hutter, J. Knott, H. 
Kugler, A. Lombardi, H. Lustig, E. Malwitz, F. Nitsch, G. Parisi, A. 
Pisent, U. Raich, U. Ratzinger, L. Riccati, A. Schempp, K. Schindl, 

H. Schonauer, P. Têtu, H. H. Umstâtter, M. van Rooij, D. Warner 
(editor), M. Weiss, CERN Heavy Ion Facility Design Report, CERN 
93-01. 
[2] H. Haseroth, "The CERN Heavy Ion Facility", Proc. of the 
Fourth European Particle Ace. Conf., EPAC94, London. 
[3] H. Haseroth, "The CERN Heavy Ion Accelerating Facility", 
Proc. of the 1995 Particle Accelerator Conf., Dallas, 1995 
[4] D. J. Warner, for the Linac 3 Running In Team, "The Heavy Ion 
Linac for the CERN Lead Ion Facility", Proc. of the 1994 
International Linac Conf., Tsukuba. 
[5] A. Lombardi, A. Pisent, M. Weiss, K. Langbein, Alessandra 
Lombardi, E Tanke, H.Umstàtter, " Measured Performances of the 
LEBT of the Heavy Ion Linac of the CERN Lead Ion Facility", Proc. 
of the 1994 International Linac Conf., Tsukuba. 
[6] A. Bezzon, A. Lombardi, A. Pisent, M. Weiss, P. Bourquin, 
Alessandra Lombardi, G. Parisi, M. Vretenar, "Construction and 
Commissioning Experience with the RFQ of the Heavy Ion Linac of 
the CERN Lead Ion Facility", Proc. of the 1994 International Linac 
Conf., Tsukuba. 
[7] A. Facco, A. Lombardi, A. Pisent, M. Weiss, Alessandra 
Lombardi, W. Pirkl, M. Vretenar, "The Matching Line between the 
RFQ and the IH of the Heavy Ion Linac of the CERN Lead Ion 
Facility", Proc. of the 1994 International Linac Conf., Tsukuba. 
[8] N. Angert, W. Bleuel, H. Gaiser, G. Hutter, E. Malwitz, R. 
Popescu, M. Rau, U. Ratzinger, Y. Bylinski, H. Haseroth, H. 
Kugler, R. Scrivens, E. Tanke, D. Warner, "The M Linac of the 
CERN Lead Injector", Proc. of the 1994 International Linac Conf., 
Tsukuba. 
[9] YU.V. Bylinsky, AV. Feschenko, AV. Liiou, Men'shov, P.N. 
Ostroumov, H. Kugler, D.J. Williams, "Bunch Length and Velocity 
Detector and its Application in the CERN Heavy Ion Linac", 
EPAC94. 
[10] M. Crescenti, U. Raich, "A Single Pulse Beam Emittance 
Measurement for the CERN Heavy Ion Linac", Proc. of the Second 
European Workshop on Beam Diagnostics and Instrumentation for 
Particle Accelerators, DESY 1995. 
[12] D. Brandt, E. Brouzet, R. Cappi, J. Gareyte, R. Garoby, H. 
Haseroth, P. Lefèvre, S. Maury, D. Môhl, F. Pedersen, K. Schindl, 
T.R. Sherwood, L. Thorndal, D. Warner, "High Intensity Options for 
the CERN Heavy Ion Programme", Proc. of the 2nd European 
Particle Ace. Conf., Nice 1990, vol. 1, p.49. 
[13] J. Bosser, J. Broere, C. Carli, M. Chanel, C. Hill, R. Ley, A. 
Lombardi.R. Maccaferri, S. Maury, G. Molinari, D. Môhl, H. 
Mulder, E. Tanke, G.Tranquille, "Lear Machine Studies to Test Ion 
Accumulation for the LHC. Summary March-April 1996", CERN, 
PS/AR/Note 96-09 (MD), 18 June 1996 
[14] H. Haseroth, C. E. Hill, "Multicharged Ion Sources for Pulsed 
Accelerators'" Rev. Sci. Instrum. 67 (3), March 1996, p. 945 
[15] H. Haseroth, H. Kugler, K. Langbein, A. Lombardi. W. Pirkl, 
R. Scrivens, T. Sherwood, A. Ster, A Tambini, E. Tanke, S.A. 
Kondrashev, V. Roudskoy, B. Yu. Sharkov, A. Shumshurov, L. 
Laska, K., Rohlena, J. Wolowski, E. Woryna, K.N. Makarov, V.C. 
Roerich, Yu. A. Satov, A. E. Stepanov, "Laser Ion Source 
Development for Heavy Ions", this conference. 

287 



The New GSI Prestripper Linac for High Current Heavy Ion Beams 
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Abstract 

The original UNILAC injector uses PENNING type ion 
sources and charge states up to 10" for uranium beams. The 
beam intensities for very heavy ion species out of that 
injector are too low by almost a factor 300 to fill the Heavy 
Ion Synchrotron SIS up to its space charge limit. At present 
only ion sources like CHORDIS ( 1* and X charged ions) or 
MEVVA, which generates charge states up to 4* above mass 
180 can provide the requested beam intensities during a pulse 
duration of 100 us. 

The IH-DTL with its high acceleration efficiency offers the 
possibility to replace the 34 MV prestripper linac by a new 
91 MV linac while keeping the positions of the pre-injectors 
and of the gas stripper untouched. The actual prestripper 
frequency of 27 MHz will be replaced by 36 MHz, being one 
third of the poststripper linac frequency. 

The beam dynamics of 'Combined Zero Degree 
Synchronous Particle Sections' is applied on the two IH 
cavities.They generate averaged effective voltage gains of 
4.3 MV/m. 

The paper describes the new linac, especially focusing on 
the rf structures and on the beam dynamics along the IH-
DTL. 

Introduction 

The rebuilt of the 1.4 MeV/u UNILAC prestripper linac is part 
of a program to extend the UNILAC capabilities [1]. Besides the 
traditional 25 % duty factor low intensity operation short high 
intensity beam pulses have to be delivered to the synchrotron SIS 
which is in operation since 1990. It can be filled up to its space 
charge limit only for ion masses below 40 at present [2]. One 
reason is the drastic reduction of very-heavy ion beam intensities 
down to around 2% by stripping processes at 1.4 MeV/u and at 
11 MeV/u used for standard SIS injection. 

20Ne beams from CHORDIS and PENNING ion sources are 
used in a machine development program to define and to 
improve critical components along the ALVAREZ poststripper 
section of UNILAC and along the SIS transfer channel. Before 
commissioning of the new linac which is scheduled for the end 
of '98 an electron cooler will be installed in SIS to enlarge the 
efficiency of the complete system at injection (multiple multiturn 
injection) and to improve the beam quality at fast extraction from 
SIS (cooling at intermediate beam energy during the acceleration 
cycle)[3]. 

This paper explains the main 1.4 MeV/u linac parameters and 
compares them to the synchrotron needs. Beam dynamics 

calculations along the new linac and a description of key 
components will be given. 

Basic Requirements and Parameter Choice 

At present the space between the dc preinjectors and the 
1.4 MeV/u gas stripper along the beam axis is 43 m. A 
double drift buncher and 4 Widerôe tanks accelerate 238TJ10* 

ions up to the design energy. The success of generating high 
intensity 23STJ10* beam pulses out of the PENNING source was 
limited. On the other hand new ion sources of the CHORDIS 
and MEVVA type [4,5,6] were developed during the last 15 
years. They provide the needed particle intensities including 
the beam losses at the 1.4 MeV/u gas stripper and at the 11.4 
MeV/u carbon foil stripper, but at significantly lower charge 
states - up to 4* above mass 180 only. That means to upgrade 
the 1.4 MeV/u linac voltage from 33 MV to 91 MV for the 
new design mass to charge ratio of 65. Extension of the 
accelerator length would cause considerable additional 
expenses for infrastructure and rebuilding steps. By use of an 
interdigital H-type structure it is possible to provide the 
needed voltage gain within the original space. 

Fig. 1 shows the design particle current of the new 
1.4 MeV/u linac as defined in front of the gas stripper. The 
space charge limit of the synchrotron is expected to range 
from 4 • 10" ions for C6* down to 4 • 1010 ions for the heaviest 
particles like U73* at the standard injection energy into SIS at 
11.4MeV/u[2]. 

Linac Design Particle Current at 1.4 MeV/u 

Most Abundant Charge State selected 
from 11.4MeV/u Carbon Stripper into SIS 

Charge State from 
/^^-^^ Ion Source 

mass number 

Fig. 1. Comparison of the High Current Injector design 
particle current at 1.4 MeV/u in front of the gas 
stripper with the estimated intensity needs to fill the 
SIS up to the space charge limit at the standard 
injection energy of 11.4 MeV/u (shaded area). 
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Fig. 2. Major components of the 91 MV High Current LINAC (SL = Super Lens). 

Table 1 : List of parameters for the 36 MHz Injector Linac with the design current of 16.5 emA at A/q = 65. 

Cavity 
Total length/m 
Inner diameter/m 
Energy range/keV/u 
Max. volt, between 
electrodes / kV 
Aperture diam. / mm 
RF power losses / kW 
RF power into beam /kW 
Norm, exit rms emittances 
x,y/mm miad, z/keV ns/u 

RFQ 
9.35 

0.762 
2.2-120 

137 
11-7.6 

290 
130 

.05, .05, .139 

Super Lens 
0.8 

0.86 
120 

212 
13.6 
75 
-
• 

.07, .065, .25 

IHl 
9.1 

1.829 
120-743 

1150 
28-42 
1040 
670 

.093, .106, .39 

IH2 
10.3 

2.034 
743-1400 

1300 
46 

1050 
705 

.11, .116, .446 

Taking into account the particle losses by stripping as well 
as an expected growth of the normalized transversal 
emittances by a factor of 4 along the whole linac and 
transport lines the estimated SIS current needs out of the new 
1.4 MeV/u linac are as shown in Fig. 1 by the shaded area. 25 
turns are injected into the effective horizontal SIS acceptance 
of 150 % mm mrad, the corresponding filling time is 100 us. 
A frequency of 36.136 MHz was chosen for the new linac, 
which is one third of the ALVAREZ frequency. This choice 
allows a good acceleration efficiency along the 1.4 MeV/u 
section and meets the beam specifications. At the same time 
the cavity diameters of the IH-DTL are up to 2.03 m which 
allows a convenient installation in the UNILAC tunnel. 
Production and in house copper plating are well established 
for cavities of that size. 

Beam dynamics reasons and rf amplifier economy require 
the RFQ to be designed as one cavity while the IH-DTL 
consists of two cavities (Fig. 2). These cavities provide 
maximum voltage gains of 7.7 MV (RFQ), 40.5 MV (IHl), 
and 42.7 MV (IH2) respectively. Their main parameters are 
listed in Table 1. 

Besides the high current-mode (10 Hz/100 (is pulse train) 
the new front end linac additionally has to allow operation at 
rf duty cycles up to 30 % for A/q < 26 to continue the 
original UNILAC operation mode with a 50 Hz/5 ms pulse 
train out of PENNING ion sources. In that case time 
averaged heat losses up to 20 kW in the RFQ and up to 50 
kW in each IH-DTL cavity have to be removed by cooling 
water. 

As UNILAC was originally designed for low beam 
intensities, some modifications along the whole system will 
be necessary. The redesign of both stripper areas including 
the subsequent charge separation is done at present [7,8]. 

Injection System 

The beam will be generated at one of the two preinjector 
terminals. While the existing two 320 kV terminals and the 
adjacent beam lines for the 11.4 keV/u beams are identical, 
in future at least one beam line will be optimized for high 
current beams from MEVVA and CHORDIS ion sources [9]. 
Typically ion source beam fractions above 40 % are 
contained in the selected charge state out of these ion 
sources. They supplement each other in producing the 
required beam intensities within normalized emittances of 0.2 
K mm-mrad for a large number of elements across the whole 
mass range. Unbunched high intensity ion beam transport 
shows space charge compensation within a few 10 us. 
However a stable beam transport including ion source 
intensity fluctuations will benefit from a layout which allows 
for some space charge decompensation along the injection 
beam line. 

It is desirable to keep the charge and mass separation up to 
lead isotopes as included in the actual system furtheron for 
both beam lines. The low injection energy of 2.2 keV/u needs 
a careful optimization of the PENNING ion source and of the 
beam transport into the RFQ. Two test stands are under 
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construction to improve the operation with that type of ion 
source. 

Radiofrequency Quadrupole IH-RFQ 

Several designs for low frequency RFQ cavities were 
developed and partly operated with beam during the last two 
decades [10,11,12]. After carefully comparing the 
achievements with the requirements of the High Current 
Injector it was decided to develop a new structure - the IH-
RFQ [13,14]. A simplified cross-section and a comparison 
with the 4 Vane RFQ are shown by Fig. 3. The design 
principle is explained by Fig. 4, which shows the first and 
second out of 10 modules of the 36 MHz IH-RFQ. Main 
advantages of this structure if compared to other low 
frequency designs are: 
- Homogeneous distribution of if power losses on the cavity 

surface allows for efficient water cooling 
- High shunt impedance 
- Short distance between electrode supports possible 
- Small tank size 
The beam dynamics design and the particle simulations were 
done at the IAP, Frankfurt University [15]. Table 1 gives the 
main beam and cavity parameters. 

0 4 Vane -\ ("• 0IH 

First Module 

4 Vane - RFQ 
H 2io • mode 
f > 100 MHz 

0.H ( f 

IH - RFQ 
H110 - mode 
f < 100 MHz 

~ O . 4 5 x 0 4 V a n e ( f ) 

Fig. 3. Simplified cross-sections of the 4 Vane-RFQ and of 
the IH-RFQ with corresponding field orientations. 

Beam Matching into the Drift Tube Linac 

A specific matching problem from the RFQ into the DTL 
for high A/q beams with high intensity arises from the fact, 
that the lenses and rebuncher cavities need more space or/and 
cause large beam envelope oscillations to get the needed 
focussing strengths while space charge action is controlled 
more easily by a focussing tool which acts in both transversal 
planes and longitudinally at the same time. A very compact 
matcher design study was described in ref. [16]. A six cell 
RFQ was integrated at the entrance of the IH-DTL cavity to 
provide both transversal and longitudinal focussing. The now 
improved matcher design consists of a short quadrupole 

Girder 
Undercut 

36 MHz IH - RFQ 
Fig. 4. First two modules of the IH-RFQ and enlarged illu

stration of the electrode structure with carrier rings. 

doublet immediately behind the main RFQ, a 100 mm long 
diagnostic box and a l l cell adapter-RFQ 'Super Lens' which 
is an independent cavity [17]. Its parameters are given in 
Table 1. 

Drift Tube Linac IH-DTL 

The total voltage gain of 83.2 MV is distributed on two 
cavities. This results in convenient rf power levels below 
2 MW for each cavity which can be provided by tetrode 
driven final amplifier stages. Moreover the cavity lengths 
around 10 m at 36 MHz are short enough to get a sufficient 
frequency separation between the H,„- and the Hm-mode 
[18]. 

The IH-DTL uses the beam dynamics principle of 
'Combined Zero Degree Sections' as operated at the GSI 
High Charge State Injector and at the CERN Lead Injector 
successfully [19]. Tank IHl contains 4 sections while tank 
IH2 contains 2 sections only (Fig. 5). These sections are 
transversally beam matched to each other by magnetic 
quadrupole triplets. 

The 1.6 m long coupling section between IHl and IH2 
consists of two magnetic xy-steerer pairs, a 100 mm long 
diagnostic box which contains a 4 segmented pick up probe 
and a current transformer, and a magnetic quadrupole triplet 
with 1.15 m length. 

290 



To get aperture diameters of 36 mm for the first and second 
quadrupole triplet in IH tank 1 and 48 mm for all of the other 
lenses down to the 1.4 MeV/u gas stripper, a cobalt steel 
alloy is used for the fabrication of lthe laminated quadrupoles 
which guarantees high permeability up to a magnetic flux 
density of 2.3 T. 

Cavity Design 

The principle is shown in fig. 5. Compared to previous IH 
cavity designs the novel design elements are summarized in 
the following: 
- The tank consists of cylindrical modules. The modular 

concept is preferable at tank diameters around 2 m and 
tank lengths around 10 m. 

- The drift tube structure is oriented in the vertical plane to 
minimize the influence of gravity and to ease the 
assembly. 

- The drift tubes which house the quadrupole triplets are if 
structure integrated. Their lengths in units of (3A. are 
N+0.5, N ranging from 3 to 5. This concept becomes 
feasible for a large diameter ratio between tank and lens 
housing. 

0 degree 0 degree 

plunger 

girder 
undercuts 

quadrupole triplet 

36 MHz IH tank 2 

Fig. 5. IH-tank 2 consists of 4 modules. It is housing two 
combined zero degree drift tube sections coupled 
transversally by a magnetic quadrupole triplet. 

The last mentioned modification was not trivial. To get rid 
of over voltage at the gaps in front and behind of these large 
drift tubes the detailed studies performed with the MAFIA-
code and on a 1:5.88 scaled model were important [18]. The 
axially extended drift tube stem and the deep cut into the 
girder opposed to the large drift tube resulted from these 
studies (fig. 5). The tank diameters and the cavity end 
geometries were also determined by the MAFIA calculations. 
For tank IH2 these numbers were verified meanwhile with 
high consistency by rf model measurements. Moreover the 
gap to period ratio along that cavity was optimized to get 

agreement with the voltage distribution as used in the 
LORASR beam dynamics calculations. 

It was also shown that two capacitive plungers per cavity 
are sufficient to get a frequency tuning range Af/f of up to 
± 5 10"3 

£ n ( 9 0 % ) = 0 - 5 1 2 

£n,rms =0.110 
/mm mrad 

• o 
co 

Sj*Jg»|Pr 

-20 -10 
Phasespread /deg 

Fig. 6. Exit particle distribution immediately behind of IH 
tank 2 at the design current of 16.5 emA and A/q = 
65. The 90 % emittance values correspond to the 
plotted ellipses ; Nlol= 1768 particles. 
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without disturbing the gap voltage distribution. Their axial 
distance from the corresponding cavity end wall is around 
1.2 m. 

Beam Dynamics 

The main beam parameters and design values of key 
components are listed in Table 1. They are derived from 
calculations with a unbunched 2000 particle waterbag 
distribution injected into the RFQ at 2.2 keV/u and 
transformed along the RFQ with the PARMTEQ-code [15] 
and successively along the matching section and the IH-DTL 
by the LORASR code. Fig. 6 shows the emittance plots at 
1.4 MeV/u, immediately behind of IH tank 2 at the design 
current of 16.5 emA and A/q = 65. The averaged beam 
power in the 100 us pulse corresponds to 1.5 MW, the beam 
power in the micro pulse with a 90 % rf phase width of 15 
deg is as high as 35 MW. Particle losses of around 10 % are 
located in the RFQ while normalized r.m.s. emittance blow 
up of a factor 2.2 transversally and of a factor 3.2 
longitudinally occurs mainly in the matcher and along the 
first and second zero degree sections of the IH-DTL. 
Especially at the design current level the particle density out 
of the RFQ becomes very much peaked in the centre of the 
longitudinal emittance plane. This is reflected by the fact 
that along the matcher and IH-DTL the 20% norm, 
emittance area is increased by a factor 3.7, while the 90% 
emittance area is increased by a factor 2.6 only. 
Nevertheless the resulting emittance areas at the exit of the 
new injector linac are close to the minimum permissible 
range of values to get an acceptable beam transport along 
the stripper sections and through the 4 ALVAREZ tanks. 
The space charge effects are still rather strong for the given 
beam parameters along the UNILAC and the transfer line 
into SIS. The destruction potential of heavy ion beams is 
described in ref. [20]. Great care has to be taken in the 
development of adequate protection systems, beam 
diagnostics and machine operation strategies. 

Radio Frequency Engineering 

The new frequency 36 MHz is generated by a oscillator 
which is phase locked to the 108 MHz reference signal of the 
ALVAREZ. The 36 MHz power splitter has to feed 7 
amplifier chains. Four of them have a 200 kW end stage 
(Super Lens, two rebuncher cavities at 1.4MeV/u and one 
debuncher cavity at 11.4 MeV/u) while three chains have an 
additional 2 MW final stage to feed the RFQ and two IH-
DTL cavities. 

The 200 kW stages have grounded cathode circuits while 
the 2 MW stages are based on grounded-grid circuits. The 
operating point during each rf pulse can be redefined to 
optimize the transmitter efficiency and stability for a wide 
range of if power levels and beam intensities. 

Time Schedule 

The RFQ tanks are under construction and delivery to GSI 
will be in Dec '96. The IH tanks will be delivered in July '97. 
The new 91 MV linac will be installed during the second half 
of 1998. 
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Abstract 

A 432-MHz, 3-MeV radio-frequency quadrupole (RFQ) 
linac was developed for the Japanese Hadron Project (JHP). 
This four vane-type RFQ was stabilized against the dipole-
mode mixing with newly devised 7t-mode stabilizing loops 
(PISLs). In order to inject a low-emittance H~ beam into the 
RFQ, a newly designed pre-injector composed with a volume 
production H" ion source (VPIS) and a low-energy beam 
transport (LEBT) has been developed. A H~ beam of 16 m A 
with a 90% normalized emittance of 0.4In: mm-mrad was 
produced by the VPIS operated without cesium and injected 
within the design acceptance of the RFQ. The RFQ accelerated 
13.2 mA of the beam with a transmission efficiency of 82.5%. 

Introduction 

A radio-frequency quadrupole (RFQ) linac was developed for 
the Japanese Hadron Project (JHP) [1]. The design values of its 
resonant frequency, duty factor, peak beam current, injection 
and final energies were determined from a beam-optics 
consideration of the entire system to be 432 MHz, 3% 
(600 us x 50 Hz), 20 mA, 50 keV and 3 MeV, respectively 

[2]. 
Since the final energy is rather higher than common RFQs, 

the optimization of the beam dynamics design is important to 
minimize the cavity length, which relates with not only the 
acceleration efficiency but also the field errors and stability. 
Therefore, we developed a new design procedure in order to 
optimize the design of intermediate- or high-beam current 
RFQs, which is programmed in the computer code package 
KEKRFQ [4], By using KEKRFQ, we succeeded in designing 
the RFQ with a relatively short length of 2.7 m for such a 
high-energy RFQ. For the stable operation with a high-duty 
factor of 3%, newly devised 7t-mode stabilizing loops (PISLs) 
were installed into this four-vane type RFQ in order to 
stabilize the field against the dipole-mode mixing due to the 
thermal deformation [5,6]. PISL has the following two 
advantages compared with vane coupling ring (VCR ) [7], 
which is the similar field stabilizer as PISL and has been used 
frequently so far; (1) much easier water-cooling and (2) more 
uniform longitudinal electric field distribution [8,9]. By 
installing several pairs of PISLs to the RFQ, we obtained a 
uniform field distribution within ±0.75% both azimuthally and 
longitudinally [10]. Also for the stable operation with a 
negligible probability of the intervane discharge, the 
maximum surface electric-field was kept smaller than 
1.8 times of Kilpatric limit. In order to keep this restriction 

without reducing the acceleration efficiency, the pole-tip of 
each vane was cut by a rotating concave cutter into the cross-
section with a curvature of 75% of the average bore radius 
[11]. This machining method is called as two-dimensional 
cutting (2DC). Since the machine setting in 2DC is easier 
than in three-dimensional cutting (3DC), we succeeded in 
constructing the RFQ with a small intervane distance errors of 
±20 |J.m [12]. In order to correct the energy gain of each cell to 
the value produced in the ideal vane shape, each cell was 
machined with a slightly larger modulation factor according to 
Ref. [11]. 

In the preliminary beam test of the RFQ using a multi-
cusp proton ion source and an Einzel lens, we experienced the 
difficulty to operate the high-voltage electrostatic lens stably 
with a high-duty factor. Therefore, we studied various low 
energy beam transports (LEBTs) using several types of 
magnetic lenses by simulating the beam optics with a 
computer code BEAMPATH [13,14], By these studies, it was 
revealed that an appropriately designed solenoid magnet had the 
smallest lens aberration. Consequently, we succeeded in 
designing the LEBT without any practical emittance growth 
due to the lens aberration by using two short and strong 
solenoid magnets. We also studied how to align the permanent 
magnets around the arc chamber of a volume production H" ion 
source (VPIS) by calculating three-dimensional magnetic field 
distribution, in order to increase the plasma confinement 
efficiency. We constructed thus designed pre-injector composed 
with the VPIS and the LEBT in order to inject a low-emittance 
H" beam within the design acceptance of the RFQ. 

In this paper, we represent the results of the beam test of 
the pre-injector and the RFQ. The detailed results of the beam 
test in the LEBT including the space-charge neutralization 
effects and the comparison of the measured results with the 
simulation are described in Ref. [15]. 

Experimental Setup 

At first, the experimental setup is described in drawings. 
A schematic drawing of the VPIS and the LEBT viewing 

from the upper position is shown in Fig. 1. In the VPIS, we 
use three types of permanent magnets; (1) the permanent 
magnet for plasma confinement (PM), (2) the permanent 
magnet for magnetic filter (PMMF) and (3) the permanent 
magnet for electron suppression (PMES) installed inside of the 
extraction electrode (EE). Six pairs of PMs, one pair of 
PMMFs and one pair of PMESs are aligned symmetrically 
with the vertical plane including the beam axis. Each PM or 
PMMF is a semicircle around the beam axis. Each PMES is a 
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Vb:bias voltage, PM:permanent magnet 
Ve:extraction voltage, PMMF:PM for magnetic filter 
Va:acceleration voltage, PMES:PM for electron suppression 
AC:arc chamber, EVF:extraction voltage feedthrough 
PE:plasina electrode, FL : LaB6 filament 
EE:extraction electrode, STMrsteering electromagnet 
GE:ground electrode, SM:solenoid electromagnet 
EMSLL.-movable slit for emittance measurement 
EMFCL:movable Faraday-cup with slit for emittance measurement 
GV:gate valve, MFC:movable Faraday cup 
TMP:1500or5001/s turbo molecular pump, CHM:vacuum chamber 

Fig. 1 A schematic drawing of the VPIS and the LEBT viewing 
from the upper position. 

rod with a length of 40 mm aligned parallel to the symmetric 
plane. The sizes of the cross sections of PM, PMMF and 
PMES (width x height) are 8 mm x 16 mm, 10 mm x 
20 mm and 5 mm x 3 mm, respectively. Since PMESs bend 
the electrons extracted from AC and hit almost all of them to 
EE, PMESs are made of Sm-Co material with a high Curie 
temperature in order to avoid their demagnetization due to the 
heat transferred from the electrons. On the other hand, PMs and 
PMMFs are made of Nd-Fe-B material. Each PM, PMMF or 
PMES is magnetized normal or anti-normal to the surface of 
the arc chamber. The paired two PMs, PMMFs or PMESs has 
different magnetization direction. The neighboring two PM or 
PMMF has also different magnetization direction. However, 
the neighboring PMMF and PMES has same magnetization 
direction. The arc chamber (AC) with a inner diameter of 
150 mm and a inner length of 150 mm is made of copper. The 
plasma electrode (PE) with a tapered hole of a diameter from 7 
to 9 mm is made of Mo plate with a thickness of 2 mm. AC 
and PE are electrically isolated by separating with a ceramics 
plate. The bias voltage (Vh) is fed between AC and PE. We 
use a Lal$6 filament (FL; DENKA beta plus C-9a) with a 
diameter of 15 mm and a length of 32 mm. Arc pulse voltage 
is fed between FL and AC. A tapered hole of a diameter from 6 
to 10 mm is bored on EE made of a copper plate with a 
10 mm thickness. The extraction voltage is fed between PE 
and EE. The gap between PE and EE is 3 mm. The ground 
electrode (GE) with a hole of a diameter of 12 mm is made of 
stainless plate with a thickness of 5 mm. The acceleration 
voltage is fed between EE and GE. The gap between EE and 
GE is 20 mm. In order to correct the beam angle due to the 
dipole magnetic field produced by PMMF and PMES, the 
steering electromagnet (STM) with a pole length of 10 mm is 
located 21 mm downstream from GE. The vacuum chamber 
just after the VPIS (CHMl) is pumped out with two 1500 1/s 
turbo molecular pumps (1500TMPs). The first solenoid 
electromagnet (SMI) is located 20 mm downstream from 
STM. In a space of 215 mm between SMI and the second 
solenoid electromagnet (SM2), the vacuum chamber for the 
beam monitor (CHM2) and the gate valve (GV) are located. 

QF:focusing quadrupole-magnet, GV:Gate valve 
QD:defocusing quadrupole-magnet, AM:energy analyzing magnet 
EMSLD:movable slit for emittance measurement 
500TMP:5001/s turbo molecurer pump 
EMFCD:movable Faraday-cup with slit for emittance measurement 
FC1: Faraday-Cup for unanalyzed beam 
FC2:Faraday-cup for analyzed beam 

Fig. 2 A schematic drawing viewing from the upper position of 
the diagnostic devices for the beam ejected from the RFQ. 

SMI and SM2 have the same shape with a length of 100 mm, 
a outer diameter of 300 mm and a bore diameter of 50 mm. A 
500 1/s turbo molecular pump (500TMP) pumps out CHM2. 
The movable Faraday-cup (MFC) is used to measure the total 
beam intensity extracted from VPIS. Since MFC is connected 
to the ground through 50-Q resistance, we can measure the 
intensity by measuring the induced voltage on the resistance 
(20 mA/V). By moving the movable slit ( E M S L L H ) and the 
Faraday-cup with slit (EMFCLj-j) horizontally step by step, 
the horizontal emittance is measured. The vertical emittance is 
measured by using EMSLLy and EMFCLy. The steps of x 
(y) and x' (y') were 0.2 mm and 2 mrad, respectively. Each slit 
used in EMSLL or EMFCL is made of molybdenum plates 
with a thickness of 0.05 mm and has a gap of 0.2 mm. The 
distance between the slit of EMSLL and the slit of EMFCL is 
61 mm. A voltage of -1 kV was fed on each bias electrode of 
MFC or EMFCL in order to suppress the secondary electrons 
form each Faraday-cup. The distance between SM2 and the 
vane end at the entrance of the RFQ is 35 mm. 

A schematic drawing of the diagnostic devices for the beam 
ejected from the RFQ (DRFQ) viewing from the upper 
position is shown in Fig. 2. In order to focus the beam, two 
quadrupole-magnets (QF and QD) are used. The distance 
between the vane-end at the exit of the RFQ and the pole of 
QF is 90 mm. The pole lengths of QF and QD are 60 and 
50 mm, respectively. In a space of 118 mm between QF and 
QD, the gate valve (GV) is located. The energy analyzing 
magnet (AM) with a pole length of 90 mm is located 182 mm 
downstream from QD. Tow pairs of the movable slit and the 
movable Faraday-cup with slit ( E M S L D H and EMFCDi-j for 
the horizontal emittance and EMSLDy and EMFCDy for the 
vertical emittance) are used in order to measure the transverse 
emittances. The steps of x (y) and x' (y') were 0.2 mm and 
0.5 mrad, respectively. The distances between AM and 
EMSLD and between EMSLD and the slit of EMFCD are 
93 mm and 205 mm, respectively. Each slit used in EMSLD 
or EMFCD is made of aluminum plates with a thickness of 
0.1 mm and has a gap of 0.2 mm. The total beam intensity is 
measured with Faraday-cup FC1. The beam intensity 
accelerated up to 3 MeV is measured with Faraday-cup FC2, 
when the coil current of AM is 57.5 A (BL = 0.00483 Tm). 
FC1 and FC2 are also connected to the ground through 50-Q 
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resistances as same as MFC. A voltage of -1 kV was fed on 
each bias electrode of FCl , FC2 or EMFCD in order to 
suppress the secondary electrons form each Faraday-cup. 

Results of the Beam Test 

The typical parameters of the operating VPIS, LEBT and 
RFQ are summarized in Table 1. At present, the duty of the 
operation of the VPIS is limited by the performance of the arc 
power supply. The second trace of Fig. 3 shows the VPIS 
beam signal measured with MFC. Since the vertical scale is 
10 mA/Div.. the peak intensity is 16.0 mA. When both of the 
coil currents for STM and SMI was set to 0 A, the intensity 
measured with MFC was 16.5 mA. Therefore, the electron 
current accelerated up to 50 keV was 0.5 mA. The signal of 
the beam accelerated with the RFQ and analyzed with AM were 
measured with FC2 as shown in the top trace of Fig. 3. Since 
13.2 mA of the injected beam of 16.0 mA was accelerated, the 
transmission efficiency was 82.5%. The third and bottom 
traces of Fig. 3 show the arc pulse voltage (125 V/Div.) and 
arc pulse current (50 A/Div.), respectively. The peak arc power 
is calculated to be 170 V x 220 A = 37.4 kW. 

Table 1 
Typical parameters of operating VPIS, LEBT and RFQ 

8.9 V (Filament Current 69 A) 
220 A (Arc Voltage 170 V) 
12.4 V Extraction Voltage 7.0 kV 
43 kV 
8.6 CCM 

VPIS: Filament Voltage 
Arc Current 
Bias Voltage 
Acceleration Voltage 
H-) gas (low 
Arc pulse duty 0.7% (350 us x 20 Hz) 

LEBT: Vacuum pressure of CHMI 1.8 x lO"5 Ton-
Vacuum pressure of CHM2 3.7 x 106 Ton-
Current of STM 3.0 A (120A-T, l67G«cm) 
Current of SMI 325 A (45500A«T) 
Current of SM2 420 A (58800A-T) 

RFQ: RF power 480 kW for design intervane voltage 
RF duty 0.4% (215 us x 20 Hz) 
Vacuum pressure 1.2 x I0"7 Torr (rf on, beam on) 

7.3 x 10" Torr (rf on. beam off) 
1.3 x 10* Torr (rf off, beam on) 
5.3 x 10" Torr (rf off. beam off) 

In Figures 4(a), 4(b), 5(a), 5(b), 6(a) and 6(b), the measured 
particle distributions in the emittance phase planes are shown. 
Instead of the commonly used contour plot, we used a new 
display method of Ueno-Fujimura plot (UF-plt, see Appendix 
A). As described in Appendix A, the detailed structure of the 

distribution can be shown with UF-plt. Figures 4(c), 4(d), 
5(a), 5(b), 6(a) and 6(b) shows the relationships between 
emittance and the beam fraction contained in the emittance. 
Here, the suffixes of (a) and (c) are used for the results of the 
horizontal emittancc measurements and (b) and (d) are used for 
those of the vertical emittance measurements. Figures 4, 5 and 
6 show the results measured at EMSLL position in the LEBT, 
at the entrance of the RFQ and at EMSLD position in the 
DRFQ, respectively. The results shown in Figs. 5 and 6 are 
measured with the parameters shown Table 1. The results 
shown in Fig. 4 was measured by setting both of the currents 
of STM and SMI to 0 A in order to measure the pure 
characteristics of the VPIS beam with out any unexpected 
affects, for example, the interference between STM and SMI 
and so on. Therefore, an electron current of 0.5 mA are 
included in the distributions as described above. As can be seen 
from the figures with suffixes of (c) and (d), the 90% 

normalized emittances at EMSLL position, the RFQ entrance 
and EMSLD position were about 0.66, 0.41 and 0.5571 
mm-mrad, respectively. Because of the contained electrons in 
the distributions measured at EMSLL, the 90% normalized 
emittances seem to have larger values than those at the 
entrance of the RFQ. The 90% normalized emittances grew 
during the acceleration in the RFQ by 34%. Since there is 
almost no filamentation in Fig. 4(a), the small filamentation 
in Fig. 4(b) seem to be caused by the magnetic field generated 
with PMESs. If the electric fields produced by the extraction 
and acceleration voltages caused the filamentation, both of the 
distributions should suffer the same affects. Since the 
filamentations are measured in Figs. 5(b) and 6(b), the 
filamentation seems to be transferred from the horizontal 
emittance to the vertical emittance by the rotation effect of the 
solenoid magnetic field. 

Fig. 3 The photograph of beam signals and arc pulse signals; top 
trace is the beam accelerated with the RFQ (10 mA/Div.), 
second trace is the beam ejected from the VPIS 
(10 mA/Div.), third and bottom traces are the arc voltage 
(125 V/Div.) and current (50 A/Div), respectively. 

We compared the beam profile measured at the entrance of 
the RFQ, which was generated by projecting the distribution 
in Fig. 5(a) onto the real axis (x), with the simulation results 
using the KV-distribution, Gaussian-distribution and Ueno-
Yokoya distribution (UY-dst, see Appendix B) as the initial 
particle distributions at the exit of the VPIS. As described in 
Appendix B, UY-dst has understandable physical meanings; the 
uniform distribution in the real space led from the uniform 
plasma density and the gaussian distributions of x' and y' led 
from the thermal motion of the plasma. As shown in Fig. 7, 
the distribution in the real space simulated with UY-dst 
showed good agreement with the measured beam profile. 

We measured the dependence of the accelerated beam 
intensity on the normalized intervane voltage (Fig. 8). Since 
the beam was increased by only 4% with the 12% higher 
intervane voltage than the design value, the H" beam seemds to 
be lost due to the electron stripping by the collision with the 
following out gas in the RFQ cavity. (If the acceptance of the 
RFQ reduced the transmission, the lager improvement of the 
intensity by the higher intervane voltage was expected.) 
During about 150 (is after the start of the beam ejection from 

295 



50 

, , •0 

e o 

"x 
- 5 0 

J I I , | M , 

^ it 
1 i 1 l 1 l l , 

1 1 ' • ' ' ( H ' " ' 1 ' " ' • 

jM 
• MF 

; HÊF : jéjÊF:,...... 

0T W \ 
-• - i ; 

1 1 i L 

& • • ' - -

-; 
: : 
ï 

.....: 
1 ! 1 I" 

50 

h 

e o 

"t 

TJTTTTJT TJTTTTJT 

- 1 5 - 1 0 
(a) 

•5 0 5 
x (mm) 

10 15 - 1 5 - 1 0 - 5 
(b) y 

0 5 10 15 
(mm) 

1 
c 
3 0 . 8 
i ) 

2 0 . 6 
10 
n 
« 0 . 4 

e o.2 
n) 
S 0 

-
~ —... 

-

, | M M | I , 

; ^-—: ...y'. :.... 

i , | . i , , _ 

: .----; — 
: : 

-i — 

-
. . ! , . , ,-

i 
c 

a o . 8 
o 0 .6 
(o 

iJ 0 .4 

e o.2 

_l 1 "i " ' r 

! , . , , 

! : 

\ -

,, j , , ,,: 

0 
(c) 

0 . 5 1 1 . 5 
e (ranminrad) (d ) 

0 . 5 1 1 . 5 2 
e (Trmmmrad) 

Fig. 4 The measured particle distributions in emittance phase 
planes (a and b) and the relationships between emittance 
and the beam fraction contained in it (c and d) measured at 
EMSLL position by setting both of coil currents of STM 
and SMI to 0 A. 
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Fig. 5 The measured particle distributions in emittance phase 
planes (a and b) and the relationships between emittance 
and the beam fraction contained in it (c and d) measured at 
the RFQ entrance. The RFQ design acceptance is shown by 
ellipses in (a and b). 

the VPIS, there was no rf excitation in the RFQ due to the 
delay of the klystron. The large amount of out gas produced by 
the collision of the H" beam with the cavity wall should be 
localized around the entrance of the RFQ. 

When a beam of 13.2 m A were accelerated with the RFQ, 
the input rf power should be increase by around 40 kW in order 
to keep the design rf level in the RFQ. The estimated beam 
current from the beam loading of I = 40 kW/(3000-50) kV = 
13.6 mA showed good agreement with the beam current of 
13.2 mA deteced with FC2. 

Conclusions 

We succeeded in extracting a H" beam of 16 m A from a 
newly developed volume production H" ion source operated 

Fig. 6 The measured particle distributions in emittance phase 
planes (a and b) and the relationships between emittance 
and the beam fraction contained in it (c and d) measured at 
EMSLD position. 
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without cesium and injecting it within the design acceptance of 
the JHP RFQ by using the LEBT with two short and strong 
solenoid magnets. Although the 90% normalized emittance 
(0.4171 mm-mrad) measured at the entrance of the RFQ was 
about two-fifth of the design acceptance of the RFQ, the 
transmission efficiency of 82.5% is rather smaller than the 
value of 94% simulated with PARMTEQ [16]. Since the 
PARMTEQ installed at KEK simulates the beam optics by 
using the ideal quadrupole electric field and neglecting the 
effects of the image-charges, the possible causes for this 
discrepancy areas follows; (1) the electron stripping by the 
collision with the out gas produced by the lost H" struck on 
the cavity wall, (2) the higher-order components of the electric 
field generated by the shape of the vane-tip machined with two-
dimensional cutting and (3) the effects of the image-charge 
induced on the vane-tip by the beam itself. 

The measured 90% normalized emittance of the beam 
accelerated with the RFQ was 0.5571 mm-mrad. The emittance 
grawth ratio during the acceleration by the RFQ was 34%. 
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Since the JHP RFQ has the excellent field uniformity and 
field stability produced by the field stabilizer PISL, the 
measured trsnsmissition effficiency (82.5%) and the emittance 
growth ratio (34%) will be explained by the simulations, in 
which the vane-tip shape effects and the image charge effects 
are taken into account, and the futher experiment on the 
vacuum presuure effects in the RFQ cavity. The arc pulse 
power suplly will be modified for the operation with a design 
duty factor of 3.5%. The plasma confinement efficiency of the 
arc chamber will be also improved furthermore for a higher 
beam intensity. 
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Appendix A: Ueno-Fujimura plot (UF-plt) 

The measured particle distribution in the emittance phase plane 
has been commonly displayed with contour plot, so far. However, 
the small components of the distribution is easily neglected with 
the contour plot, since the number of the contour lines is limited 
to less than around 20 due to the resolution of the graphics. 
Therefore, we propose a new method of Ueno-Fujimura plot (UF-
plt) in order to display the detailed stractures of the distribution, 
for example the filamentation due to the lens-aberration or the 
non-linear space charge force. When the emittance measurements 

was performed in the range from (x, x') = (-0.4,-4) to (0.4,4) with 
the steps of dx = 0.2 and dx' = 2, an example of the beam intensity 
distribution detected with the emittance monitor can be shown in 
the way of Fig. 9(a). Here, the measured beam intensity at each 
(x,x') is shown by the numerical figure, for example 2000 at (0,0), 
and so on. In this measurement, each intensity represents each 
small rectangle composed with the four points of (x-dx/2, x'-
dx'/2), (x+dx/2, x'-dx72), (x-dx/2, x'+dx72) and (x+dx/2, 
x'+dx72). In UF-plt, the particle distribution is displayed by 
plotting points, whose number is propotional to the measured 
intensity, randomly within each rectangle as shown in Fig. 9(b). 
As can be seen from the figure, it is possible to recognize the 
components with a very small intensity of about three-order 
smaller than the peak intensity. It is also noted that UF-plt is 
directly compared with the results of the simulation using the same 
number of particles. 
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Fig. 9 (a) An example of beam intensity distribution on x-x' 
plane detected with emittance monitor and (b) its UF-plt. 

Appendix B: Ueno-Yokoya distribution (UY-dst) 117] 

As described in the primer text of the accelerator physics, the 
shape of the particle distribution in the emittance phase plane at 
the exit of the ion source is not ellipse, except for all of four 
variables (x, x', y and y') are distributed in Gaussian way. The 
Gaussian ditribution of x' and y' has a reasonable physical 
meaning, since the origin of the distribution of x' and y' is the 
thermal motion of the plasma. However, the Gaussian distribution 
in the real space (concering with x and y) is not understandable, 
since the plasma should be distributed uniformly around the very 
small hole on the plasma electrod. Therefore, we propose a new 
distribution of UY-dst as a most realisticdistribution. UY-dst is 
generated with the following procedure; (1) the generation of the 
random distribution of x and y within a circle of a radius r, (2) the 
generation of the Gaussian distribution of x' and y' by using the 
probability distribution function of expj-(x'^+y'2)/2s^)/ 
sqrt(27t)/s, (3) focus (defocus) with a thin-lens in order to reflect 
the shape of the plasma surface bu using the equations of x' = 
x'g+x/f and y' = y'0+y/f and (4) iterrations from (1) to (3) by 
changing three parameters of r, s and f in order to match a. b and e 
of the rms emittance to the design values or the measured values. 
Tow examples of UY-dst are shown in Fig. 10. It is noted that the 
outward form of each distribution is a lozenge. 
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RF PHOTOINJECTORS* 

J. E. Clendenin 
Stanford Linear Accelerator Center 

Stanford, CA 94309 

Abstract 
RF photoinjectors have been under intensive 

development for the past decade since they promise to be the 
high-brightness electron beam sources required for FELs. 
Progress has been sufficiently good to make optically switched 
RF photoinjectors attractive candidates as injectors for future 
colliders, especially those colliders which plan to use complex 
beam pulse structures. Although present RF photoinjectors 
will not today meet all the requirements of some collider 
designs, their potential capabilities seem greater as well as 
more versatile than conventional injectors. The present status 
and future goals of RF photoinjectors are compared. The 
principal problems remaining for achieving these goals while 
also providing high reliability for linacs during continuous, 
long-term operation are examined. 

Introduction 

The first use of rf photoinjectors was in 1985 at LANL 
by Fraser, Sheffield, and Gray.[l] The initial tests rapidly 
evolved into a working model of an rf gun at LANL for 
application with free electron lasers (FEL),[2] and rf 
photoinjectors are now routinely employed as electron sources 
for a large variety of FEL designs. 

Very early it was realized that photoinjectors were 
potentially the best solution for an electron source for linacs 
that require a complex pulse train, since the optical system that 
drives the cathode is usually more suited to the time frame of 
the pulse structure than a fast puiser driving a grided, 
thermionic cathode. Numerous test linacs with rf 
photoinjectors are now in operation or planned that are 
proving this concept viable. 

Muter 
Orcillator 

RF Drive > Moda-Lodwd 
Lasor 

\u 
1 

^ 

IZT' 
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- Full Calls 

Photocathoda 

Fig. 1. Principal components of an rf photoinjector. 

Finally, since a future electron-positron collider will 
require that the electron beam be polarized, there is hope and 

increasing evidence that this might be doable using an rf 
photoinjector. 

The basic components of an rf photoinjector, illustrated 
in Fig. 1, consist of an if gun with a photocathode, a laser and 
optical system producing die desired pulse structure, an rf 
source, and a timing and synchronization system. 

RF photoinjectors were last reviewed at a Linnac 
Conference by Stovallp] at the 1992 meeting in Ottawa. More 
recent reviews are by Sheffield, [4] 0'Shea,[5] and Travier.[6] 
Reference 6 along with an earlier review,[7] also by Travier, 
provides an excellent summary of present rf photoinjector 
projects. 

In the sections that follow, recent progress of 
photoinjectors for FEL and collider applications will be 
examined. 

Photocathodes 

Until recently the LANL rf guns, which operate at L-
band frequency, used CsK^Sb photocathodes, which provide 
lifetimes under operating conditions of some tens of hours. 
An S-band gun was developed at BNL that uses a metal 
cathode such as Cu or Mg. In the vacuum environment of the 
gun, a metal cathode is very robust, however the high work 
function and low QE associated with metal cathodes 
necessitates a very high-power UV laser. 

Cs2Te cathodes have been developed at CERN for use 
with an S-band gun.[8] These cathodes maintain a QE >1% at 
262 nm for many weeks in the operating gun, [9] but cannot be 
exposed to air. Csl cathodes can be exposed to air, but their 
QE is considerably lower. 

The experimental effort necessary to establish the 
viability of an activated III-V semiconductor in a high-power 
rf gun for producing polarized electrons has only just 
begun. [10,11] 

Unfortunately, the perfect photocathode, whether or not 
suitable for polarized electrons-one with high QE in the 
visible, near infinite livetime, and able to recover readily after 
exposure to air—has so far eluded investigators. 

FEL Applications 

The universal gain parameter, p, for an FEL is a simple 
function of the beam brightness,[12] 

r beam ' 

The appeal of rf photoinjectors for FELs is that a high 
brightness beam can be produced directly from the gun. This 
is a major advantage, especially when the electron accelerator 
itself is small and the whole FEL system may be less costly 
than alternative high-brightness injector systems, such as a 
pulsed, grided, thermionic gun followed by an rf longitudinal 
bunching system and a damping ring for reducing the 
transverse emittance. 

•Work supported by Department of Energy contract DE-AC03-765F00515. 
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The peak normalized rms brightness is given by 

27 
B. = • 

e e 
n,x n,y 

in units of A(m-radians)"2, where / = Q / Upïna ) *s m e P63^ 
current, a z is the rms bunch length, and en>, the normalized 
transverse rms emittance in the s-s' plane, is 

n,s=f3r^)(s'i)-(ss')\ 

where s is either x or y. The mks units for en,s are it m-
radians, where the n attached to the units is used to distinguish 
the numerical results from those associated with the area of an 
ellipse which (in limited cases) bounds the phase-space 
domain representing the particles in the bunch.[13] 

High current densities at the cathode are desirable in 
order to minimize the transverse emittance. Thermionic 
cathodes are limited to something on the order of 10 A/cm 2, 
whereas photocathodes can easily produce peak current 
densities that are much higher: more than 3000 A/cm2 have 
been extracted from Cs2Te cathodes in the CLIC Test Facility 
(CTF) S-band rf gun at CERN illuminated by 262-nm light 
from a quadrupled Nd:YLF laser system.[14] The space-
charge limit is significantly higher. For a bunch length that is 
less than the transit time of the bunch through an rf cavity, the 
space-charge limit may be approximated using Gauss' Law, 
a=e0E. For acceleration 30 degrees off the crest of an rf 

field of 100 MeV/m, o = 44 nC/cm2, which translates to 5500 
A/cm2 for the 8 ps FWHM pulse as used for the CTF 
measurement above. 

The high electric fields produced by rf guns are 
necessary both to extract the high currents and to minimize the 
effects of space charge on emittance growth while the bunch is 
accelerated to relativistic energies where the space-charge 
forces vanish. The lower limit of emittance in a gun can be 
approximated by the thermal normalized emittance, [15] 

£n,lh ~ = Vc 
kT. V* 

m„c 

For a laser driven photocathode, rc is the rms radius of the 
laser spot on the cathode and T e is the effective temperature of 
the photoelectrons.[16,i7] Assuming rc = 0.5 mm and an 
effective temperature of 0.2 eV, the normalized thermal 
emittance for a high-gradient rf gun is about 0.3 n mm-mrad. 
This low an emittance is not realized in practice because of the 
dominance of several mechanisms which compete to increase 
the emittance. The principal mechanisms are space charge and 
rf fields. 

Analytical expressions for space-charge and rf-induced 
emittance growth have been derived by Kim. [18] If the aspect 
ratio A = Cx/Oz of the bunch is <1, then the transverse 
emittance growth due to space charge is given by 

e"'' ï^fÏTCi 

AQ 
ne0caiE0s.\rnpi 

•/i ,(A); i=xory. 

Here EQ is the maximum rf field at the cathode, <J>o is the rf 
phase at extraction, and pi(A) -0(1) for A-»0. The rf-induced 
emittance growth for a bunch of negligible charge is given by 

eE. 

2-Jl\ m„c 
•k2*?^, 

where k=27tA. is the wave number of the rf field. Clearly the 
rf emittance increases with increasing initial acceleration while 
the space-charge emittance decreases. 
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Fig. 2. Measured emittances scaled to 1 nC for a sample of emittance -
compensated (except BNL-1) rf photoinjectors: ELSA,[19] 
Boeing,[20] APEX,[21] AFEL,[22] and BNL-1 [23] The 
vertical range shown for BNL-2 corresponds to the estimate in 
reference 24. 

These equations along with the practical limitations of rf 
cavities, photocathodes, and associated laser systems provide 
the basic tools needed for designing a high brightness rf 
photoinjector system. However, the detailed design for the rf 
gun is usually the product of a computer simulation using 
standard codes such as MASK and PARMELA. Figure 2, 
which follows reference 5, shows the measured emittance for a 
number of optimized rf photoinjectors spanning a large range 
of operating frequencies, v. BNL-1 (2) is an early (later) 
version of the photoinjector for the Accelerator Test Facility 
(ATF) at BNL. The emittances shown for BNL-1 and 2 have 
been scaled to 1 nC using the charge scaling of Rosenzweig 
and Colby. [12] Fig. 2 shows that the beam emittance of gun 
designs optimized for a fixed, relatively modest charge is flat 
or perhaps weakly decreases as frequency increases, consistent 
with the scaling of reference 12. Using the same data as for 
Fig. 2, Bn is calculated to be 0.4, 0.2, 2.3, 6.2, 4.0, and 
2.5x1013 A(mm-mrad)-2 for ELSA, Boeing, APEX, AFEL, 
BNL-1 and 2 respectively--values that generally increase with 
v, again consistent with reference 12. 

The measured emittances shown in Fig. 2 are as much as a 
factor of 10 lower than those predicted by Kim's equations. 
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Fig. 3. Axial cross section of bunch charge where p (Ç) are the radial 
(axial) internal coordinates of the charge distribution. [25] 

The principal reason is that these injectors (excepting BNL-1) 
utilize a scheme introduced in 1989 by Carlsten[26] which 
compensates for a significant portion of the emittance growth 
due to space charge. To understand how this scheme works, 
let us assume an initially uniform distribution of charge as 
shown in Fig. 3, where p and Ç are internal coordinates for the 
radial and axial coordinates respectively of the distribution. 

(a) 

A, B 
/ 

(c) 

1 
B 

Fig. 4. Transverse phase-space plots: (a) initial conditions; (b) after 
drift to lens; (c) immediately after lens; and (d) after an 
additional drift behind lens.[25] 

The axial center at the initial radius p = ro is tagged A while 
the equivalent point at the axial edge is tagged B. Points A 
and B represent transverse slices in the axial charge 
distribution. The space charge forces in the middle of the 
bunch are greater than at the ends, so that after allowing some 
drift, point A has expanded in phase space more than point B 
as illustrated in going from (a) to (b) in Fig. 4, resulting in a 
characteristic fan shape. If at this point, the beam passes 
through a linear lens, the phase space is rotated from the first 
to the fourth quadrant as shown in going from (b) to (c). As 
can be seen, point B is now compressed more than point A, 
reversing the effects of space charge. As the bunch continues 
to drift under the influence of the space-charge forces, the fan 
tends to first close until near the waist the points A and B cross 
in going from negative to positive r', after which the fan again 
spreads. At or near the waist, the slices are once again lined up 
and the emittance goes through a minimum. If this minimum 

emittance occurs as the bunch is accelerated inside a linac, the 
reduced emittance can be frozen since the space-charge forces 
decrease as y^. As a practical matter, a compensating 
solenoid is located near the if gun followed by a drift and a 
linac. Although this emittance compensation technique has 
been employed by a number of photoinjectors for several 
years, the first measurement of the relative rotation of the slice 
phase space distributions for various settings of the 
compensating solenoid were only recently reported by Qui and 
colleagues using the 1-1/2 cell S-band photocathode rf gun of 
the ATF.[27] 

The success of the one and 1-1/2 cell gun developed at 
BNL for the ATF is evident by the frequency with which it 
has been copied—some dozen examples are now in use. S -
band cavities can be operated at a higher accelerating gradient 
than L-band, thus minimizing the axial distance over which 
the space-charge forces are strong. A cross section of an early 
version of the gun is shown in Fig. 5. [28] The cavities are 
designed to operate in jt-mode in the standard TM01 pattern. 

Photocathode • 
S Band 
Wave Guide 

Cathode 
Access v 
Port x 

E 

c 

• ^ 

{ 
Beam 
Exit 

Water 
Passages 

©"WO 8204A3 

Fig. 5. Cross section of early BNL S-band gun. 

The thickness of the disks and the radius of the aperture is 
adjusted to linearize the radial dependence of the transverse 
electric and magnetic fields. RF power is coupled directly to 
both cells. The coupling aperture is adjusted to avoid coupling 
to the zero mode. The early gun featured a removable cathode 
plug that allowed flexibility for cathode studies, but 
breakdown and field emission at the associated rf choke joint 
necessitated operation at lower than optimum fields. The 
experimental results from this gun are labeled BNL-1 in this 
paper. Since a Cu cathode can satisfy the demands of the 
ATF, a new version of the gun designed to reduce the beam 
divergence was built with a full Cu wall, thus eliminating the 
rf choke. [29] The results from this gun are here labeled BNL-
2. 

Proposals for increasingly shorter wavelength linac-based 
FELs such as the VUV PEL at the TESLA Test Facility at 
DESY[30] and the Linac Coherent Light Source (LCLS) at 
SLAC[31] indicate the need for electron sources with higher 
brightness than presently exist. Consequently there is new 
motivation to understand and reduce the remaining effects of 
emittance grown. To this end a new 1.6 cell S-band gun that is 
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designed to minimize emittance growth due to multi-pole 
modes[32] is now being commissioned at the ATF.[33] The 
first cell has been lengthened to increase the rf focusing. The 
rf side-coupling for the first cell, which was designed to 
suppress the zero-mode, has been eliminated in favor of a 
larger cell iris which increases the mode separation. 

Collider Applications 

Present designs for future high-energy colliders mostly 
require complex pulse trains in which the individual pulses are 
either very closely spaced or have high charge or both. [34] 
Although all but one of the present collider designs require a 
transverse emittance that can only be achieved with damping 
rings, it has been recognized that a lower emittance from the 
electron source will ease the damping ring requirements.[35] 
For TESLA, the desired emittance is high enough to allow for 
at least the possibility of using a low-emittance rf 
photoinjector without an electron damping ring. For the 
important two-beam design of the Compact Linear Collider 
(CLIC), [36] the very complex pulse train required for the drive 
linac would be very difficult to produce other than with an rf 
photoinjector. 

RF photoinjectors can produce the extremely high charge 
required in some linac applications. The L-band gun for the 
Argonne Wakefield Accelerator (AWA) drive linac was 
designed to produce 100 nC bunches from a 2-cm diameter 
Mg cathode. Using a picosecond UV laser, as much as 40 
nC/pulse have been extracted in the linear regime. The bunch 
length was measured to be 27 ps FWHM at 30 nC/pulse and 
the corresponding emittance 17 n mm-mrad. Increasing the 
laser energy into the non-linear regime but staying below the 
explosive limit, a maximum of 56 nC/pulse has been 
observed. [37] 

The CTF was constructed at CERN to study the 
generation of 30 GHz rf (required for the CLIC drive beam) 
using an S-band rf photoinjector and linac. The rf gun used in 
1994-95 was similar to the BNL design shown in Fig. 5. To 
generate the desired 30 GHz rf power, the CLIC drive beam is 
required to produce 1 |iC of charge in a total of 48 successive 
S-band buckets. At the gun, a charge of up to 35 (450) nC was 
successfully produced in a single bunch (48 bunch train).[9] 
Although this charge is nearly sufficient at the gun, the 
transmission through the 30 GHz rf structures remains a 
problem. The poor transmission is being addressed by a 
number of recent changes to the CTF including a new 2-1/2 
cell gun [17] with a larger iris aperture. The radial focusing is 
enhanced by a conical backplane around the cathode and by 
slightly elongating the first cell. The second and third cells are 
slightly shortened to reduce the energy dispersion caused by 
space-charge forces. 

The multiple-bunch high charge in the CTF beam results 
in two serious problems. First, because of beam loading, the 
emittance-compensating solenoid progressively over-focuses 
the bunches as a function of distance behind the lead bunch, 
significantly increasing the emittance. Second, beam loading 
causes significant phase slippage as a function of axial 
position in the first cell where the bunches are still non-
relativistic. This latter problem cannot be corrected by normal 
beam-loading compensation techniques after die gun. A novel 

gun design has been proposed that is expected to greatly 
reduce these effects.[38] The new gun will more than triple 
the stored energy in the first cell. This is accomplished by 
designing the first cell to operate in the TM02 pattern, while 
the following two cells operate in the TM01 pattern. In the no 
load condition, the n-mode will dominate as shown in Fig. 
6(a). However, in the presence of me bunch train, the gradient 
in the first cell to drops due to the admixture of the zero-mode 
shown in Fig. 6(b). These two modes add in the first cell and 
subtract in the second as desired to reduce phase slippage. In 
addition, by adjusting the overall gradients in the gun to 
balance the focusing effect of the solenoid, one should be able 
to reduce the emittance of the bunch train to the order of the 
single bunch emittance. A gun of this design is now under 
construction at CERN. 

«-W «2Û445 

Fig. 6. Field patterns for 2-1/2 cell S-band gun designed for TM02 in 
1st cell, TM01 in 2nd and 3rd: (a) it-mode for no load case; 
and (b) secondary-mode when loaded. 

Polarized Electrons 

Future e+/e" colliders will require that one or both of the 
beams delivered to the interaction point be polarized. The 
DC-biased photoinjector at SLAC has been successfully 
delivering polarized electrons for all operations of the SLAC 
3-km linac including the SLC since 1992.[39] The principal 
element is a GaAs photocathode photoexcited at the band gap 
energy. The prospects for generating polarized electrons using 
an rf gun were first discussed in 1993.[40] The principal 
problems are the effect of a semiconductor cathode on the rf 
cell, the viability of an activated GaAs cathode in the vacuum 
of an operating rf gun, the time response of a high-QE 
semiconductor, and the field emission that may result when a 
cathode witJi a negative electron affinity (NEA) surface is 
exposed to high rf fields. The first of these problems was 
recently addressed in a test using the CTF gun. First a 356-pm 
thick GaAs crystal was glued at SLAC to a modified cathode 
plug using indium. After transfer to CERN, the crystal (the 
surface was not activated) was tested in the CTF gun with if 
fields as high as 85 MV/m. The rf operation of the cavity, 
including the field emission, appeared normal. [9,10] 
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There is an international effort now underway to study the 
remaining problems. [41] A 2-1/2 cell gun of the CERN design 
with the TM02 pattern in the first cell is being constructed at 
Nagoya/KEK to be used at the CTF.[42] Special fabrication 
techniques will be employed that should significantly reduce 
dark currenL[43] Since dark current is probably the major 
source of vacuum degradation that will affect an NEA crystal, 
this gun may prove to be an important test platform for the 
generation polarized electrons. Finally, there is rapid progress 
in determining the photoemission response time of GaAs. 
Recent measurements[44] are consistent with a response time 
of <10 ps for a high-polarization (80%) DI-V crystal with a 
100-nm epilayer. 

Conclusion 

Rapid progress is being made to develop higher brightness 
rf photoinjectors in response to the requirements of proposed 
short-wavelength FELs. Likewise, rf photoinjectors have been 
successfully optimized for high charge and/or complex pulse 
profiles for use with colliders and other linac applications. 
The possibility of producing polarized electrons with an rf 
photoinjector is being investigated. 
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Abstract 

In recent years, there has been increasing interest in short 
electron bunches for different applications such as short 
wavelength FELs, linear colliders, and advanced accelerators 
such as laser or plasma wakefield accelerators. One would 
like to meet various requirements such as high peak current, 
low momentum spread, high luminosity, small ratio of 
bunch length to plasma wavelength, and accurate timing. 
Meanwhile, recent development and advances in RF 
photoinjectors and various bunching schemes make it 
possible to generate very short electron bunches. Measuring 
the longitudinal profile and monitoring bunch length are 
critical to understand the bunching process and longitudinal 
beam dynamics, and to commission and operate such short 
bunch machines. In this paper, several commonly used 
measurement techniques for subpicosecond bunches and their 
relative advantages and disadvantages are discussed. As 
examples, bunch length related measurements at Jefferson 
Lab are presented. At Jefferson Lab, bunch lengths as short 
as 84 fs have been systematically measured using a zero-
phasing technique. A highly sensitive Coherent Synchrotron 
Radiation (CSR) detector has been developed to 
noninvasively monitor bunch length for low charge bunches. 
Phase transfer function measurements provide a means of 
correcting RF phase drifts and reproducing RF phases to 
within a couple of tenths of a degree. The measurement 
results are in excellent agreement with simulations. A 
comprehensive bunch length control scheme is presented. 

Introduction 

Interest in short bunches are driven by many applications 
such as short wavelength FELs, linear colliders, advanced 
high frequency accelerator development such as laser or 
plasma wakefield accelerators, and Compton backscattering 
X-ray sources [1-3]. Much progress has been made on 
photoinjectors and different magnetic and RF bunching 
schemes, and with simulation tools to produce very short 
bunches [4-7]. Electron linacs have the advantage of 
producing shorter bunches compared to circular machines. 
Bunch lengths less than 100 fs have been reported for low 
charge bunches [7-8]. Subpicosecond bunches with high 
charge per bunch have also been achieved [6,9]. Recently a 1 
ps bunch was reported for the circular machine at ESRF [10]. 
Bunch length measurement becomes essential to characterize, 
tune, commission, and operate such short bunch accelerators. 

In this paper, several commonly used techniques for 
measuring short bunches are briefly described. Then three 
bunch length related measurements at Jefferson Lab: phase 
transfer function measurement, zero phasing measurement, 
and monitoring CSR, are presented in detail, followed by a 
summary. The bunch length is defined by the rms size of the 
longitudinal distribution and subpicosecond bunches are 
referred to as "short". 

Measurement Techniques 

One conventional technique uses transverse deflecting R F 
cavities or a streak camera to measure short bunches in the 
time domain [11]. This method provides bunch length and 
longitudinal profile information. Using dual sweeping 
options, bunch-to-bunch resolution can be achieved at the 
expense of single bunch resolution. Using a L-band R F 
deflecting cavity, a few tenths of a picosecond resolution has 
been reported by the LANL group [6]. High resolution is 
reported for commercially available streak cameras by the 
vendor specifications [11]. Though the resolution of streak 
cameras is continuously improving, their high cost is still a 
primary concern. Also, due to their operational complexity 
these devices require significant amount of experience and 
special equipment for calibrations. 

Another recently developed method utilizes coherent 
radiation to determine the frequency components of the 
longitudinal profile. Though coherent radiation has long been 
studied theoretically [12-13], it was not until 1989 when 
CSR was first observed experimentally by Nakazato's group 
at Tohoku University with a linac machine [14]. Since then, 
coherent radiation has been extensively studied at Tohoku 
University and Osaka University for various radiation 
mechanisms [15]. Meanwhile, Coherent Transition Radiation 
(CTR) was first measured by the Cornell group in 1991 [16]. 

In general, the total radiation power is the summation of 
the power from each individual electron with a phase factor, 
and is given in Eq. (1). 

.2 JE -

P(A)=P,, 
N i-

P lnc(A)-(/V + /V(/v-l)-F(A)) , ( l ) 

where Pinc. is the radiation power from an individual 
electron, N is the number electrons per bunch, and A is the 
wavelength of the radiation. F is a bunch form factor given 
by 

2 m; 

(2) F(X) = lS(z)e dz 

where S(z) is the normalized longitudinal density 
distribution and the integral is over a single bunch. The first 
term on the right side of Eq (1) is the incoherent power 
proportional to the number of electrons and the second term 
is the coherent power proportional to the square of the 
number of electrons. The form factor is nearly zero in regions 
where the radiation wavelength is much shorter than the 
bunch length and becomes close to one when the wavelength 
is much longer than the bunch length. In between is a 
transition region. This is illustrated in Fig. 1, where the 
CSR power spectrum is plotted for bunches with a Gaussian 
distribution. The dashed line is the incoherent term. The 
coherent enhancement is clearly seen and the location of the 
transition region is determined by the bunch length. 
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Fi°. Calculated CSR power spectrum with 20 % flat bandwidth 
for Gaussian beams with different bunch length. 

To determine longitudinal profile information, the 
radiation spectrum needs to be measured over the transition 
region. Several such measurements have been done at 
different facilities. Usually, the measurement consists of a 
radiator, a frequency selecting device, and a detector. Here are 
a few examples. In 1991, the CSR spectrum was first 
measured by Ishi at Tohoku University over a wavelength 
range from 0.16 to 3.5 mm [17]. A bending magnet was used 
to generate synchrotron radiation, which is commonly used 
due to its noninvasive nature, a grating-type spectrometer 
was employed, one of the widely used spectrum measurement 
devices, and a He-cooled bolometer was chosen as a detector 
to provide high sensitivity. CTR spectra were measured by 
Happek at Cornell University in 1991 [16]. An Al foil was 
inserted to the beam line to produce transition radiation, 
another widely used radiation mechanism due to its higher 
power and due to the flatness of the incoherent power 
spectrum. Wire mesh filters were used to obtain spectral 
information, and a Golay cell detector was employed due to 
its flat response. Limited by the wire filters, only five points 
of the spectrum were obtained. More recently, an 
autocorrelation measurement, which was proposed by Barry 
in 1991 [18], was completed by Lihn in 1995 at Stanford 
University for CTR from much shorter bunches [7]. A 
Michelson interferometer, another popular device for 
spectrum measurement, and a pyroelectric detector were used. 
This frequency-domain technique gives better performance for 
shorter bunches. However, its main shortcoming is the 
ambiguity of retrieving the bunch profile from the measured 
power spectrum, since the measured power spectrum is the 
square of Fourier transformation of the longitudinal 
distribution function, and there is no phase information. 
Using the Kramers-Kronig relations to calculate minimal 
phases was proposed by Lai [19], which needs to be 
experimentally verified. 

chopper 
slit 

V> 
capture 

1st and 2nd 
SRF cavities 

Measurements at Jefferson Lab 

A very stringent demand on final energy spread, with a 
design goal of 2.5 10"5 (rms), requires short bunches at the 
Continuous Electron Beam Accelerator (CEBA) of Jefferson 
Lab [5, 20]. CEBA is routinely operated within its bunch 
length specification of 0.5 picosecond, and a bunch length as 
short as 84 fs has been achieved. Three bunch length related 
measurements have been performed and systematic studies of 
longitudinal bunching process have been carried out with the 
assistance of simulation tools. A block diagram of the CEBA 
injector layout is given in Fig. 2. A 0.1 MeV CW electron 
beam is chopped by a pair of RF chopper cavities into a 
bunch train with variable length from 0 to 100 ps separated 
by 2 ns. The beam is bunched and accelerated to 0.5 MeV by 
RF buncher and capture cavities. Then the beam is further 
bunched and accelerated to 5 MeV by the two 
Superconducting RF (SRF) cavities, followed by 16 SRF 
cavities to accelerate the beam to the final injection energy of 
45 MeV. 

A phase transfer function measurement has been proposed 
and utilized routinely over the last a few years [21-22], A 
relatively narrow chopper slit is used and the phases of the 
chopper cavities are modulated, equivalent to sampling a 
small portion of the nominal bunch piece by piece. The 
arrival phases of the sampled beam are measured by two 
longitudinal pick up cavities at strategic locations down 
stream, operating at fourth harmonic of operating RF 
frequency of 1497 MHz. A particular measurement result of a 
phase transfer function at the first pick up cavity is shown in 
Fig. 3(a). Such measurements can give a time resolution to 
better than one tenth of a picosecond. However, since this 
measurement only quantifies phase compression, the effects 
of initial energy spread and space charge are not determined. 
Therefore, the profile that can be obtained from projection of 
the phase measurement is only valid for bunches with small 
initial energy spread and low charge per bunch. PARMELA 
simulation results are in good agreement with the 
measurements (see Fig. 3(b)), where the initial energy spread 
and space charge were turned off. When a significant initial 
energy spread and both energy spread and space charge were 
turned on, the simulation results shows rather obvious effects 
(see Fig. 3(c) and (d), respectively). Nevertheless, the 
measured patterns of phase provide unique signatures of RF 
cavity parameters [22]. A distinguishable slope change of the 
measured pattern results from a four tenth of degree phase 
change of the capture cavity (see Fig. 3(e)) while a vertical 
slip of the pattern is displayed (see Fig. 3(f)) due to a two 
degree change of chopper gang phase. These pattern 
recognition techniques have been proven to be invaluable to 
operate the machine and are routinely used to correct R F 
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Fig. 2 Block diagram of CEBA injector layout 
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phase drifts and reproduce RF phases to within a couple of 
tenths of a degree. 

2 o 
cWdegree) 

Fig. 3 Plots of phase transfer functions, a relation between 
modulating phase (input phase) and detected phase 
(output phase): (a) is measured phase pattern optimized at 
the first pick up cavity; (b) is simulation result with the 
initial energy spread and space charge off; (c) is 
simulation with a significant initial energy spread turned 
on; (d) is simulation with both energy spread and space 
charge turned on; (e) is measurement with 0.4 degree 
phase change of the capture cavity, (0 is measurement 
with 2 degree of chopper gang phase change. 

A zero phasing measurement was employed to measure 
bunch length and obtain longitudinal profile information [23-
24]. The measurement requires several RF cavities (zero-
phasing cavities), a spectrometer, and a transverse profile 
measuring device. The RF cavities operated at zero-crossing 
of the accelerating gradient impart a time correlated 
momentum tilt along the beam bunch. Then the spectrometer 
translates the longitudinal momentum spread into a 
horizontal position spread. By measuring the horizontal 
profile, the bunch length and longitudinal profile can be 
determined. Nominally. 16 SRF cavities in the first and 
second SRF modules are running on crest to achieve 
maximum energy gain and minimum energy spread. During 
the measurement, the last 8 SRF cavities are phased to 90 
degree off crest. A wire scanner is used to measure horizontal 
profile at spectrometer. The relation between the bunch 
length and the transverse beam width at the scanner is given 
in Eq. (3), 

<7(ps) = 1.86-
; 2 _ 2 

180 \ xrms x0rms (3) 
K D AE 

where a is the rms bunch length, 1.86 is unit conversion 
factor between RF degrees and ps. D is the dispersion of the 
spectrometer. E is beam energy with the zero-crossing 
cavities off, A£ is the energy gain at crest of the zero-
crossing cavities, and xrms and XQrms are horizontal rms 
widths at the scanner with the zero-crossing cavities on and 
off. respectively. This relation and measurement procedure 
were tested using a simulation where the zero-phasing 

measurement is performed and compared to the actual bunch 
length. The results shows good agreement over bunch length 
of 0.1 to 0.4 ps range except a 10 fs offset. 

The bunch length was systematically changed by varying 
the second SRF cavity phase, resulting in longitudinal phase 
space rotations. Excellent agreement has been achieved 
between the measurement and simulation, shown in Fig. 4. 
It was observed that plus and minus 90 degree off the crest 
gave different measured bunch lengths, as shown in Fig. 5a 
and b, which is also consistent with the simulation results. 
The reason is that in general, the longitudinal phase space 
ellipse of the incident beam has a slope, dE/dt. The RF wave 
has slope of+/- 2nfAE at the zero-crossings. When these two 
slopes have the same sign, the measured horizontal profile 
will be wider, giving a longer bunch length. Therefore, the 
average bunch length of the two should be used. A relation 
between the phase space slope and measured bunch length is 
found to be 

dE/dt 

27TAE 
o~ -a (4) 

where a™ are the measured bunch length with zero-phasing 
cavities at plus and minus 90 degree off crest, respectively, 
and a is the average. The left side of Eq (4) is plotted from 
simulation in the solid line while the right side of Eq (4) is 
displayed from measurement in circles in Fig. 6, as the phase 
of the second SRF bunching cavity is varied. They agree 
pretty well. It is noted that the zero value point represents the 
upright position of the ellipse in the phase space, where the 
shortest bunch was obtained in both experiment and 
simulation. There is a steep slope around the zero point 
where the slope of the ellipse changes sign, corresponding to 
the transition from under compression to over compression. 
The zero phasing measurement gives bunch length with high 
precision. The main shortcomings are that the measurement 
is destructive and time consuming. 

0.0 -I T 1 1 1 1— 
-35 -30 -25 -20 -15 

Second SRF Cavity Phase (degree) 

Fig. 4 Bunch lengths versus phase change of the bunching 
cavity, where circles are from measurement while solid 
curve is from simulation. 
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Fig. 5 Horizontal profile measured by wire scanner, (a) is for 
zero-phasing cavity minus 90 degree off crest, resulting a 
longer bunch length while (b) is plus 90 degree off crest. 
2iving a shorter bunch lencth. 
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Fig. 6 Relation given by Eq. (4) is plotted for different 
bunching SRF phases, where the circles are the right side 
of the equation and from measured bunch lengths while 
the solid curve are the left side and from phase space of 
simulation. 
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To combat the shortcomings of the previous methods, a 
noninvasive CSR bunch length monitor has been developed 
[25-27]. Comparing two CSR power spectrum curves in 
Fig. 1, the spectrum for the shorter bunch length covers the 
spectrum for the longer bunch length at long wavelengths, 
but has extra power at short wavelengths. Therefore, the 
output signal from a CSR power detector with an arbitrary 
"bandpass" characteristic will always increase as the bunch 
length becomes shorter, until such power changes take place 
at wavelengths outside the range of the detector. Such a 
monitor was installed after the first chicane dipole. The key 
component of the detector is a state-of-the-art whisker 
contacted GaAs Schottky diode developed and fabricated at the 
Semiconductor Device Lab of the University of Virginia [28-
30]. The diode assembly, shown in Fig. 7, consists of a 1/4 
mm GaAs chip, a 90 degree polished corner reflector, and a 1 
mil whisker wire. The whisker acts as a four wavelength 
traveling wave antenna with a 90 degree bend inductively 
cutting off the induced current to the open end. Its tip is 
etched to less than 1 /xm and contacts one of thousands of 1 
fim "honey-comb" Schottky diodes on the chip (see the right 
side of the drawing). The corner reflector is introduced to 
sharpen radiation pattern around the antenna. The radiation is 
focused on to the diode by a parabolic reflector following a 
single crystal quartz vacuum window. The diode is connected 
to a DC current supply providing a typical 1 jiA operating 
current. Due to its nonlinear properties, a small voltage 
change, proportional to the incident radiation power, is 
generated and can be measured as the CSR signal. The diodes 
have high sensitivity. Unlike thermal detectors, due to its 

antenna structure the diode is insensitive to the background 
black body type radiation. The bandpass feature also makes it 
less responsive to background radiation outside of the 
interesting wavelengths. CSR signals were measured (see 
Fig. 8) and calibrated by the zero-phasing measurement 
shown above. The bunch length as short as 84 fs or 25 fim 
was achieved, and found simply by peaking the CSR signal 
(see Fig. 9). The measurement was done with a 513 jj.m 
diode plus a 20% bandpass mesh filter [31], for 3xl0 5 

electrons per bunch. With 200 sample average, the CSR 
signals after amplification have a signal to noise ratio of 450 
for the 84 fs bunch and 100 for a bunch length of 0.6 ps. The 
main limitation on the resolution in our experiment is due to 
a slow signal fluctuation of about 30 mV with a few minute 
time scale. At typical operating conditions, the CSR signal 
changed from 4 V to 2 V as the bunch length increased from 
0.45 ps to 0.6 ps, so a bunch length change of a few fs may 
be resolved for Gaussian bunches. The monitor is 
noninvasive and has high resolution. It is also compact (3 
cm in size), relatively inexpensive (a few thousand US 
dollars), and operates at room temperature. Potentially such a 
monitor can be integrated into a feedback of a control system 
to lock the operating bunch length. Its main shortcoming is 
that it can not provide an absolute value of bunch length. 
Therefore, it needs to be calibrated with a precise bunch 
length measurement such as the zero-phasing [26-27]. 
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Fig. 8 Experiment result of CSR power versus rms bunch length 
where CSR power was measured by the Schottky diode and 
bunch lengths were measured by zero-phasing technique. 
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Fig. 9 Measurement results of CSR power and bunch lengths 
versus relative SRF phase changes. As expected, the 
shortest bunch length corresponds to the highest CSR 
power signal. 

The strategy of bunch length control at Jefferson Lab is: 
use zero-phasing measurements as the primary standard to 
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characterize the longitudinal beam dynamics and calibrate the 
CSR monitor with the assistance of PARMELA simulations 
as cross-checks, use the CSR detector to monitor bunch 
length during beam delivery, and when the CSR signal varies 
outside of acceptable bounds indicating the bunch length has 
changed, use the phase transfer function measurement to 
correct the RF phase drifts that have occurred. 

Summary 

Several bunch length related measurement in the 
subpicosecond parameter regime have been discussed. The 
conventional streak camera or fast deflecting cavity can be 
employed in the subpicosecond regime with some significant 
capital investment and operating expertise. Coherent radiation 
detection techniques offer a very attractive alternative, which 
is relatively easy to operate, much less expensive, and has 
excellent performance for shorter bunches. The uncertainty of 
extracting the longitudinal profile from measured power 
spectrum needs to be experimentally resolved. 

At Jefferson Lab, a phase transfer function measurement 
is used to correct and reproduce RF phases to a couple tenths 
of degree, which is easy to implement and gives high 
sensitivity. The zero-phasing method was employed to 
characterize the bunching process; bunch lengths as short as 
84 fs have been measured. Excellent agreement has been 
achieved between experiment and simulation, and simulation 
has been very helpful in understanding the measurement 
results. A noninvasive CSR bunch length monitor using a 
Schottky diode has been developed. The diode provides very 
high sensitivity, which means it is able to detect bunch 
length changes of order 1 fs and for charges as low as 105- per 
bunch at a bunch length of 0.5 ps. It is compact, 
inexpensive, and operated at room temperature. The shortest 
bunch was found experimentally by peaking the CSR signal 
from the diode. 
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A HIGH PERFORMANCE SPOT SIZE MONITOR 
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Abstract: Beam size estimates made using beam-beam 
deflections are used for optimization of the Stanford Linear 
Collider (SLC) electron-positron beam sizes. Beam size and 
intensity goals for 1996 were 2.1 x 0.6 pxn (x,y) at 4.0x10 
10 particles per pulse. Conventional profile monitors, such as 
scanning wires, fail at charge densities well below this. 
Since the beam-beam deflection does not provide single beam 
information, another method is needed for Interaction Region 
(IP) beam size optimization. The laser based profile monitor 
uses a finely focused 349 nm. wavelength , frequency-tripled 
YLF laser pulse that traverses the particle beam path about 
29 cm away from the e+/e- IP. Compton scattered photons 
and energy degraded e+/e- are detected as the beam is steered 
across the laser pulse. The laser pulse has a transverse size, ( 
c0, ), of 380 nm and a Rayleigh range of about 5 urn. This 
is adequate for present or planned SLC beams. Design and 
results are presented. 

Introduction 

The Stanford Linear Collider (SLC) is the first of a new 
generation of colliding beam machines that rely on micron 
sized beams colliding at a relatively low repetition rate [1]. 
The ultimate performance of the collider is limited by the 
control of emittance dilution effects that increase the 
transverse beam size (o\ y) at the interaction point (TP), where 
the two beams meet each other. A useful estimate of ax-y is 
obtained from the deflection seen when sweeping one beam 
across the other [2]. The two principle drawbacks of the 
deflection technique are its sensitivity to shifts in beam 
centroid and a lack of indication of which beam is changing. 

The latter has the most significant impact on emittance 
dilution and optics related optimization. A single beam (e+ 
or e-) diagnostic that can operate over the full range of SLC 
beam intensities from 0.3 x 1010 to 4 x 1010 particles per 
bunch is needed. Unfortunately, wire scanners cannot be used 
for beam sizes smaller than 1.4 \im or for intensities greater 
than 0.6 x 1010. A wire scanner equipped with 4 |im diameter 
carbon wire is used to measure o x y for beams safely away 
from these thresholds. If either tiireshold is exceeded, the 
energy deposited in the wire from a single pulse severs it. 
The wire scanner is installed deep inside the solenoidal SLC 
Large Detector (SLD) system and is virtually inaccessible, so 
routine replacement of the carbon wires is not practical. 

The SLC IP laser based beam profile monitor will be 
used to measure a x y of individual beams inside the SLD 
over the full range of operating intensities with about 10% 
accuracy. Some key features of the device are similar to the 

laser based beam size monitor developed for the FFTB at 
SLAC [3][4]. A finely focused laser pulse is brought into a 
90° crossing angle collision with the electron and positron 
beam and the Compton scattered photons and degraded beam 
particles are detected- As the e+/e- beams are steered across 
the laser pulse on a succession of pulses, the amplitude of 
the scattered radiation is recorded and used to estimate the 
beam sizes, in a manner similar to that used with SLC wire 
scanners [5]. 

Future linear colliders (NLC) will employ beams of 
higher charge density than those of SLC [6]. In most 
designs, conventional wire scanner limits will be exceeded 
for all damped beam regions. Sets of laser based monitors 
will serve as emittance monitors. Lessons learned from the 
operation of the device described in this paper will be useful 
for the development of NLC beam profile monitors. 

Principle of Operation 

We considered three basic 'optical scattering structures', 
1) a diffraction limited, finely focused waist (TEM'00* 
mode), 2) an interference fringe pattern similar to that used at 
FFTB and 3) the finely focused waist of a first order 
transverse mode laser beam fTEM'01' mode). 

The minimum transverse size, CT0, of a diffraction 
limited laser beam is [7]: 

If 
Anain 

where X is the wavelength of the light, / is the focal 
length of the lens and a is the gaussian beam sigma as 
defined by the photon density. The effective length of the 
focused section is twice the Rayleigh range (ZR). 

8jran r -
2ZR = — - x - where <J(ZR) = -JIGQ. 

A 

The incoming beam size, am, and/ combine to give an 
'/#', with the aperture roughly ±3 om giving CT0 ~ 1/2/# X . 
For typical SLC parameters, with the required beam stay 
clear distance of 25mm and an /# of 2, X must be shorter 
than 500 nm in order to have c 0 < ay and zR - 5p.m. This is 
the option selected. 

The second 'optical scattering structure', the interference 
fringe pattern, is useful for much smaller beam sizes than 
those expected for SLC and, unless the pattern pitch is 
controllable, can be used to measure only a small range of 
beam sizes. Scanning with this system involves measuring 
the modulation depth of the scattered radiation as the beam is 
moved across the pattern. We could not find room in the 
confines of SLD for fringe pitch control. 

*Work supported by Department of Energy Contract DE-AC03-76SF00515 
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The third option mentioned above, the TEM '01* mode 
laser beam, with a field null at the center of the spot, may 
prove useful. It is easy to implement since the mode would 
be generated at the laser and the modest increase in om is 
accommodated in the transport and IP optics. A double lobed 
result is generated from a '01 ' mode scan and the spacing 
between the lobes can be used a laser beam diagnostic. 

As the particle beam is swept over the laser beam with a 
varying impact parameter y0, the number of scattered 
photons, NT(y0), is given by: 

chv-j2nas 2af 

where P is the power of the laser beam intercepted by the 
particle beam (o2=750u.m), v is the frequency of the laser 
light, N, is the number of electrons in the beam, ac is the 
Compton scattering cross section and a, is the overlap size 
(a / =a,2 + a0

2 ). For peak laser power of 10MW and with 
oy = ljim and Nt =1010, JVT is -5000. A correction, 
nominally about 12%, is required since the particle beam has 
an aspect ratio (GJOJ ~ 5 and the laser spot does not have a 
ellipsoidal cross section. 

The energy distribution of the scattered photons and 
degraded beam particles is relatively flat and, for X=350 nm 
(3rd harmonic YLF), has a peak gamma radiation energy of 
29GeV for SLC. Detectors for monitoring the gamma rays 
and the degraded e+/e- particles are located along the beamline 
that extends to the beam dump area [8],[9]. Backgrounds in 
the degraded particle detectors are typically about 50 particles 
per beam crossing. 

Figure 1. Cutaway elevation view of the inside of the SLD. 
The new vertex detector [10], surrounding the e+/e- IP 
with the wire scanner on one side (not shown) and the 
laser profile monitor on the other, is itself surrounded 
by the 13 inch inner cylinder of the SLD central 
tracking drift chamber (CDC). Access is not available 
beyond a few inches from the end of the cylinder. The 
laser transport line (shaded) enters from the bottom 
right of the figure and passes through two bellows 
before terminating in the IP optics bench. The 
numbers along the central axis indicate the distance in 
cm from the e+/e- IP. 

Optics 

Optics design goals were to achieve the minimum a0 

with the highest transmitted power and the lowest possible 
aberrations. The most important mechanical constraints were 

the minimum beam transport diameter of 25mm, the 
available beamline length of 52mm and mass and density 
restrictions. Figure 1 shows an elevation view of the IP 
layout. Within the cone subtended by active SLD segments, 
the mass of the optics and related supports must cause 
minimal scattering of the decay particles the SLD is 
intending to analyze. 

The IP fZ optics (figure 2) are catadioptric, with 
minimal geometric aberrations, in which a diverging 
meniscus lens is coupled with a spherical reflector [11]. Two 
such systems are required, for measuring both o\ and ay. For 
laser pulse lengths longer than about 150ps, the particle 
beam will also scatter some of the incoming photons before 
they reflect from the spherical mirror. 

The incoming laser beam has a b of about 2.5mm. As 
Gja is increased, diffraction scattering from the edges of the 
input optic produces non-gaussian tails effectively increasing 
CT0. For small CT^, the effective /# of the IP is increased, 
resulting in a larger a0. At the end of the transport, in the IP 
'optics bench' (fig. 3), a compact switch system is used to 
select which of the two possible paths through the IP the 
laser will follow. A brewster polarizer is used in conjunction 
with a linear polarizer at the laser to do the selection. A 
compact construction was required in order to minimize the 
mass obscuring the SLD end cap detector segments and in 
order to fit around SLD internal masking and supports. 

An estimate of the deviation from diffraction limit 
caused by surface figure distortions yielded a per element 
mirror and lens surface figure tolerance of X/40. 

Laser Induced Optical Component Damage 

Since we require reliable operation for several years, 
about 100 million pulses, and since much of the system is 
sealed and inaccessible, considerable design effort was 
concentrated on damage prevention. In order to prevent 
inadvertent high power density related damage, no lenses or 
other focusing elements are present in the transport line that 
carries the light from the laser room to the IP. 

The most threatening source of damage is from chemical 
contaminants. Studies of damage in sealed laser systems 
(typically infrared lasers) have shown that organic chemical 
contaminants are a leading cause[12]. Trace contaminants, 
such as silicone sealers, have been pinpointed as root causes. 
There is little information available concerning the long term 
operation of UV lasers where it is possible that the 
sensitivity to trace organic chemicals will be greater. For 
this reason, our design transport a is as large as possible and 
all IP, IP bench and transport assembly took place in class 
100 clean rooms. Non-ultra high vacuum (UHV) volumes 
are purged with an Ar/02 (90/10) mixture as suggested in the 
report noted above. 

Bulk multi-photon damage is another serious concern 
for long term operation of the UV system with several 
transmissive optics. Darkening in fused silica has been seen 
following long term exposure to high fluence, short 
wavelength light [13]. We interpolated between results at 
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248nm and at 550nm and set our tolerance a factor 5 away 
from the threshold where these effects are first seen. 

Mechanical 

Three subsystems, the IP and its mirror bench, the 17m 
transport line and the laser itself comprise the profile 
monitor. The laser is housed in a external clean room. The 
transport line passes through the beamline radiation shielding 
and then along the superconducting quadrupole triplet before 
entering the SLD vertex area. 

The beam enters the IP, (figure 2), from the right or 
from the bottom, for y or x scans respectively, and passes 
through the UHV fused silica window that separates the gas 
filled optics bench from the beamline vacuum. A seal design 
was developed that allowed the window surfaces to be ground 
to À/40 surface quality after attaching the weld ring. The 
window is coated with a graded index 'Solgel' anti-reflective 
[14] coating. Conventional dielectric layer coatings were 
rejected since their application would be made after the 
attachment of the weld ring. 

The IP optics bench directs the light from the transport 
to the IP using one controllable and 4 fixed mirrors. It 
terminates the 1 inch diameter laser transport line. The 
transport line is evacuated for 90% of its length (10"6 Torr) 
and slightly pressurized, along with the optics bench, for the 
remaining 10%. This section is flexible, to be compliant in 
seismic events, and removable, to allow servicing SLD 
luminosity components. 

The IP housing has a required vacuum performance of 5 
nano-Torr. The catadioptric optics are most sensitive to lens 
and mirror centering and coplanarity errors which lead to 
machining tolerances of 5Lim. 

Stainless Steel 
'Optics Housing 

Input Laser 
Beam from 
Optics Bench 

. A V > 

^fe<ft 
Diagnostic 
Reimaging 
System 

h*- Tl - W 

Figure 2.Central cross section of IP Optics. The parallel 
laser beam {Zg>> 20m) enters at right or from 
underneath with a ab of about 2.5mm. The four 8mm 
thick UHV seal windows with their weld rings are 
placed on each side of the IP, with the precision optics 
installed inside the vacuum chamber. 1% of the light is 
transmitted and re-imaged on the far side of the IP for 
diagnostic purposes. 

After passing through the focal point the spent laser 
light is absorbed using glass absorbers located both inside 
and outside the vacuum system. This prevents possible 
reflection from metal surfaces that might make secondary 
ghost images or sputter nearby metal surfaces and thereby 
cause damage to optical components. The spherical reflector 
coating allows 1 % of the incident light to pass through. Its 
rear surface, together with a second spherical reflector outside 
of the vacuum chamber, generate an image of the IP spot 
that is used as a diagnostic. 

e beam 

Gimballed fay 
Moving JÙ^ 
Mirror ' " 

Optics 
Bench 
(Aluminum) 

Laser Input 
from Transport 

Figure 3. IP Optics Bench Machining. The bench contains 5 
mirrors and a Brewster angle polarizer. It has 2.2cm 
diameter machined internal passages for light 
transport. The IP is in the top right of the figure, 
shown without the diagnostic re-imaging optics 
installed. Eight mirror retaining cap mounting holes 
are clearly visible in the front of the figure. 

A gimbaled moving mirror mount was developed for the 
transport line that has angular stability of 30}irad and 
compensated bellows vacuum forces. Fine alignment 
adjustments are made remotely using compact piezo-electric 
motors [15]. 

Diagnost ics 

Steering and alignment diagnostics are provided by 4 
miniature CCD profile monitors located behind transport line 
and IP bench mirrors. They view the laser light directly 
through the partial transmission of the mirror. A frame 
grabber based video analysis system is used to monitor the 
position and size of the spot at each of the monitors. 

At the monitor beyond the IP, where reliability and 
camera radiation damage are concerns, the 50ujn spot 
generated by the re-imaging optics is transmitted by a 10,000 
fiber fused silica bundle [16] from the high radiation area to a 
monitor table. The coherent fiber bundle fluoresces and shifts 
the UV into visible. It has a diameter of 0.5mm and a single 
fiber diameter of 10p:m. The IP assembly also has two fast 
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diodes and a beam pickup electrode that are used for finding 
the relative timing ,of the laser and particle beams. 

The transport line is protected from stray laser light 
using a CW He-Cad 350 nm X alignment laser that is mode 
matched to the high power laser on the laser table. The lmW 
He-Cad laser is ideal for this purpose since it's wavelength is 
very close to the tripled YLF wavelength. If the signal from 
the CW laser at the monitor beyond the IP is lost, the high 
power laser shutter will be closed in order to protect the 
transport from mis-steered high power laser pulses. 

Laser 

The laser system consists of a mode-locked 119MHz, 
150ps pulse length, YLF oscillator seed laser and a YLF 
regenerative amplifier laser. Both lasers are lamp - pumped. 
The oscillator is locked to the 119MHz accelerator clock 
frequency with a acousto-optic amplitude modulator 
operating at the first sub-harmonic. A single InJ pulse from 
the oscillator is switched into the amplifier using two 
Pockels cells. 

The amplifier has a gain of 106 in 20 passes and 
produces lOmJ pulses of 1047nm X light at a repetition rate 
of 40Hz. After tripling, we observe 2mJ at 349nm .X with 
the same pulse length. We chose YLF as the lasing material 
because of its reduced thermal lensing compared to YAG. 
After frequency tripling, a pinhole spatial filter is used to 
improve the beam shape. A small fraction of the light is 
diverted into a phase space monitoring diagnostic, consisting 
of a transport of roughly equal length to the main transport 
and a camera used for measuring beam size, before the 
entrance to the transport line. The laser beam quality, 
characterized by M2, the deviation from diffraction limit, is 
measured to be M ^ l . l . 

Performance 

The number of detected gamma rays and degraded e+/e-
is reduced about a factor of 20 from Ny due to the finite 
acceptance of the detectors and transmission losses in the 
laser transport and IP system. Thus the expected signal at 
optimum overlap was about 800 degraded particles. The most 
difficult aspect of commissioning the monitor was 
establishing collisions for the first time. Laser timing and 
e+/e- beam x and y position must be adjusted in order to 
establish collisions. Since the e+/e- bunch length is short ( 
az~ 2mm), the overlap is dominated by the laser pulse 
length. The initial timing setup done with the pickup and 
fast diode was accurate to about 0.5ns. The search strategy 
we adopted was to scan perpendicular to the laser beam 
direction (up and down in fig. 2) with an un-focused e- beam 
(one with the waist at the e-t-/- IP, 29cm away). A signal of a 
few counts over background was visible for ±lmm along the 
laser path. Once collisions were first established, they could 
easily be re-established using the timing signals and the 
beam position monitors that surround the IP. 

Scanning is done using controls similar to those used 
for the beam-beam deflection. With this system, the 120Hz 

beam is steered across the laser spot on a succession of 
pulses, with detector data recorded on each pulse. A typical 
background-subtracted scan is shown in figure 4. A scan like 
this one takes about 30 seconds to complete. 

An accurate calibration procedure is required in order to 
get an estimate axy from the measured a,. Unfortunately, it 
is not possible to directly measure, using an independent 
technique, the high power laser a0 in the IP. The technique 
chosen for obtaining an estimate of a0 involves operating the 
SLC at intensities 20% of nominal, performing all emittance 
and IP o\j optimization using the beam-beam deflection and 
comparing the results with a,. This test provided e+/- beams 
with a beam-beam deflection overlap a,y of 2.9 x l.Opjn 
(which, for equal e+/- o \ y , should give actual <T,y of 2.1 x 
0.7 |im). Laser profile measurements done at that time 
yielded 2.0 x 0.85um a,. The results are consistent with a 
0.4 to 0.5(o.m laser c0, 20% larger than design expectations 
but adequate for SLC use. 
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Figure 4. A typical profile monitor scan showing G,y. The 
horizontal scale is determined using the transfer matrix 
(RM) for the scan coils to the laser IP. The collision 
signal in this case is detected using the SLD 
polarimeter degraded e- detector, located after the first 
large bend in the outgoing beamline. Each data point 
is die average of 3 beam pulses with the laser on, with 
the average of 6 pulses with the laser off subtracted. 

Another measure of the system performance is a scan of 
die laser waist, shown in figure 5. In this scan, the e+/-
beam is used to measure the divergence of the laser by 
making a series of a, measurements as it is steered along the 
laser path. In the waist scan, the effective divergence of the 
laser IP can be determined. The phase space volume of the 
laser beam cannot be determined from this scan since the 
contribution of the electrons to the minimum measured 
width is not accurately known. 
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Figure 5. A typical laser-waist scan. The plot shows the 
measured ay

2 vs e- beam x position. A parabola is used 
for a fit. 
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Abstract 

The Advanced Photon Source [1] linear accelerator 
system consists of a 200-MeV, 2856-MHz S-band electron 
linac and a 2-radiation-thick tungsten target followed by a 
450-MeV positron linac. The linac system has operated 24 
hours per day for the past year to support accelerator 
commissioning and beam studies and to provide beam for 
the user experimental program. It achieves the design goal 
for positron current of 8 mA and produces electron 
energies up to 650 MeV without the target in place. The 
linac is described and its operation and performance are 
discussed. 

Introduction 

The Advanced Photon Source [1] linear accelerator 
system consists of a 200-MeV, 2856-MHz S-band electron 
linac and a 2-radiation-thick tungsten target followed by a 
450-MeV positron linac. The linac is designed to accelerate 
30-nsec-long pulses containing 50 nC of electrons to an 
energy of 200 MeV at 48 pulses per second. The 480-W 
beam is focused to a 3- to 5-mm diameter spot on a 7-mm-
thick water-cooled tungsten target that serves as a positron 
converter. A 1.5-T pulsed coil immediately downstream of 
the target refocuses the bremsstrahlung-pair-produced 
(BPP) positrons and electrons and directs them into the 
positron linac. Electrons and positrons can be accelerated 
to about 450 MeV. Final optimization is achieved by rf 
phasing combined with focusing corrections to optimize 
matching into the Positron Accumulator Ring (PAR). 
Electrons transported directly from the gun to the end of 
the positron linac can reach an energy of 650 MeV. 

Initial commissioning of the APS injector and storage 
ring was performed using primary electrons from the linac. 
Commissioning then proceeded for several months using 
BPP electrons in order to ensure that the linac reliability 
would be adequate for positron production. Linac 
reliability was good, and magnet polarities in the PAR, 
synchrotron, and storage ring were reversed in July of 
1996. The APS facility has operated with positrons since 
that time, serving the scientific user community and 
accelerator physicists and engineers. Use of positrons 
avoids ion-trapping problems. 

Equipment - rf 

Figure 1 shows the basic features of the linac. For Fig. 1. Schematic view of the linac. The electron and 
clarity, the electron and positron linacs are drawn parallel positron linacs are shown parallel to each other for 
to each other in the figure. Electrons are produced by an clarity, and the two scales are slightly different. 
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electron gun with a thermionic cathode. They are 
transported with the aid of focusing lenses to a single-gap 
prebuncher and a constant impedance (v, = 0.75c) buncher, 
both of which operate at 2856 MHz. 

The beam then enters a 3-m-long, SLAC-type 
accelerating structure surrounded by Helmholtz magnets 
and is accelerated to 50 MeV. Further acceleration to 220 
MeV is accomplished by four additional accelerating 
structures in the electron linac. The five accelerating 
structures in the electron linac and nine in the positron 
linac are powered by five 35-MW TH2128 pulsed 
klystrons. The upstream accelerating structure in each linac 
is directly powered by a klystron, while the remaining 12 
structures are powered in groups of four by a klystron and 
SLED cavity assembly as indicated in Figure 1. Coupling 
cells at the output ends of the structures direct rf power into 
water-loads to be dissipated as heat. Power to the klystrons 
is provided by 100-MW line-type pulse modulators [2]. 

Accelerating structures, SLED cavities, and waveguide 
components are kept at constant temperature (± 0.1 °F) to 
maintain cavity dimensions and energy stability. To find 
the operating temperature, the SLED cavity assembly is 
detuned, and beam energy is measured while the 
temperature of the accelerating structures and other rf 
components in that sector is varied. The operating 
temperature is reached when maximum beam energy is 
achieved. The SLED is tuned to achieve maximum beam 
energy at that temperature. Optimum temperatures are 
different for each sector and also must be re-established 
when changes are made to building temperature setpoints 
or air-flow patterns. 

The modulator and SLED trigger timing in each sector 
are individually adjusted to achieve maximum energy gain. 

A basic operation in setting up the linac is to establish 
the correct phase between rf components. Phase is initially 
set using diagnostic lines at the end of each of the two 
linacs (see Figure 1). A dipole magnet bends beam out of 
the linac and into a separate beamline equipped with a 
beam position monitor (BPM) [3], fluorescent screen [4], 
and a Faraday cup. 

Phase is optimized by maximizing beam energy and 
minimizing energy spread, while viewing changes in the 
beam image. Some effort has been devoted toward 
automation of the phase optimization process. The image 
width on the fluorescent screen varies with the energy 
spread and its position varies with energy. Proper phase is 
maintained by automatic phase-control software [5]. The 
auto-phase control screen is shown in Figure 2. Phase and 
amplitude of the buncher and prebuncher are adjusted to 
maximize transport efficiency in the electron linac and 
minimize energy spread in the positron beam. 

Additional information about the rf instrumentation is 
provided in a separate paper in these proceedings [6]. 

Beam Diagnostics 

Linac beam current is measured by a toroidal coil and 
three wall-current monitors. Beam position is measured by 
eleven 4-button stripline BPMs that also measure the beam 
current [3]. Diagnostic instrumentation performance is 
discussed elsewhere in these proceedings [6]. 

Electrons and positrons are simultaneously accelerated 
in the positron linac. If phasing is chosen to optimize 
positrons, the electrons then fall into the next available 
bucket and are accelerated, but have lower energy and 
larger energy spread than the positrons. Unfortunately, 
readouts from the wall-current monitor and BPMs in the 
positron linac are unreliable during positron runs, due to 
the mixed nature of the beam. A harmonic BPM [6,7,8] 
currently under development will enable us to differentiate 
between the two species. 
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Fig. 2. The automatic phase control screen allows storage 
of all measured phase values in memory, individual 
phase adjustment, calculation of positron phase 
from electron phase and vice versa, and fast loading 
of pre-recorded phase values. 

The positron linac diagnostic line, shown in Figure 3a, 
was used to simultaneously measure beam energy and 
energy spread of the positrons and electrons in our mixed-
species beam after it had been optimized for positrons. 
Data in Figure 3b were obtained by using sddsexperiment 
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[9] to sweep the mixed beam across the Faraday cups at the 
end of the positron linac. Other sdds [9] routines were used 
to process and present the data. 

Beam profile information is obtained by inserting 
fluorescent screens [4] that are viewed by cameras into the 
beam. Real-time beam images are visible in the control 
room, and digitized information can be collected and 
analyzed via the controls system. Experience with CID 
cameras has been fairly good thus far, even in the high 
radiation area near the target. CCD cameras have not fared 
as well, and some have degraded noticeably within days. 

_ e+ Faraday Cup 

Fluorescent Screen 

e- Faraday Cup 

a) •+ Beam Direction 

\««*-~ e_ PC current 1 

250 300 350 400 450 500 
D) Beam Energy (MeV) 

Fig. 3. Diagnostic line at the end of the linac (a), showing 
Faraday cups (FC), dipole magnet, and a BPM. 
Electron and positron energy and energy spread 
with beam optimized for positrons (b). Data were 
collected by sddsexperiment [9]. 

Fourteen gas-filled particle detectors run the length of 
the linac and allow areas of high beam loss to be localized. 

Real-time beam current, position, and profile 
information are used to optimize settings for the 42 
focusing and 38 steering magnets throughout the linac. 
Magnets can be controlled singly or in groups by simple 
scripts. For example, transport efficiency from the gun to 
the target was improved from 60% to greater than 85% 
after a systematic algorithm to optimize focusing and 

steering in the first sector was developed and applied. 
Beam position information, rf power measurements, 

and corrector magnet response matrices are used as input to 
any of several automatic trajectory control programs for 
beam within the linac and to energy control programs for 
beam injected from the linac into the PAR [10]. 

Trajectory control is also extremely useful during 
beam tuning and optimization of new linac configurations. 

Radiation Measurements 

The linac shielded enclosure is constructed of 2-m-
thick concrete along the entire length between the linac and 
the klystron gallery. The shield is modified in the vicinity 
of the positron target, where 0.4-m-thick steel plates are 
embedded within 1.6-m-thick concrete to further reduce 
photon radiation levels in the klystron gallery. Calculated 
unshielded x-ray dose rates inside the linac tunnel 1 m 
downstream of the positron target are as high as 7 x 109 

mrem/h. Unshielded neutron dose rates are on the order of 
106 mrem/h at that position. 

Measurements of radiation from the target were made 
in normally occupied areas of the klystron gallery using 
gamma and neutron instruments. The measured data are 
compared to computations of the estimated radiation 
leakage [11] at the nominal operating power, as shown in 
Figure 4. The linac safety envelope is set at 1 kW of beam 
power. It can be defined in terms of beam power since 
production yields of secondary radiation, including 
positrons, neutrons, and gamma rays, are proportional to 
beam power within the linac's energy range. Measured 
radiation fields were due only to gammas, and no 
detectable neutron radiation has ever been found. 

0 . 2 5 I • • | i i i , 
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Fig. 4. Calculated radiation field in the klystron gallery at 
the nominal 480 W operating power, and measured 
gamma radiation at 225 and 390 W. 
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Penetrations in the shield wall that permit passage of 
transmission waveguides, cables, water, and other utilities 
are individually shielded and are frequently monitored to 
ensure that there is no abnormal radiation leakage. 

Since radiation levels near the linac are extremely high 
during operation, all linac systems capable of producing or 
accelerating beam are interlocked to the personnel safety 
system. These systems are deactivated by two independent 
chains by doubly redundant methods whenever the tunnel 
is open for access or when beam permissive is removed for 
any reason. 

Radiation levels in all potentially occupied areas near 
the linac are within DOE guidelines. 

Performance 

Table 1 summarizes the achieved linac performance to 
date. 

Table 1. Linac Performance Summary 

Electron 
Linac 

e 
Energy on Target 

Pulse Length 
Target Spot Size 
Power on Target 

Current on Target 
Repetition Rate 

Maximum Energy 
Energy Spread 

Emittance 
(mm mrad) 
Positron 

Linac 
e 

Energy 
Current 

Energy Spread 
BPPe 
Energy 
Current 

Design 
Goal 

200 MeV 
30 ns 

<j><3 mm 
480 W 
1.7 A 

48 pps at a 
60-Hz rate 
650 MeV 

± 8 % 
<1.2 

Design 
Goal 

450 MeV 
8mA 
±1 % 

Unplanned 
Unplanned 

Achieved 

240 MeV 
30 ns 

(p<5 mm 
390 W 
>2.0A 

Beam: 30 Hz 
rf: 60 Hz 

> 655 MeV 
< ± 8 % 

<1.2 

Achieved 

454 MeV 
14mA 

< ± 1 . 6 % 

> 400 MeV 
>17mA 

Control and Monitoring 

The linac is controlled by the Experimental Physics 
and Industrial Control System (EPICS) [12]. EPICS is 
extremely flexible and, when combined with the sdds 
toolkit [9], provides a powerful environment for 
monitoring as well as active and passive control of the 
accelerator and its various subsystems. 

A powerful save, compare, and restore (SCR) tool 
allows a detailed record of any given accelerator 
configuration to be created and stored. Previously recorded 
configurations can be restored, in part or totally, and an 

existing accelerator configuration can be compared to any 
previously recorded files to within predetermined tolerance 
levels. 

Extensive data are recorded by the Archiver and are 
readily available for further analysis, a feature that is 
extremely useful for long-term problem debugging. 
Records are kept of all standard process variables (PVs) as 
well as PVs that are calculated relationships between other 
PVs, such as the klystron perveance. An alarm logger 
maintains a comprehensive record of all alarms, and those 
data are also available for processing. 

Planned Improvements 

The APS facility plans a 95% or better availability; 
thus the equipment reliability is critical. Several 
improvements are underway to increase the overall 
reliability of the linac. 

Transmission waveguide vacuum has been less reliable 
than desired due to fragile braze joints. Most waveguide 
sectors have temporary patches and indium-coated gaskets. 
New waveguide has been procured and will be installed in 
the next few months. 

Accelerating structure removal and cleaning 
procedures are well known as a result of an accident at the 
beginning of linac commissioning; however, we wish not 
to repeat the exercise. Additional rf windows will be 
installed along with the new waveguide in order to isolate 
all water loads. This will prevent flooding should a water 
load fail for any reason in the future. 

Efficient positron production and acceleration requires 
all modulators and klystrons to be functional, thus a sixth 
klystron and modulator that will act as a switchable spare 
is being constructed. This system will enable normal linac 
operation to continue after a short switching delay. 

The use of constant current power supplies [13] to 
replace some modulator components is being actively 
pursued as a means to improve modulator reliability. One 
of these supplies is now being installed in the sixth 
modulator for testing. 

Future Plans 

LEUTL 

Plans are underway to add a separate electron source 
in the linac capable of significantly lower normalized 
emittance and higher peak current than the present DC gun. 
To implement this, we initially plan to install a thermionic 
rf gun source and alpha magnet pulse compressor 
combination, but ultimately we plan to upgrade to a 
photocathode-based rf gun. This new, high quality source 
forms the heart of the Low-Energy Undulator Test Line 
(LEUTL) [14]. 

The LEUTL has a number of different purposes. One 
is to allow for the testing of specialized undulators before 
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their possible installation into a storage ring. Yet another 
example is to explore such beam/undulator operating 
modes as that expected during self-amplified stimulated 
emission (SASE) below 100 nm. 

Slow Positrons 

The linac can be used for various purposes between 
injection cycles, including slow positron production [15]. 
The nominal beam power of 480 W can be greatly 
increased for slow positron production by detuning the 
SLEDs and increasing the beam pulse length. Target 
design simulation studies are underway at this time. Safe 
operation of the facility must be assured and radiation 
issues must be addressed in detail. A possible layout of the 
slow positron area and the LEUTL beamline is shown in 
Figure 5. 

AAB-LOW POWER TARGET LOCATIONS 

C - HIGH POWER TARGET LOCATION 

Fig. 5. A possible layout of the slow positron target area, 
beam transport, and experimental area. The 
upstream end of the LEUTL is also shown. 

Conclusions 

The linac has met its design goals and reliably 
produces positrons for injection into the PAR. Injection 
efficiency for positron operation is still being improved, 
but has been as high as 65%. Improvements to the linac are 
planned, and future plans include a low energy undulator 
test line and SASE FEL, and a slow positron source. 

For information about the Advanced Photon Source, 
and about Argonne National Laboratory, please check our 
Web Page at http://www.aps.anl.gov/welcome.html and the 
links therein. 

Acknowledgments 

Work supported by the U. S. Department of Energy, 
Office of Basic Energy Sciences under the Contract W-31-
109-ENG-38. We would particularly like to acknowledge 
M. Douell, D. Fallin, C. Gold, J. Goral, J. Hoyt, D. 
Jefferson, T. Jonasson, M. Lagessie, D. Meyer, S. Pasky, L. 
Peterson, V. Svirtun, and D. Yuen for their efforts in 

constructing the linac; J. Haumann for overseeing design 
and construction of the modulator controls; and Mr. F. 
Onesto for expediting. We thank G. Mavrogenes for his 
valuable insight and experience. Slow positron target 
simulations are carried out by E. Lessner. We also 
acknowledge the efforts of the entire APS staff who 
constructed, commissioned, and now operate the facility. 
Lastly, we greatly appreciate the expertise of D. Haid in 
graphics manipulations for this document. 

References 

[I] 7-GeV Advanced Photon Source Conceptual Design 
Report, ANL-87-15, April 1987. 

[2] T. Russell and A. Cours, "Klystron Modulator Operation 
and Upgrades for the APS Linac," Proc. of the 1995 
Particle Accelerator Conf., 1-5 May 1995, Dallas, TX, pp. 
1559-1561 (1996). 

[3] R. E. Fuja and M. White, "Performance of the Advanced 
Photon Source (APS) Linac Beam Position Monitors 
(BPMs) with Logarithmic Amplifier Electronics," Proc. of 
the 1995 Particle Accelerator Conf., 1-5 May 1995, Dallas, 
TX, pp. 2595-2597 (1996). 

[4] W. Berg and K. Ko, "Status of the Fluorescent Screens and 
Image Processing for the APS Linac," Beam 
Instrumentation Workshop Proc., Santa Fe, NM, Oct. 1993. 

[5] A. Grelick et al., "Phase Control and Intra-Pulse Phase 
Compensation of the Advanced Photon Source (APS) 
Linear Accelerator," Proc. of the 1995 Particle Accelerator 
Conf., 1-5 May 1995, Dallas, TX, pp. 1082-1084 (1996). 

[6] A. E. Grelick, R. Fuja, N. Arnold, and M. White, "Rf and 
Beam Diagnostic Instrumentation at the Advanced Photon 
Source Linear Accelerator (Linac)," these proceedings. 

[7] W. Sellyey, private communication. 
[8] N. Sereno, R. Fuja, "Positron Beam Positron Measurement 

for a Beam Containing Both Positrons and Electrons," 
Beam Instr. Wkshp., Argonne Nat'l. Lab. May 1996, to be 
published. 

[9] M. Borland, "A Self-Describing File Protocol for 
Simulation Integration and Shared Postprocessors," Proc. 
of the 1995 Particle Accelerator Conf., 1-5 May 1995, 
Dallas, TX, pp. 2184-2186 (1996). 

[10] L. Emery, N. Sereno, private communication. 
[II] H. J. Moe et al., "Radiation Measurements at the Advanced 

Photon Source (APS) Linear Accelerator," Proc. of the 
1995 Particle Accelerator Conf., 1-5 May 1995, Dallas, TX, 
pp. 1064-1066(1996). 

[12] L. Dalesio et al., "The experimental physics and industrial 
control system architecture: Past, present and future," Nucl. 
Instrum. and Methods A 352, 179 (1994). 

[13] Electronic Measurements Inc. Neptune, NJ Models 
202,203. 

[14] S. Milton, private communication. 
[15] M. White and E. S. Lessner, "The Advanced Photon Source 

(APS) Linear Accelerator as a Source of Slow Positrons," 
Proceedings of SLOPOS-7, Unteraegri, Switzerland, 2-7 
June 1996, to be published. 

319 

http://www.aps.anl.gov/welcome.html




Poster Session TU 

Chairman: N. Holtkamp fe 

^ 

g 
5? 
i2 

Tuesday, August 27, 1996 

g 





SLC-2000: A LUMINOSITY UPGRADE FOR THE SLC 

M. Breidenbach, F.-J. Decker, R. Helm, S. Hertzbach*, O. Napoly*, 
N. Phinney, P. Raimondi, T.O. Raubenheimer, R. Siemann, F. Zimmermann 

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309 
* University of Massachusetts, Amherst, Massachusetts * on leave from DAPNIA, Saclay, France 

Abstract 

We discuss a possible upgrade to the Stanford Linear Collider 
(SLC), whose objective is to increase the SLC luminosity by at 
least a factor 7, to an average Z production rate of more than 
35,000 per week. The centerpiece of the upgrade is the instal
lation of a new superconducting final doublet with a field gra
dient of 240 T/m, which will be placed at a distance of only 70 
cm from the interaction point. In addition, several bending mag
nets in each final focus will be lengthened and two octupole cor
rectors are added. A complementary upgrade of damping rings 
and bunch compressors will allow optimum use of the modified 
final focus and can deliver, or exceed, the targeted luminosity. 
The proposed upgrade will place the SLC physics program in a 
very competitive position, and will also enable it to pursue its 
pioneering role as the first and only linear collider. 

Introduction 

The goal of the SLC-2000 proposal [ 1] is to upgrade the Stanford 
Linear Collider (SLC) in order to produce 3 million polarized Zs 
in less than four years, and to embark on the rich physics program 
accessible in future high-luminosity SLC runs [2]. In this doc
ument, we outline an upgrade path for the accelerator that will 
increase the SLC luminosity by roughly a factor of seven and 
point to related documents for more information. 

The average Z production rate during good months of the 
1994/95 SLC running cycle was 5000 Zs per week. Assuming 
30 week physics runs each year and a 25% reduction of the inte
grated luminosity due to PEP-II (B factory) operations, then the 
peak luminosity must be increased from its 1994/95 value by a 
factor of seven to attain the desired complement of Zs. It should 
be noted that we have based our luminosity extrapolation on the 
good performance during the 1994/95 run. If, instead, the lumi
nosity estimate is scaled from the average performance during 
either 1994-1995 or 1996, where we had numerous operational 
difficulties, the upgrade would only yield 2 million Zs in four 
years. 

To gain the factor of seven increase in luminosity, we propose 
to decrease L*, the free length at the interaction point (IP), by 
moving the final lens closer to the IP and to decrease the hori
zontal emittance by 30% at the IP. We considered a number of 
other approaches such as increasing the bunch charge, the num
ber of bunches per train, or the repetition rate, or decreasing the 
emittance more substantially, but felt they were all too costly, dif
ficult or uncertain. On the other hand, the optics and aberrations 
in the final foci are well understood, as demonstrated by study
ing the operation of the collider at low beam current where the 
emittance dilutions and pulse-to-pulse orbit variations are small. 

At a bunch charge of 5 x 109, the measured IP spot sizes are 
roughly 2.1 /*m by 400 nm, in complete agreement with the ex
pected values [3]. Thus, although the proposed upgrade will in
crease the optical aberrations slightly, we believe that we can ac
curately calculate these and compensated them with additional 
octupoles in each final focus. 

Unfortunately, at high currents, there are dilutions that are not 
well understood. For example, with a bunch population of 3.5 x 
1010, the measured vertical IP spot size is typically 50% larger 
than expected. Fortunately, any emittance dilutions or jitter at 
high current will get demagnified by the new final lens, and the 
ratio of actual and expected luminosity will stay constant. Thus, 
the predicted relative luminosity increase due to the change in 
L* is valid at both high and low currents. 

The reduction of the horizontal emittance is more difficult to 
predict because we do not fully understand the emittance dilu
tions and the luminosity reductions at high current. Fortunately, 
the horizontal spot size, and thereby emittance, is significantly 
larger than the vertical and much closer to the expected value 
giving confidence in our ability to predict a small reduction. In 
the upgrade, we reduce the horizontal emittance in the damp
ing rings and bunch compressors by a factor of three. Given the 
known sources of dilution, we would expect this to reduce the IP 
horizontal emittance by a factor of 50%. Assuming some addi
tional sources, we are conservatively designing for an emittance 
reduction of only 30%. 

Table 1 lists IP beam parameters for the SLC-2000 upgrade. 
The upgrade rests on the following assumptions: First, the lu
minosity limitations in the present SLC are due to purely geo
metric effects, i.e., transverse wakefields, magnetic errors, trans
verse jitter, etc., that dilute the projected horizontal and vertical 
phase space densities upstream of the final triplet. In this case, 
the limiting dilutions will be demagnified by the new final dou
blet along with the spot sizes. This assumption is believed to be 
true because all known chromatic and chromo-geometric sources 
which can partially negate the chromatic correction have been 
estimated to be negligible. Second, the chromatic properties of 
the present SLC final focus agree with predictions, giving con
fidence that we can predict the chromatic properties of the new 
design. Experimental data which support this are summarized in 
[4,5]. Third, the required 500 fim bunch lengths at the IP can be 
produced and collided with acceptable backgrounds. It should be 
noted that the SLC operated with 750 /«n bunch lengths at the IP 
during the first half of the 1994-1995 run. Fourth, the horizontal 
emittance reduction at the IP can be accomplished. This assump
tion has been verified recently by operating the present damp
ing ring coupled, decreasing the extracted horizontal emittance 
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by roughly 50% at the expense of the vertical. Further evidence 
for it arises from the behavior of the vertical emittance which 
was decreased substantially by operating the damping rings off 
the coupling resonance, and from studies of emittance growth 
in the collider arcs [5,6]. Fifth, the luminosity is not limited by 
collision related backgrounds, i. e., background sources that arise 
from the electromagnetic interaction of the two bunches. 

Final-Focus Upgrade 

The centerpiece of the final-focus upgrade is a pair of new LHC-
style superconducting final doublets with a field gradient of 240 
T/m. These doublets will replace the present SLC final triplets 
which have gradients of about 100 T/m. The free length to the 
IP, L*, will be reduced from 2.2 m in the present final focus to 
70 cm in the upgrade. In addition, three new bending magnets 
and two octupole correctors will be installed in each final focus, 
to reduce the effects of synchrotron radiation and higher-order 
aberrations. 

At present the SLC final focus operates with flat beams. IP 
beta functions are about (3X « 7 mm, (3y « 2-3 mm, and the 
high-current emittances are yex s s 5 . 6 x l 0 ~ 5 m , and f€y » 
1.0 x 10"* m. Under good running conditions, the spot size 
can be 2.1 /zmx0.7 fim at high current (bunch charges larger 
than 3.5 x 1010). The upgrade is designed to reduce the spot 
size to 1.15 /tm x 0.25 pm for horizontal and vertical beta func
tions of 2.1 mm and 500 /tm, respectively. This corresponds 
to a luminosity of 500 Zs per hour, which increases to more 
than 1000 Zs per hour, if the horizontal emittance is reduced to 
•yex ss 4.0 x 10"* m, and the rms bunch length shortened to 0.5 
mm. 

The present IP spot size is limited by three different effects 
[3,7]: linear optics, nonlinear aberrations—primarily due to the 
interleaved sextupoles—and synchrotron radiation in the bend
ing magnets. The latter increases both the horizontal spot size, 
due to the induced emittance growth, and the vertical spot size 
by virtue of the large triplet chromaticity. To reduce these limi
tations, we have considered the following improvements to the 
final focus: First, the three last bending magnets will be replaced 
by 50% longer magnets. Sufficient space for the new dipoles 
is available. Second, two octupole magnets, on remotely con
trolled movers, will be added to each final focus. These will cor
rect the dominant nonlinear aberrations, and improve the energy 
bandpass of the system. It will also be advantageous to mount 
the four main sextupoles in each final focus on remote movers, 
and to install additional 1-Atm resolution BPMs, as used in the 
Final Focus Test Beam. The last two items are relatively minor 
modifications, which will facilitate operation. Third, as stated, 
the heart of the final-focus upgrade is the installation of a new 
superconducting final doublet. In order to fit into the detector at 
the reduced L* of 70 cm, the maximum outer radius of the new 
doublet cryostat is about 20 cm. To provide sufficient beam stay-
clear, the inner radius is chosen as 2.54 cm. These dimensions 
closely resemble those of the superconducting quadrupoles fab
ricated for the LHC [8] and proposed for the TESLA final fo
cus [9], which have an effective pole-tip field of 6 T. To achieve 
such a high pole-tip field, and to make use of LHC technology, 
the cryogenics system must be upgraded to 1.8-K operation. For 

parameter 
jex (m) 
fey (m) 

Orms 

<rz 

N 
< 
< 
Lo 
L 

ex 
Oy 

*- E •* 

<TE 

present 
5.6 x 10-* 
1.0 x 10-* 
300 Atrad 
200 Atrad 

7 mm 
2.75 mm 
0.10% 
1 mm 

3.5 x 1010 

2.1 fim 
600 nm 

lOOZs/hr 
150Zs/hr 
0.59 mrad 
456 Atrad 
0.039% 
52 MeV 

FF 
5.6 x 10-* 
1.1 x 10-* 
550/xrad 
500 Atrad 
2.09 mm 
0.5 mm 
0.12% 
0.8 mm 

3.5 x 1010 

1.15 fim 
250 nm 

450Zs/hr 
524Zs/hr 
1.00 mrad 
524 /trad 

0.18% 
166 MeV 

FF+DR+BC 
4.0 x 10-* 
1.1 x 10-* 
550 Atrad 
500 Atrad 
1.47 mm 
0.5 mm 
0.2% 

0.5 mm 
3.5 x 1010 

810 nm 
250 nm 

640Zs/hr 
1073Zs/hr 
1.29 mrad 
661 Atrad 

0.61% 
482 MeV 

Table 1 : Estimated IP beam parameters and predicted peak luminosity 
for the present final focus, for only the final-focus upgrade, and for the 
complete SLC-2000 upgrade involving final focus, damping ring and 
bunch compressor. The symbol L0 (L) denotes the luminosity without 
(with) pinch and hourglass effect The last four parameters refer to the 
spent beam and were obtained using the code GUINEA-PIG [10]. 

comparison, the present SLC triplet, which operates at a temper
ature of 4 K, has an effective pole-tip field of only 2.2 T at a sim
ilar radius. The quadrupole design for TESLA [9] would meet 
all the SLC-2000 requirements. 

A reduced L* alone already alleviates all three effects limiting 
the IP spot size: It allows higher IP beam divergence, providing a 
larger acceptance, and thus facilitates a squeeze of/3£, /3J. Next, 
it reduces the chromaticity of the system, thus reducing the effect 
of synchrotron radiation on the vertical spot. The beta function 
at the exit of the last quadrupole is about /3QI » £*2//3£. If the 
quadrupole strength is changed in proportion to the divergence, 
i.e., KQI ~ 0$, the chromaticity £ « f (3y(s)KQids scales as 

f ~ L*2/0£ . Hence, a reduction of L* roughly implies a re
duction of /3£ by about the same factor. In addition, a reduced L* 
leads to reduced nonlinear aberrations since the strength of the 
sextupoles, which generate the aberrations, scales in proportion 
to the chromaticity. 

We have also studied a more ambitious option for SLC-2000, 
namely to substitute the present final focus by an FFTB-like sys
tem with noninterleaved sextupoles. The performance of such a 
system would be superb. However, it is thought to be more (too) 
expensive, and we do not further discuss it here. 

IP beam parameters for the present and the upgraded final-
focus systems have been summarized in Table 1. The table 
shows that the luminosity improves by about a factor of 3.5, 
when only the final focus is upgraded, and that it further in
creases, by a total factor of 7, if damping rings and bunch com
pressors are also modified. It should be emphasized that the ac
tual average luminosity delivered in the 1994/95 SLC run was 
about 60 Zs per hour, and thus short by a factor of 2-3 compared 
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with the ideal estimate of Table 1. The origin of this discrepancy 
is not fully understood. Regardless, since the aberrations and di
lutions will be demagnified by the new doublet, the ratio of ex
pected and actual luminosity is believed to stay the same for the 
upgrade, so that we expect exactly the predicted factors of 3.5 or 
7 improvement in luminosity. 

Table 1 also shows average energy loss and energy spread of 
the spent beam, which both increase by a factor 10-20 to val
ues of the order of one percent for the upgrade. The number of 
beamstrahlung photons and the average photon energy are in
creased by a similar factor. The parameters for disruption and 
beamstrahlung are very close to, if not larger than, those expected 
for the Next Linear Collider (NLC). 

Ref. [11] describes the optics of the upgraded SLC final-focus 
system. The peak of the vertical beta function in the final dou
blet is reduced by about a factor of 5 from its present value, while 
the maximum of the horizontal beta function is about a factor 3 
larger. The dispersion function is the same as in the current sys
tem. The total momentum bandwidth of the final-focus upgrade 
is larger than ±0.3% (defined by a doubling of the beta function), 
which is sufficient for an expected beam-energy spread of about 
0.2%. The effects of synchrotron radiation and nonlinearities are 
still small for these beta functions, and there is, hence, a potential 
for further decreasing the IP spot size, until the hourglass effect, 
the physical aperture in the final doublet, or the beam stay-clear 
for the spent beam will finally set a limit. Another fundamental 
limit on the spot size is due to the Oide effect (synchrotron radia
tion in the final doublet) which, for emittances of yex « 4 x 10 - 5 

m and yey « 1 x 10 - 5 m, imposes a minimum horizontal and 
vertical spot sizes of 700 nm and about 100 nm, respectively. 
Thus, this limit will not be important for SLC-2000. 

The lO-o- beam envelopes of the incoming beam in the final 
doublet are comparable to, or better than, the present situation, 
and the beam stay-clear in the doublet is more than sufficient. 
The stay-clear of the spent beam in the high-dispersion points of 
the CCS is of some concern, because the energy loss and energy 
spread are largely increased due to enhanced beamstrahlung [12]. 

For SLC-2000 the background from synchrotron radiation 
in the final doublet looks considerably improved, thanks to the 
shorter L* [12]. As regards synchrotron-radiation generated up
stream of the final doublet, there is no significant difference 
between SLC-2000 and the present design [11]. Furthermore, 
masks can be installed to intercept most of this radiation. 

Damping Rings, Bunch Compressor, Linac 

In addition to the final focus upgrade, the SLC-2000 scenario re
quires a smaller horizontal emittance. This is produced by mod
ifying the present damping rings to use combined function bend
ing magnets as described in [13, 14]. Here, a single 70 cm com
bined function magnet replaces two 30 cm bending magnets and 
a defocusing quadrupole located between the bending magnets. 
This decreases the horizontal dispersion in the magnet and in
creases the horizontal damping partition to 1.7 with a net ef
fect of decreasing the horizontal emittance by a factor of three 
to7<rx = 0.9 x 10_ 5m. 

To further improve the collider performance, we also plan to 
modify the bunch compressors which immediately follow the 

damping rings. Presently the bunches are compressed in trans
port lines which are corrected chromatically through second or
der. Unfortunately, these have proven difficult to tune and op
erate and are a possible source of beam halo which could cause 
backgrounds in the detector. In the upgrade, we will add a short 
magnetic chicane after injection into the SLAC linac. The bunch 
compression is then performed using the chicane and the old 
compressor beam lines simply transport the beams from the rings 
to the linac. 

Finally, the upgrade requires shorter bunch lengths at the IP. 
These are obtained by decreasing the bunch lengths in the linac 
from roughly 1.1 mm to 0.9 mm and inducing a correlated en
ergy deviation along the bunches which causes them to be further 
compressed in the arcs that transport the beams from the linac to 
the IP. To achieve sufficient compression, the energy spread must 
be increased from 0.1% to 0.2~0.3%. 

Conclusion 

The SLC-2000 upgrade encompasses a new final lens, a smaller 
horizontal emittance, produced by a modified damping ring, and 
shorter bunches at the IP. Based on the performance during good 
months of the 1994/95 run, the upgrade should produce 3 million 
Zs in 4 years. Of course, the upgrade scenario presented is still 
preliminary and a number of additional calculations and exper
iments are needed before the design can be completed with full 
confidence. Finally, the upgrade is expected to cost roughly 20 
M$. 
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Abstract 

We present the design, analysis, and first results of the high 
brightness electron beam experiments currently under 
investigation at Sandia National Laboratories. The anticipated 
beam parameters are the following: energy 12 MeV, current 
35-40 kA, rms radius 0.5 mm, and pulse duration 40 ns FWHM. 
The accelerator is SABRE [1], a pulsed LIVA modified to 
higher impedance, and the electron source is a magnetically 
immersed foilless electron diode [2]. Twenty to thirty Tesla 
solenoidal magnets are required to insulate the diode and contain 
the beam to its extremely small sized (1 mm) envelope. These 
experiments are designed to push the technology to produce 
the highest possible electron current in a submillimeter radius 
beam. Design, numerical simulations, and first experimental 
results are presented. 

Introduction 

The particle beam which drifts through the multiple 
cavities of conventional induction linacs is replaced in a LIVA 
by a metal conductor which extends along the entire length of 
the device and effectuates the addition of the accelerator cavity 
voltages. The present experiments were motivated by the 
success of converting RADLAC II into a linear inductive 
voltage adder fitted with a magnetically immersed foilless diode 
(RADLAC/SMILE [3]). Annular beams of 50-100 kA, 1-cm 
radius were produced with very sharply defined 3-mm thick 
annulus and low transverse velocities ((3± = 0.05). 

The SABRE accelerator is also a LIVA. It has 10 
inductively insulated cavities each rated to maximum voltage 
of 1.2 MV. This experiment operated SABRE at ~ 12 MV 
with a reduced current of 100 kA. 

The major modification of the pulse forming network was 
the reduction of the total number of pulse forming and 
transmissions lines by half (from 20 to 10). Thus, each cavity 
was fed by a single pulse forming line, doubling the accelerator 
impedance. To maintain an additional capability of further 
increasing the voltage, a new, smaller diameter magnetically 
insulated transmission line (MITL) [4] cathode electrode was 
designed and constructed whose 120-ohm impedance is 40% 
higher than the sum of the impedance of the cavities. 

SABRE High Impedance MITL and Diode 

The cathode electrode geometry is shown in Fig. 1. The 
tapered sections face the cavity gaps and provide an impedance 
increase which follows the voltage axial gradient. The constant 

radius segments correspond to MITL sections without axial 
electric field. This design assures constant current flow over 
the entire length of SABRE. The cathode electrode is 9.6-m 
long and includes the voltage adder (6-m long) and a constant 
radius (2.2 cm) extension 3.2 m in length. 

Fig. 1. Line drawing of the new high-impedance cathode electrode. 

The magnetically immersed foilless diode is similar to that 
of RADLAC D/SMILE. However, SABRE diode impedance 
and solenoidal magnetic field are much higher, and the cathode 
is a needle on axis (Figs. 1-2), unlike the annular diode in 
RADLAC II. To generate beams of millimeter sizes, the diode 
must be immersed in solenoidal fields of 20-30 Tesla [5,6,7]. 
Figure 2 shows a schematic diagram of the diode design, 
including the solenoidal magnet. The shape of the fringe field 
is tailored by a 2-cm thick aluminum cylinder of 25-cm inner 
radius coaxially enclosing the entire diode assembly. 

Simulation Results 

The MITL voltage adder (Fig. 1) and the foilless diode 
(Fig. 2) were designed with a large number of particle-in-cell 
simulations. Figure 3 shows an electron map of the MITL 
voltage adder at 60 ns following the arrival of the voltage pulse 
at the first cavity (t = 0). The line is magnetically insulated 
with the self-field (Be) of the current flowing along the voltage 
adder. 

;, 23 TESLA 
•' SOLENOID 

CATHODE TIP AND NEEDLE 

Fig. 2. Schematic diagram of diode design and transition region. 

Figure 4 is a simulation of the transition region. In this 
region all the sheath electrons are lost to the anode. The losses 
occur at the point where the self field B9 becomes equal to the 
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Electron map for the high-impedance cathode electrode 
obtained with a PIC code at 60 ns following the arrival of pig. 5. High-resolution diode simulation calculating the beam pa
rtie voltage pulse at the first cavity (t = 0). rameters. Only the region from Z = 0 to Z = 20 cm in Fig. 

4 is simulated. 

Fig. 4. PIC simulation of the transition region. The losses near the 
conically tapered section are due to the transition from Be 

insulation (left side) to Bz insulation in the immersed diode 
(0 < Z < 20 cm); see Fig. 5. 

Bz component of the applied field. The simulation's resolution 
is not fine enough to give the precise beam parameters. The 
Fig. 5 simulation was done with the above concern in mind, so 
only the immersed diode was included. A beam of 36 kA with 
0.44-mm rms radius is produced. This simulation represents 
an ideal situation assuming no cathode plasma radial expansion, 
perfect cylindrical symmetry without instabilities, and 
negligible beam perturbation due to possible beam-stop plasma 
blow offs. The cathode plasma expansion problem has been 
simulated with IPROP [8]. The result is that the effective size 
of the cathode tip may increase by up to 40%. 

Preliminary theoretical analysis and numerical simulations 
with IVORY suggest two-stream ion hose instabilities between 
the primary electron beam and the ions extracted and accelerated 
from the target [8]. This instability causes the beam to oscillate 
and appear larger. Later in the pulse, the beam breaks up to a 

number of filaments which move apart, further increasing the 
electron beam size. According to IVORY, the apparent beam 
spot size decreases inversely with the diode magnetic field. A 
30-T or higher field should control these instabilities in the 
linear regime and allow 0.5- to 1-mm radius beams. 
Experimental results appear to agree with the above predictions. 

Experimental Results 

We experienced two major difficulties: a severe decrease 
in the diode impedance near the peak of the voltage pulse and 
a larger than predicted beam size. We discovered that the 
impedance decay was due to a 100-kV prepulse 200 ns before 
the main pulse. A prepulse suppression switch solved the 
problem; a 3-cm long plastic preceding the transition region 
adequately isolated the cathode needle from the prepulse. The 
main pulse was able to flash the plastic surface, propagate 
downstream and ignite the cathode tip. For the switch to be 
effective, the diode chamber pressure must be below 10"5 torr. 

The beam cross section was measured destructively with 
an x-ray framing camera. The beam spot on a tantalum x-ray 
convertor was imaged through eight lines of sight onto discrete 
sealed microchannel plate detectors which were pulse biased 
to provide sequential 6-ns frames spanning the SABRE power 
pulse. In addition, two lines of sight are statically biased to 
provide time-integrated beam size measurements. Figure 6 
shows one time-integrated image and the film specular density 
profiles along two directions. It is obvious that there is an 
intense center core surrounded by a tenuous and asymmetric 
halo. In this particular shot, the cathode needle was misaligned 
relative to the magnetic field axis, with the tip displaced 
approximately 5 mm. The FWHM of the x-ray spot size is 2 
mm. We are in the process of analyzing the data and 
implementing a number of corrections to the photograph: 
namely, the film and microchannel response and aperture 
modulation response which is calculated with monte carlo 
radiation transport codes. In addition, to estimate the electron 
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Fig. 6. Time-integrated x-ray image of the beam on a tantalum 
converter. The film specular density profiles along two 
directions are also shown. 
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Abstract 
The 400 MeV Fermilab Linac Upgrade commissioning 

began August 28, 1993. High energy physics collider 
operation (run lb) began in November 1993 and ended March 
1, 1996. The Linac, operating at 98% reliability, provided 
400 MeV H" beam to the Booster and 66 MeV H" beam to the 
Neutron Therapy Facility. During this time, the beam 
intensity, which initially was administratively set to 35 mA, 
rose to a peak of 50 m A while losses decreased significantly. 
This paper discusses the Linac operation and reliability since 
the Upgrade. 

Introduction 
Commissioning of the high energy part of the Linac 

started August 28, 1993. Prior to this the entire system was 
installed in the Linac tunnel, along side the drift tube cavities 
and operated without beam for one year. The last four cavities 
(116 to 200 MeV) of the original Linac were removed three 
months before commissioning, and the new side-coupled 
structure (116 to 400 MeV) was moved into place and 
reconnected. 

When commissioning begun low intensity coasting 
beam was achieved in about eight hours. Once the low energy 
linac was properly matched, beam coasted through the high 
energy linac with little loss. Good transmission required 
empirical tuning of the high energy trim magnets and 
quadrupoles. 

Tuning of the accelerating gradients and phases began 
immediately, starting with the first of seven side-coupled 
modules and the longitudinal matching sections. The new 
high energy structure is composed of two small longitudinal 
matching sections to match from 201.25 MHz into the new 
805 MHz system followed by seven side-coupled accelerating 
modules. Each accelerating module is composed of four 
cavities with each cavity having 16 cells. A 12 MW klystron 
feeds each module [1]. The RF amplitude and phase to each 
module was determined by a process called phase scan 
signature matching [2] where the phase difference between two 
beam detectors is measured as the RF phase of the module is 
scanned through 360 degrees and compared to the calculated 
curve. Beam measurements and RF studies required seven days 
and the first low intensity 400 MeV beam was accelerated on 
September 4, 1993 [3]. 

Shielding assessment studies, to verify the radiation 
integrity of the Linac enclosure, were required and done before 
increasing the intensity. Commissioning of the Booster 400 
MeV line, injection and Booster acceleration proceeded in 
concert until the Main Ring and Tevatron began operations. 

Steady improvement in the beam intensity, losses and 
stability were made during this time. At the time of Main 
Ring startup, early October 1993, the Linac was providing the 

design intensity of 35 mA with >98% transmission through 
the high energy linac. 

While commissioning, the Fermilab Linac Department 
was augmented by several people from the Superconducting 
Super Collider Linac Group, the Institute for Nuclear Physics, 
Moscow, and the Institute of High Energy Physics, Beijing. 

During 1994 the linac group worked to increase intensity 
and lower losses. Much of this involved adjustment of the ion 
source parameters to operate at 65 mA and above [4]. On the 
high energy linac, studies continued to refine the longitudinal 
and transverse tunes. This represented small changes to RF 
phases and amplitudes of the system, adjustment of individual 
quadrupoles, and much tuning of the high energy trim 
magnets. All combined, the Linac output intensity increased 
from 35 mA to 44 mA. 

During the February 1995 shutdown the low energy 
buncher RF system was upgraded and the cavity began 
operating at 30% higher gradient. This resulted in higher 
capture (72%) into the low energy linac and the intensity 
improved to 48 mA. This also appeared to help the high 
energy linac transmission with a resulting increase in the 
Linac output to 47 mA. 

Operation 
Chart 1 shows the monthly average intensity at 400 

MeV through the period of the Collider Physics run. The 
general trend is up with dips caused by ion source aging and 
differences in the two ion sources. Ion source improvements 
were implemented in September 1994 and gave a significant 
increase in intensity. The smaller increase from March 1995 
is a result of the work on the low energy buncher. These are 
monthly averages not peak intensities. During the period of 
March 1995 to the end of the run it was not uncommon to 
operate for days at 47 to 48 mA and a record of 50 mA for H" 
ions was achieved during studies at the end of the run. 
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Chart 1, Average intensity. 

Beam losses in the high energy linac are measured by 
loss monitors of the style used in the Main Ring and Tevatron 
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[5]. They are not calibrated in any units but are used as a 
comparison with previous running. Tuning of the high energy 
trim magnets is typically done by looking at the loss monitors 
and tuning for the lowest losses. Chart 2 displays the average 
monthly normalized losses during Collider Run lb. 
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Chart 2, Average Losses. 

Normalized losses in the accelerating section of the high-
energy linac changed very little as the intensity rose. Losses 
would rise briefly until the best tune was found for that 
intensity and often decreased to a level lower than the starting 
point. The 750 keV line tuning has a large effect on the high 
energy linac losses. A different trim setting is needed for each 
ion source. Settings have been found which allow both ion 
sources to provide equivalent beam intensities and losses. 

A major improvement in the losses occurred in February 
1995. Studies which culminated in a new high energy linac 
quadrupole tune reduced the losses everywhere in the high 
energy linac by a factor of two. As the source current increased 
new quadrupole settings were necessary in the high energy 
linac. New setting were found using TRACE3D and beam 
profiles measured at three locations in the transition section 
and at nine locations along the side coupled structure. Beam 
profile measurements at the transition section, with 
TRACE3D analysis, provided Twiss parameters of the beam 
from the low energy linac. This provided new transition 
quadrupole settings which produced a waist at the entrance to 
the high energy linac. After new settings for the transition 
section were installed, tuning of the trim magnets was done to 
minimize losses through the high energy linac. At this point 
an attempt was made to set the rest of the quadrupoles for a 
FODO structure however the losses with these setting were to 
high at the ends of modules 2 and 3 so less radical quadrupole 
settings for modules 1 and 2 were tried. These settings, as 
'suggested' by TRACE3D, had the smallest beam size in 
modules 2 and 3 with clean transmission through the rest of 
the linac. A best solution was found after several iterations. 
Chart 3 shows the decrease in the losses during the month of 
February when these studies were performed. 

Chart 4 is a TRACE3D display for the final setting of 
the linac quadrupoles. The low beam losses in the Linac, good 
running conditions for the Booster and other operational 
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Chart 3, Losses during quadrupole retuning studies. 

requirements have forced us to accept these settings and give 
up on a FODO structure. 
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Chart 4, TRACE3D display for high energy linac quadrupole 
tune. 

The 400 MeV area, because of a Lambertson magnet 
which has high end effect fields in the field free region, is 
much harder to tune and much less forgiving of changes in 
intensity and beam size. Losses in that area are typically a 
factor of six higher than in the accelerator and in the past the 
ratio has been as high as 13.5. The existing tune is a 
compromise between the needs of the 400 MeV dump area and 
the Booster injection line. The present tune gives the lowest 
losses in the dump line while not compromising the Booster 
operation. 
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Reliability 

Reliability in the entire Linac was better than 98% before 
the Upgrade. In the first three months of 400 MeV operation 
reliability averaged 94.7%. Except for one klystron problem 
this increase was due to problems with the low energy linac. 
This is because people were to busy, during the shutdown, 
with installation of the Upgrade to do normal maintenance on 
the low energy systems. As the run progressed the reliability 
of the Linac as a whole returned to the 98% level with the 
majority of problems requiring less than five minutes to 
correct. After the first three months of running the linac 
downtime was much less than 2% except for a failure every 
three to four months requiring several hours to repair. 
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period. These tubes typically fail in one of two modes: 
voltage breakdown and instabilities. They are used as a linear 
amplifier and the current manufacturers have trouble making 
tubes that work in this mode. This requires working with the 
manufacturers to produce tubes that meet our application. 

The high energy linac modulator problems are more 
varied but a majority of the failures concern the HV SCR 
switches for the charging supplies and pulse forming 
networks. Several of these switch banks have been replaced 
and work continues to improve their reliability. Other 
problems include the SCR firing circuits and high voltage 
cable breakdowns. 

Current Performance 

The Linac is now running at intensities between 45 and 
48 mA. The ion source provides approximately 65 mA of H" 
beam through the 750 keV line and to the entrance of the 
Linac. Of this 70-72% is captured in tank 1 and accelerated 
through the low energy linac to 116 MeV (tank 5). 
Transmission through the high energy linac is greater than 
98% with usually less than 1 mA lost between the output of 
the drift tube linac tank 5 and the output of the coupled cavity 
structure (400 MeV). Most of this loss is in the 805 MHz 
coupled cavity modules 1 and 2 due to the inability to 
longitudinally capture all of the beam from the 201.25 MHz 
drift tube linac. 

References 

Chart 5, Percent of the total Linac downtime caused by each 
major system. 

The 805 MHz, 12 MW klystrons, a major part of the 
Upgrade system, has operated extremely well. Of the 7 large 
and 3 small (200 kW) klystrons, none has yet to fail and many 
are approaching 30,000 hours operation. 

Keeping in mind that the total linac downtime is about 
two percent, the major reliability problems are the RF 
modulators in both the high energy and low energy linacs 
(Chart 5). Subsystems with smaller but significant downtime 
are: the preaccelerator high voltage supplies, the low energy 
RF power amplifiers, the low energy cavities, and the high 
energy low-level RF components. 

The low energy linac modulator problems are almost 
exclusively due to the tubes in use. The tubes are old designs 
and many are no longer made by the original manufacturer. Of 
the fifteen switchtubes to control the power tube high voltage, 
three per a RF station, 28 were replaced over this two year 
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Longitudinal Emittance from the Fermilab 400 MeV Linac* 

Elliott McCrory, Lawrence Allen, Milorad Popovic, Charles W. Schmidt 
Fermilab, Batavia, IL 60510, USA 

Abstract. The measurements which characterize the 
longitudinal emittance of the Fermilab 400 MeV Linac beam 
are presented. These measurements are made by determining 
the momentum spread and the bunch length of the beam using 
wall-current monitors, bunch length detectors and a 
spectrometer. 

1. Introduction 
Accurate measurement of the length of a bunched ion beam 

with velocities less than c is difficult. In the Fermilab 400 MeV 
Linac (the Linac), we have made this measurement using wall-
current monitors (WCM), and with a special-purpose device 
known as a Bunch Length Detector (BLD). The momentum 
spread can also be determined from the BLDs, as well as from a 
spectrometer magnet. These methods are discussed, the 
resolution of these devices is calculated and/or measured and 
measurement results on the Linac are presented. 

2. Overview of the Linac 
The Linac is described in detail in the references [1, 2]. 

For the purpose of this paper, it is sufficient to know the 
following. The first half of the Linac, low-energy linac (LEL), 
is a 201.25 MHz drift-tube structure which accelerates the 
beam to 116.5 MeV. It is followed by a 4-meter transition 
section which contains two 805 MHz non-accelerating 
bunching cavities, the "buncher" and the smaller "vernier." 
The second half of the Linac, the high-energy linac (HEL), 
consists of seven 805 MHz modules which each consist of 28 
side-coupled cavities in four sections, which accelerates the 
beam to 401.5 MeV. Each module is followed by a WCM. 
The Linac beam travels approximately 70 m for injection to the 
8 GeV Booster synchrotron. A spectrometer magnet sits at 401 
MeV to dump the beam which Booster does not need. 

3. Monitoring of Wall Currents 
A WCM is multi-purpose device, providing beam toroid 

signals, beam phase signals and bunch-length information from 
a resistive gap in the beam pipe. The bandwidth is a 
compromise between the low-frequency toroid requirements 
and the high-frequency bunch length requirements. The (3=1 
bandwidth of this device is measured to be 6 GHz. 

Formulae 

For a charged beam with P < 1, the image charges on a 
conducting beam pipe spread ahead and behind the beam bunch 
by an angle -1/y. The electric field at the surface of the 
conducting beam pipe for a particle of velocity (i is [3]: 

Dr(t)o,z{j,(anr/r0)/Jl(an)2)e-a'x/r° 

with: 
x=y$ ct and J0(a„) = 0. 

Dr(0) is taken to be 0.6631. At the energies of the Linac, 116 

MeV to 401 MeV: 
0.0154 t < x < 0.03054 t [cm], t in picoseconds. 

Using these formulae, the delta-function response of a 40 
mm aperture WCM to a 116.5 MeV beam produces a signal 
whose apparent length is 100 psec, or about 30° at 805 MHz. 
A beam length of 100 psec yields a signal on a 116 MeV WCM 
of about 135 psec, 40°. 

Measurements 
The WCMs have been used as follows: to observe adjacent 

buckets for stray beam (only every fourth RF bucket is used at 
805 MHz), to estimate the bunch length and to measure the 
phase of the beam with respect to the RF reference line. During 
the initial commissioning of the 805 MHz part of the Linac in 
1993, beam was observed in adjacent 805 MHz buckets from 
LEL, and the match was adjusted. Bunch-length changes were 
observed at WCMs as longitudinal parameters were tuned. 
Also, the phase and amplitude of the 805 MHz modules was 
adjusted based on these beam phase signals [1]. 

For large bunch lengths at higher p\ as obtained following 
the long drift to the Booster, a WCM is satisfactory. The bunch 
length is accurately measured at a WCM 41 meters downstream 
of the Linac. Also, the stability of the Linac beam velocity is 
tracked with this device. 
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Figure 1, Measurement results from Wall-current Monitors 

WCM measurements have been made of the bunch length 
vs. position in the Linac and time in the Linac 30 ^sec 
macropulse. (The center of the macropulse is called "2000 
usee".) The results are presented in Fig. 1. The average of 
several measurements of the bunch length is used. The 
measured WCM signals are compared to a test distribution, 
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convolved with the above formulae. These measurements are 
consistent with a constant bunch length of 159 ± 15 psec (46 ± 
4°) through the HEL. This is the average of the measurements, 
with the uncertainty being the standard deviation on this 
average combined with the error bars on the measurement. 
Systematic errors are believed to be large and are not quoted 
here. The average of the bunch length measurements at the 
beginning of Module 1 is 185 + 18 psec (54 ± 5°). 

4. The Bunch-Length Detector 

A BLD accurately measure the length of a low-(3 bunched 
beam. These devices also work well for a high-fi beam, but the 
far simpler WCM is sufficient there. Based on the work of 
Witkover [3], Feschenko has further perfected this device [4]. 
Details of the design are presented in the ref. [5]. The BLD 
gets its signal from a prompt secondary electron beam, created 
when the primary ion beam hits a target wire, biased to -10 kV. 
The electrons are collimated by a slit in front of the RF 
deflector. They are deflected transversely by this RF cavity, 
which is excited with RF power synchronous to the accelerating 
RF in the Linac. This time-dependent deflection sweeps the 
electrons across the detection slit at the far end of the BLD. The 
RF cavity doubles as a focusing einzel lens. The phase of the 
deflection is varied, and the resulting electron signal vs. this 
phase is the longitudinal bunch shape. 

Resolution 
The resolution of the BLD is predominantly determined by: 

(a) the temporal distribution of the electron beam when it 
reaches the deflector (related to the 3D emittances of the beam), 
(b) the strength of the deflection and (c) by machining 
tolerances [4], 

The transverse emittance of the electron beam is determined 
by the size of the wire, the size of the collimator slit and the 
temperature of the electrons as they are ejected from the wire's 
molecular lattice. The longitudinal emittance is dominated by 
the time it takes for the secondary electrons to be ejected from 
the wire—a parameter of some interest to atomic physics. The 
best measurement to date puts this number at no more than 6 
psec [7]. Combined with the other temporal effects, the 
resolution is degraded less than 10 psec, which corresponds to 
2.9° of 805 MHz phase. 

The strength of the deflection determines how quickly the 
image of the wire passes across the detector slit, and this can be 
measured directly: 

ô<f> = 2arcsin(^cLm + H4 /2XmJ 

V, Kfi 2 2 
beam slit 

t ""+1° beam + W slit / X m a x 

for small angle values, where abeam is the width of the image of 
the electron beam on the slit, wsnt is the width of the slit and 
^max is the extent of the deflection on the plane of the electron 
detector and is proportional to the electric field in the RF 
deflector. Without RF deflection, a DC voltage on one of the 
einzel lens/deflector plates can be changed until the image of 
the wire is no longer seen in the detector: 

Then, with the RF on, a similar measurement is performed, 
being careful to measure the maximum deflection of the RF 
voltage: 

V2=K(X, f 2 
beam slit +w;„ ) 

Therefore, for small angle values, 
S<|) =V,/(V2-Vi) 

The resolution of the three BLDs installed in the Fermilab 
Linac have been measured in this manner: 

BLD Position 
Transition section, 1 
Transition section, 2 
400 MeV Area 

V1 
80 
90 

120 

V2 
1200 
550 
500 

Res 
4.09 

11.21 
18.09 

Est Res 
5.02 

11.58 
18.32 

Bandwidth 
5.78E+10 
2.50E+10 
1.58E+10 

VI and V2 are in Volts, the resolutions are expressed as 
degrees of 805 MHz phase, and the bandwidth is in Hz. The 
"Res" column represents the resolution measured here; the "Est 
Res" column is an estimate of the overall resolution, which is 
equal to -&(Res2 + (2.9°)2), taking into account the estimated 10 
psec of temporal effects, discussed above. 

The resolution on the initial BLD (400 MeV Area BLD) is 
the poorest, and as we gained experience in building them, the 
resolution improved. The "Transition section 2" BLD has a 
smaller, higher-loss cable than "1" , and thus a lower value for 
V2. All measurements are made at the maximum obtainable 
power in the RF deflector, estimated at tens of watts. 
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Figure 3, Typical bunch-length measurement. 

Measurements 
Typical data from the two BLDs in the transition section are 

shown in Fig. 3. The second BLD has been used to determine 
the proper gradient of the 805 MHz buncher cavity. The bunch 
length as a function of the buncher gradient has also been 
measured. The bunch length at the BLD upstream of module 1 
is 25° when the buncher is off, and 11° when the buncher is set 
optimally. 

Another interesting measurement, made with each of the 
BLDs, is the length variation during the pulse. The bunch 
length is measured at various intervals through the macropulse 
by changing the sample time on the AID module. 
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These results are shown in Fig. 4. 
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Figure 4, Bunch Length through the macropulse. 

Measurement limits 
The beam in the Linac has been as high as 50 mA, peak. 

This corresponds to 1.6xl09 particles per bunch, or a charge of 
2.5xl0"10 Coulombs. When the BLD target wire is placed in 
the middle of the beam bunch, the measurement is destroyed. 
This may be due to a change in the potential seen by the 
secondary electron beam as the ion beam passed through the 
target wire. The electrons created in the center of the 
distribution have a significantly higher potential than the 
electrons created at the trailing edge. Moreover, the electrons 
created at the beginning of the bunch are subjected to the 
passage of the ion beam. 

This effect is estimated as follows. The least damaging (and 
the easiest to calculate) ion beam distribution is a uniform 
spherical beam. The potential of a test charge along a line is 
proportional to the distance from the center of the beam, z, and 
the radius of the beam, R, is: 

V=-
2eft 

R2-^((R+zr-(R-zr) 
As z —> 0, the potential is finite, and for the Linac beam, with 
R=\0 mm, Q = 2.5xl0"10 C, we have: 

Vccntcr = 339 volts 
With a primary potential on the BLD target of 10 kV, the 
secondary electron beam has a velocity of (3=0.1950. This 
perturbation produces an electron velocity of (3=0.1981 when 
the ion beam is directly over the wire. Over the 10 cm the 
electrons must travel to the RF deflector, where their temporal 
distribution is marked, these faster electrons are 0.75° advanced 
from the normal electrons. 

Further study is needed because (a) there is still a large 
resolution-killing effect visible on the 400 MeV BLD, (b) the 
bunch length is much greater than the beam radius and (c) the 
beam distribution is not uniform, (b) and (c) affect the potential 
oppositely—longer bunch length lowers the central potential, 
but non-uniform charge distribution raises it. 

5. Momentum Spread 

The momentum spread is measured in the Linac by the 
BLDs at 116 MeV and at 401 MeV, and verified with the 
spectrometer magnet at 401 MeV. 

The bunch length out of Tank 5 is measured by the first 
BLD to be 14°; the bunch length at the second BLD, 3 m 
downstream, with buncher cavity off is 25°. This change in the 
bunch length is due at least partially to the momentum spread, 
but since the orientation of the longitudinal ellipse is unknown 
from this measurement, it can only be estimated. Assuming that 
all of the bunch spreading is from the momentum spread of the 
beam, Ap/p = 0.17%. This puts an upper limit on the 
longitudinal emittance out of the LEL of 1.6 x 10s eV-sec. 
Similarly, the longitudinal emittance is estimated from the 
change in the bunch lengths from the last BLD to the last 
WCM, 41 m downstream of the Linac, for the output of the last 
HEL module to be 7.8 x 10"5 eV-sec. 

An upper limit on the momentum spread is obtained with 
the 401 MeV spectrometer magnet. The edge effects of this 
magnet are poorly understood. The smallest size beam which 
can be achieved at the focus of this magnet is 32 mm. If this is 
all due to momentum spread, then this would correspond to 
Ap/p = 0.005. The BLD measurement yields Ap/p = 0.0055. 

6. Conclusions 
The length of the Fermilab Linac bunched beam has been 

measured using wall-current monitors and bunch-length 
detectors. Both of these devices yield interesting and useful 
results. A well-constructed and carefully implemented BLD 
can have a bandwidth of almost 60 GHz. The longitudinal 
emittance can be estimated with these devices. 
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Emittance Measurement Techniques Used in the 1 MeV RFQ for the PET Isotope Linac at Fermilab 
Elliott McCrory, Milorad Popovic and Charles W. Schmidt, Fermilab, Batavia, IL 60510, USA* 

Phillip Young, SAIC Corporation, San Diego, CA, USA 

Abstract: Beam emittance measurements have been per
formed on the 3He+ beam at the PET-isotope production 
accelerator, being commissioned at Fermilab for the Bio
medical Research Foundation in Shreveport, Louisiana, 
USA. Emittances have been measured at injection to and 
extraction from the first RFQ, at 20 keV and 1 MeV, re
spectively. A single slit followed by a 48-electrode collector 
is used in the standard way to measure the divergence of the 
3He+ beam as a function of position. Noise reduction op
erations have been developed, both in hardware and soft
ware. These techniques and the emittance measurement re
sults are presented. 

1. INTRODUCTION 
Fermilab, in collaboration with Scientific Applications 

International Corporation (SAIC), the University of Wash
ington and the Biomedical Research Foundation (BRF), is 
commissioning a linac to produce an average 200 particle 
uA of 3He++ at 10.5 MeV for the production of the radioi
sotopes needed for PET, positron emission tomography [1]. 
Since isotopes with half-lives on the order of minutes are 
desired, a small accelerator which can exist in a hospital en
vironment is being constructed. 3He is interesting because it 
may reduce neutron radiation and the shielding requirements, 
thereby reducing the cost, the complexity and the weight of 
the accelerator. The purpose of this effort is to explore the 
overall practicality of this approach. 

1 
2 
3 
4 
5 
6 
7 
8 

Component 
Ion Source 
Transfer Line 
212 MHz RFQ 
Transfer Line 
425 MHz RFQ A 
425 MHz RFQ B 
425 MHz RFQ C 
Target Area 

Energy 
20keV 
20 
1.0 MeV 
1.0 
5.047 
8.025 
10.539 
10.539 

Description 
Duoplasmatron 
Solenoid 

540° bend 
Tightly coupled 

Solid or Liquid 

Len 
0 m 
0.7 
1.024 

1.371 
1.461 
1.485 

Table 1, Components of BRF PET Linac. 

The components in this accelerator are summarized in 
Table 1 and shown schematically in Figure 1. The basic lay
out of this accelerator is as follows: 25 mA of singly-
charged 3He is extracted from a duoplasmatron source at 20 
keV into a 0.7 m transfer line and injected into a 212 MHz 
RFQ. This RFQ accelerates the beam to 1.0 MeV at which 
energy the 3He+ is stripped by a gas jet to doubly-charged 
3He. Following the stripper, a 540° isochronous bend re-
bunches and injects the beam into the beginning of three 
tightly-coupled 425 MHz RFQs. The bend has the added 
benefit of folding the accelerator back onto itself, reducing 

the length of the accelerator. The beam is accelerated to 
10.5 MeV and terminated at the target area where the iso
topes are created. The repetition rate of this accelerator is 
<360 Hz, for a maximum duty factor of 2%. 

Extensive test of the first RFQ, including tests of the gas 
stripper, have been conducted. The remaining parts of the 
accelerator will be commissioned in the Fall of 1996. Deliv
ery to BRF in Louisiana, USA, is scheduled for early 1997. 

* Fermilab is operated by the Universities Research Asso
ciation under contract by the Department of Energy, contract 
number DE-AC02-76H030000. 

Figure 1, The BRF PET Linac 

Further information on this project is available from our 
web site: http://www-iinac.fnai.gov/pet, and in Refer
ence [1], in this conference. 

This paper is organized as follows. The hardware and 
software components used in this measurement are pre
sented. Then the unique features of this measurement are 
described, in particular, the way in which noise is eliminated 
from the data, both programmatically and manually. Finally, 
specific results are presented. 

2. SETUP 

2.1. Hardware. 
The emittance probe which has been used at Fermilab for 

a number of years is used here [2, 3]. The probe consists of 
a 0.075 mm slit in a thin tungsten plate, followed at a dis
tance of 55 or 98 mm by a bank of 48 copper strips, sepa
rated by mylar insulators. The probe is adjustable in length 
for beams of differing divergence. Each strip subtends 3.34 
mrad or 1.87 mrad respectively with respect to the slit. A 
stepping motor on a precision drive moves the probe through 
the beam. The resolution of the stepping motor and drive is 
0.05 mm. Only one probe is available, so the opposite plane 
is measured by removing and rotating the probe assembly by 
90-degrees. The wire signals are sampled synchronous to 
the beam at 10 Hz. 

To minimize RF and ground noise, the collector strips are 
fully shielded by the emittance probe assembly, the cables 
are shielded, and the cables pass through high-^t metal tape 
cores outside the vacuum chamber. Each of the 48 signal 
cables is terminated in 50Q. at a bank of low noise amplifi
ers. These amplifiers have a gain of 200 with common mode 
noise reduction. The amplified signal is sampled, held and 
digitized by the local controls computer. The digitization 
resolution is 14 bits or 1 mV for signals of -10 to +10 V. 
Typical peak signals are a few volts. Noise levels and off-
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sets are less than a few tens of mV, which causes some 
problems, see below. 

2.2. Software. 
There are five software components used in the emittance 

measurement. All except the first are run on a host console, 
an 85 MHz Sun SPARCstation 5 running the Solaris 2.4 op
erating system. 

1. A local control algorithm is run in the local controls 
computer, the IRM (Internet Rack Monitor) [4], to manage 
the movement of the emittance probe through the beam. 
Parameters to this local application (LA) include: the start 
and stop positions, the step size and the minimum acceptable 
beam current. The LA provides binary status on data valid
ity, i.e., when the probe has completed a step AND the beam 
current is adequate. 

2. The data acquisition program is responsible for set
ting the parameters for the LA according to the desires of the 
experimenter, and for collecting the valid emittance data. 
This program writes the raw emittance data to a disk file on 
the host console when the measurement is complete. 

3. An analysis program reads the file generated by pro
gram 2 and converts the raw data into analyzed emittance 
data and writes a fixed-format data file suitable for display. 
It also prints the emittance of the beam in several ways: the 
RMS emittance and the geometric emittance for 60%, 90% 
and 95% of the beam. (All emittance levels are contained in 
the program; only these are presented.) These percentage 
emittances are calculated by appropriately adding up the 
pixels of beam in x/x' phase space. Cuts on the data and 
noise reduction, described below, are carried out here. Note 
that the raw data file is unaffected. 

4. Several options for the display of the data are possi
ble. The one used here is LabVIEW [5]. 

5. Utilities for viewing or manipulating the raw data are 
available. 

In addition to these fundamental programs, simple launch 
programs have been created using TCL/TK and LabVIEW to 
orchestrate the running of these programs. The LA is written 
in the C programming language; the programs in 2, 3 and 5 
are written in C++, and the display program is written in 
LabVIEW. 

3. MEASUREMENTS 
Measurements have been made at two energies for the 

3He+ beam: at injection to the RFQ at 20 keV and at extrac
tion from the RFQ at 1.0 MeV. The low-energy measure
ments are made by replacing the RFQ with the emittance 
hardware at the entrance to the RFQ. 

3.1. Data Reduction 
An uncut measurement is shown in Figure 2a. With 

noise and offset levels amounting to a few percent of the 
peak signal, it is clear that noise reduction is needed. Noise 
elimination has been performed by algorithm and by hand. 

Algorithmic noise reduction consists of first removing 
obvious offset levels for each wire. Then all values less than 
a user set "NoiseValue", typically tens of mV, are set to 

zero. If the noise is not adequately eliminated, specific noisy 
wires may be removed from the calculation. 
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Figure 2, Before (left) and after application of noise 
cuts. 

Small, non-zero readings on the edge of the distribution, 
where there is clearly no beam, unrealistically enlarge the 
calculated RMS emittance. (These extraneous signals also 
increase the 100% emittance, but this is of less concern.) To 
eliminate this effect, a further cut may be applied to the data. 
The RMS emittance is calculated from the noisy data, after 
passing through the background subtraction described in the 
previous paragraph. All data outside of an Xc ellipse (where 
X is a value supplied by the experimenter, usually about 8.0) 
of the same aspect ratio and tilt as the calculated emittance 
are removed, and a new RMS emittance is obtained. This 
cut may be repeated with the new RMS emittance, but it is 
found that only the first iteration is necessary. For highly 
elongated or distorted ellipses this cut may actually chop off 
real beam at the ends of the distribution. The effect of these 
operations is shown in Fig 2b. 

The beam in these measurements does not fill a regular 
phase-space ellipse, so the cut described above does not 
eliminate noise uniformly. So, manual reduction has been 
done on a few measurements. A procedure has been devel
oped where the raw data are exported into a spreadsheet pro
gram. First, the data are corrected and zeroed as in the com
puter algorithm method. Next, the edges of the beam are 
identified visually within the spreadsheet, and all data out
side of this edge are manually zeroed. Then the RMS emit
tance is computed by hand or the raw data are written back 
into a (new) data file, and analyzed programmatically with 
no further cuts. After some practice, the raw data can be 
manipulated in this manner in about two hours. 

Manual reduction of the data gives significant insight into 
the sensitivity of various noise components. Small noise 
points near the real emittance distribution are of little or no 
significance to the RMS emittance calculation. However, a 
single noise point some distance from the real distribution 
has a strong effect on increasing the calculated RMS emit
tance. RMS emittance and twiss values obtained by hand 
from the raw data gave good (better that 10%) agreement 
with the computer reduced data. 

3.2. 20 keVEmittance 
Properties of the transport line and the effect of the sole

noid magnet on the beam parameters at injection to the first 
RFQ have been measured. Beam parameters are measured at 
approximately the entrance point of the RFQ for magnet cur
rents from zero to 300 A. Figure 3 shows the x/x' phase 
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space plot for the beam near a waist at the emittance probe 
(225 A in the solenoid, 3181 Gauss). The simulation pro
gram TRACE-2D is then used to match parameters to the ex
pected beam conditions from the ion source and these data. 
To obtain a match, full neutralization of the 3He+ beam is 
assumed. The ion source emittance is taken to be 160 to 200 
mm mr. The beam at the emittance probe is 400 mm mr with 
an 80% core of 200 mm mr. Using twiss parameters from 
this analysis allows a calculated match to the RFQ for the 
core of the beam. The normalized RMS emittance near the 
20 keV entrance of the RFQ is 0.6 mm mr. 

Figure 3, 20 keV Emittance contour plot. 

It would be useful to measure the emittance immediately 
at the exit of the ion source with the present equipment as 
information of the ion source beam is based on much earlier 
and lower current studies and on EGUN calculations. 

3.3. 1.0 MeV Emittance 

The emittance of the 1 MeV 3He+ beam has been meas
ured as a function of the orientation and sample time within 
the 70 usee beam pulse. For these measurements the beam 
current at 20 keV is similar to above, but the injection line is 
configured differently and with a weaker solenoid so only 
5.5 mA is seen at the exit of the RFQ. For different ori
entations and sample times through the macropulse, there is 
essentially no change in the emittance or the twiss parame
ters of the beam: the beam at 1 MeV appears symmetrical 
and uniform in time. Thus the emittance for a 5.5 mA 1 
MeV 3He+ beam is measured to be: 

Normalized-RMS Emittance 
beta 

alpha 
95% emittance 
90% emittance 
60% emittance 

0.20 mm mr 
1.7 m/r 
-6.9 
43 mm mr 
34 mm mr 
13 mm mr 

A typical run as seen through the LabVIEW interface is 
presented in Fig. 4. 

Figure 4, Emittance of 1 MeV beam, as seen through Lab
VIEW interface. 

4. SUMMARY 
A set of hardware and software components have been 

assembled for the BRF PET accelerator, being commis
sioned at Fermilab. These components have been used be
fore, but the 3He beam in the environment in which this ac
celerator sits has proven to be significantly noisier than pre
vious emittance measurements (on H-minus ions and on pro
tons). This is due in part to the close proximity of the RF 
stations and poor grounding and cabling procedures in the 
initial accelerator layout. Techniques to deal with this extra 
noise have been developed and successfully applied to this 
experiment. 
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CONTINUED CONDITIONING OF THE FERMILAB 400 MeV LINAC HIGH-GRADIENT 
SIDE-COUPLED CAVITIES 

Thomas Kroc, Elliott McCrory, Alfred Moretti 
Milorad Popovic, FNAL, Batavia, USA 

Abstract 

The high-energy portion of the Fermilab 400 MeV Linac is made 
of high gradient (37 MV/meter surface field) side-coupled cavity 
sections which were conditioned over a 10 month period before 
their installation in August of 1993. We have continued to mon
itor the conditioning of these cavities since that time while the 
cavities have been in operation, and those results are presented 
here. The sparking rate and the X-ray production are measured 
and compared with the 1992/3 pre-operational and 1993/4 early-
operational measurements. These rates are consistent with a con
tinued diminishing of these phenomena. Predictions and spark 
management strategies presented in earlier reports are evaluated 
in light of present experiences. We also have been measuring the 
sparking rate within this structure with and without our 50 mA 
peak beam. We find that the sparking rate is 20% higher with 
beam in the accelerator. 

Introduction 

During the fall of 1993, Fermilab commissioned seven side-
coupled linac cavities as replacements for four of its original 
drift-tube cavities, resulting in a doubling of the linac's output 
energy. Achieving the acceleration necessary in the available 
space required gradients of up to 8 MV/m which led to maxi
mum surface gradients of nearly 40 MV/m. These high fields 
raised concerns for RF breakdown, resulting in beam loss, and 
X-ray production, resulting in material degradation of surround
ing components and possible personnel exposure in the condi
tioning area. Therefore, these two properties were monitored 
carefully [1,2]. We have continued to monitor these quantities 
throughout their lifetime and report on them here. 

The fundamental concern with RF breakdown is lost beam 
pulses. If the rate of RF breakdown were too high, it would im
pact the amount of beam delivered for p-bar production or for 
fixed target physics. Being the first accelerator of the Fermilab 
complex, it was desired that the losses be very low. The goal for 
the beam loss rate at the time of commissioning was 10 - 3 . 

Conditioning History 

The conditioning of the cavities started in the summer of 1991 
in a separate shielding cave apart from the linac tunnel. The 
modules were placed in the cave individually and operated for a 
month or two until their sparking and x-ray characteristics were 
understood. In the fall of 1992 they were placed in the linac tun
nel alongside the still running drift tube linac and operated there 
for about seven months. In August 1993, the old linac cavities 

were removed and the new ones were put into position and pow
ered once again. From 27 August to 4 September of 1993 the 
new linac was commissioned with beam and has been running 
since. 

Since it has the highest gradients, module 1 was conditioned 
first and has the most extensive information. Module 7, having 
the lowest fields, was never operated in the separate cave and has 
the least information. Daily logging of sparking data started in 
April 1994 and continues. Data were also collected during each 
modules initial turn-on in the separate cave, during February, and 
October-November of 1993. 

During its initial conditioning in February of 1992, module 5 's 
x-ray production was carefully measured. This was repeated in 
March of 1996. 

RF Breakdown 

Figure 1 shows the spark rate for module 1 as a function of to
tal accumulated pulses. The rate is shown as sparks per million 
RF pulses. One can see that initially there was a rapid cleanup. 
This cleanup has a characteristic time, T, of of eleven days to de
crease by 1/e with the cavities running at the nominal 15 Hz. The 
later measurements show that once the initial cleanup is done, a 
slower conditioning rate is evident. 

A c c u m u l a t e d RF P u l s e s 

Figure 1: Spark rate evolution for module 1. 

Table 1 shows the maximum surface gradients for the mod
ules. We assume the conditioning rate is dependent on the 
strength of the fields in the cavities and the quality of the sur
face of the high field regions. For module 1, T of the long term 
conditioning is 365 days. (The cavities accumulate 1.3 x 106 RF 
pulses per day.) For module 3, r is 630 days and for module 6 it 
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is 8.8 years. Looking again at Table 1 the decrease of the spark
ing rate as the surface field decreases. In a previous report [ 1] we 
noted that within a single cavity the sparking rate varied with the 
field to the 19.5 power. The data here indicates that more than 
just the field strength is at work as the reduction should only be 
a factor of 2.5 from module 1 to 7. 

Table 1: Maximum surface field (MV/m) and average spark rate 
(sparks per 106 RF pulses) for the Fermilab Side-coupled Cavities. The 
spark rate is corrected for pulse length variation (see section on Pulse 
Length Dependence). 

Module 
Max. Fid. 

Spk. rt. 

1 
36.5 
36 

2 
36.2 
37 

3 
35.8 
40 

4 
35.5 
21 

5 
35.2 

9 

6 
35.0 

4 

7 
34.9 

2 

The much larger reduction evident here probably represents 
our learning to construct the cavities more cleanly as time passed. 
The tuning of the cavities also became more efficient as we 
gained experience. This meant that the cavities were open to the 
ambient air for shorter periods of time. 

The above results refer to all cavity sparks recorded. The Fer
milab linac pulses at 15 Hz whether or not beam is present. The 
question remains whether or not the presence of beam affects the 
sparking rate. We looked at this for data collected during a three 
week period of stable running in January and February of 1996. 
The raw sparking rate during that time was 273 ± 15 sparks per 
million RF pulses. The rate of lost beam pulses during that time 
was 328 ± 26 per million beam pulses. This indicates that the 
presence of beam increases the sparking rate by 20%. 

Pulse Length Dependence 

In a previous report [2] we reported on seeing a dependence be
tween the length of the flat-top of the RF pulse and the spark
ing rate. We noted that the sparking rate increased as the fourth 
power of of the pulse length. The performance of the systems 
continues to be consistent with this finding. The break in Fig
ure 1 at 1.4 x 109 shows the increase in sparking rate for mod
ule 1 when the flat top was increased from 45/xsec to 80/isec. A 
thorough study of this phenomenon was not completed in time 
to produce statistically significant results for this report. 

X-ray Production 

At the time of initial conditioning, we made a thorough measure
ment of the relationship between the cavity power (and therefore 
the maximum surface field) and the x-ray production. Recently 
we repeated that measurement. Figure 2 displays the results. The 
topmost set of data points are the 1992 data. These were taken by 
a single detector placed by the middle of the module. The lower 
groups are the 1996 data, taken by four detectors each placed 
near the middle of each section of the module. The lines on the 
plot show the Fowler-Nordheim equation for the RF case [3]. 

3F 
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The lines represent different values of beta which is a measure 
of the enhancement of the electric field due to geometrical ef
fects on a microscopic level compared to the measured macro
scopic surface electric field. To make absolute comparisons, we 
would have to know the area of the emitting surfaces as a func
tion of the field in that area. We do not know this, but we feel 
that the curvature of the lines and the plotted data gives an in
dication of the average beta of the field-emitting surfaces. The 
change in the shape of the plots would indicate that the effec
tive average beta has been reduced by approximately a factor of 
two. In addition, comparing the actual x-ray measurements we 
see a reduction of an order of magnitude after the three years of 
running which would indicate that the area associated with these 
high microscopic fields is being reduced. 

20 25 30 35 40 

M a x i m u m Sur face Field (MV/m) 

Figure 2: Beta dependence of x-ray production. 

Summary 

The new side-coupled cavities of the Fermilab linac upgrade 
have performed very well. The beam loss rate due to sparking of 
.03 % is well below our target of. 1 %. The sparking rate continues 
to improve, indicating that conditioning is continuing. This is 
also evident in the measurements of the X-ray production. Mea
surements indicate that the field emission sites are getting cleaner 
and are getting smaller in area. 
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BUNCHING SYSTEM OF THE KEKB LINAC 
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National Laboratory for High Energy Physics (KEK), 
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Abstract 

At present, the KEK 2.5-GeV Linac is being upgraded as 
the injector of the KEK B-factory(KEKB). One of the most 
important changes is to increase the intensities of positron 
beams injected into a KEKB ring; it is, therefore, required to 
accelerate high-intensity single-bunch electron beams to high 
energy, 3.7 GeV, where they are converted to positron beams. 
For the purpose, the primary electron bunch should have more 
than 10 nC. Furthermore, the bunch lengths must be limited 
as short as 10 ps, in order to achieve narrow energy spreads of 
primary electron beams, and produce positron beams of short 
bunch lengths, as well. The bunching system has been 
designed to meet these requirements, introducing subharmonic 
bunchers(SHB). 
This paper describes the upgrade of the bunching system and 

the results of simulations of bunching using PARMELA. The 
designs and RF test of SHB cavities are described. 

Introduction 

The KEK PF 2.5-GeV Linac is now being upgraded for 
the KEKB project[l]. The pre-injector of the KEKB Linac 
must provide beams with various charge contents for the 
KEKB rings and PF ring; single-bunch electron beams of 10 
nC for the positron beam production, and 1 nC for direct 
injection to the KEKB electron ring. The demands to the 
bunching section lies in the primary electron beams for the 
positron production; the pre-injector must produce single 
bunch electron beams of more than 10 nC, furthermore, there 
exist the optimum bunch lengths according to the charges of 
the bunches to minimize the energy spreads in subsequent 
acceleration, determined by the contributions of bunch length 
and longitudinal wake fields to energy spread. According to 
calculation results[2], bunch lengths about 10 ps at FWHM 
are desirable in the case of single bunches of 10 nC. 

To meet these requirements, the pre-injector system has 
been designed to introduce two subharmonic bunchers (SHB). 
The frequencies of the two SHB's was chosen to be 114.24 
MHz and 571.2 MHz[3]. 

We will describe the design of the whole bunching system, 
and the bunching characteristics, together with the design, 
fabrication, and RF test results of subharmonic bunchers. 

Design of Bunching System 

The acceleration studies on high intensity single-bunch 
electron beams for the KEKB Linac have been carried out at 
KEK PF 2.5-GeV Linac for a couple of years[3, 4], using one 
subharmonic buncher(476MHz). And it has been clear from 
those studies that one more subharmonic bunchers was 
necessary, to produce single bunches with no satellite bunches 
if the charge about 10 nC or more[4]. The frequencies of 
subharmonic bunchers were chosen to be 114.24 MHz and 
571.2 MHz[3]. 

As mentioned above, the electron charges required for the 
production of positron beams KEKB are 10 nC. We, however, 
have designed the bunching system with PARMELA so that it 
could produce single bunches up to 15 nC. The layout of the 
newly designed bunching section is shown in Fig. 1. The 
bunching system with one subharmonic buncher was described 
elsewhere[3]. We will briefly describe the new bunching 
system and bunching behavour below, mainly for the case of 
15 nC. To get 15 nC single bunches at the end of the pre-
injector, we assumed 20 nC from the electron gun considering 
charge losses in the bunching processes. In this case, the 
space charge force is so large that it was necessary to shorten 
the drift space after the beam was tightly bunched, to minimize 
debunching. Since the conteracting forces of the space charges 
make the beam energies convergent with bunching, there 
exists the minimum possible beam pulse length. In the drift 
space downstream SHB 1, this is about 1000 degrees in S-band 
or little longer, which corresponds to almost half the 
wavelength of the rf of SHB2. Furthermore, the SHBl's 
frequency is so low that the tremendous power is required to 
provide large modulation. We, therefore, set low the bunching 
field at SHB 1, about 50 keV. To compress the above beam 
pulse length to shorter than one wavelength of the S-band 
prebuncher, further bunching is required at SHB2 witj the peak 
electric field of 100 kV. In this design, the first prebuncher 
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Fig. 1. Pre-injector of the KEKB Linac 
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was removed since debunching occured in drift space between 
the prebunchers, and thus the main bunching components of 
final system include two subharmonic bunchers of standing 
wave types, and prebuncher(the old PB2) and buncher. The 
prebuncher and buncher are mechanically joined toghether to 
minimize drift space, whereas they are separated 
electromagnetically. One more important change in the pre-
injector is to strengthen the electric field of the buncher; the 
power of the klystron for the pre-injector will be increased 
twice to provide the electric field of 20 MV/m for the buncher 
(present : 15 MV/m). More efficient bunching was confirmed 
from the results of the simulations in the case of high 
intensity beams. 

Figure 2 shows the parameters of a bunched beam of 15 nC 
at the exit of the buncher. About 70 % of the initial charges 
are contained in 15 degrees around the peak. It is shown that 
single bunches of about 10 ps at FWHM could be obtained. 
The energy spread is rather broad, but a short bunch length is 
more important than this energy spread in the bunching 
section, since the energy dispersion due to the bunch length 
during subsequent acceleration dominates the total energy 
spread. In this case, two tiny satellite bunches on each side of 
the main bunch was formed containing charges of 6 percent of 
total initial charges. For other charges, shorter bunch lengthes 
and narrow energy spread was obtained in simulations; 5 
degrees and 1.2 MeV for 1 nC bunch, and 10 degrees and 2.0 
MeV for 10 nC, all at FWHM. 

Simulation on charge 15 nC showed that the optimization 
of focusing magnetic fields of maximum 1400 G, full 
capacity of the present focusing coils, could hold the 
normalized RMS emittance below 150 Jt.mm.mrad[6]. 

c 
LU 

I 

100 

80 

60 

40 

20 

2% 

20 

15 

10 

5 

(b) 

\ 

-100 -80 -60 -40 -20 
Phase (deg.) 

0) 20 40 60 80 100 
No. of Particles 

Fig. 2. Characteristics of the bunch of 15 nC at the exit of the 
buncher. (a)bunch shape; the horizontal axis denotes the 
phase of a particle with respcet to the fundamental wave in 
the buncher. (b) the distribution of particles in 
longitudinal phase space, (c) energy spread 

Subharmonic Buncher 1 (SHB1) 

The 119 MHz subharmonic buncher cavity [7] is available 
with the removal of the positron beam line according to the 
end of the TRISTAN experiments. To examine its usability as 
the SHB for the KEKB Linac, we measured the main 
parameters of the cavity and calculated the parameters for the 
same geometry with SUPERFISH. The results of 
SUPERFISH showed that minor changes of the acceleration 
gap structure make the cavity usable as SHB1 of the KEKB 
Linac as far as the frequency is concerned. But the measured 
shunt impedance (0.54 M£î, compared to the calculated value 
0.79 MQ) is so low that it requires a very large peak power 
for bunching high intensity beams For example, as 
mentioned in the previous section, a peak modulation of 50 
kV will be necessary for a beam of a pulse width 2 ns and 20 
nC in this design. In this case, the peak voltage will be as 
high as 77 kV. The shunt impedance value shows that the the 
cavity should be supplied a peak power as high as 11.2 kW 
to sustain the peak voltage. The shunt impedance of this 
cavity is made low by large nose tip radii and beam duct 
diameter near the gap. We designed a new SHB1 cavity and as 
its shunt impedance is above 1 MQ, we can fabricate a cavity 
with the shunt impedance value larger than 0.7 MQ, and if 
this is the case, the required peak power become s 8.6 kW. 

Subharmonic Buncher 2 (SHB2) 

Design and low power RF test. The structure of the 
SHB2 cavity newly fabricated is shown in Fig. 3. The 
structure of the cavity is similar to that of 476 MHz SHB 
cavity[3] . In the case of 476 MHz cavity, a ceramic covering 
was used over the input coupling loop to isolate vacuum from 
the atmosphere. By doing so, the coupling of the cavity can be 
changed keeping vacuum. In this case, we did not use a 
ceramic covering to prevent electric discharges which may 
occur in high field operations. The power input connector is 
joined to the cavity by a rotatable ICF flange, and therefore the 
coupling can be changed if needed, though it damage cavity 
vacuum during change. 

Fig. 3. Structure of SHB2 cavity. 
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The main parameters of the SHB2 cavity are shown Table 
1. The Q value was measured by both the reflection method 
and the impedance method[8]. The temperature of the cavity 
was kept constant at 31 ± 0.2 °C by circulating the cooling 
water used in actual beam line, and vacuum was kept by a 
turbomolecular pump, lower than 10"2mbar. The cavity has a 
Q value of 83 % of the calculated one. The shunt impedance 
of Table 1 was obtained from R/Q values measured by Slater's 
bead perturbation method[8]. The measurements were done 
using aluminum spheres of diameter 2,3,4 mm as perturbaters. 
It is the value obtained when these values are extrapolated to 
the limit of zero volume. This R/Q value is nearly the same as 
the one by SUPERFISH. Figure 4 shows the electric field 
distribution on the beam axis near the acceleration gap. The 
agreement between measured curve and the calculated one is 
good. From this shunt impedance value, it can be seen that a 
peak power 6.7 kW is necessary to get the peak electric field, 
100 keV, required to be provided by the SHB2 cavity to bunch 
20 nC beams. A SHB2 power source capable of peak power 
10 kW is now being fabricated. It will be a sloid state 
amplifier and completed in this fiscal year. 

Table 1. 
Main parameters of the SHB2 cavity 

Cavity Length 
Gap Length 
Resonant Frequency 

Tuning Range 

Q„ value 
Coupling Parameter 
Shunt Impedance 

Calculated Measured 
117 mm 

12.2 mm | 12.48 mm 
571.2 MHz 

570.44 - 572.32 MHz 
( total stroke of tuner : 30mm) 

10,870 | 9010 
1.4 

1.83 MQ | 1.50 MQ 

N 

E 

N 
LU 

1 

o 

LU 

-Ez (SUPERFISH) 
Ez (measured) 

Fig. 

-20 0 20 
z (mm) 

4 Electric field distribution on axis near the acceleration 
gapofSHB2. 

High Power Test. Since a high power source of 571.2 
MHz is not available to us at present, as a preliminary test, we 
performed a high power test of the newly fabricated cavity 

using the 476 MHz power source which is installed in the 
present beam line. To adjust the resonant frequency of the 
cavity to 476 MHz, we inserted a copper spacer of thickness 
26.7 mm in the cavity and lengthened the cavity. 

The test was done at 31± 0.2°C, and 3xl0-7 mbar. The 
electric discharges by multipactoring has been observed during 
initial rf aging, and we perfomed the high power tests at 
various levels through two days. We finally put peak power 
4.2 kW into the cavity , though this is not a sufficient level. 
We confirmed a stable operation with no continuous electrical 
discharge up to this level except for initial stage discharges. 
Figure 3 shows the power pulses observed by an oscilloscope. 

When a 571.2 MHz power source becomes available, we 
will perform again high power test through the full range at 
the resonant frequency. 

Run: SMS/s 

Tin SBW mVC». M l û u s CTTf—7 ÏZBmV 

Fig. 3. Power pulse forms in high power test observed at 
power source (above) and cavity monitor(below) 

Conclusion 

We designed the bunching system for the KEKB Linac by 
simulation code PARMELA. The result showed that the newly 
designed bunching system can produce bunched beams required 
for the KEKB pre-injector. We fabricated a new SHB cavity 
and confirmed that it has required properties. Another SHB 
cavity will be fabricated in the near future. 
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Abstract Experimental Setup 

A low energy beam transport (LEBT), in which any 
practical emittance growth due to the lens-aberration would not 
be caused, was developed for the Japanese Hadron Project 
(JHP). In the LEBT, we measured the precise distributions in 
the transverse emittance phase plane of the particles, which 
were extracted from the volume production H~ ion source 
(VPIS) operated without cesium. The measured results showed 
good agreements with the simulation results using the initial 
particles at the exit of the VPIS generated with Ueno-Yokoya 
distribution (UY-dst), in which the particles are distributed 
uniformly in the real space (concerning with x and y) and 
distributed in Gaussian way concerning with x' and y'. We also 
detected the unexpectedly strong space-charge neutralization 
effect only with the residual H2 gas with a pressure of 3.7 x 
1CT6 Torr. In this condition, 93% of the beam intensity was 
neutralized with almost no beam loss due to electron stripping 
by collisions with H2 gas. 

Introduction 

In order to inject a low-emittance H~ beam into a 432-MHz 
radio-frequency quadrupole (RFQ) linac, a low energy beam 
transport (LEBT) was developed for the Japanese Hadron 
Project (JHP) [1, 2]. By the beam dynamics design studies 
with a computer code BEAMPATH [3], it was revealed that an 
appropriately designed solenoid magnet had the smallest lens 
aberration in LEBTs [4]. Therefore, we succeeded in designing 
the JHP LEBT without any practical emittance growth due to 
the lens-aberration by using two short and strong solenoid 
magnets. A new volume production H_ ion source (VPIS) was 
also developed at the same time with the LEBT. We succeeded 
in extracting a H - beam of 16 mA from the VPIS operated 
without cesium [5]. 

In this paper, we present the results of the measurement of 
the precise particle distributions in the emittance phase planes 
in the LEBT and the measured space-charge neutralization 
effects produced by the residual H, gas. Instead of a commonly 
used contour plot, we use a new display method of Ueno-
Fujimura plot (UF-plt) [5], in order to display the measured 
particle distributions in the emittance phase plane. In UF-plt, 
the particle distribution is displayed with light and shade by 
plotting points, whose number is proportional to the intensity 
measured at (x, x'), randomly within the rectangle composed 
with the four positions of (x-dx/2, x'-dx'/2), (x+dx/2, x '-
dx72), (x-dx/2, x'+dx72) and (x+dx/2, x'+dx72). Here, dx and 
dx' is the steps of the measurements. 

A schematic drawing of the experimental setup viewing 
from the upper position is shown in Fig. 1. The vacuum 
chamber (CHM1) just after the VPIS is pumped out with two 
1500 1/s turbo molecular pumps (1500TMPs). The first 
solenoid electromagnet (SMI) is located 90 mm downstream 
from the plasma electrode of the VPIS. In a space of 215 mm 
between SMI and the second solenoid electromagnet (SM2), 
the vacuum chamber for the beam diagnostic (CHM2) and the 
gate valve (GV) are located. SMI and SM2 have the same 
shape with a length of 100 mm, a outer diameter of 300 mm 
and a bore diameter of 50 mm. A 500 1/s turbo molecular 
pump (500TMP) pumps out CHM2. By moving the movable 
slit (EMSLH) and the Faraday-cup with slit (EMFCH) 
horizontally step by step, the horizontal emittance is 
measured. The vertical emittance is measured by using EMSLV 

and EMFCLV. Each slit used in EMSL or EMFC is made of 
molybdenum plates with a thickness of 0.05 mm and has a 
gap of 0.2 mm. The distance between the slit of EMSL and 
the slit of EMFC is 61 mm. Since the alignment error of each 
slit is +0.1 mm, which is the error of the real space of the 
emittance phase space, the error of x' or y' space is calculated 
to be ±1.6 mrad. The beam intensity was measured with the 
Faraday-cup (FC). A voltage of -1 kV was fed on each bias 
electrode of EMFC or FC in order to suppress the secondary 
electrons form each Faraday-cup. EMSL is located almost the 
same position of the vane-end at the entrance of the RFQ, 
when the LEBT is connected with the RFQ. 

SMI 

X GV 

unu 

E^SL/EHFC 
IS A 

rf^ 
iD~ 

200mm 

CHM:vacuum chamber, SM:solenoid electromagnet 
EMSLimovable slit for emittance measurement 
EMFC:movable Faraday-cup with slit for emittance measurement 
GV:gate valve, FC:Faraday-cup 
TMP:1500or5001/s turbo molecular pump 

Fig. 1 A schematic drawing of the experimental setup viewing 
from the upper position. 
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Results of the Measurements 

The measured particle distributions in the horizontal phase 
space at the entrance of the RFQ displayed with UF-plts are 
shown in Fig. 2; (a) when the vacuum pressure in CHM2 was 
3.7 x 1CT6 Torr and (b) when it was worsened up to 3.7 x 1CT5 

Torr by closing the gate valve located between CHM2 and 
500TMP. In these measurements, a H - ion beam of 16 mA 
was extracted from the VPIS. Ellipses drawn in Fig. 2 show 
the design acceptance of the RFQ. The TWISS parameters and 
the normalized emittance of the acceptance are a = 1.05, fj = 
0.0473 mm/mrad and en = 1.571 mm-mrad, respectively. The 
TWISS parameters and the 4 times of the normalized rms 
emittance of the measured particle distributions are listed in 
each figure. By tuning the currents of SMI and SM2 to the 
values shown in Table 1, the TWISS parameters of the 
measured beam was matched with the design value with a 
matching factor of around 1. By comparing Fig. 2(a) with 
Fig. 2(b), we can estimate the space charge neutralization 
factor in the typical operating condition shown in Table 1 by 
the following way. At first, we estimated the TWISS 
parameters at the exit of the VPIS by inversely tracing the 
beam shown in Fig. 2(b) up to the exit of the VPIS by using 
a simulation code BEAMPATH [3], in which both of the two 
nonlinear effects of the realistic field and the non-uniformly 
distributed space charge force are taken into account. In this 
estimation, we assumed that all of the beam intensity was 
neutralized by the residual H2 gas. That is, the equivalent beam 
current was assumed to be 0 mA. This assumption was 
considered to be valid because of the following two reasons; 
( 1 ) the observation of the fluorescence produced by the beam 
which was not observed in a good vacuum pressure of 3.7 x 
10"6 Torr, (2) the coil currents of SMI and SM2 were close to 
the design values estimated with a design initial particle 
distribution at the exit of the VPIS for the zero current beam; 

IsMidcg(O) = 323 A and ISM2dCE(0) = 3 8 2 A - ° n t h e o t h e r h a n d> 
the design coil currents of SMI and SM2 for the beam with a 
current of 16 mA are 382 A and 424 A, respectively. In this 
inverse trace, the KV-distribution beam with TWISS 
parameters listed in Fig. 2(a) was used as the initial beam. The 
TWISS parameters at the exit of the VPIS were estimated to 
be a = -0.90 and P = 0.050 mm/mrad. By using thus 
estimated initial beam at the exit of the VPIS, we simulated 
the beam optics in the normal direction with various beam 
currents. The result using the beam with a current of 1.1 mA 
well represented the TWISS parameters of the particle 
distribution shown in Fig. 2(a). Therefore, the equivalent 
current of the beam in the typical operation condition can be 
thought as 1.1 mA. Since we worsened the vacuum pressure 
largely (by 10 times) in the measurement shown in Fig. 2(b) 
compared with it of the typical operation shown in Fig. 2(a), 
the validity of the assumption of the perfect neutralization in 
the measurement shown in Fig. 2(b) was also proven with the 
very small equivalent current of 1.1 mA. 

From the two beam currents of /„ = 16 mA and / = 14 mA 
measured in the two different vacuum pressures shown in 
Table 1, we can estimate the cross section of the electron 

stripping reaction of H collided with H, by using the 
following equation. 

aES = ln(V/) /M (1) 
By substituting the beam length of /= 51.5 cm and the target 
density of N= 1.31 x 1012 1/cm1 calculated from the vacuum 
pressure of 3.7 x 10"5 Torr, we estimated the cross section as 
follows. 

a E S = 1.98 x 10- | 5(cm2) (2) 
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Fig. 2 Particle distributions in the horizontal emittance phase 
space measured at the entrance of the RFQ; (a) when the 
vacuum pressure in CHM2 was 3.7 x I0"6 Torr in the 
typical operation and (b) when it was 3.7 x lO^Torr. 

Table l 
Parameters of the LEBT 

Beam energy (keV) 
Vacuum pressure in CHMl 
(Torr) 
Vacuum pressure in CHM2 
(Torr) 
Beam Intensity at FC (mA) 
Coil current of SMI (A) 

Coil current of SM2 (A) 

4 times normalized rms 
emittance (n mm-mrad) 

(Typical) (500TMP-GV close) 
50 50 
1.6 x 10~5 1.6 x 10~-

3.7 x lCT6 3.7 x lfr5 

16 

335 

360 

0.41 16 

14 

0.3751 

Comparison of Measurements with Simulations 

We measured both of the two particle distributions in 
horizontal and vertical emittance phase planes [5]. However, it 
is practically impossible to find out the correlation of these 
tow distributions, since the enormous number of the same 
precise measurements with different conditions are necessary. 

Therefore, we compared the measured particle distribution 
shown in Fig. 2(a) with the simulation results using the three 
types of theoretical initial distributions with TWISS 
parameters and 4 times of normalized rms emittance of a = 
-0.90, P = 0.050 mm/mrad and £ ,^4 , -^ = 0.4 lrt mm-mrad at 
the exit of the VPIS; Gaussian distribution, KV distribution 
and UY distribution. The beam profiles of the measurement 
and the simulated results are shown in Fig. 3(a). As can be 
seen from this figure, the result using UY-distribution well 
represents the measured profile. The profile simulated with 
Gaussian-distribution has a higher peak and it with KV-
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distribution has a lower peak than the experimental result. 
Also the relationship between emittance and the beam fraction 
containing in the emittance simulated with UY-distribution 
showed a good agreement with the experimental result. 
Figures 4(a) and 4(b) show the particle distribution generated 
with UY-distribution at the exit of the VPIS and the particle 
distribution at the entrance of the RFQ simulated with the 
initial UY-distribution. By comparing Fig. 2(a) with 
Fig. 4(b), there are two agreements in these two distributions; 
(1) each distribution has a lozenge shape and (2) a pair of two 
opposite sides of each lozenge has lighter distribution 
compared with the other pair of sides. It is noted that the 
measured shape of the distribution is not an ellipse. On the 
other hand, the simulated phases of the sides with light 
distribution in the emittance phase space is slightly different 
from the measured results. Since we did not include the 
focusing effects of the extraction and acceleration gap, this 
focusing effects seem to cause this discrepancy. 

0.4K mm-mrad. By plotting the measured particle distributions 
with a new display method of UF-plt, the detailed structure of 
the distributions were revealed. The measured distribution 
showed good agreements with the simulation results using the 
newly proposed initial distribution of UY-distribution, in 
which the particles are distributed uniformly in the real space 
(concerning with x and y) and distributed in Gaussian way 
concerning with x' and y'. 

We detected the unexpectedly strong space-charge 
neutralization effect only with the residual H2 gas with a 
pressure of 3.7 x 10"6 Torr. In this condition, 93% of the 
beam intensity was neutralized with almost no beam loss due 
to electron stripping by collisions with H2 gas. By worsening 
the vacuum pressure and measuring the total beam intensities, 
the cross section of the electron stripping reaction of H~ 
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Fig. 4 Particle distributions in the horizontal emittance phase 
space; (a) the initial distribution generated with UY-dst and 
(b) the simurated results with an equivalent beam intensity 
of 1.1 mA at the entrance of the RFQ. 

C o n c l u s i o n 

The particle distributions at the entrance of the RFQ were 
measured with the errors of +0.1 mm in real space and 
±1.6mrad in x' or y' space. The 4 times of the normalized 
rms emittance of a H~ beam of 16 mA was measured to be 
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Abstract 

The input and output couplers for 2m-long S-band linear-
accelerator structures for the KEKB linac upgrade have been 
designed and tested. The dimensions of the coupler cavities 
were estimated by a simulation of the Kyhl method using the 
MAFIA code, and determined by low-power tests using the 
Kyhl method. It has been shown that the coupler dimensions 
can be predicted with precision to be less than 0.5 mm. The 
asymmetry of the electromagnetic field (amplitude and phase) 
in the couplers has been corrected by a crescent-shaped cut on 
the opposite side of the iris. The total performance of the 
accelerator structures with these couplers is also described. 

Introduction 

A reinforcement of the PF linac at KEK is now under way 
for the KEKB project.fl] The beam energy of the linac is 
being upgraded from 2.5 GeV to 8.0 GeV. For this energy 
upgrade, about seventy new accelerator structures (54 cells, 
2m-long, S-band, quasi-constant gradient, 2n/3-mode, 
electroplated and no dimpling) are to be fabricated. The input 
and output couplers for the new accelerator structures have 
been redesigned, because the existing couplers have insufficient 
performance concerning the reflection, phase shift, asymmetry 
of electromagnetic fields and RF breakdown limit. Fig. 1 
shows a cross-sectional view of the coupler. The adjustable 

34.0 
mm 

1st 
cell 

Nnr/nr 
crescent-shaped 
cut 

parameters are W (iris width) and 2b (inner diameter). So far, 
the coupler dimensions have been determined by trial and error. 
A method for estimating the coupler dimensions by a 
numerical simulation using the MAFIA T3 module has been 
proposed [2]. In this paper, we present a new method to 
estimate the coupler dimensions by simulating the Kyhl 
method [4] using the MAFIA E module. 

A correction for the asymmetry of the electromagnetic 
fields in the coupler cavities was performed by making a 
crescent-shaped cut on the opposite side of the iris. 

Simulation of the Kyhl method 

The simulation of the Kyhl method was carried out as 
follows: 
1. Generate a mesh structure constructed with the coupler 
cavity, half cell and waveguide (Fig. 2). Although the 
curvature, (/?) of beam hole edge (see Fig. 1 ) had been 3 mm 
for the existing couplers, it was changed to be 7 mm in order 
to improve the vacuum-breakdown limit. 

Fig. 2. MAFIA geometry for the Kyhl method simulation. 

2. Obtain the resonant frequency (frcs) and external Q (Qm) for 
this structure by simulating the Slater's tuning curve 
method[4], 
3. Determine fKS and gext for various W and 2b. Fig. 3 shows 
frJW,2b) and Qnt(W,2b). 
4. Obtain W and 2b at the cross point of two lines (Fig. 4): 

Fig. 1. Cross-sectional view of the coupler cavity (/?=7mm one is 
and r=2mm). 

/res^avc—V2n/3+/it/2)'2- (1) 
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Fig. 4. Lines of/res=/avc and Qm=Qwta. The values at the 
cross point gives the designed values of Wand lb. 

This set of W and lb is the design value of coupler cavities. 
Here, fM (resonant frequency for the jt/2 mode) were obtained 
by a dispersion curve measured using 6 cell accelerator 
structures (standard cavities ). <2cxt was determined as follows: 
Let Qai be inversely proportional to v 

1/v. (3) 

The relation between la and vg is given by the following 
equation, which is obtained by the dispersion curves for several 
standard cavities: 

v/c=0.9598 87x 10"5(2a)3-0.514516x 10"3(2a)2 

+0.0105696(2a)-0.0735666. (4) 

From equations (3) and (4), and data for a coupler with good 
matching and tuning characteristics (2a=26.3 mm, and 
<2exI=96.195), QtM is given as a function of a as follows: 

1 /<2ext=4.31109x10"6(2a)3-2.31082x 10"4(2a)2 

+4.74707xl0"3(2a)-0.033040. (5) 

From this equation, the target value of Qexl can be obtained. 
The coupler dimensions were determined by cold tests 

based on the Kyhl method. A very few iterations of machining 
were required before an optimal configuration could be 
obtained. A comparison between the measured and predicted 
values of the coupler dimensions is shown in Fig. 5 for three 
types of couplers with different la. 
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Fig. 5. Comparison between the predicted and measured 
values oiW and lb. 

It is shown that the coupler dimensions (Wand lb) can be 
predicted with an accuracy of less than 0.5 mm. 

Correction of the Field Asymmetry in Couplers 

The asymmetry of the electromagnetic field (amplitude E 
and phase) in a couplers was corrected by a crescent-shaped cut 
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(depth of the cut is C) on the opposite side of the iris (see Fig. 
1) using following procedures: 
1. Measure the electric-field distribution for two couplers with 
different values of C. The field distribution has been measured 
by the bead pull method based on the non-resonant 
perturbation theory [7]. 
2. Obtain a relation between C and the factor k, defined as 
follows: (Fig. 6) 

£=A£/£X=0 [%], 

AE—^X=X0'^-X-0' 

X0=4,8,12 [mm]. 

(6) 

UJ 
UJ 

< 

0 1 2 3 4 5 6 7 8 9 10 11 12 1314 15 
C [mm] 

Fig. 6. AE/E as a function of C. 

3. Obtain the optimum value of C by interpolation or 
extrapolation. 

Fig. 7 shows the field distributions (amplitude and phase) 
for a coupler with an optimum value of C. 
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Fig. 7. Effect of the correction of an electromagnetic-field 
asymmetry by a crescent-shaped cut. 

With this correction, the asymmetry of amplitude (AE/E) 
and phase was reduced from 8% to 1% and 1.3° to 1.1°, 
respectively at A=8mm. 

am
pl

itu
de

 [
ar

bi
tr

ar
y 

un
it]

 

0.008 

0.007 

0.006 

0.005 

0.004 

0.003 

0.002 

0.001 

0 

• 

D 

D 

' 

• • " I - * 1 • " I ' • I 1 ' 

o o o o 0 

. • • • 3 ° ° 8 * * * • . ° o 

• o ° » • -
• o * o 

0 • 

0 

a o D o n a a a D D O D D D D O D D D D n 

crescent-shaped cut wave guide 

-20 -10 0 10 20 
X[mm] 

RF characteristics of the accelerator structure 

The phase distribution for the accelerator structure with 
new couplers was measured using a nodal-shift technique (Fig. 
8). A standard deviation of 0.9° was achieved (note that our 
accelerator structure was fabricated without dimpling). The 
SWR was 1.07. 

Number of the cell 

Fig. 8. Phase distribution for the accelerating structure after 
electron-beam welding of the couplers. 

Summary 

The design of the coupler dimensions was achieved by a 
simulation based on the Kyhl method. The dimensions 
obtained by this method are in good agreement with that 
determined by cold tests. It has been proven that the 
asymmetry of the electromagnetic fields in the coupler can be 
corrected by a crescent-shaped cut. 
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1. Abstract 
The linac LU-20 created as an injector of 

Synchrophasotron and Nuclotron is described. Tables of main 
parameters and beam intensities are included. The functional 
diagram of LU-20 is shown. Injection channels, diagnostic 
and control systems are described also. The scheme of beam 
transport line is also provided. 

2. Introduction 
Nuclotron injector at present time is the linac LU-20, 

which was built in 1974 as a proton injector for 
Synchrophasotron with output energy of 20MeV [1]. In fact 
from the beginning it was used as a proton accelerator and as 
an accelerator of light element nuclei and ions at the second 
drift ratio with output energy of 5MeV/nucleon. Nuclei of 
such elements as deuterium and helium (the duoplasmatron 
was used as a nucleus source), 6LiJ+, ?Li3+, ,,B5+,i2C

4+, i4N
5+, 

I60
6'", 19F

7+, 24Mg10+, 28Si11+ (the laser ion source[2]), 20Ne1(H, 
22Ne10+, 32S14+, 4oAr16+, 8,tKr34+(electron beam ion sources 
"Krion"[3] and "Krion-S"[4]) were accelerated. Polarized 
deuteron beams were accelerated using cryogenic source 
POLARIS[5]. 

So, the spectrum of accelerated in LU-20 nuclei and 
ions is provided by four ion sources: 
• the duoplasmatron; 
• the laser ion source (LIS); 
• EBISKRION-S; 
• the polarized deuteron source POLARIS; 

Accelerated beam intensities are shown in Table 1. 
In 1993 the Nuclotron was built in Dubna. Since 

then LU-20 has been also used as the Nuclotron injector. 

3. Pre-injector 
The pre-injector is powered by 700 kV pulse 

transformer. The low voltage winding is fed by a form line 
with distributed parameters. The maximum duration of a HV 
pulse is 600 us. The stability of high voltage is within ±5 10" 
\ The accelerating tube consists of 56 aluminium diaphragms 
separated by porcelain rings. The diaphragms are connected 

to a high voltage water divider. A grid with an aperture 
diameter of 220 mm is installed at the 28-th diaphragm. The 
ion sources are mounted on a HV terminal of the accelerating 
tube and have ion optic systems for initial forming of beams. 

Table 1 
Accelerated beam intensities 

Particle 
type 

P 
d 

dî 
a 

6Li3+ 

7Li3+ 

12C6+* 

1 6 o 8 + * 
19f 

24Mg' 2* 

28Si14+* 

Intensity at the 
output of LU-20 

1.1014 

3.1013 

3-1010 

6»1012 

1.109 

5.1010 

2.101 0 

3.109 

2.10 9 

1.109 

1-108 

3 2 S' 4 + ! 2 .108 

4oAr16+ 

84Kr34+ 

2-106 

1»105 

Source 

Duoplasmatron 

Duoplasmatron 

POLARIS 

Duoplasmatron 

LIS 
LIS 
LIS 
LIS 
LIS 
LIS 
LIS 

KRION-S 

KRION-S 

KRION-S 

Pulse 
duration 

(us) 
500 
500 
500 
500 
30 
30 
20 
10 
10 
5 
5 

100 
100 
100 

Note: * - after stripper 

The ion sources on the high voltage terminal are 
powered by a generator separated by an insulating driving 
shaft. It has output power of 10 kW. 

The pre-injector tube is pumped by a vapour oil 
pump with a trap. The pump has the total perfomance of 5000 
1/sec. The tube is connected to the linac cavity by a vacuum 
line on which an axial symmetric matching lens, a buncher, 
a double magnetic corrector, a beam current transformer and 
a Faraday cylinder are placed. 

The sources are controlled via an optic fiber line 
from the LU-20 control room. 

4. The accelerating-focusing system of LU-20 

The linac LU-20 is an accelerator of Alvarec type. It 
has the following main parameters (see Table 2). 

Drift tubes are fastened inside the resonator using 
two rods and contain quadrupole lenses working in continious 
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mode. Precise tuning of f ield strength distribution along the 
resonator is made by disks placed at the drift tubes. 

While working at the second drift ratio field 
distribution is changed by a bottom tuner, that allows to 
create field subsiding to the resonator end. 

To increase the intensity of accelerated deuterium 
and helium nuclei, the injection is made into the 5th gap. The 
voltage on the accelerating tube of the preaccelerator is 
increased in two times, that results in emittance improvement 
of the injected beam [6]. 

Table 2 
Main parameters of LU-20 

injection energy: protons 
injection energy: ions 
output energy: protons 

output energy: ions 
working frequency 
resonator diameter 

resonator length 
number of drift tubes 

resonator quality 
synchronous phase 

focusing system 
quadrupole lens gradients 
characteristic parameter 

aperture 
acceptance 

energy dispersion with 
debuncher 

min. charge to mass ratio 

2PÀ 

2pX 
F 
D 
L 
N 

Q 
<ps 

FODO 
H1 

COS|i 

2a 
A 

AP/Po 

Z/A 

600 keV 
150 keV/nuc 

20MeV 
5 MeV/nuc 
145 MHz 

1.4 m 
14.4 m 

57 + 2 semitubes 
40000 
-31.5° 

(58.4 - 7.4) T/m 
0.6 

17;20;25 mm 
220 Jt»mm»mrad 

±0.15% 

1/3 

To reach this a solid metal wall is installed at the 4th 
drift tube, and quadrupole lenses of the first four accelerating 
periods are used for beam transportation. While accelerating 
ions with Z/A<0.5 the beam is injected into the first gap. It 
was experimentally proved that the highest field strength 
reached without breakdowns allows to accelerate ions with 
Z/A>l/3. The flat peak duration of RF-pulse equals to «30us. 
The reached field strength values and maximum allowed 
gradients in the existing lenses are far from the required 
values. So accelerating of ions with Z/A=l/3 is not effective. 

At the output of the linac a carbon stripper with the 
average mass to square ratio «60u/cm2 is installed. Usage of 
the stripper for ions with energy of 5MeV/nuc is useful only 
for light nuclei up to Ar. 

To increase accelerating beam intensities a buncher 
is installed at the input of LU-20 and a debuncher is used to 
decrease dispersion of beams injected into Nuclotron. 

5. RF-power system 

The RF-power system of LU-20 is intended to excite 
in the resonator, buncher and debuncher powerful 
electromagnetic fields, which are stable in frequency, 
amplitude and phase. The peculiarity of the RF-power system 
consists in the wide range of required exciting power, 
because LU-20 can accelerate ions with Z/A equal to 0.3...1. 
The exciting power can vary from 2MW on accelerating of 

nuclei with Z/A of 0.5 up to 5.5MW on accelerating of ions 
with Z/A of 0.3. In Fig. 1 a functional diagram of the RF-
power system necessary to receive maximum output power in 
the resonators is shown. In this case the resonator is excited 
by two autogenerators "Rodonit". Both generators have 
positive feedback loop through the resonator. To excite main 
mode TMoio suppression of the highest modes TMon and 
TM0i2 is made. To do so, power is entered via exciting loop, 
which is placed at the middle of the resonator. Besides, 
positive feedback loops are located at places where the 
highest modes are absent, i.e. at the lengths equal to 1/4, 1/2 
and 3/4 of the resonator length. 

where PC is Phase Changer, Al, A2 are generators (1st and 2nd 
channels of "Rodonit"), IA is intermediate amplifier, L is 75 Ohm 

load, PB is phase bridge, A4 is generator of debuncher, DG is 
defining generator. 

Fig.l 

One of the problems of resonator excitement is 
resonance RF-dischargemultipaction. The most probable 
place of resonance RF-dischargemultipaction appeareance is 
the initial part of the resonator. To suppress it an additional 
positive feedback system entered at the input of the main 
generator is used. This system consists of a standalone 
generator with low output power (up to 500W), a phase 
changer and a connection loop. When the resonance RF-
dischargemultipaction appears by some reasons, the main 
positive feedback signal level becomes too low to excite the 
powerful generators. The extra positive feedback system 
doesn't depend on resonance RF-dischargemultipaction 
strongly, because its connection loop is located at the end of 
the resonator. So this system provides RF-field excitement. 

The buncher is fed from the LU-20 main resonator 
by the connection loop via the cable and the phase changer. 
The buncher requires about «25kW of RF-power. 

To feed the debuncher a standalone RF-amplifier 
with output power of «250kW is used. 

To suppress resonance RF-discharge, in the gaps of 
buncher and debuncher resonator electrodes are installed 
with negative voltage on them. 

6. Beam transport channel 

LU-20 has two beam transport lines. The first one is 
intended to inject beams into Synchrophasotron and the 

350 



second one is intended to inject beams into Nuclotron. The 
initial part of the channel is common to Synchrophasotron 
and Nuclotron. This part consists of the first triplet of 
quadrupole lenses, an additional lens and dipole bend magnet 
IBM, which turns a beam in vertical by 15.6°. During 
injection in Synchrophasotron IBM is off. The beam 
transport channel with installed diagnostic and control 
systems are shown in Fig. 2 . 

The channel of injection into Nuclotron [7] was 
designed to provide compatibility with the channel of 
injection into Synchrophasotron. Besides, it should be taken 
into account, that median plane of Nuclotron is 3760 mm 
below than the LU-20 axis and beam injection is made 
vertically. The channel allows to make achromatic injection 
on the median plane and to position a beam on Nuclotron 
orbit. In horizontal plane the channel coincides beam axis 
with linear part of the Nuclotron axis. The channel also 
coincides the beam dispersion. 

To protect superconductive elements of Nuclotron 
from warming up, a deflector is placed in the channel. The 
deflector creates beam pulses with the required duration. The 
pulses have fronts of 100ns. Unused pulse part is adsorbed by 
an adsorber installed at the debuncher input. 

Vacuum in the channel is provided by magnet-
discharging pumps with total perfomance of 800 1/min. After 
magnet IBM a nitrogen trap is installed to separate general 
part of the channel having vapour oil pumping. It allows to 
obtain vacuum value of »5»10" torr. 

7. Diagnostic and control systems 

In the beam transport line Faraday cylinders, 
transformers of current, collector current profilometers and 
scintillation observation stations are used as diagnostic and 
control elements. 

To measure beam charge distribution a fully 
adsorbing spectrometer with silicon detectors is installed in 
the Synchrophasotron injection channel after IBM magnet. 
Moreover, another method is used to identify accelerated in 
LU-20 ions. In this case an analyzed beam passes through the 

stripper and then is analized using the bending magnet of 
Synchrophasotron channel. This method can be applied to 
identify middle and heavy ion beams. 

The transformers of current are used for high 
intensity beam measurements. Beam currents of <0.5mA are 
measured by the Faraday cylinders having maximum 
sensitivity of =107 elementary charges/pulse. High intensity 
beam (>109 elem. charges/pulse) profiles are obtained using 
the collector current profilometers. There are two scintillation 
observation stations with maximum sensitivity of «107 elem. 
charges/pulse to measure different intensity beams. Each 
station has a set of five targets. The targets are made as grids 
to estimate beam parameters. 

Low intensity beams are observed using electron-
optic amplifiers. 

All parameters of the linac (the potential in the pre-
injector, RF-field in the linac, buncher, debuncher resonators, 
currents in the drift tube lenses, currents in the magnet 
elements of the transport channel and so on) are processed by 
computers and displayed on the linac control room monitors. 
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The beam transport channels 
where PI is the pre-injector, BM the bend magnets, ML the magnet lenses, Trip the triplets, DB the debuncher 
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Upgrades of the Nuclotron Injector for Acceleration of Ions with Z/A = 0.28 * 

A.M.Baldin, E.D.Donets, E.E.Donets, A.I.Govorov, I.B.Issinsky, A.D. Kovalenko, I.V.Kalagin, V.A.Monchinsky, V.A.Popov: 
JINR, Dubna, Russia, 

Jose R. Alonso: LBNL, Berkeley, USA 

1. Abstract 

An upgrade for the front section of the Nuclotron 
Injector is presented. The aim of this upgrade is to decrease 
the minimal charge-to-mass ratio of ions accelerated from 
0.33 to 0.28. It consists of a transverse wall placed 1.1m 
from the front flange of the linac, separating the 14.4 meter 
tank into two distinct RF cavities, and replacement of the 11 
drift tubes in the first cavity, extending the transverse 
acceptance of the linac. This upgrade makes possible the 
acceleration of iron, cobalt, copper and krypton ions in the 
Nuclotron. Upgrades to both Laser and EBIS sources are also 
planned, to increase the linac output current and the atomic 
number of accelerated ions. 

2. Introduction 

The mass limit for the LU-20 Nuclotron Injector is 
currently set by the requirement that ion charge-to-mass ratio 

Z/A must be equal 
to or greater than 
1/3 .An upgrade of 
the linac front 
section has been 
proposed, and has 
now in fact been 
carried out, 
allowing for 
acceleration of ions 
with Z/A=0.28. 
This paper 

describes the upgrade; commissioning experiences are 
detailed in a follow-on paper. 

The LU-20 linac was originally constructed as a proton 
injector. For ion acceleration, operating in the second 
harmonic mode is necessary, leading to unfavorable transit-
time factors for the original drift-tube geometries. Electric 
fields needed for efficient acceleration are shown in Fig. 1, 
requiring either a very large tank tilt, or a general increase of 
field levels. 

As producing the required field distribution is not 
possible with the present RF system, operation in the 2[S\ 
mode to date has been achieved by increasing the overall 
strength of the accelerating field to a level where capture of 
particles can take place. This choice is not optimum: in 
addition to not being able to reach the most desirable 
gradients for the front end of the tank, the extra RF power is 
wasted on the largest part of the linac tank. Moreover, the 
existing quadrupole lenses in the front end of the linac are 
unable to supply the gradients required to effectively focus 
ions with Z/A<0.5, leading to further beam losses throughout 
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the linac. By placing a diaphragm at the location of the 11th 
drift tube, the tank is divided into two separate resonators that 
can be excited to different levels. By replacing the first 11 
drift tubes, as well, and improving the quadrupole magnets in 
them, better accelerating and focusing efficiency can be 
achieved. Note, no changes are required to the remainder of 
the linac. 

3. The accelerating-focusing system of the first 
compartment 

3.1. Accelerating structure. 

To provide the greatest energy gain of a particle, the gap 
factor a = g/L (g is the gap between drift-tube faces and L is 
the length of the accelerating cell) should be as small as 
possible and constant. The tuning of each accelerating cell to 
the resonant frequency is realized by selecting the drift tube 

diameter. 
Operational 

experience for linacs 
in our frequency 
range (145 Mhz) 
indicates that stable 
operation is possible 
if electric field 
gradients do not 
exceed 11 MV/m on 
the axis of the 
accelerating gaps 
(Eg) and 25MV/m on 
the surfaces of the 
drift tubes (Es) [1]. 
From these 
considerations, we 
have selected a gap 

factor a of 0.2 and have set the rounding radii of the drift 
tubes at R,=12mm and r,=8mm (see Fig. 2). To characterize 
the accelerating structure, it is necessary to know the 
dependence of the transit-time factor T (at the harmonic 
number k) on the velocity of an accelerating particle. As a 
first approach, for the simplified model of the accelerating 
period (R,=0 and r,=0) the dependence of the diameters of the 
drift tube on particle velocity was determined by the method 
of partial areas [2]. Then using the results of these 
calculations and the chosen geometric parameters 2a, Rt, r, 
and a, a full-scale model of an accelerating period was made 
(see Fig. 2). It has a movable bottom and changeable drift 
semitubes, and so can be configured to make measurements 
for any of the relevant accelerating periods. 
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The calculation of the accelerating structure was carried 
out by the method of sequential approaches using 
experimental dependences of T((3), d((3) [3]: 

43 

P „ d - p 2 ) ^ r ( p ) 
= n 

The new drift tubes differ in construction from the old 
ones by the omission of tuning disks. The new drift tubes are 
also not vacuum-tight. The drift tubes are fastened using two 
rods; the principal one is used to feed and cool the quadrupole 
lenses, the second one located under 90° prevents mechanical 
vibration of the drift tubes. The ends of the rods are fixed in 
special adjusting devices for precise alignment. 

A special tuning unit (cylindrical piston) is installed at 
the input wall of the first tank section to provide exact tuning 
to the resonant frequency of the main compartment. The 
frequency range allowed by this tuner is 100 kHz, two times 
wider than expected detuning. 

3.2. Focusing system 

A FODO focusing periodicity was selected for the new 
drift tubes, to match that in the main tank. 

To obtain 
acceptable values 
of the gradients in 
the quadrupole 
lenses and not to 
decrease 
significantly the 
throughput of the 
linac, a 
compromise value 
of cosp. equal to 
0.6 was taken, 
where u. is the 
average phase 
advance. For ions 

with Z/A=0.3, the maximum gradients reach values up to 100 
T/m. Fortunately, because of the very low duty factor 
required for the LU-20, these magnets can be run in a pulsed 
mode. A Brookhaven concept [4] with a trapezoidal pole 
configuration has been adopted for the magnet design, based 
on simplicity of manufacturing and assembly, and on a pole 
profile which provides good field gradient with acceptable 
nonlinearities. A schematic of this design is shown in Fig. 4. 
The full aperture of the quadrupole lens is set at 2rm=2.2 cm, 
the size of the flat pole is chosen according to the 
recommendations of Plotnikov [5], to suppress the sextupole 
component of the magnetic field. The magnet cores are 
assembled from sheet electrotechnical steel, and consist of 
two halves joined by a metal ring. 

This construction allows a greater number of turns in the 
winding and hence greater field gradient, and also simplifies 
assembly of the quadrupole magnets. 

Each 
quadrupole 
magnet is an 
integral part of its 
drift tube, so the 
magnetic axis of 
the lens is rigidly 
connected to the 
aperture of the 
drift tube. The 
misalignment of 
the linac 

geometric axis to the lens magnet axis does not exceed 
0.05mm. The lens median planes are adjusted using a special 
fixture to an accuracy of ±30'. After assembly, the magnetic 

characteristics of 
the new drift tubes 
were measured on 
a test stand. The 
dependence of the 
gradient on the 
exciting current in 
lens number 3 is 
shown in Fig. 5. 
The dependence 
of the magnet field 

nonlinearity on radius at the working current in the exciting 
winding is shown in Fig. 3. 

Table 1 

8 

7 

6 

dH/H|%> 

5 1 

'1 3 4 
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M 
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0.70 0.80 

, / ,m 

0.90 

Injection energy (ions) 
Output energy (ions) 
Minimum ratio Z/A 
Working frequency 
Resonator length 

Number of drift tubes 
Resonator quality 

Avr. amplitude of field on 
axis 

Synchronous phase 
Aperture 

Structure of focusing period 
Characteristic parameter 
Gradients of quadrupole 

lenses 
Acceptance 

Wo 
Wk 

f 
L 
N 

Q 
Eo 

9s 
2a 

COS|A 

H' 

A 

150keV/nucleon 
496 keV/nucleon 

0.3 
145MHz 

1.15m 
10+2 semitubes 

10000 
2.2MV/m 

-29° 
20mm 
FODO 

0.6 

100...40 T/m 

2207rmnvmrad 

The main parameters of the accelerating-focusing structure 
of the new first tank are shown in Table 1. 

4. RF-power system 

A block-diagram of the RF-power system is shown in 
Fig. 6.This system provides maximum excitation in the linac 
tanks. The main resonator tank is powered by two "Rodonit" 
autogenerators, each with an output power of 3MW. Both 
generators have a positive feedback loop through the tank. 
To excite the main mode TMoio the highest modes TM0n and 
TM012 are suppressed. 
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Fig. 6 

PC are Phase Changers, Al, A2 are amplifiers (1st and 2nd 
channels of "Rodonit", IA are intermediate amplifiers, L are 75 
Ohm loads, PB is a phase bridge, A3 is the generator of the 1st 
tank, A4 is the debuncher generator, DG is the reference source. 

Table 2 
The main parameters of the RF-amplifier 

Number of cascades 
RF-power in pulse 
RF-pulse duration 
Minimum pulse to pulse duration 
Working frequency 

3 
0.5MW 
500us 
2000 
145.0+0.5MHz 

To feed the first tank a standalone generator (A3, Fig. 6) 
was built. This generator is excited from the main resonator 
via a connecting loop. The anode circuits of the generators 
are fed by a modulator consisting of a double pulse-forming 
pulse-line. The main parameters of the RF-amplifier are 
shown in Table 2. 

Automatic control systems provide the required 
amplitude and phase stability. This system should provide 
adequate compensation for phase perturbations arising in the 
resonators and RF-amplifier cascades. As there are two 
standalone objects, each requiring phase perturbation 
compensation, two automatic control systems are needed. One 
of them is an automatic phase tuning system (APT), the 
second system is an automatic frequency tuning system 
(AFT). 

5. Ion sources. 

Completion of the Nuclotron Injector Upgrade project 
will require, in addition to the linac modifications, 
improvements to the ion sources to provide higher ion 
intensities and better charge-state distributions. These 
improvements have been studied and designed, but have not 
been implemented in the present phase of the upgrade project. 

5.1. Laser ion source 

An upgrade of the laser ion source, currently used for 
beams up to Mg, has been planned as a part of this Upgrade 
project [6]. A new C02 laser will be able to operate at a 

frequency up to 5 Hz at an output pulse peak power up to 25 
MW and a beam divergence of less than 510"4 rad. The 
planned laser beam focusing system with a parabolic mirror 
will provide a flux density up to 31011 W/cm2 on the target. 
The up-dated laser ion source is expected to produce Fe16+ ion 
beams at an intensity of more than 1010 ion/pulse. 

5.2. Electron beam ion source (EBIS) 

The "Krion-2" EBIS source [7] will also be upgraded. A 
new electron optics system will provide an 8 keV, 2.5 A 
electron beam with about 200 A/cm2 beam density. To reach 
these electron beam parameters with a magnetically immersed 
Pierce type gun, a 5 T superconducting solenoid will be 
manufactured using a high precision winding technology. 
Design of the electron collector and the ion beam optics, 
based on IGUN [8] simulations, has been performed. The 
electron collector design provides satisfactory formation of 
about 1 mA of ion beam with 1.5 keV electron beam energy 
on the collector surface. The upgraded "Krion-2" EBIS will 
provide a variety of ion species with high and moderate 
charge states. For example, iron ion beams of Fe16+ and Fe24+ 

will have intensities of 3109 ion/pulse and MO9 ion/pulse 
respectively. Note, to inject solid materials into the EBIS 
trap, an external MEVVA-type ion source will be used [9]. 
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MODEL FOR HALO DYNAMICS IN ACCELERATING BUNCHED BEAMS 

D.L. Bruhwiler 
Northrop Grumman Corporation, Advanced Technology and Development Center 

4 Independence Way, Princeton NJ 08540-6620, U.S.A. 

Abstract 

Beam halo is a critical issue in the design of high-inten
sity ion accelerators for neutron spallation, materials studies 
and transmutation technologies. A new particle-core model, 
which treats accelerating bunched beams, is described. The 
core is a uniformly-filled 3-D ellipsoid in an azimuthally-
symmetric Iinac with linear, continuous transverse focusing. 
The envelope equations are solved for the length L and radius 
R of the core, by treating the average longitudinal focusing 
forces as linear and continuous also. Core mismatch yields 
coupled oscillations of L and R with two distinct frequencies. 
The Hamiltonian for test-particles near the core is derived, in
cluding the oscillating space charge forces and a realistic 
Fourier expansion of the accelerating fields. Changes in linac 
parameters and beam energy are assumed adiabatic. 

Introduction 

Beam losses of as little as 1 part in 108 per meter can lead 
to unacceptable activation levels in beamline components for 
proposed high-current, high-intensity ion linacs. Because of 
the finite number of macroparticles that can be used in a realis
tic beam dynamics simulation, it is only possible to set an 
upper bound on the levels of particle loss, and it is unlikely 
that such numerical simulations can resolve beam losses at 
this very low level. 

Given this fundamental limitation, simple models are 
very important for developing physical insight into the causes 
of beam halo and particle loss. The well-known particle-core 
model [1], for example, has been used to illustrate how beam 
mismatch can lead to halo development. However, the parti
cle-core model is limited to coasting unbunched beams, which 
is a significant departure from the actual problem of bunched 
beams in the accelerating fields of a linac. 

We propose a longitudinal analog to the particle-core 
model for the purpose of studying the halo dynamics of test-
particles interacting with a bunched beam in an RF linac. 
This model will be useful primarily for exploring regions of 
phase space outside of the core that are sparsely populated. 
Such regions can become populated at the low-energy end of a 
linac: for example, -10% of the beam from a typical ion 
source exhibits strong transverse aberrations, and bunching of 
the beam in an RFQ can lead to a tenuous longitudinal halo. 

Overview of Method and Approach 

The core is assumed to be an azimuthally symmetric 3-D 
ellipsoid with a uniform distribution of particles, which leads 
to linear space charge fields inside the core. The transverse 
and longitudinal focusing forces are assumed to be linear and 

continuous. To further simplify the form of the space charge 
fields, free space boundary conditions are assumed and the 
condition 0.8 < y L / R < 4 is imposed, which is consistent 
with moderately relativistic ions with typical bunch shapes in 
large-bore cavities (see Ref. [2] for further discussion). 

The core is treated as though it were moving with con
stant velocity; energy and velocity increases are treated as 
adiabatic changes. Space charge fields inside the core are linear 
and have the form (see e.g. Ref. [2]): 

Ex(x,t) 

Ez(z,t) 

31 x 

2(33Y3I0 

I 

1 1 

R2(t)L(t) 37R(t)L2(t) 

(z-pct) 

PVlo R(t)L'(t) 
Eq.(l) 

where lo is the characteristic current. Space charge fields out
side the core fall off nonlinearly. 

In treating the RF fields, the geometry of a DTL is used, 
and the Fourier expansion of the RF fields is assumed to be 
symmetric between the drift tubes. The accelerating component 
of the RF fields is assumed to be small so the beam energy 
increases adiabatically. The longitudinal field has the form: 

E z ( r ,Z, t ) = COS((0t + ())s) * 

[E0Io(Kor) + Xn
EnIo(Knr)cos(27tnz/PM] 

Eq. (2) 

where Kn = (2n/^X)^jnZ + 3 2 , fo i s t n e zeroth order modi
fied Bessel function, and we are assuming a DTL geometry as 
shown below in Fig. 1. The radial electric field and azimuthal 
magnetic field have similar forms. 

mm ' ^XmÊÊÊÊÊm I fjHî ggi 

z = 0 
t = 0 t = 2rc/co 

Fig. DTL geometry for the RF field expansion. 

Given the assumed uniform transverse focusing fields, the 
space charge defocusing, the average longitudinal focusing 
calculated from Eq. (2), and the beam emittances, the dynami
cal equations for the core length L and radius R are readily ob
tained, as is shown on p. 449 of Ref. [2]. The transverse and 
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longitudinal equations are coupled by space charge, and the 
equilibrium values, Lo and Ro, must be obtained numerically. 

Numerical Results 

We integrated the resulting test-particle equations of mo
tion for a few trajectories through 500 DTL gaps, assuming 
physical parameters appropriate for a high-current D+ DTL, as 
shown in Table 1. The trajectories are plotted as Poincaré 
surfaces of section, with the phase space locations shown each 
time the trajectory reaches the center of a gap. 

Table 1 
Parameters used in Simulations 

Current 
Frequency 
Kinetic Energy 
Relativistic factors: p; y 
Cell length: $X 
Phase advances: OXQ; GX 

tfzO; Gz 
Bunch size: Lo ; Ro 
RMS emittance: ex 

£z 
ETL; T; fa 

100mA 
175 MHz 
lOMeV 
0.1; 1 
18 cm 
60 deg ; 48 deg 
15 deg ; 11 deg 

1 cm ; 0.2 cm 
3 mm-mR (unnormalized) 
6 mm-mR = 0.24 deg-MeV 

0.23 MV; 0.8; -iU2 

Figure 2 shows a surface of section for four trajectories. 
The innermost trajectory is well inside the core; the second one 
has an amplitude just less than Lo; the third oscillates well 
outside of the core; and the outermost trajectory is near the 
boundary of stable motion. Each trajectory is moving along 
the accelerator axis, with no transverse motion. In this and 
following figures, the spatial variables X and ÔZ have been 
normalized to (3A., Vx has been normalized to fk, and SVz is 
the relative momentum spread 8p/p. 

0.10 

-0.10 
-0.50 -0.25 0.00 

dZ 
0.25 0.50 

Fig. 2. Poincaré surface of section (longitudinal phase plane) 
for a well-matched beam and no transverse motion. 

Figure 3 shows surfaces of section for four trajectories 
with the same longitudinal initial conditions, but each with an 
initial value of X=0.6Ro- The two trajectories inside the core 
and the outermost trajectory remain stable, but nonlinear cou
pling between the transverse and longitudinal motion of the 
remaining trajectory have resulted in chaotic motion. As it 
spirals in longitudinally (upper plot) it spirals out transversely 
(lower plot) to large amplitudes. 

0.10 

-0.10 
-0.50 -0.25 0.00 

dZ 
0.25 0.50 

8 10" 

-4 10 

-8 10"3 

-8 10' -4 10"' 0 10" 
X 

4 10" 8 10"" 

Fig. 3. Poincaré surfaces of section for a well-matched beam, 
and initial values of X=0.6Ro and Vx=0. 

Assuming small beam mismatch, the actual values of R 
and L differ from the equilibrium values as follows: 

R(t) = R0( l + r(t)) ; L(t) = L0(l + /(t)) ; Eq. (3) 
where r(t) , /(t) « 1. Linearizing and solving the coupled 
differential equations leads to coupled mismatch oscillations of 
the form: 

/( t) = C + A + COS(CÙ+t - <!>+) + C_A_ COS(C0_t - <j>_); 

r(t) = A+cos(û)+t-<t>+) + A_cos(co_t-<j)_); Eq. (4) 
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where C+ and C. are complicated functions of the physical 
parameters, while A+ and A. are determined by the initial val
ues of r and 1. 

0.10 r-

. * • > • • - * • • . . , , 

-0 .05 

-0.10 
-0.50 -0.25 0.00 

dZ 
0.25 0.50 

Fig. 4. Poincare surface of section (longitudinal phase plane) 
for a 10% mismatched beam and no transverse motion. 

Figure 4 shows the result of mismatching the beam, when 
there is no transverse motion. The initial values of r and 1 
were 0.1 and -0.1. respectively. For this case, the space 
charge coupling is relatively weak, and 1 oscillates 
approximately once every 3 RF periods, while R oscillates 
approximately once every 25 RF periods. Figure 4 shows that 
these oscillations have broken the third ring into a chain of 26 
islands. 

Figure 5 shows surfaces of section for four trajectories 
with the same longitudinal initial conditions, but each with an 
initial value of X=0.6RQ- Only the innermost trajectory re
mains stable under the combined effects of beam mismatch and 
transverse/longitudinal coupling. The other three trajectories 
spiral inward longitudinally as they are driven outward trans
versely to maximum radii of 20 times the beam radius. 

Di scussion 

At present, the test-particle equations of motion for our 
proposed longitudinal particle-core model have only been stud
ied numerically, but a limited analytical treatment should be 
possible. The transverse motion is predominantly linear, at 
ieast initially. Also, the transverse motion is much faster than 
the longitudinal motion, and this separation of time scales can 
be used to develop a penurbative treatment of the coupling 
between transverse and longitudinal motion. A third lime 
scaie exists, because change in the physical parameters is slow 
compared to the longitudinal motion. The two primary diffi
culties are the treatment of 1 ) space charge nonlinearities out
side of the core, and 2) the rapidly oscillating (i.e. nonreso-
nant) components of the RF fields. 

The model studied here requires further testing and refine
ment. For simplicity, acceleration was ignored, but slow ac

celeration might play a stabilizing role by making resonances 
between the transverse and longitudinal motion temporary. 
The trajectories we studied had no motion in the y-plane. 
which implies zero angular momentum; finite angular mo
mentum might also play a stabilizing role. Finally, the 
dynamics may be sensitive to the detailed treatment of the RF 
fields. We considered only 4 Fourier modes. 
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Fig. 5. Poincaré surfaces of section for a 10% mismatched 
beam, and initial values of X=0.6Rr> and Vx=0. 
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END-TO-END PARTICLE SIMULATIONS OF A 1.76 MEV ELECTROSTATIC PROTON 
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Michael F. Reusch 
Northrop Grumman Advanced '. 

4 Independence Way, Prince 

Abstract 

We present detailed end-to-end particle simulations of a 
10 mA, 1.76 MeV electrostatic proton linac designed for a 
contraband detection system based on the principle of gamma 
resonance absorption. A 10 mA, 40 KeV H- beam is 
matched by a space-charge-neutralized single-solenoid LEBT 
into the first column of a tandem accelerator. The resulting 
0.9 MeV H- beam is then focused by a quadrupole triplet to a 
tight waist in a gas stripper. The emerging H+ beam is 
matched by another quadrupole triplet into the second 
column of the tandem. A HEBT consisting of two quadrupole 
doublets and an 81 degree dipole direct the final 1.76 MeV 
H+ beam downward to a carbon 13 target, where a horizontal 
fan of resonant gamma rays is generated. The Northrop 
Grumman TOPKARK code is used to model the linac, 
including nonlinear space charge forces and the magnetic and 
electrostatic fringe fields. Our results include the extent and 
location of beam loss, as well as the evolving shape of the 
beam distribution. 

Introduction 

The Contraband Detection System (CDS) uses a 10 
m Amp, DC, 1.76 MeV Tandem proton accelerator. CDS is 
being built by Northrop Grumman and TRTUMF under the 
auspices of DARPA. The purpose of the device is to detect 
explosives and/or illicit drugs in luggage through the use of 
gamma ray resonance absorption techniques. 

A 40 keV H- beam from a volume ion source, with a 
normalized emittance of 0.1 mm-mR, is extracted into a 
space charge neutralized, single solenoid LEBT and matched 
into the first column of the tandem accelerator, in whose 
fringe field, positive ions are reflected and a 10 mA current 
appears. Figure 1 shows 2 RMS Trace 3D envelopes. 
Trace3D is being run in a 2D mode. The 0.86 MeV H- beam 
coming out of the first column is then focused by a 
quadrupole triplet to a tight sub millimeter waist in a gas 
stripper. The emerging H+ beam is matched bv another 
quadrupole triplet into the second column of the tandem 
which accelerates it to 1.76 MeV. A HEBT consisting of two 
quadrupole doublets and an 81 degree dipole directs the final 
1.76 MeV H+ beam unto a thin carbon 13 target, where a 
horizontal fan of resonant gamma rays is generated. The total 
length of the beamline is less than 10 meters. 

1 David L. Bruhwiler 
hnology and Development Center 
i, NJ, USA [www.grump.com] 

Fig. 1 - Beam envelopes as produced by the Trace code. S is 
a solenoid, C an electrostatic column and B a dipole bend. 
All other elements are quadrupoles. 

Simulation Method 

Modifications to the Northrop Grumman ray tracing 
code Topkark" and other codes have been developed for 
application to CDS. These modifications encompass a 
capability to vary charge and current as a function of length 
and various models of the Tandem field. We report on the 
results of these applications, complete end to end studies of 
the device, from ion source, through the LEBT, first tandem 
stage, H- to H+ stripper, second tandem stage and the HEBT. 
Our principle aims are to avoid beam scraping in the 
Tandem and to provide a wide variety of on target beam 
shapes. 

The Northrop Grumman Topkark code exists in two 
versions, a map code, which uses automatic differentiation 
and a complementary ray tracing code that simulates 
individual particle trajectories. The present study used the 
latter code and a standard Runge - Kutta integrator although 
Topkark is also equipped with canonical integrators. Topkark 
implements several 2D and 3D space charge models, a 
uniform Trace3D-like model with linear forces, a Gaussian 
model, azimuthally symmetric "Parmila" and Gauss Law 
models, and a generalized ellipsoidal model due to Garnett 
and Wangler. 

One critical aspect of modeling CDS is die form of the 
radial focusing in the fringe field of the first electrostatic 
column as the low velocity, 40 keV beam is rather sensitive. 
Hence, we have studied several models for the fringe field, a 
hard-edge, impulse model, a model in which the longitudinal 
field rises linearly in the fringe region and a model in which 
the longitudinal field is a cubic polynomial in the fringe 
region. In the fringe, the radial field is given by 

rdE. ET = — . In the central portion of the Tandem the 
2 az 
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longitudinal field is effectively constant. Fig. 2 illustrates the 
near axis fringe fields as calculated with a charged ring 
model. The oscillations in Er are due to the finite ring 
spacing. 

Fig 2 - Tandem fringe fields 

Simulation Results 

End-to-end simulations of the baseline 10 m A case with 
Topkark yield almost no beam loss despite significant space 
charge induced nonlinearities. This is not surprising given 
that the physical apertures in the device are six times the 
RMS beam size. Optically, the CDS device is quite robust. 
Senarios departing significantly from baseline are typically 
apertured limited in the tandem. Fig. 3 shows the horizontal 
phase space at the center of the stripper where the narrowest, 
3.5 mm radius aperture is had. 

•-. «733>--
1S3~ 

X Caetera? 

Fig. 3 - Horizontal phase space at stripper center. 

The HEBT is capable of producing a variety of on target 
elliptical beam shapes. Figure 4 gives a 3D profile of one 
spot geometry. Nonlinearities contributed by the quadrupole 
fringe fields are quite small but there is some flattening of 
the profile due to space charge forces. 

We are also studying ways to increase the cost 
effectiveness of CDS, including decreasing the size and 
complexity of the device and increasing the output gamma 

ray intensity. Figure 5 shows 1 RMS beam envelopes for a 
doubled current, 20 mA case as produced by the Topkark 
code. The small discontinuity just after Z equals 1 meter is 
caused by a 2 RMS scraper. Although the 20 mA beam tends 
to be generally larger in the tandem, the current CDS 
configuration should be capable of transporting this larger 
current without much difficulty. 

xlO"3 

8.60 

X (meters) 

Fig. 4 - CDS on-target beam density profile. 

Fig. 5 - RMS envelopes for a 20 mAmp case. 

Currently we are conducting end-to-end simulations with 
beam input parameters measured at the end of the LEBT. 
Future simulation plans include modeling the emittance and 
divergence increments caused by the gas stripper. 

The following papers at mis conference also address the 
CDS device. "A Contraband Detection System Proof-of-
Principle Device Using Electrostatic Acceleration", J. 
Sredniawski; "Thermo-Mechanical Design of a CW Sweep 
Plate Emittance Scanner", J. Rathke; "A Sweep Plate 
Emittance Scanner for High-Power CW Ion Beams", T. 
Debiak; "Status of the 1.76 MeV Pulsed Light Ion Beamline 
at the Northrop Grumman ATDC", M. Cole; "Beam 
Emittance, Transmission, and Intensity Distribution 
Measurements of the NGC 1.76 MeV Pulsed Beamline and 
CDS Target Test Facility", S. Melnychuk; "Commissioning 
of the 40 keV Injector for a Contraband Detection System 
Proof-of-Principle Device", S. Melnychuk." 
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PS Division, CERN, 1211 Geneva 23, 

Switzerland 

Abstract Development Era 

The present CERN proton linac (Linac2) was 
commissioned in 1978 and since that date has been the 
primary source of protons to the CERN accelerator complex. 
During the past 18 years, the machine has had a very good 
reliability record in spite of the demands made upon it. 
Modifications have been made with the view of maintaining 
this reliability with reduced resources and new requirements 
from the users. Further demands will be made in the future 
for LHC operation. 

In 1994, a new linac for heavy ion production was put 
into service replacing the original CERN proton linac. As this 
machine was built within an international collaboration, 
operation had to take into account the novelty of the 
techniques used and the variety of equipment supplied by 
outside collaborators. Even so, the new machine has also had 
very good reliability. 

Linac 1 

Proton Operation 

Although the original CERN proton linac (Linac 1) no 
longer exits, from the operational point of view it is 
interesting to review the changes made to the machine since 
its construction [1,2]. Major performance improvements 
came about quite early with the change of the grid focusing 
in tank 1 with pulsed quadrupoles. Later, an easy access to 
these quadrupole power supplies was invaluable in tuning 
beam intensities for other particles. Further improvements in 
performance came with the addition of transient beam 
loading compensation for the RF systems and pre-accelerator 
HT systems, the installation of a high gradient HT column 
with a duoplasmatron ion source and improved matching in 
the LEBT. 

Linacl was commissioned in 1958 and was built with the 
technology of that age. It was very much a hands-on, 
manpower intensive machine with little scope for modern 
control technology. A considerable effort had to be expended 
to maintain operational availability throughout its life. The 
technology of the tanks, RF liner inside a vacuum envelope, 
made alignment unstable and the constructional methods 
were not of good vacuum engineering standards. The 
unstabilised RF structure also gave rise to instabilities that 
had to be dealt with on an "ad hoc" basis. These are some of 
the reasons the machine became unsuitable for the 
performance demands of the new CERN accelerators, hence 
the construction of Linac2. 

Following the commissioning of Linac2, the old machine 
became available for development work. Linac 1 had already 
accelerated light ions in the 2pX. mode and more extensive 
studied were carried out on the production and acceleration 
of alphas. The success of a gas target stripper in the LEBT 
enabled useful quantities of D and a particles to be 
accelerated and stored in the ISR. 

The presence of a spare accelerator also gave rise to an 
interesting operation where Linacl acted as a cheap source of 
particles for cooling and set-up tests for LEAR. Opportunity 
was also taken to replace the aging, and increasingly 
unreliable, SAMES high voltage generators and the pre-
injector by an RFQ [3]. This exercise was successful with an 
improvement in injection reliability, 

Light Ions 

The positive experience with very light ions encouraged 
the users to demand other ions. Experiments demonstrated 
that it could be just possible to increase the accelerating 
fields in the tanks by 33%. Achievement of these levels on an 
old machine required more access for maintenance and 
repairs than was possible during normal PS operation. To 
overcome these difficulties, the linac was moved to allow the 
installation of a shielding wall. Surprisingly, the linac 
worked after this move supplying LEAR again with protons. 

Installation of an 06* injector [4] followed soon 
afterwards with the proton injection line entering at 30° to 
the ion line. The use of the linac with these two particles was 
mutually exclusive but free time could be used to 
commission ions. This proved to be a difficult process due to 
sparking in tank 1. Eventually, with a computer controlled 
formation program reliable operation of the tanks was 
achieved and O6* accelerated and passed to physics. 
Operationally, the linac proved to be much more reliable than 
had been hoped for. Even so much effort had to be expended 
in keeping all component performance at its peak but the 
failure rate could be held below 10% for these short 
experimental periods. 

After beams of milliamps, beams of microamps proved 
much more difficult to measure and diagnostics remained a 
major problem. This was not helped by an inherent instability 
in the ion source. With the demand for S'2* with higher mass 
but lower intensity, the problem was aggravated. Linacl 
finished its active life in 1992 after 33 years of service. It was 
a labour intensive machine which required considerable 
attention but which was sufficiently flexible so as to allow 
considerable abuse of its original components. Many more 
problems were experienced with modern ones. 
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Linac2 

Reasons for a New Linac 

The demands made on the old linac following the 
commissioning of the PSB and ISR machines proved difficult 
to satisfy reliably and efficiently. The input matching, low 
injection energy, the FFDD focusing structure and 
instabilities in the RF at high currents made the old machine 
much more difficult to handle. Thus a new machine capable 
of accelerating 200 (is pulses of up to 150 mA of protons was 
designed. Improvements built into this machine were a higher 
injection energy (750 instead of 500 kV), a post coupled 
stabilised RF structure, feedback stabilised RF amplifiers and 
better diagnostics. Advantage was taken of the technology of 
the era to simplify wherever possible and to add remote 
computer control [5]. 

Initial Experience 

The linac was commissioned in stages with extensive 
testing between them. When in 1978, the linac was deemed 
ready it was used for one physics period for injection into the 
PSB. At this time Linac 1 was held in reserve in case of 
problems but not used. The improved intensity, energy 
stability and reproducibility gave immediate benefits to the 
other users. From 1979 it became the proton workhorse of the 
CERN accelerator complex. Reliability was high and over 
the next ten years a 5% downtime would give rise to concern. 

Improvements 

Some problems were experienced with the high voltage 
holding of the original 750 kV high voltage column but after 
a rigorous program of cleaning and electrode polishing, 
acceptable to good sparking rates were achieved. In the 
period 1983 to 1992 the sparking rate varied from 1 to 3.5 
sparks per day. However, there were intensity limitations 
with the high gradient column and although the requirements 
for LHC could be just met, it was felt that more margin was 
needed. The success of RFQ1 on Linac 1 and the promise of 
better injection into Linac2 from a RFQ led to the decision to 
replace the Cockroft-Walton system by a RFQ [6] with an 
injection energy of 90 kV. This was installed in 1993. 
Problems related to damage to vacuum pumps during HT 
flashovers did cause some vacuum pollution in the RFQ and 
a general increase in its sparking. Long term conditioning has 
rectified the situation. 

Performance 

Table 1 shows typical performance figures for 1994 both 
for standard operation and for high performance, LHC type, 
beams. For the moment, the high performance beam is used 
only for test purposes as some upgrading of the RF would be 
needed for longer beams required by some users. 

For comparison, in 1995 the linac ran for 6630 hours 
with 98.5% availability, all sources of beam loss included. 

Current source 
Into Linac 
Linac out 
Into PSB 
Pulse Length 
Rise Time 
H Emittance 
V Emittance 
Energy Spread 

Operation 
Availability 

Operation 
(Typical) 
250 
155 
140 
130 
20 - 120 
20 
1.7 
1.2 

±170 
6250 
97.6 

LHC 
(50% duty) 
350 
220 
195 
>170 
30 -60 
30 
1.8 
1.0 

±200 
>250 

=99% 

mA 
mA 
mA 
mA 
^s 
US 

Jim ( 1 o~, norm) 
p.m ( 1 a, norm) 
keV (2a) 

hours 
% 

Table 1. Performance figures for 1994. 

Light Ions 

Although Linac2 was designed entirely for protons, it did 
prove possible, with little effort to accelerate deuterons in the 
machine. About 20 e^A of deuterons were sent to the PSB 
and proved invaluable in the commissioning of the early light 
ions in the accelerator complex in 1985. With the RFQ this 
facility has now been lost 

Linac3 

History 

The Light Ion programme was initiated as a 
collaboration between CERN, GSI and LBNL. Following the 
success of this experiment and the impossibility of further 
upgrading the venerable Linac 1 for heavier ions, a study was 
launched into the possibility of building a new linac 
dedicated to heavy ions. A cost / energy analysis based on 
possible source technology, restrictions from other machines 
and interest from physics indicated that a linac capable of 
accelerating Pb25* to 4.2 MeV/u with stripping to Pb"* was 
feasible in the existing hall. The project [7] came to fruition 
as an international collaboration between CERN 
(infrastructure and 200 MHz RF), GANIL Caen (source), 
INFN Legnaro (LEBT, RFQ and MEBT), GSI (100 MHz RF 
and IH linac), INFN Torino (HEBT including ion filter), IAP 
Frankfurt (debuncher). Additional assistance was furnished 
by the Czech Republic, India, Sweden and Switzerland. In 
spite of the variety of equipment supplied by the 
collaboration, the new linac was ready on time to supply 
beam to the next accelerators in summer 1994. Beam was 
supplied to physics for nine weeks of operation later that year 
[8]. 

First Operation 

There had been some fears that the diversity of the 
equipment would lead to reliability problems as CERN staff 
learn to use it. Experience with ions in Linac 1 had shown the 
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importance of beam diagnostics for such low intensity beams 
(80 e|iA from the source, 20 epA after stripping). Faraday 
cups, SEMgrids, beam transformers and phase probes proved 
to be invaluable during the commissioning. Also temporary 
100 MHz amplifiers had to be adapted to CERN controls for 
two operational periods. 

During the physics period, the fault rate was maintained 
at under 2% influenced mainly by mains instabilities. 
However, at the end of this period when the machine was 
supposed to deliver ions to LEAR for cooling experiments 
major problems, which are still not yet fully resolved, with 
the microwave generator for the source caused a considerable 
delay. 

Consolidation 

As the next physics period was not scheduled until the 
end of 1995, time was spent in consolidating the machine for 
operation. Tests were carried out on the source improving 
the output current to 120 e|iA. However, new problems with 
the microwave generator arose requiring major repairs. The 
first of the 100 MHz amplifiers from industry was delivered 
and commissioned for the 1995 run but although it worked 
without fault during this period, the reliability has not been as 
good as expected. The second amplifier was delivered in 
1996 to replace the equipment borrowed from GSI which had 
worked well, in spite of its age, until the end of 1995. The 
new 100 MHz amplifier is still undergoing debugging by the 
manufacturer. 

Between the IH structures, quadrupole triplets are 
installed which in their initial configuration made alignment 
of the linac very difficult. Modifications were made by the 
collaborator but problems still exist in this area. 

Another cause for concern, the life of the 100 (xg/cm' 
stripper foils turned out to be unfounded. Although statistics 
are not readily available, it has been found that a foil which 
resists the > 100 euA 4.2 MeV/u beam for more than a few 
hours, will resist for months. 

The Future 

Linac2 has been the supplier of protons to CERN for 18 
years and during that period has showed a remarkable 
reliability. However, it has recently started to show signs of 
fatigue especially at the level of the vacuum seals. Major 
works are envisaged to change and improve vacuum sealing 
in the next years. Also during its life no re-alignment has 
been carried out and there are indications that due to 
settlement of its building this would be desirable. The 
demands of the LHC era will require more performance from 
the linac and thus some refurbishment of the machine will be 
needed to maintain reliability. 

Ion beams wil continue to be in demand. In the short 
term, the reliability can be maintained with manpower effort 
but some improvements are still needed. The use of LEAR as 
an intermediate ion store for LHC ion beams will require 
operation at 10 Hz. Most of the components are already 

suitable for this but the impact on reliability has yet to be 
assessed. Already Linac3 has shown itself to be a flexible 
machine capable of changing ion species at fairly short 
notice. When its teething problems have been overcome, it 
will be a very useful tool. 
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Abstract 

The new CERN Heavy Ion Linac (Linac3) accelerates a 
Pb27* beam to 4.2 MeV/u. The beam is then stripped to Pb53* by 
a carbon foil, and, after stripping, a 12 m filter line prepares 
the beam for the injection into the Proton Synchrotron Booster 
(PSB). The filter line eliminates the unwanted charge states, 
checks the beam quality (energy, energy spread, transverse 
emittance and intensity), and finally transports the beam in the 
lines leading to the PSB. 

The paper summarises the transverse beam dynamics of 
the line, and reports on its commissioning, especially focusing 
on the experiments that led to the stripper choice, and on the 
measurements performed with a specially developed single 
pulse multislit emittance device. The operational experience is 
also reported. 

Introduction 

At the end of Linac3, the Pb27* ions are stripped to obtain 
a beam with a magnetic rigidity of 1.16 Tm, only 16% higher 
than the 50 MeV protons, which have in common with the 
ions (on pulse-to-pulse basis) the long transfer line and the 
injection into the PSB. This allows the use of the same 
magnetic elements for both panicles. Optimum charge state 
and energy giving the required rigidity after stripping from 
Pb27* have been determined as Pb"* at 4.2 MeV/u [1]. 

A filter-stripper line (see Fig.l), 12 meters long, between 
the end of the linac and the shielding wall that separates 
Linac3 from the transport line to the PSB, is used to select and 
optimise for injection into the PSB the desired charge state 
after stripping, and to measure the parameters of the different 
lead ion beams (27* and 53* with the adjacent charge states). 
Measurements have to be performed independently from PSB 
operation, and on single pulse basis, to observe the ion beam 
stability. The design and realisation of the line has been done 
at CERN in collaboration with the INFN-Torino [2]. 

After the linac interdigital-H tanks, a quadrupole triplet 
focuses the beam on the stripper, then a four bending magnet 
sequence eliminates the unwanted charge states on a slit. At 
the end of the line, a debunching cavity (made at IAP-
Frankfurt) minimises the energy spread for injection into the 
PSB. Longitudinal beam parameters are measured at the exit 
of the linac by a Bunch Length and Velocity Detector 
(BLVD), made at INP-Moscow [3], and by using the first 
bending magnet as a spectrometer. Horizontal and vertical 
emittances are measured in a straight line after the first bend 
with a single pulse emittance measurement device of the 
multislit type [4]. Five SEM-grids at different positions in the 

line allow the measurement of the horizontal and vertical 
beam position and profile, and two phase probes check the 
phase profile. Finally, beam currents for the different charge 
states are measured with two transformers, placed before and 
after the slit. 

Beam direction 
Profile monitor 

BLVD_ 

•Sfflfr) Lined 

4 Bending filter 2 "d Triplet 

Figure 1. Layout of the filter - stripper line. 

I st Triplet 

Beam Dynamics of the Filter-Stripper Line 

The optics of the line have to take care of some critical 
points. First of all, position and transverse size of the beam 
should not exceed the foil dimensions (20 mm diameter) in the 
100 mm long longitudinal region where the four stripper 
supports are located. Then, the filter resolution has to be 
considered, because the transverse width of the beam spot at 
the slit has to be smaller than the distance between two 
adjacent charge states. Moreover, the four bending magnets 
have to form an achromatic system with minimum emittance 
increase. The matching, done with the code TRACE-3D [5], is 
shown in Fig.2. It takes into account the emittance increase at 
the stripper, as well as the change of charge state. 
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Fig. 2.Emittances in 3 positions and beam envelopes (TRACE-3D). 
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Stripper Measurements A Model for Stripper Breaking 

The first stripping tests were done with carbon foils of 
surface density 100, 200, 300 and 400 u.g/cm2. Fig. 3 shows 
the corresponding charge state distributions measured after the 
spectrometer. They are all centred around 53*, in excellent 
agreement with the predictions of Baron's formula[6]. 

This indicates that the equilibrium thickness is already 
reached with the 100 u.g/cm2 foils. Straggling is responsible for 
the larger energy spread across thicker foils. For Pb53* and a 
100 (xg/cm2 foil we measured an increase in energy spread of 
11% (±33 against ±30 keV/u (2a)) after stripping. This is 
acceptable for beam transport, since the energy spread for PSB 
injection is mainly defined by the debunching cavity. 
Therefore 100 p.g/cm2 (thickness of 0.5(xm) has been kept as 
the nominal stripper surface density. The beam energy loss 
across this foil, measured at the spectrometer, is AW = (130 ± 
10) keV/u, in good agreement with the Firsov formula [7]. 

Figure 3. Charge state distribution after stripping for 
increasing stripper thickness. 

The increase in beam divergence inside the stripper foil 
leads to an emittance growth that has been evaluated by 
measuring the increase in beam size at the SEM-grid after the 
stripper position, first without stripper, and then with two foils 
of increasing surface density. The measured data have been 
linearly fitted to the beam size calculated by TRACE-3D, 
taking as first input to the code the emittance and the Twiss 
parameters measured without the foil, and then emittances 
with increasing divergence at the stripper position. The result 
was a Ae/e = (6 ± 2) % for the nominal stripper thickness, 
larger than calculated, but smaller than the 10% foreseen in 
the design report [1]. 

Since the first experiments, we noticed that foils thicker 
than 200 u.g/cm2 broke down after only a few minutes. For the 
100 p.g/cm foils, direct observations through a quartz window 
showed that increasing the focusing on the stripper made the 
beam visible on the foil as a red spot. As the focusing was 
further increased the spot turned white and the foil broke. 
These observations can be explained by a calculation of the 
temperature T reached by the foil during the beam pulse. The 
energy that the beam loses inside the foil, as consequence of 
scattering with the foil atoms, goes first to heating of the foil 
material (only about 0.1% goes to the stripping of electrons), 
and then is dissipated by radiation from the small beam spot 
on the foil, the conductivity contribution through the 0.5 |im 
thickness being negligible. We can represent the three 
contributions with the equation: 

AW I =mc dT/dt + 2eoS(14 - T0
4) , 

i.e. the power produced by a beam of current / that loses the 
energy AW is equal to the sum of the increase in thermal 
energy of the stripper material (mc being its mass and specific 
b it) and of the radiated power, expressed by the Stefan-
Is.dtzmann relation for the emission from a surface S. e is the 
emissivity (0.75 for Carbon) and a the Stefan-Boltzmann 
constant. The factor 2 takes into account the fact that energy is 
radiated from both sides of the foil. After a time usually 
shorter than the beam pulse length, T converges to the 
equilibrium temperature (T0can be neglected if T»T0): 

T= (*ZLY (1). 
I, 2eaS ) 

The highest temperature is reached at the centre of the 
beam distribution, where the current density dl/dS is 
maximum. Considering a gaussian beam distribution in the 
transverse plane, dl/dS converges to lfln(x)(y), with / the total 
beam current and (x),(y) the rms dimensions of the beam. 
Introducing this value into (1), one obtains the maximum 
stripper temperature as: 

Taking the Linac3 beam parameters, 80 uA of Pb27* and 
130 keV/u energy loss, for a round beam of rms radius r^ we 
obtain the temperature as function of beam radius of Fig. 4. 
TRACE-3D calculations give rTO!= 1.6mm, indicating that the 
temperature of the stripper of 100 ug/cm2 comes close to the 
temperature of Carbon sublimation, 4100 K, assumed as the 
maximum that the foil can stand. Small reductions in beam 
size or imperfections in the foil would break it, while only a 
small increase in beam size brings the temperature down to a 
safe value. Since the energy loss AW is proportional to the 
stripper thickness, thicker foils reach higher temperatures. The 
colours observed on the foil before breaking correspond well 
to the peak emission wavelength at the calculated 
temperatures. In conclusion, one has to find a compromise 
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between the lifetime of the foil, requiring a large beam size, 
and the minimisation of the emittance growth due to the 
increase in divergence, that instead requires a small beam size. 
This compromise has been found easily at Linac3 since 
emittance growth is not a very critical issue (large PSB 
acceptance), and foil lifetimes are now of the order of 2/3 
months. 

The formula (2), with the needed changes in the 
parameters, indicates as well that an A1203 stripper (melting 
T=2345 K, £=0.2), considered as an alternative to Carbon 
because it is easier to produce and more homogeneous in 
thickness, would not withstand the temperatures induced by 
the Linac3 beam. 

12000 i . | 

rms beam radius (mm) 

Figure 4. Linac3 stripper temperature from (1) as function of rms 
beam radius for two different Carbon foils. 

Single Pulse Transverse Emittance Measurements 

A single pulse emittance measuring device was required 
to check the pulse to pulse stability of the linac. We choose a 
multislit plate with a scintillator screen and CCD camera 
readout. Particles traversing the slits produce light on the 
scintillator and a special triggered CCD camera captures and 
digitises the image every 1.2sec, the repetition rate of the 
linac. Special software reconstructs the emittance from the 
digitised image and calculates the Twiss parameters [4]. 

Starting from nominal emittance values and orientations, 
preliminary simulations were needed to transport the beam to 
the multislit (see Fig.l). Final adjustments, especially with the 
steerers, were made by working experience. 

CCDs' saturation was avoided using a fast exposure time 
(150 us) and stopping down the iris. The scintillator, a CERN 
Cromox type 6 A120, + 0.2% Cr203, showed linearity in our 
beam current range (up to 80 uA of Pb27* ) and no substantial 
degradation in performances in 30 hours operational time. 

To obtain the Twiss parameters at Linac3 output we made 
backward TRACE-3D simulations taking as input the values 
measured at the detector and as output the Linac output 
parameters. We checked the measurement with different 
optics, confirming both the reliability of the device and the 
good pulse to pulse stability of the Linac. The multislit plate 
with 4 mm slit spacing and 0.2 mm slit width is a good 
compromise to obtain the best resolution. 

mm i mm 

Figure 5. Emittance plots at detector position for Pb . 

An emittance plot at the detector position is shown in Fig. 
5 and a summary of the measured values for Pb27+ is in Table 
1. Measurements for Pb5 * are not very precise, since the 
detector is placed before the ion separation, nevertheless the 
total (4 x rms) horizontal emittance after stripping has been 
estimated to be -10.5 TI mm mrad. 

ejn (unnorm.) tjn (unnorm.) AW 
mm mrad mm mrad [keV], 2a 
9.7 9.9 ±30 

Table 1 : Measured beam parameters at Linac3 output (Pb 27+). 

Conclusion 

The matching of the line and the stripping were easier 
than foreseen, the best results being obtained with a 
100pg/cm2 carbon foil. The current transmission of the line is 
almost 100% (max. 80 pA of Pb53* ), and the beam quality is 
good for the injection to the PS Booster. The linac shows an 
excellent pulse-to-pulse stability. 
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Abstract 

The 14.5 GHz ECR4 source supplied to CERN in the 
framework of the Heavy Ion Facility collaboration provided 
Pb27* operational beams to a new custom built linac in 1994. 
This source, which operates in the pulsed "afterglow" mode, 
quickly met its design specification of 80 euA and now 
provides currents >100 ejjA regularly. Early source tests 
showed the existence of extremely stable modes of operation. 
In the search for higher intensities a number of experiments 
have been performed on plasma gas composition, RF power 
matching, extraction, beam pulse compression and a biased 
dynode. The results of these tests will be presented along 
with further ideas to improve source performance. 

Introduction 

CERN's original proton linac was shut down in 1992 
after a final light ion period with sulphur ions. It was 
dismantled and construction started, on the site, of a new 
heavy ion linac (Linac3) intended for the acceleration of 
lead ions. This machine was built by an international 
collaboration involving GANIL, Caen (ion source); INFN, 
Legnaro (low energy beam transport and RFQ); GSI, 
Darmstadt (Interdigital-H linac and some RF systems); INFN, 
Torino (high energy transport and filtering); IAP, Frankfurt 
(debuncher), and CERN and assistance from Sweden, 
Switzerland, the Czech Republic, India. In June 1994 the first 
beam was passed to the next accelerator in the injector chain, 
(the booster synchrotron) and in October beam was given to 
the physics experiments for a nine week operational period. 

An ECR (Electron Cyclotron Resonance) ion source was 
chosen for the project. Although the ECR was originally 
developed for continuous operation, the afterglow 
phenomenon can be exploited to give short pulses suitable for 
synchrotron operation of high charge state ions [1]. In the 
optimisation of the design of the new facility the output 
energy of the linac was defined to be 4.2 MeV/u for Pb55*, a 
charge state that is beyond the reach of normal ECR sources. 
Thus stripping at the end of the linac was necessary. Further 
design optimisations indicated that at least 80 euA of Pb"* 
would be required from the source. 

GANIL performed tests on their ECR4 (Fig. 1) source 
and showed that enhanced intensities of highly charge lead 
ions could indeed be obtained at 2.5 keV/u (approximately 
20 kV total) in the afterglow mode of operation which 
satisfied the criteria of:- a) intensity >80 euA; b) adequate 
useful beam length; c) pulse to pulse stability; d) emittance. 
In fact, to limit the X-ray emission from the linac cavities 
which were designed for 25+, the charge state 27+ was 

chosen for operational purposes whilst still meeting the 
intensity criterion. 

ECR 4 LEAD SOURCE 
(GANIL) 

Fig. 1. The ECR4 source used at CERN. 

Early Tests 

After commissioning of the source at CERN using the 
GANIL test settings, 65 euA of Pb27* was measured in a 
Faraday cup after analyser magnets. Improvements to the 
vacuum of the beam line and an extensive optimisation of the 
source showed that about 100 e|xA could be obtained (Fig. 
2(a)). During a search of the source parameter space, a new 
operating point was found. At lower magnetic fields, the 
afterglow pulse became very smooth and stable with a decay 

Q. 
E 
< 
o 
i _ 

E 

0.5 ms/div 

Fig. 2. Different types of afterglow: a) optimised initial, b) 
stable mode, c) typical operational beam 
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tail of several milliseconds (Fig. 2(b)). The pulse rise time 
was of the order of 500 us and the plateau acceptable 
Although the intensities were somewhat lower than the 
GANIL mode, a compromise could be found which retained 
the extreme stability on a pulse to pulse basis whilst keeping 
a good plateau (Fig. 2(c)). This stability proved to be 
invaluable in the setting up of the following accelerators [2]. 
A reproducible operating current of around 80 e|iA was 
adopted as standard during the first (1994) physics run. 

Extraction Gap 

Initially an extraction gap of 42 mm was used in the 
source. Various tests have been carried out to investigate the 
optimum gap. In each case the source, and beam transport, 
was optimised for maximum intensity and stability of the 
beam. The results of these tests are summarised in figure 3. 
During the 1995 physics run the 47 mm gap, with 120 e|iA 
of Pb27\ was retained. Further tests on the gap are needed for 
other extracted currents and charge states. 

35 40 45 

Gap (mm) 

Fig. 3. Pb27* current variation with extraction gap. 

Gas Mixing. 

It had been suggested [3] that the replacement of oxygen 
as the pilot gas by neon should give rise to an improved 
intensity and an increase in the mean charge state. Extensive 
tests showed that the current of Pb27* could not be increased 
using neon. Currents approaching those obtained with Pb/O, 
operation could be reached, however the stability and 
duration of the afterglow pulse were reduced. 

After a long period of operation with pure neon it 
became evident that at least a small amount of oxygen is 
required for Pb/Ne operation: after approximatly 24h it was 
not possible to start the discharge at the pressure required for 
high charge state production. 

A significant difference between Pb/02 and Pb/Ne 
operation was found when the source parameters were 
optimised on Pb30* production (Fig. 4). In both cases the 

current of Pb3<>* was 70uA. The maximum of the CSD was 
increased to 29+ for neon operation, while it remained at 27+ 
for oxygen. Initially a similar result was found for an 
optimisation on the Pb32* peak. The maximum of the CSD 
was moved to Pb30* for Pb/Ne and to Pb29* for Pb/02 

operation. However, after a period of four weeks of operation 
with oxygen it could be shown that the maximum of the CSD 
can be shifted to 31+ for Pb/02 operation (discharge 
optimised for 32+). The Pb32* current was 80^A in this case 
while the best result for Pb/Ne was 50uA. 
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Fig. 4 . Comparison of charge state distributions (CSD) of 
lead ions a) using oxygen as carrier gas, b) using neon and 
residual oxygen as carrier gas. (Source parameters 
optimized for maximum current of Pb32* in both cases) 

RF Tuning Effects 

Microwave power is injected into the source via a tuned 
waveguide to co-axial transition. To obtain the best output 
and stability from the source, the optimum tuning of the 
transition was not necessarily that which gave the minimum 
reflected power. Additionally, other tuning points could be 
found which either gave similar, or reduced, performance 
within the range of the tuner. Certain operating points also 
gave rise to increased X-ray emission from the source. 

Fig. 5 shows a comparison of the current during the 
afterglow with the current during the main pulse for the full 
tuning range. In a first approximation the two curves are 
complementary, i.e. if a high afterglow peak is obtained the 
current is low during the heating phase and vice versa. This is 
especially pronounced at position 4920 in Fig. 5. The 
maximum for the afterglow is found at position 4968, 
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Tuner position (arb. units) *• 

Fig. 5 Pb27* current as a function of tuner position: a) 
current during afterglow, b) current during main pulse 

although the base current also goes through a maximum at 
this position. 

It should be noted that the shape and duration of the 
afterglow are also a function of the tuner position, so that a 
peak on Fig. 5 does not necessarily indicate a stable 
operating point. Furthermore the curve is influenced by the 
various source parameters and it changes with time, so that 
an optimisation is required at regular intervals. 

Dynode Bias 

The inner conductor of the co-axial transition which 
contains the sample oven and which penetrates into the 
plasma chamber (see Fig. 1) is known as the dynode. In 
another ECRIS for sulphur ions, the presence of a biased 
electrode in the plasma gave improved performance and 
stabilised the afterglow [4]. It had been reported that biasing 
the dynode in an ECR4 source also enhanced the yield of 
ions [5]. The original lead source dynode was a 6/8 mm 
copper tube but became a 10/8 mm tube in a biased 
configuration. Initial tests showed that it was impossible to 
control the source output using the oven heating as a 
parameter. The oven temperature is influenced by RF losses 
on the dynode, RF heating of the oven and resistive heating. 
There were indications that the lead neutral pressure in the 
source was too high and examination of the sample showed 
that it had been overheated, giving rise to a too high lead 
vapour pressure in the plasma chamber. 

The dynode bore was reduced to 6 mm, as in the original 
electrode, and a much improved control of the oven was 
obtained. The source was optimised with zero bias, new RF 
tuning points and magnetic fields had to be found. It was 

immediately obvious that the source was much more 
temperamental and that all parameters had a very much 
reduced tolerance. The optimum RF tuning was now very 
sharp and just off the limit of stability. Satellite tuning points 
whilst more stable gave only 50% of the peak intensity. 

Although it proved possible to optimise the source under 
these conditions, no gain in Pb27* current was observed. 
Application of a negative bias to the dynode resulted in a loss 
of current, an increase in instability and beam breakup and a 
change in beam shape when the bias exceeded 50 V. These 
instabilities were also present in the microwave reflected 
power. As the bias increased above 200 V, the current 
appeared to climb again but isolation and sparking limited 
the bias that could be used reliably. Positive bias reduced the 
beam dramatically. However, it did prove possible to find a 
low magnetic field setting which reduced instabilities but 
without an improvement in intensity. 

It was noted that for 0 2 \ the current in the afterglow, 
which is not very pronounced relative to that in the main 
discharge, tended to decrease whilst the main discharge 
current increased. It may be asked if the bias was insufficient 
relative to the ionisation potential of Pb 27* (874 eV). 

Future Plans 

Further tests are desirable (subject to operational 
restrictions) to examine the effects of various ideas to 
increase the yield of the Pb25+ and Pb27* ions. Experiments are 
only interested in particles not electrical intensity so an 
increase in charge state from the source is not of interest 
unless the intensity gain is dramatic. Going to lower charge 
states is excluded in the linac design. Investigations that 
could be of interest are:- extraction gap with current and ion 
species, continuation of the biased electrode tests, plasma 
chamber wall materials, sample composition and plasma gas 
effects. 
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Abstract 

A linac generator program, GENAC, has been 
developed, capable of generating an accelerating structure 
through interpolation of SUPERFISH output files. GENAC 
can handle long and complex accelerating elements, such as 
asymmetric ones or elements consisting of several 
accelerating gaps in one go. GENAC is a pre-processor to the 
beam simulation code DYNAC [1]; both programs are based 
on the same set of quasi-Liouvillian beam dynamics 
equations. 

With the DYNAC code one has the possibility of using 
multistep space-charge calculations [2],[3],[4] within the 
accelerating elements of a linac. Therefore, the combination 
of the linac generator GENAC with the simulation code 
DYNAC constitutes a powerful tool for the development of 
new types of accelerators. 

Introduction 

New types of accelerators, such as ones devoted to 
medical or industrial applications or nuclear waste 
transmutation, often consist of long cells generating complex 
(multi-gap) fields including asymmetric ones. The simulation 
program DYNAC and its pre-processor GENAC, both based 
on the same set of quasi Liouvillian equations, can handle 
such long complex fields, including asymmetric ones. It is 
important to note that codes such as PARMILA [2] and 
MAPRO [3] assume symmetric fields and assume the 
accelerating gaps to be short (i.e. the velocity of the particles 
are assumed constant across the gap). Such codes are 
therefore not suited for the new types of accelerators 
mentioned above. 

Short description of GENAC 

GENAC needs two types of input files : firstly an input 
file giving the basic linac parameters such as input and output 
energy, particle type and synchronous phase; and secondly a 
set of SUPERFISH files for different relativistic P 
corresponding to different points along the accelerator. 

GENAC reads the axial field distributions Ez(z) from the 
SUPERFISH files and interpolates for the actual p ( or P*. ) 
in a way similar to one described in [5]: the two fields in the 
SUPERFISH files nearest to the actual pX are found and a 
logarithmic interpolation on the field is made such that : 

where Ec is the interpolated field at the position i between the 
given SUPERFISH fields Ek and Et„ and R is defined as : 

p\t+1-p^ 
Given the field thus obtained, the transit time factors are 

computed as in [1] and a first value for the energy gain is 
obtained. From here starts an iterative process, acting on the 
field based on the following three criteria : the synchronous 
phase, the accelerating field E0 and the cell length. 

Once the criteria have been met, GENAC will start 
generating the next accelerating field and this process 
continues until the final energy wanted has been reached. 

It is important to note that the previous set of quasi-
Liouvillian equations [6], used by MAPRO and PARMILA, 
needs the value of the synchronous phase and velocity at the 
middle of the accelerating gap. These values can only be 
obtained through supplementary computations as the 
synchronous phase and velocity are only known at the input 
of the accelerating element. This makes the linac generator 
complicated. The beam dynamics equations used in GENAC 
and DYNAC make use of an equivalent travelling wave for 
which the phase can be obtained at any point ; it is sufficient 
to have the above mentioned values at the input of the 
accelerating element. These analytic equations also allow any 
beam parameters at any given point along the accelerating 
element to be obtained. Another important difference is that 
GENAC can generate cells containing a single accelerating 
gap as well as ones containing two or more accelerating gaps. 
An example will be shown later. 

GENAC produces three sets of output. During the 
generation process, the total length and obtained energy are 
printed on the terminal. At the same time an output file is 
written containing more detailed information of the linac 
generated through the iterations. Finally an output file, 
containing a description of the generated linac, is written to 
serve as input file to DYNAC. 

Application to a proton linac design 

A typical application is the generation of a linac 
containing long asymmetric fields such as in [7]. In this 
design, each superperiod consists of two periods, which in 
their turn contain two cells of three gaps each, arranged in a 
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FODO lattice (see Fig.l.). The electric field distribution for 
one of such cells is shown in Fig.2. 

Fig. 1. Layout of a superperiod of the L A N L medical linac 
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Fig. 2 . The axial field distribution of a three gap cell in the LANL 
medical linac. One notes the asymmetry in the first and third field. 

To generate a linac consisting of such multi-gap 
elements one can either generate gap by gap or several gaps 
in one go. The linac section studied here has an energy range 
from 10 to 30 MeV over a length of 9.1 m and is operated at 
1300 MHz. Table 1 shows some results from the output file 
corresponding to the first three accelerating elements of the 
linac for a generation made gap by gap. 

ACCELERATING ELEMENT N : 1 
******************************** 
FREQUENCY: .13000E+10Hz 
GAP LENGTH: .25060E+01 cm 
FIELD FACTOR: .10426E-01 

*** CHARACTERISTICS AT THE INPUT OF THE ACCELERATING 
ELEMENT 

BETA GAMMA ENERGY(MeV) TOF(deg) TOF(sec) 
REF .14485 .I0107E+01 .10000E+02 -.35991E+02 -.76904E-10 

»** CHARACTERISTICS AT THE MIDDLE OF THE EQUIVALENT 
FIELD 

BETA GAMMA ENERGY(MeV) SYNCHRONOUS PHASE (deg) 
REF .14501 .10107E+01 .10024E+02 -.29990E+02 

*** CHARACTERISTICS AT THE OUTPUT OF THE ACCELERATING 
ELEMENT 

BETA dW(MeV) ENERGY(MeV) TOF(deg) TOF(sec) 
REF .14546 .086544 10.087 .23399E+03 .49999E-09 

ACCELERATING ELEMENT N : 2 
******************************** 
FREQUENCY: .13000E+10Hz 
GAP LENGTH: .33537E+01 cm 
FIELD FACTOR: .10107E-01 

*** CHARACTERISTICS AT THE INPUT OF THE ACCELERATING 
ELEMENT 

BETA GAMMA ENERGY(MeV) TOF(deg) TOF(sec) 
REF .14546 .10108E+01 .10087E+02 .21069E+03 .45019E-09 

*** CHARACTERISTICS AT THE MIDDLE OF THE EQUIVALENT 
FIELD 

BETA GAMMA ENERGY(MeV) SYNCHRONOUS PHASE (deg) 
REF .14592 .10108E+01 .10152E+02 -.30014E+02 

*** CHARACTERISTICS AT THE OUTPUT OF THE ACCELERATING 
ELEMENT 

BETA dW(MeV) ENERGY(MeV) TOF(deg) TOF(sec) 
REF .14613 .093969 10.181 .57069E+03 .12194E-08 

ACCELERATING ELEMENT N : 3 
******************************** 
FREQUENCY: .13000E+10 Hz 
GAP LENGTH: .25236E+01 cm 
FIELD FACTOR : .10413E-01 

*** CHARACTERISTICS AT THE INPUT OF THE ACCELERATING 
ELEMENT 

BETA GAMMA ENERGY(MeV) TOF(deg) TOF(sec) 
REF .14613 .10109E+01 .10181E+02 .57632E+03 .12315E-08 

*** CHARACTERISTICS AT THE MIDDLE OF THE EQUIVALENT 
FIELD 

BETA GAMMA ENERGY(MeV) SYNCHRONOUS PHASE (deg) 
REF .14657 .10109E+01 .10244E+O2 -.29969E+02 

*** CHARACTERISTICS AT THE OUTPUT OF THE ACCELERATING 
ELEMENT 

BETA dW(MeV) ENERGY(MeV) TOF(deg) TOF(sec) 
REF .14674 .087411 10.268 .84632E+03 .18084E-08 

Table 1: Typical data from the GENAC output file. The total length 
after three gaps is 8.33 cm. 

Table 2 shows results for the first three gaps as in table 
1, this time treating the three gaps as one long accelerating 
element. Note that in this case the phase law is slightly 
different. 

ACCELERATING ELEMENT N : 1 
***************************** 
FREQUENCY: .13000E+10HZ 
GAP LENGTH: .82931E+01 cm 
HELD FACTOR: .10639E-01 

*** CHARACTERISTICS AT THE INPUT OF THE ACCELERATING 
ELEMENT 

BETA GAMMA ENERGY(MeV) TOF(deg) TOF(sec) 
REF .14485 .10107E+01 .10000E+02 -.30.100E+02 -.66667E-10 
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*** CHARACTERISTICS AT THE MIDDLE OF THE EQUIVALENT 
FIELD 

BETA GAMMA ENERGY(MeV) SYNCHRONOUS PHASE (deg) 
REF .14586 .10108E+01 .10144E+02 -.30013E+02 

*** CHARACTERISTICS AT THE OUTPUT OF THE ACCELERATING 
ELEMENT 

BETA dW(MeV) ENERGY(MeV) TOF(deg) TOF(sec) 
REF .14685 .283081 10.283 .86007E+03 .18418E-08 

Table 2: Typical data from the GENAC output file. Treating the 3 
gaps as one long accelerating element a total length of 8.29 cm is 
obtained. 

Conclusion 

The combination of the linac generator GENAC with the 
simulation code DYNAC constitutes a powerful tool for the 
development of new types of accelerators. The automatic 
adjustment of the quadrupoles in presence of space charge 
can be included using the fast and accurate new space charge 
method in reference [4]. 
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Abstract 

High-power proton linacs for nuclear materials 
transmutation and production, and new accelerator-driven 
neutron spallation sources must be designed to control beam-
halo formation, which leads to beam loss. The study of 
particle-core models is leading to a better understanding of the 
causes and characteristics of beam halo produced by space-
charge forces in rms mismatched beams. Detailed studies of the 
models have resulted in predictions of the dependence of the 
maximum amplitude of halo particles on a mismatch 
parameter and on the space-charge tune-depression ratio. 
Scaling formulas have been derived which will provide 
guidance for choosing the aperture radius to contain the halo 
without loss. 

Introduction 

High-intensity proton linacs are being proposed for new 
projects around the world, especially for tritium production, 
and for pulsed spallation neutron sources. Typical requirements 
for these linacs include high peak beam currents of about 100 
m A, and final energies of about 1 GeV. For these applications 
high availability is demanded. High availability requires very 
low beam-loss to avoid radioactivation of the accelerator and to 
allow hands-on maintenance that will keep the mean repair and 
maintenance times short. This challenge will require a greater 
understanding of the evolution of the beam distribution, 
including the low-density beam halo. 

Particle-Core Models 

Numerical studies have established rms mismatch as a 
major cause of emittance and halo growth.'>2-3 The particle-

45 6 
core model ' ' for a continuous beam has contributed to an 
understanding of the underlying causes of halo formation from 
mismatched beams. We have recently developed a particle-core 
model for the case of a spherical bunch. In these models the 
space-charge field from a mismatched beam core, propagating 
in a uniform linear focusing channel, is represented by a hard-
edged, spatially-uniform density distribution that oscillates 
radially in the symmetric breathing mode. The amplitude of 
the breathing mode is directly related to the initial rms 
mismatch of the beam. The dynamics of the outer halo 
particles are determined by the external focusing force and the 
repulsive space-charge force from the oscillating core. The 
behavior of these particles is studied in the model by 
representing the outer halo particles with single particles that 
oscillate through the core, and interact with it. We will restrict 
our treatment to particles with zero angular momentum. The 
equations for the models can be expressed in a dimensionless 
form. The equation of motion of the core radius is the 
envelope equation 

The matched beam size is the solution of Eq. 1 when d2r/dx2 = 
0. The equation of motion of a particle inside the core radius is 

4 + x - ( l - T , 2 ) { * / r 3 = 0 , x < r . (2a) 
dx2 l '{x/v5 

and outside the core is 

d2x / 2\i
 1 / x 

— y + x - 1-Tf | 3 = 0 , x > r . (2b) 
dx2 l / [ | x | /x J 

The upper expression in the bracket for each of the above 
equations is the space-charge term for the continuous beam and 
the bottom expression is for the spherical bunch. The 
quantities r and x are dimensionless displacements taken 
relative to the radius Ro of the matched core, the independent 
variable is X = krjz, where z is the axial distance and ko is the 
zero-current phase advance per unit length without space 
charge, and r\ = k/krj is the space-charge tune depression. It can 
be shown that r| = 4 £ / k 0 R 0 , where e is the unnormalized 

rms emittance. For the cylindrical beam, 1 - r\ = K / k2 R2 , 
where the quantity K is the generalized perveance, related to the 
particle charge q, mass m, velocity B, relativistic mass factor 
7, and beam current I, by K = ql / 27tErjmc y B , and for the 
spherical bunch with number of particles N per bunch, 
l _ n 2 = K / k ^ R ^ , where K = q2N/47t£0mc2B2Y3 . The 

degree of mismatch is measured by the mismatch parameter (I, 
defined as the ratio of the initial beam radius to the radius of 
the matched beam; an rms matched beam has (J. = 1. 

The particle phase-space motion is complicated, because of 
the time-dependent space-charge force, which is nonlinear when 
the particles are outside the core. The particles can either gain 
or lose energy, depending on the phase of the particle motion 
relative to the phase of the core oscillation. The particles 
slowly gain or lose energy as a result of a series of kicks. It 
has been found that a parametric resonance exists^ such that 
the largest energy transfer occurs when the particle frequency is 
about one half the core frequency. The particle frequencies 
depend on the amplitude, because of the nonlinear space-charge 
force, and not all particles can be locked into resonance. The 
motion is most conveniently described by showing a 
stroboscopic or Poincare map, shown in Fig.l, in which 
x - x' phase space for the continuous beam with |u. = 1.5, and 

T) = 0.5, and is plotted for an initial array of test particles, once 
per core oscillation cycle. An initial distribution of halo 
particles is distributed regularly along the x and x' axes, and 
the strobe time is taken when the core radius is minimum. In 
Fig.2 we show the corresponding stroboscopic plot for the 
mismatched spherical bunch. 

Three distinct regions are observed in Figs.l and 2, defined by 
a separatrix. First, there is the inner region, which may be 
called a core-dominated region. Particles with trajectories in 
this region spend most of their time inside the core, where the 
frequencies of motion are too small for a strong resonant 
energy transfer with the core. There is an outer region, which 

372 



may be called the focusing-dominated region, in which the 
particles spend most of their time outside the core. The motion 
of these particles is mostly determined by the external focusing 
force, and these particles have an oscillation frequency too high 
to have resonant energy transfer with the core. Finally, there 
are the regions surrounding two fixed points on the x axis, one 
on each side of the origin. In these regions the particle 
oscillation frequencies are close to one half the core frequency, 
and the parametric resonance produces large energy transfers. 
The amplitude growth for the resonant particles is self 
limiting, because of the nonlinearity. A maximum resonant-
particle amplitude exists, which depends on the amplitude of 
the core breathing mode, which is related to the initial rms 
mismatch of the beam. The general features of the particle 
dynamics appear to be insensitive to the details of the assumed 
core distribution. For example, a similar stroboscopic plot is 
obtained, if the distribution of the core is changed from 
uniform to Gaussian.7 The appearance of the stroboscopic 
plots is found to be very insensitive to the tune depression r\. 
Chaos, observed as a breakup of the separatrix, can be seen for 
values of the space-charge tune depression ratio, below about 
0.4. 

Fig. 1. The stroboscopic plot from the particle-core model for a 
continuous beam with u = 1.5. and r| = 0.5. 

large amplitudes, and produce the halo. We cannot rule out the 
possibility that beam instabilities might also cause additional 
particles from the core region to move across the separatrix 
into the resonance dominated region and add to the halo. That 
only a small percentage of the particles comprises the halo in a 
real beam, can be explained because the percentage of the 
particles in the tail of the injected beam that fall within the 
resonance region is small. Low tune depressions and 
accompanying chaos can be expected to increase the population 
of the halo, because then, more particles in the injected beam 
can be influenced by the resonance. 

A significant prediction of the particle-core model is that 
for given values of u, and T|, there is a maximum amplitude for 
the resonantly-driven particles that form the halo, given by the 
location of the outermost point of the separatrix. The 
maximum amplitudes have been calculated as a function of (J. 
and for r) = 0.5 and 0.9 from the numerical solution of Eqs. 1 
and 2, and are shown in Fig. 3. Figure 3 shows that the 
spherical bunch case leads to larger maximum amplitudes than 
for the continuous beam. We interpret the results of the two 
models as upper and lower limits in a smooth approximation 
for the average values of the maximum amplitudes of 
ellipsoidal bunches, because in proton linacs, the longitudinal 
semiaxis of the bunches is usually larger than the radius. From 
Fig.3, it can be seen that the maximum amplitude, as 
described in the normalized or dimensioniess form, is very 
insensitive to r|. The normalized maximum amplitude is well 
described by an approximate empirical formula 

x f f lax/a = A + B|]n(ji)|, (3) 

where x m a x is the maximum resonant particle amplitude, a is 
the matched rms beam size, which is identified in the model 
with the rms size of the core, and A and B are weak functions 
of the tune depression r\. In the range 0.500 < u, < 0.952, and 
1.05 < \l < 2.00, we obtain least-square-fitted values of A and 
B. These are given in Table 1. 
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Fig. 2. The stroboscopic plot from the particle-core model for a 
spherical bunch with u = 1.5 and T| = 0.5. 

Our hypothesis is that if we inject a realistic beam with a 
tail that is rms mismatched to the focusing lattice, the 
particles in the tail that fall under the influence of the 
parametric resonance with the breathing mode will be driven to 

Fig. 3. Maximum amplitudes versus u. for particles in the 
resonance regions for the cylinder, and sphere models: a) sphere, 
n = 0.9, b) sphere, T| = 0.5, c) cylinder, r\ = 0.9. and d) cylinder, n 
= 0.5. The solid points represent the smoothed PARMILA 
simulation results for comparison with the models, and the open 
points represent the maximum amplitudes including quadrupole 
flutter. 
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Table 1 

Core 
Cylindrical 
Cylindrical 
Sphere 
Sphere 

Tl 
0.5 
0.9 
0.5 
0.9 

A 
3.97 
3.91 
4.87 
4.81 

B 
3.83 
4.25 
5.30 
5.56 

Equation 3 is not a good approximation for mismatches very 
close to u, = 1, where, as u. approaches 1, xm a x /a rapidly 

approaches 2 for the continuous beam, and V5 for the 
spherical bunch. 

We have determined a characteristic time scale from the 
particle-core model for particle motion in the resonance region. 
Unambiguous results are obtained by calculating the period for 
small-amplitude oscillations about a stable fixed point on the 
x axis of the stroboscopic plots. Particle periods for the 
continuous beam, obtained for \i = 1.5, are about 10 breathing-
mode periods for r\ < 0.4, and for r\ > 0.6, the particle period 
increases rapidly with r|. If we interpret the particle periods 
from the particle-core model as the characteristic growth time 
for the halo, we observe that the growth time for the halo is 
reduced significantly as r) decreases from 0.9 to 0.6. The wave-
number kb for the breathing mode can be obtained from the 

expressions for the phase advance per unit length, 
2 ? 2 

kt I kg = 2 ( 1 + T) ) for the continuous beam, and 
2 2 2 

k, / k0 = 3 + r) for the spherical bunch. 
In a real linac, additional effects that are not included in the 

particle-core model, must be accounted for, such as beam-
envelope flutter associated with a quadrupole focusing system, 
acceleration, and the influence of other modes of the 
mismatched beam. We have conducted a test of the predictions 
of the particle-core model, by carrying out PARMILA 
simulations, using an r-z space-charge mesh with individual 
runs at 10-5 particles per run. The linac used for the test was a 
217- to 1700-MeV section of a superconducting proton linac 
with variable tune depressions and with transverse focusing 
from a singlet quadrupole FODO lattice. An initial 6-D 
waterbag distribution (uniformly-filled 6-D ellipsoid) was used, 
and the beam was given the same initial mismatch parameter \i 
in all three planes, which was varied from run to run. 
Simulation studies of beam mismatch have shown that this 
type of mismatch appears to produce the most extended halo. 
The maximum particle displacement was determined at the 
center of every quadrupole, and the largest of these maxima for 
each (i was plotted in Fig.3. Because of the flutter associated 
with the periodic quadrupole lattice, the models should be 
compared with the maximum displacement smoothed or 
averaged over the lattice period, which we have also presented 
in the Figure. The smoothed PARMILA points in Fig. 3 are 
observed to lie between the sphere and cylinder models, as 
would be expected for beam bunchs that are approximate 
prolate ellipsoids. Considering the simplicity of the models, 
we believe that the agreement of the maximum amplitudes 
from the models and the simulations is remarkably good, and 
it supports the hypothesis that the breathing mode is a main 
driver of the beam halo in a linac. As a further test of the 
importance of the breathing mode, we have plotted the rms 
transverse cross-sectional area of the beam as a function of 
energy along the linac, to search for the area oscillations that 
would be expected if the breathing mode was excited. Indeed, 

area oscillations are observed with a period that is consistent 
with the theoretically expected breathing-mode values. We note 
that these simulations should be repeated using a 3-D mesh to 
ensure that we have not excluded any modes in the r-z 
simulations that may be important. 

Conclusions 

Work during the past several years has led to the hypothesis 
that beam mismatch will be the main cause of beam halo in 
the new linacs. If we assume that the breathing mode, is 
mainly responsible for the halo, we can use the particle-core 
models to make quantitative predictions about the halo that is 
formed. The particle-core models, one for a continuous beam 
and one for a spherical bunch, predict that the halo will be 
limited to a maximum amplitude, which depends mostly on 
the strength of the initial mismatch. We interpret the 
predictions of the two models as establishing lower and upper 
bounds of the halo amplitude for a prolate ellipsoidal bunch in 
a linac. Simulation results for a realistic linac are found to 
produce smoothed maximum amplitude values that are 
consistent with the models, and provide additional evidence 
that the breathing mode is the most important mode producing 
the halo. To keep the halo small, one needs to match the beam 
as well as possible, and keep the rms beam size small by 
keeping e small and ko large. We note that additional effects 
can contribute to beam halo, such as intrabeam scattering, 
beam-residual gas scattering, and image-charge effects. 
However, these effects are expected to be usually less serious 
than beam mismatch. 
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Abstract 

Apart from very computer time consuming PPI routines 
(Particle to Particle Interaction, e.g. [1] ), all previous space 
charge routines require some kind of symmetry. A new 
routine, not requiring symmetry, is being developed. It offers 
fast computation and is little sensitive to statistical noise. It 
could become a good tool for studying halo formation 
phenomena. 

Introduction 

Almost all presently available space charge routines 
require some form of symmetry. The common SCHEFF 
routine [1][2], transforms the density distribution into a 
rotationally symmetrical one, where the field is computed 
and linearly corrected inside an elliptical cylinder. The 
outside density distribution is obtained using a different 
method, and discontinuities appear. Moreover it is very 
sensitive to statistical noise. In the SC3DELP [3] and 
MAPRO [4] routines, the bunched beam is assumed to have 
an ellipsoidal symmetry. The former SCHERM routine [2], 
represents the non-symmetrical longitudinal shape of the 
bunch with two or three ellipsoids. However it keeps in the 
transverse direction an elliptical profile. The MOTION 
routine [5] treats the two transverse directions x and y 
independently. 

The present work suggests a new type of approach, 
offering fast computation without the need of strict 
symmetry. 

Three dimensional representation of the bunch 

The three dimensional representation of the charge 
distribution of the bunch is made with Hermite expansions. 

As shown in [2], one can obtain the integrated charge 
density along one axis in the form of a Hermite series 
expansion : 

P(*) = ï4*,{f>*p(-£) (i) 
a is the r.m.s. dimension of the bunch along the x axis and A. 
is defined as : 

<7 

the bunch; N is the number of particles in the bunch. As 

H\{u) = u and H2(u) = u2 - 1 it turns out that At = A2 = 0 . 

Most functions of a coordinate can be represented with a 
Hermite series expansion. For instance, one may be 
interested in the variation a(z) of the transverse r.m.s. 
dimension in x of the bunch along the z axis. To do so one 
can compute the following function of z : 

A,= 
y Li [ X" 

j'!V2n«=i \ a 
(2) 

H, *(z) ptt-f^'teW-é 
where 

"»-iifel*'(îK(ï) 
One obtains 

a2(z) = a2+a2k U 

f^«»l 
\ is given by : 

* *!V2n«=i \c 

(3) 

(4) 

(5) 

(6) 

Similarly, one could compute the variation of the centre of 
gravity in z along the x axis (ditto for the y axis). One gets : 

z0(x) = c-

with 

(7) 

(8) 

and analogous relations for z(y). An example is given in 
Fig.l. 

^ * . - • ; : . " 

~^œi 

M, 

where q is the charge of the macroparticle. Analogous 
relations are valid in the y and z directions, with b and c as 
respective r.m.s. dimensions. In these expressions the 
coordinates are taken with respect to the centre of gravity of 

Z ( o m ) 

Fig.l. Projection on the (y,z) plane of the particle distribution in a 
bunch at the output of the 200 mA proton CERN RFQ2B. The 
variations of the y r.m.s. size along the z-axis and the centre of 
gravity in z along the y axis are shown. 
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In the above derivation the terms A2 k and A,, of a two 
dimensional Hermite series expansion have been introduced. 
Such an expansion can be extended to three dimensions, 
giving the local density distribution p (x,y,z) : 

Ç = T iWfMMH (17) 

z 
2c1 

(9) 

with 

2a2 2b2 l9-t 

a, b, c define the r. m. s. size of the bunch, and a + p +y = 1. 
These a, p and y, which depend on a, b and c but also on i, j 
and k, have to be optimized for each term. At large distance 
the real field vanishes as r" ( with n>2 ) instead of 
exponentially. However, the error made is not significant. 

A difficulty appears in the eq.(15), (16) and (17) for i, j 
Aijk= J I f f i i y i t f J i (10) / \ ( 2\ 

1 (27c)3/2i!y!jt!«=i {a) n b ) U J or k = 0 : the integral of H0\- exp - — , which 
k*-*x/o r\n£> Vtoo A — A —A —A —A —A —A Tf tYtt> tïir*»^ *» J As above one has A100=A0I0=Ao01=A2O0=AO2O=AO02=0. If the three 

axes are chosen such that xy = yz = zx = 0, the corresponding 

terms A110, A,,,, and A101 are also zero. This last condition is 
not necessary; would it be needed one can straighten up the 
axes by rotation. The main term A^,, is such that : 

A<XQ -
(27C) 3/2 (ID 

Computation of the field distribution 

The charge density distribution in a bunch can be 
considered to be a Gaussian : 

Po(*>y.z)= A^exp x 

2? ir 1? 
2c2 

(12) 

corrected by various terms (coefficients A.jk in eq.9), each of 
them of total charge zero. In practice most of these terms are 
in the range of a few per cent or less of the fundamental term 
A,,,,,,, only a few ones are slightly above 10 %. 

The field due to the Gaussian term (eq.12) is computed 
by numerical integration as explained in [2], but the 
macroparticle charge density contains a single term only and 
therefore computer time remains small. For the other terms 
the method introduces approximate expressions of the field, 
good in the part of the bunch where most of the particles lie, 
but less correct at large distances where the field is anyway 
very weak. According to the Laplace-Poisson relation : 

3E, | dEy ^ dEz _ p(x,y,z)-p0(x,y,z) 

dx dy dz 

and the following property : 

d_ 
du 

W,(u)exp = -Wi+1(«)cxp -
, 2 " \ 

(13) 

(14) 

one can take for the charge term , with A,̂  * A^o '• 

WfWfWfH la' 
_ y 
2Ï1 

yielding to the following field components : 

^ = - o -
<k> fr 
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A) 
~ 2? 

£\ 
2? 

(15) 

(16) 

corresponds to the error function, does not go down to zero at 
infinity. It is therefore replaced by a polynomial equivalent to 
the above integral over most of the interval, but going to zero 
at infinity. 

Preliminary results of the new method 

Since the major interest of this new method is to 
compute space charge fields in the absence of any symmetry, 
comparisons have been made with a PPI routine in order to 
check its validity. 

In order to explain the differences which could arise in 
these comparisons, it is essential to examine the limits of the 
PPI routine such as its sensitivity to statistical noise and to 
the so-called "stopping distance", which avoids that the field 
becomes infinite when the macroparticles are too close to 
each other. 

In Figures 2, 3 and 4 comparisons between the new 
space charge routine and previous ones for the CERN proton 
linac at 200 mA are shown for different positions along the 
machine for 5000 particles. In Fig.4 one clearly observe the 
differences in particle distributions between the results 
obtained with the new space charge routine and SCHEFF at 
the output of the CERN proton linac. The emittances and 
transmissions , however , yield to very similar values. 

Fig. 2 The longitudinal impulse AW as a function of x in the bunch 
at a given point in the machine for the new routine (a) and a PPI 
routine (b). Curves are shown for the (z,y) plane with z=0,+c,-c . 
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Fig. 3 The transverse impulse as a function of z in the bunch at a given point in the machine for the new routine (a) , a PPI routine (b) and 
SCHEFF (c). The curves shown correspond to the differences between the total impulse and the Gaussian contribution for the (x,z) plane 
with x=0,+a, -a . 
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Fig. 4 The beam is shown in the (x,x') plane at a given point in the machine for the new routine (a) and for SCHEFF (b). In (c) and (d) the 
beam is shown in the longitudinal plane for the new routine and SCHEFF respectively. 

Conclusion References 

This new space charge method is very promising and 
may help in the estimation of tolerances necessary for the 
design and operation of high intensity linacs. The computing 
time needed with the new method is significantly shorter than 
any other presently available routine. Some possible 
refinements of the present method are still being studied. 
This routine might also be used for cyclotrons. 
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Abstract Source 

The high current, high charge-state ion beam which can 
be extracted from a laser produced plasma is well suited, after 
initial acceleration, for injection into synchrotrons. At CERN, 
the production of a heavy ion beam using such a source is 
studied. 

A 60 mA pulse of a mixture of high charge state tantalum 
or lead ions of 5 us duration has been extracted at 59 kV. The 
resulting beam emittance and energy spread were measured. 

A Low Energy Beam Transport system (LEBT) 
consisting of two pulsed solenoids is used to match the beam 
to a four-rod Radio Frequency Quadrupole (RFQ). 

Preliminary results are given for the acceleration of the 
beam by an RFQ, designed for the acceleration of 10 mA of 
Ta16* to an energy of 100 keV/u. 

A free running C02 laser (A=10.6um), produces an 
output pulse of 30 J. Approximately half the energy is present 
in the first peak of 50 ns (FWHM). 

The beam is focused onto the tantalum target with a spot 
size of 35 Jim (calculated [4]), where the first temporal peak is 
responsible for the generation of the ions of high charge-states 
in the hot dense plasma. 

The plasma expands through a hole in the mirror and an 
expansion region to the extraction region. The target chamber 
and expansion region are isolated from ground and can be 
held at voltages up to 80 kV. 

The extraction system consists of an accel/decel system 
with 3 plane electrodes with apertures of 30 mm and an 
extraction gap of 30 mm. 

Introduction Low Energy Beam Transport and Matching line 

The demand for high intensity, high charge-state heavy 
ion beams for HEP experiments has prompted the study of a 
Laser Ion Source (LIS) at CERN since 1989 [1-3]. In recent 
publications the creation and extraction of a high charge-state 
heavy ion beam [2] and the acceleration of an aluminium 9+ 
and 10+ beam using a four-vane RFQ [3] have been reported. 

In 1996 a new LEBT and a new four-rod RFQ designed 
for the acceleration of heavy ions have been installed. The 
first results of this device are presented here. 

The beam is matched to the RFQ using a simple LEBT 
consisting of two pulsed magnetic solenoids, with effective 
lengths of 350 mm. A large inner-diameter (120 mm) is used 
to reduce spherical aberrations. The maximum magnetic field 
on axis is 1.4 T. The inner diameter of the vacuum chamber is 
100 mm. 

A profile harp and a Faraday cup between the solenoids 
are used for beam analysis. Two dipole magnets are included 
for trajectory correction. 

Apparatus RFQ 

A schematic of the 
accelerator is shown in Fig. 1. 

Quadripole Doublet 
Magnetic 
spectrometer 

layout of the LIS and pre-

Solenoid 

NPhosphor 
Screen 

" CCD Camera 

Parabolic 
Mirror 

Fig. 1. Schematic of the layout of the CERN laser ion source and 
pre-accelerator. 

The four-rod RFQ [5] is designed to accelerate ions with 
charge to mass ratios higher than 0.0865 (applicable for 
tantalum charge-states >16+), with up to 60 mA of a mixture 
of charge states. It operates at a frequency of 101 MHz and 
accelerates ions from 6.9 to 100 keV/u. The input acceptance 
is 300 mm.mrad. 

Medium Energy Beam Measuring Line 

After the RFQ there is a line of measuring equipment 
including a Faraday cup and beam current transformers. Two 
quadrupoles allow the full beam current to be transported 
through a magnetic spectrometer. A phosphor screen is 
positioned after the spectrometer for measurements of the 
energy dispersion and charge-state distribution (CSD). 
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Results 

Tantalum Plasma Charge State Distribution 

An electrostatic spectrometer has been used to measure 
the abundance of different charge-states in the un-accelerated 
plasma which pass through the extraction electrode apertures. 
Due to the large energy spread of ions in the plasma, ions with 
the correct energy per charge ratio for the spectrometer exist 
for many charge-states. As the production time for all ions is 
less than 1 us, a time-of-flight (TOF) spectrum can be 
recorded using a Secondary Electron Multiplier (SEM) tube 
positioned after the spectrometer (see Fig. 2). 

Ta20+ TalS» 

14 t(n») 16 

Fig. 2. TOF spectrum of the unaccelerated plasma, measured with 
an electrostatic analyser 2.5 m from the target. 

TOF spectra are recorded over a range of different 
spectrometer voltages and the data are processed to produce a 
CSD. Fig. 3 shows the CSD of tantalum ions which pass 
through the 30 mm extraction apertures during the time 
interval 3-8 us after the laser pulse (target to extraction 
distance: 0.9 m). At present no precise secondary electron 
emission coefficients (y) exist for CuBe (the SEM material) 
for bombardment by high charge-state Ta ions at energies in 
the range 0.5-10 keV/q. Therefore the processed data (a) after 
scaling to the total current of 60 mA have been corrected 
assuming that yis only a function of the ion kinetic energy (b) 
[6], and a function of the potential energy (c) [7]. The first 
qualitative measurements of /suggest the energy range 0.5-10 
keV/q lies between the regions (b) and (c). 

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
Charge state (Ç) 

Fig. 3. Charge-state distribution of the unaccelerated plasma. 
Measured data processed under the assumption that a) the 
secondary electron emission coefficient (y ) of CuBe is 
independent of charge-state and kinetic energy, b) y scales 
with ion kinetic energy, c) /proportional to charge-state. 

The group of lower charge-states (centered around Ta12+) 
can be explained by the reflected laser pulse (reflected from 
the plasma, to the laser cavity and back to the plasma). This is 
confirmed by simulations [8]. 

Extracted Ion Beam 

Measurements of the total current, current per charge-
state and emittance of the extracted ion beam have been made. 

The current measured with a Faraday cup placed 24 mm 
after the ground extraction electrode is shown in Fig. 4. 

Ugh charge-
state group 

35.. .40 t(Hs) 

Fig. 4. Beam current measured with a 30 mm aperture Faraday cup 
positioned 24 mm after extraction. High charge-state Ta 
beam is indicated from 3-8us after the laser pulse. 

During the time window from 3-8 us after the laser pulse, 
during which the high charge-state ions are expected, the 
average current is 64 mA. After this time the beam consists 
mainly of lower charge-state ions. 

The beam emittance was measured using a pepper-pot, 
phosphor screen and CCD camera arrangement. The CCD 
camera is gated from 3 - 8 us to measure only the high charge-
state group. A typical reconstructed phase space plot is shown 
in Fig. 5, where the total combined emittance for all extracted 
ions in the horizontal plane is 250 mm.mrad. The beam was 
extracted at 59 kV in order to match the RFQ input energy of 
6.9 keV/u for Ta20*. 

Measurements of the CSD of the high charge-state group 
after extraction, show a distribution similar to that measured in 
the plasma. 

x* (mrad) 

x(mm) 

Fig. 5. Horizontal phase space plot of a Ta beam measured 79 mm 
after extraction. The 4 x rms emittance was 250 mm.mrad. 
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Beam Matching to the RFQ 

Before the installation of the RFQ, measurements were 
made of the beam transported through the LEBT line. The 
extraction voltage was set to 59 kV to match the most 
abundant charge-state, Ta20+, to the RFQ input energy. 

The total beam current was measured behind an aperture 
of 6.5 mm using similar focusing conditions to those used for 
RFQ injection (Fig. 6). 

The size of the focal spot was measured at the end of the 
LEBT with a phosphor screen and CCD camera (Fig. 7). The 
different focal length for different charge-state leads to a 
"long" beam waist of the order of 50 mm. 

The charge-state distribution in the focal spot was 
estimated from measurements with the magnetic spectrometer, 
phosphor screen and CCD camera. Percentages for each state 
are Ta'7+:11%, Ta18+:17%, Ta,,>+:20%, Ta20+:20%, Ta2I+:19%, 
Ta22*: 13%. 

0 2 4 6 8 10 12 14 16 18 20 
t(ns) 

Fig. 6. Beam current (average of 3 shots) measured at the RFQ 
input plane with a 6.5 mm aperture Faraday cup. 

a) 

5n 

vw$ 
îm 

m > 
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-20 -15 -10 -5 0 5 10 15 20 
Distance (mm) 

Fig. 7. a) Image of the beam focal spot on a phosphor screen 
positioned at the RFQ input plane (recorded using a gated 
CCD camera) 
b) Horizontally integrated intensity plot. 

Accelerated Beam Current 

An output beam current of 2 mA (5 u.s average) was 
measured with a Faraday cup at the RFQ exit (see Fig. 8), 
containing five charge-states with intensity ratios of 
Tal8+: 4%, Tal9+: 15%, Ta20+: 39%, Ta21+: 30% and 
Ta22+: 12%. 

The average energy is 97 keV/u for all charge-states and 
the total energy spread is 5 keV/u for Ta20+. 

The transverse emittance has been measured as 
22 mm.mrad (4 x rms un-normalised) using the pepper-pot 
and phosphor screen arrangement. 

Fig. 8. RFQ output beam current (average of 3 shots) measured 
with a Faraday cup behind the MEBT quadrupoles. 

Conclusion 

The first results of the CERN laser ion source show 1-
2 mA (peak current) in each of 3 charge-states around Ta20+, 
accelerated to 97 keV/u, within a transverse emittance of 
22 mm.mrad (4 x rms). The experimental system consists of a 
free-running C02 laser providing 15 J in the first peak, 59 kV 
at ion extraction from the plasma, a simple 2 solenoid beam 
transport and an RFQ designed for high charge-state heavy 
ions. The optimization of the full ensemble has just begun. 
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FOR THE CERN LASER ION SOURCE 
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Abstract 

An expandable RFQ has been designed and built. Its length 
can be modified in steps to match the different phases of the 
Laser Ion Source (LIS) study. This paper describes the basic 
design approach, the field simulations using MAFIA, the 
establishment of a lumped-element equivalent circuit using 
PSPICE, model measurements, RF cold measurements and 
the strategy to trim longitudinal field flatness. Results of RF 
power tests are also given. 

Introduction 

This RFQ serves the double purpose as a test item for the 
ion beam from the experimental laser ion source as well as a 
reserve item for the operating RFQ in Linac3 that has been 
designed and built by the laboratory of INFN Legnaro/Italy. 
This determines the outer dimensions flange-to-flange and 
also the basic electrode support structure tilted 45 degrees 
from vertical since a set of "Legnaro" spare electrodes 
should be usable in the new RFQ. 

Mechanical Engineering and Vacuum 

Basic Principles. The RFQ (see Fig. 1) is conceived such 
that it can be lengthened by adding an extension to its 
extremity. The total length can vary between 2.5 and 3.5 m. 

Fig. 1. General assembly of the RFQ. 

The vacuum tank and the electrode support are 
independent elements. 

The assembly and adjustment of the electrodes on their 
support are made outside the tank, with the support fixed in 
three places on a surface table in the same configuration as 
that foreseen in the tank. The electrodes are then put in place 
with respect to their references, fixed on the surface table 
(alignment tolerance ± 0.03 mm/2500 mm). 

The sighting line, offset from the beam, is fixed with 
respect to the entry and exit centre line of the electrodes. This 
is transferred as a reference to the exterior by two targets and 
a transverse level. Three alignment jacks allow positioning of 
the completed assembly. 

Vacuum tank. The vacuum tank is made from a mild steel 
"thick cylinder", allowing the machining from solid of the 
flat sealing surfaces for the metal toroidal joints. 

The tank is electrolytically copper plated. This operation 
is facilitated by use of one material only for the tank, along 
with its simple geometry. 

Electrode Support. The electrode support comprising 13 
cells is made of mild steel. Its module of elasticity is well 
known and its thermal conductivity is relatively good. The 
assembly takes the form of a ladder, where the rungs serve as 
supports for the electrodes. 

All machining is done before the final assembly is 
completed by MIG welding. This type of welding limits 
deformation to the order of 0.5 mm/2500 mm. The welds are 
vacuum tested to guarantee good copper plating. The finished 
support is stabilised by thermal treatment. 

The copper plating of the support is performed in several 
steps. A first copper layer of 10 urn is applied globally 
followed by tinning of the faces that will receive the cooling 
circuit. The cooling circuit is then soft soldered to the ladder. 
A second copper plating of 50 urn (certain precision surfaces 
being protected) is then applied. 

Water cooling reduces the forces induced in operation 
between the electrode and its supports due to differential 
thermal expansion. 

The ladder assembly is fixed inside the tank on 3 points 
reproducing the support conditions that have served outside 
for adjusting the electrodes. 

Electrodes. The electrodes are drawn from square copper 
bars OFE 4/4 (hard) The transverse profile is obtained by 
planing, the longitudinal modulation by a C.N.C. machine 
and profiled milling cutters. 

The electrodes are fixed to the support with intermediate 
copper shims (to guarantee good heat transfer) and stainless 
steel keys. One central dowel pin per electrode assures the 
longitudinal position. This system allows one to absorb up to 
± 2 mm of positioning tolerance. 

The contact between electrodes and their support is 
achieved with the aid of commercial RF finger contacts 
attached to a flexible copper element permitting the 
absorption of possible deformations. They do not interfere 
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with the positioning of the electrodes and are fixed both sides 
with partially copper plated stainless steel screws. 

The contact between the ladder and the tank is made 
using commercial RF contacts mounted on a retractable 
assembly permitting the introduction (in a vertical position) 
of the ladder with its assembled electrodes, into the tank. 

Vacuum. The nominal pressure of the system is 10"7torr. The 
RFQ is equipped with a 240 1/s turbo molecular pump for the 
pre pumping and two 4001/s ion pumps. 

All the joints in direct contact with the vacuum tank are 
aluminium coated toroidal joints. 6 * 10J torr have been 
reached with particle source disconnected. 

planes. Since one needs small spacing for the vanes (3.5mm 
distance from axis) the latter limitation leads also to very 
thin, long bricks on the periphery where less resolution is 
needed. One easily exceeds the safe 1:10 limit ratio of 
rectangle sides. This is why modelling of heavy ion RFQ's 
with their large, low- frequency cavities and closely spaced 
vanes is difficult with this program. 

As the electrode capacity (and frequency) is sensitive to 
meshing it has been computed independently with finer 
meshes in MAFIA* s static solver, MAGNET and POISSON. 
Then the coarser RFQ- meshes have been readjusted to yield 
the same precise capacity values. 

Higher modes have been predicted at 268 and 272 MHz. 

Electromagnetic Field Computations 

Finite element representation of the resonators. The 
cylindrical RFQ tank consists of 13 cells. A single cell of 2 * 
96.1 mm length = 2500mm/13 has been modelled with 
program MAFIA (Fig. 2) for the geometry of existing RFQ 
electrodes (compatibility). The radius has been varied until 
the frequency of 101.28 MHz was obtained for r=281mm. 

Fig. 2. Single RFQ-cell geometry representation. 

One can see how the 4 quadrupole electrodes or "vanes" 
which focus the beam are supported by stems with holes. 
These are the rungs of the ladder mentioned earlier. The 4 
vanes pass through all holes but only 2 are fixed to the 
upstream stem and 2 to the downstream stem producing a 
72kV quadrupole field. Subsequent holes are turned ±45° in 
order to make their inductances equal. This destroys all 
symmetries in x, y and z and increases computing time 
because the full cell of 61*55*14= 46970 mesh points has to 
be computed. Assemblies of 13 cells have been modelled. 
MAFIA's choice of elements is limited: "bricks" (rectangular 
parallelepipeds) and only on boundaries, "prisms" (diago
nally halved bricks). Moreover all bricks are aligned in x,y,z-

Many coupled cells and end effects After establishment of 
the geometry of the fundamental cell for an infinitely long 
RFQ, finite element models with 1 -13 coupled cells and 
closed end covers have been computed. Figure 3 illustrates 
that 1 cell with end covers resonates at a higher frequency 
than 2, 3, 6, 13 ... °° cells and f [MHz] is higher for odd n 
than even n (explainable by field plots). 
110 

• MAFIA 
•measured 
• PSPICE 

Fig. 3. Frequencies of RFQ models with n cells. 

These computations have been confirmed by measurements 
on a model and equivalent- circuit analysis with PSPICE. 

The program predicted vane voltage variations between 
centre and ends of a cell, particularly in end cells: 
0.146 

0.145 

0.144 

0.143 
0 5 10 15 20 

Fig. 4. Voltage variations along 13-cell RFQ. 

Figure 4 shows also that overall variations along a 13-
cell RFQ (which were large initially) can be made as small as 
variations within cells by slight geometry changes near the 
end covers which match this slow wave structure. 

RF aspects 

3-cell model. A short full-scale model equipped with 
unmodulated vanes was constructed. The possibility to 
implement a 1, 2 or 3 cell configuration allowed to study 
different combinations of a regular cell and end cells, and to 
separate the impact of different perturbations. 
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Errors due to electrode misalignment had to be taken into 
account. Theoretical studies had shown that the sum of the 
four interelectrode distances determines to first order the total 
vane capacitance hence the resonant frequency. This 
dependence was experimentally verified and then used to 
correct the raw frequency measurements. The measured 
parameters for 1, 2 and 3 cells laid the basis for a PSPICE 
equivalent circuit model of the full RFQ. 

A rapid way of measuring r/Q was found in passing. It 
consists of measuring the change in admittance AY of a vane 
as a function of frequency offset Af by direct connection of a 
network analyser: r/Q = (Af/AY)*(2/fres). This method is 
only valid for short geometries where feeding a single point 
does not perturb the field pattern. 

PSPICE simulation. Figure 5 shows the equivalent circuit 
for inner and end cells. The vane pairs are represented by the 
usual LC low-pass ladder whose parameters CV_2 and LV_2 
can be derived from the known electrode capacitance. The 
surrounding tank structure and the electrode supports for end 
and inner cells are modelled by the inductances LCAV, 
LEXT and LSTEM, the window and end cell stray 
capacitances by CWIN and CSTEM respectively. 

LV-W LV.J/Î | 

end ceil inner cell 

Fig. 5. PSPICE equivalent circuit. 

All circuit parameters are fitted on the basis of the 
model measurements. An essential ingredient is the coupling 
factor kSTEM between the two supports in a cell to take the 
magnetic field perturbations in the asymmetric end cells into 
account. 

Low power RF measurements. The RF properties of the 
RFQ were measured in different phases of completion. The 
Q-factor Q= 4230 of the fully equipped RFQ is only about 
35.6% of the theoretical value; this can be attributed to less 
than perfect copper plating and ill-directed surface roughness 
due to machining perpendicular to the RF current path. 

The vane voltage developed for a given RF power level 
was measured by a calibrated capacitive pickup to determine 
directly the r/Q parameter. Its value of r/Q=3.64 Ohm 
corresponds very well to theoretical predictions. The 
diagnostic probes were adjusted and calibrated accordingly. 

The longitudinal field pattern was measured by a bead 
pulled longitudinally through the RFQ and supported by the 
electrodes themselves. The initial pattern was strongly tilted 
(18.6%) as well as concave (13%) in addition to the 
unavoidable variation within a cell (1%). 

Field correction strategy. Provisions had been made to 
mount either "flaps" between the stems and electrodes or to 
add "plates" on the girder. The former allow to decrease, the 
latter to increase the local cell resonant frequency. 

The PSPICE model proved to be a very convenient and 
rapid means to simulate arbitrary capacitive or inductive 
perturbations. It was not possible to establish a 13*13 
Jacobian matrix to relate field errors linearly to cell 
perturbations because of the simultaneous frequency changes 
involved. However, qualitative rules for the effects of 
perturbations on field pattern were found : 

-in uniform structures the difference in end cell loading 
determines the tilt. Capacitive loading increases the field at 
the respective end, in the present case by 3.71 %/pF. 

-in uniform structures the sum of end cell loading 
determines the field curvature and the resonance frequency. 
Capacitive loading leads to a concave, inductive loading to a 
convex pattern. The respective factors are here 0.9 %/pF for 
the bump and 120 kHz/pF for the frequency. 

-arbitrarily perturbed structures can be corrected by first 
fitting the field pattern to a polynomial of degree 2, then 
placing corrective elements iteratively at spots of maximum 
deviation to get the equivalent of a uniform structure. 
Remaining bump and tilt are finally removed as above. 

Here the field pattern was corrected to 2.5% bump and 
zero tilt by placing 16mm plates in the upstream and 4mm 
plates at the downstream end cells. The resonant frequency 
was too high since the influence of bulkier RF contacts had 
been underestimated. PSPICE runs show that the frequency 
can be brought to nominal with less than 0.6 % field 
distortion by placing four sets of "flaps" in stems 2/3, 4/5, 
9/10 and 11/12. Since the RFQ frequency is not important in 
this application that correction was postponed . 

High power test. Nominal field level of 72.1 kV (~ 1.9 
Kilpatrick) was reached after one weekend of conditioning. 
The RFQ finally held 115 % field with virtually no break
downs at a vacuum of 2.5 *10'6 torr ( less than ideal due to 
the connected ion source). Operation at 7% and 28% field 
levels for proton and helium beam tests was perfectly 
possible in closed-loop operation where the multipactor level 
was broke through at the beginning of each pulse. The beam 
tests proper are reported elsewhere [1]. 
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DESIGN AND BEAM TESTS OF AN RFQ TO ACCELERATE A LEAD ION BEAM FROM A 
LASER ION SOURCE 
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Abstract 

A Radio Frequency Quadrupole (RFQ) for acceleration 
of a 10 mA lead 18+ ion beam from 6.9 keV/u to 100 keV/u 
has been designed, built and tested in the framework of the 
CERN Laser Ion Source (LIS) study. The challenge of the 
RFQ design was to deal with a lead ion beam that includes 
about 10 charge states with an overall current of some 100 
mA. A new RFQ design, intermediate between the two 
standard high-intensity and low-intensity designs, has been 
applied in order to have a compact structure giving small 
longitudinal emittance and high transmission. 

The transport and matching line from the source to the RFQ 
is made of two solenoids. The unwanted charge states are 
not filtered and will enter the RFQ mis-matched. In order to 
test the RFQ performance proper it was decided to operate it 
with an equivalent mono-species proton beam during the 
first stage of the commissioning. 

The design criteria for this intermediate current RFQ, the 
problems involved in dealing with a mixture of different 
charge states, as well as the results of the first test with an 
equivalent proton beam are presented in this paper. 

RFQ Design 

The general criteria for designing the RFQ were a high 
transmission (>90%) and good output beam quality: in 
particular the r.m.s. longitudinal emittance should not 
exceed the value of 18 deg keV/u at 100 MHz. Other 
limitations were given by the length (fixed to 250 cm) and 
the output energy, which had to be in the range of 100 
keV/u to match the downstream analysing magnet. 

The beam coming from the laser ion source is composed of 
a mixture of about ten charge states [1] of varying energies. 
The overall current was estimated to be 100 mA, of which 
10 mA represent the design particle. The unwanted charge 
states are not filtered out prior to entering the RFQ and will 
contribute considerably to the degradation of the beam 
quality, even considering that the beam will eventually be 
partially filtered by the RFQ itself. The challenge, then, was 
to design a machine which could stand a rather high beam 
current and preserve the beam quality but without reaching 
prohibitive lengths. For RFQ design, two standard "recipes" 
are normally used: the "high current" design [2] and the 
"low current" design [3]. However, neither of these 

approaches could be successfully applied to the current 
problem: the first would result in an excessively long 
structure and the latter would give poor beam quality and 
low transmission rates. The solution which proved to be 
successful was to treat the beam as low-current when it is 
continuous and as high-current as soon as the longitudinal 
current density starts to increase. This strategy gave the 
rough design for the intermediate current RFQ; subsequent 
modifications were made on the low energy section to meet 
the requirement of an output r.m.s. longitudinal emittance 
inferior to 18 deg keV/u at 100 MHz. Three techniques have 
been tried in our case for limiting the longitudinal emittance 
from the start: 1) to have a very long shaper; 2) to prebunch 
the beam with an independent RF cavity before injection in 
the RFQ; and 3) to keep the synchronous phase at -90 deg. 
while increasing the accelerating component for about 20 
cm at the low energy end. This last method is equivalent to 
having a series of about 30 bunchers with a voltage 
adiabatically increasing. This was also the selected approach 
as it provided a resulting longitudinal emittance remarkably 
small with respect to the others. In Table 1 the RFQ 
characteristics are summarised and in Fig.l the main RFQ 
parameters are represented as a function of length. In Fig. 2 
the evolution of the beam emittance for a nominal matched 
beam is reported. 

Table 1 

RFQ Characteristics 

Design Ion : Charge 18+, Mass 208 a.m.u 
Frequency : 101.28 MHz 
Vane voltage : 71 kV (1.8 Kilp) 
Power losses (at 90 kQ-m) : 70 kW 
Maximum electric field : 27 MV/m 
Vane Length :253.18 cm 
Number of cells : 287 
Minimum bore radius : 0.2 cm 
Modulation factor (max) : 2.1 
Transmission : 94 % 
Current : 10 mA 
Input energy : 6.9 keV/u (extrac. volt. 80 kV) 
Output energy : 100 keV/u 
Input acceptance : 300 it mm mrad (tot.unnorm) 
Transv. emittance growth : 0 
Output long, emittance : 12 n deg keV/u 
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Fig. 1. Variation of RFQ aperture, modulation and phase 
vs. length. Phase and modulation are tapered down in the 
last section in order to limit the output energy to 100 keV/u 
for the first phase of the experiment. 
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scaled like the ratio of charge to mass (11.56 in our case). 
The RFQ is run at a voltage equally scaled like the ratio 
charge to mass. 

Measurements on the Pb Equivalent Proton Beam 

The source used for the equivalent proton beam test is 
a duoplasmatron source designed to produce a 90 keV 250 
mA proton beam [5]. As the beam required for the test is a 
6.9 keV 20 mA proton beam the source was operated in a 
regime very far from that of standard operations, giving rise 
to some instabilities as well as a reduced proton yield. More 
specifically in normal operation protons represent 70% of 

the total current, composed also of Ht and Ht ; in the low 

energy regime the protons are only 45%. Operating the 
source with Helium 1+ provided a cleaner beam with only 
few percent of unwanted particles. 

Before testing the performance of the RFQ in the 
experimental set-up as in Fig. 3, various beam parameters 
were measured at the position corresponding to the RFQ 
input plane and the solenoid settings giving the match to the 
RFQ were found. 

2500 500 950 

RFQ quads OTittancs 
device 

bending 

Fig. 3 The experimental set-up consisting of a proton 
source, two solenoids, the RFQ, and a measurement line. 
Dimensions are in mm. 

Fig. 2 Transverse and longitudinal emittance evolution for a 
mono-species beam. 

Owing to the 4-rod structure the RF field pattern is different 
in the horizontal and vertical plane [4]. Longitudinally the 
beam undergoes a voltage difference on axis equal to half 
the operating voltage. The input region has been modelled 
with MAFIA and the beam trajectories have been integrated 
in the MAFIA calculated field in order to estimate the effect 
on the beam dynamics. The effect on the transverse plane 
(asymmetry between the x and y focusing field component 
in the RMS) turns out to be negligible in our case, and the 1-
2% energy spread resulting from the non-zero longitudinal 
field does not have any effect on the final beam quality. 

Due to the complexity and the uncertainties of the beam 
parameters at the output of the LIS, it was decided to test 
the performance of the RFQ itself with an equivalent proton 
beam. The equivalent proton beam has an energy equal to 
the energy per nucléon of the lead ion beam and a current 

As there was margin to increase the RFQ power from the 
nominal level, several tests in different equivalent 
"rescaled" conditions were performed. These provided 
insight to the RFQ dynamics in areas that could not be 
explored before. The configurations tested are reported in 
Table 2; the values underlined are the "nominal" values for 
that configuration (i.e. the value that corresponds to the 
design operation for lead 18+). 

Table 2 

Configurations tested 

proton 

"1 
"t 
Helium 

charge 
/mass 
1/1 
1/2 

1/3 

1/4 

extraction 
voltage (kV) 

7,14,21 
7,14,21 

7,14,21 

28 

RFQ voltage 
(kV) 

62 to 19 
6.2 to 19, 12.4 

6.2 to 19 

25 
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What is expected is that each configuration when operated 
with the nominal settings gives the same output beam. 
The measuring line shown in Fig. 3 - two quads, a beam 
transformer, an emittance measurement device and a 
spectrometer - allows the measurement of the RFQ 
transmission, of the output transverse emittances and of the 
output energy spread. The measured performances of the 
RFQ for the nominal settings are summarised and compared 
to the calculated ones in Table 3, Fig. 4 and Fig. 5. 

Table 3 

RFQ performance, nominal setting 

transmission 
energy (keV/u) 

rms, un, x-emitt (mm mrad) 
rms, un, y-emitt (mm mrad) 
total energy spread (keV/u) 

calculated 
94% 
97 
7.9 
7.9 
5.6 

measured 
88% 
97 
7.6 
8.0 
5.1 

The difference between the calculated and measured 
transmission can be explained by a non-perfect matching 
due to the solenoid field limit. 

x (mm) 

• transmission and energy spread vs. rf voltage: the output 
current grows with rf voltage till the nominal level is 
reached, then it stays constant till the rf voltage is about 
3 times the nominal voltage. Above this value the 
transmission drops very rapidly to zero as the transverse 
focusing becomes excessively high and causes cross
over. The output energy spread is at a minimum for the 
nominal voltage and grows for higher-than-nominal 
voltage due to longitudinal mis-match. 

• transmission versus input energy, when the extraction 
voltage was set for protons (7 kV) for any RF level the 
other species ( / / J and H^) were not accelerated 
through the RFQ. However, when the extraction voltage 
was set to the nominal values for H~k or Hi, 

protons were always transmitted with a rate depending 
on the rf level. This result shows that, as calculated, the 
energy acceptance of the RFQ is quite large due to the 
very adiabatic design in the first part of the machine. In 
fact, particles which enter the RFQ outside the 
longitudinal stability region can be reabsorbed in the 
stable bucket after the bunching process is completed. 

Conclusion 

An RFQ for acceleration of a 300pi mm mrad, 18+ 
lead i" i beam from 6.9 keV/u to 100 keV/u with high 
transmission and excellent output beam quality has been 
designed and constructed at CERN in the framework of the 
LIS study. The first beam test with an equivalent proton 
beam confirmed the theoretical prediction of transmission 
and output beam quality. 

Fig. 4 Measured horizontal emittance 
represents the calculated ellipse. 

se-

yp 
(mr) 

the solid line 

y (mm) 

Fig. 5 Measured vertical emittance , the solid line represents 
the calculated ellipse. 

After completion of the measurements for the equivalent 
beam other measurements were performed. The goal here 
was to study and verify the calculated performance when the 
RFQ is operated in other-than-design conditions. In 
particular we will report here the most interesting results: 
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Abstract 

A high power CW (Continuous Wave) election linac has 
been developed at PNC and its injector section has been 
completed in 1996. This paper presents the conceptual design of 
beam dump for a high power low energy beam (200 kW of 10 
MeV electron). It has a Ring and Disk structure. The thermal 
analysis, stress analysis showed that 200 kW electron beam 
could be securely stopped in the beam dump. The temperature 
rise at highest position was estimated to be 343 degree 

Introduction 

Design and construction of a high power CW election linac 
to study feasibility of nuclear waste transmutation [1] was 
started in 1989 at PNC. The injector has been completed and 
started its operation at 3.5 MeV beam energy in summer 1996 
and the whole facility is planned to be commissioned at 1997. 
Main specification of the accelerator is shown in Table 1. 

Table 1 

Main spécification of the electron linac 

Energy 
Maximum Beam Current 
Average Beam Current 
Pulse Length 
Pulse Repetition 
Duty Factor 
Norm. Emittance 
Energy Spread 

10 MeV 
100 mA 
20 mA 
100ms - 4 ms 
0.1 H z - 5 0 Hz 
0.001 - 20% 
50 n mm mrad * 
0.5%* 

* estimated value by simulation 

As the beam is a considbrably high power and of low 
energy election, the average power density of heat generation due 
to the energy deposition is quite large, so that it is of extreme 
importance to realije the beam dump to be secured by removing 
the heat very efficiently. At the same time, radiation shieldng 
of the beam dump is also of the major concern. 

Design 

The conceptual design of the beam dump is based on the 
following design criteria: 

(1) to dispeise the beam by magnet in front of the beam 
entry 

(2) to stop the beam part by part in spatially separated 
blocks 

(3) to minimize the induction of radioactivity 
The first criteria is for making the power density smaller by 

defocusing/spreaing the beam. It is also assuring to avoid 
mishaps of the pin point beam hitting the component. The 
second criteria makes also a reduction of power deposition in a 
small region of the beam dump. The third criteria eliminates the 
use of water to stop the beam. Liquid target does necessarily 
increase the total inventory of the radioactive materials. 

The concept of the present design is, as shown in Figure 1, 
Ring and Disk (RD) system: The part where energy is deposited 
consists of 17 rings and 5 disks (thickness of 5 cm). Each plate 
is made from OFHC (Oxygen Free High^purity Copper). All 
the rings have diffeient inside diameters (the beam runs inside 
this ring.) The frontmost ring has the inside diameter of 
19.6 cm and other rings have smaller diameter with increment 
of 1.2 cm from upstream to downstream. 
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Fig. 1. Beam Dump in cross-section. 

The beam enters into the cylincrical vessel through a 
dispeision magnet which is located 2 m front of rings. Since the 
beam has spatially a Gaussian profile, the inner front edges of 
rings stop the narrow annual lobe of the beam, from outside as 
going to the backward Finally the beam is stopped by the disk 
set at the backend of the block. Figure 2 is a front view of the 
inner front edges. 

Theserings and disks are formedinto 4 modular units. Each 
module is electrically insulated from each other in order to 
measure the beam current deposited on 
them. It can be replaced/exchanged as a unit. In a module a 
cooling water flows in series from ring to ring. In order to 
reduce radiolysis of cooling water and to eliminate the vacuum 
window between the beam dump (target) and the accelerating 
tube, cooling water is not exposed to direct incident election 
beam. 
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Fig. 2. A front view of the inner front edges. 

These modules form a total target block and it also 
electrically insukted from the main body of the beam dump. A 
total view of this target block is given in Figure 3 and the PNC 
beam dump is shown in Figure4. 

Fig. 3. A total view of target block. 

Fig. 4. View of the PNC beam dump. 

The problem of connecting between the beam dump and the 
accelerator (the pressure difference between 1 x \05 torr and 
1 x 10~7 torr in the accelerating tube) was solved by using a 
differential pumping stations and a low conductance beam 
transport tube. 

Thermal and Stress Analysis 

Several computer codes were used in order to estimate the 
temperature rise and the stress of rings with full beam power. 
This calculation assumed that the transverse beam intensity is 
Gaussian distribution and the electron is injected to the target 
block with the angle of incidence varied between 0° and 3°. 

Firstly, the power density in the target block is calculated 
using the EGS4 [2] code. The EGS4 code performs Monte 
Carlo simulations of the radiation transport of elections, 
positions and photons in any materials. Then we applied the 
PRESTA algorithm (Parameter Reduced Electron-Step 
Transport Algorithm) [3], which was developed by Bielajew and 
Rogers to improve the electron transport in EGS4 in the low-
energy regioa The maximum power density was estimated to 
be 2.2 kW/cm3. 

Using the power densities from the EGS4, we proceeded to 
the thermal analysis using the finite element method code 
ANSYS [4]. Examples of the results of the analysis are shown 
in Figures 5 and 6. They are cross-sectional views of a ring in 
which stress is estimied to become maximum. The results 
predicted that the maximum temperature rise in the ring is at the 
inner front edge of ring and is 343 degree, and peak stress of 
2.3 kg/mm2. 

Electron Beam 

ANSYS 5 . 0 A 
JUL 1 1 1 9 9 6 
1 7 : 4 2 : 0 6 
PLOT NQ. 1 
NODAL SOLUTION 
STEP 
SUB 
TIME 
TEMP 
TE PC 
SMN 
SHX 

mm 
effîza 

= 1 
- 1 
- 1 

- 1 1 . 6 2 3 
- 6 8 . 5 4 
= 3 7 8 . 1 8 7 

6 8 . 5 4 
1 0 2 . 9 4 6 
1 3 7 . 3 5 1 
1 7 1 . 7 5 6 
2 0 6 . 1 6 1 
2 4 0 . 5 6 7 
2 7 4 . 9 7 2 
3 0 9 . 3 7 7 
3 4 3 . 7 8 2 
3 7 8 . 1 8 7 

Fig. 5. Thermal analysis of a ring. 

ANSYS 
JUL 1 
19:43 
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STEP = 
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(AVG) 
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0.466813 
0.673112 
0.879411 
1.086 
1.292 
1.498 
1.705 
1.911 
2.117 
2.324 

Fig. 6. The Von Mises stresses for the heat loads calculated with 
ANSYS. 
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Since the Von Mises stress exceeds the yield stress of 
copper (0.63 kg/mm2), a plastic deformation might be induced 
over a major portion of the ring. As it is consicbred that the 
thermal stress cracking could be generated by this deformation, 
we design the beam dump such a deformed disk is easily replaced 
with a new one. 

Photon Production 

The energy distribution of photons (y-rays) generated by 
incident electrons in the target block are studied using the EGS4 
code. Figure 7 shows the relatbnship between its energy E and 
the scattering angle 6 of the photon, where 6 is the angle from 
the incident direction of electron beam. 

Elections are particularly susceptible to a large angle 
deflection by scattering from nuclei and they are backscattered 
out of the target block. In this context, Figure 7 shows the 
concentration of backscattered photons in the direction of 180°. 
A preliminary estimate of the absorbed dose rate in the backward 
direction (180°) at 1 m is 9000 Gy/h with full beam power. 
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Conclusion 

A beam dump at PNC, employing the Ring & Disk 
system has been designed for the high power low energy beam 
(200 kW of 10 MeV electron). The beam couldbe stopped at the 
inner edge of the rings which are cooled by water. 

The maximum power density in the target block is 
2.2 kW/cm3 with full beam power assuming Gaussian 
distribution of the transverse beam intensity. The maximum 
temperature rise in the ring (at the inner front edge of ring) is 
estimated to be 343 degree 
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Abstract Definition and Calculation 

A high power CW (Continuous Wave) electron linac has 
been developed so as to accelerate 10 MeV-100 mA beam, and 
its injector section has been completed in 1996 at PNC. It is 
essential for higher beam acceleration to reduce the beam 
instability caused by the space charge effect and the beam-
cavity interaction. Both are important for PNC linac, because 
an accelerator with a high beam loading generally has a low 
accelerating gradient. 

In this paper, beam induced fields for the regular section 
with PNC accelerator structure are examined by means of a 
numerical wake field analysis. The BBU start current is 
estimated in the relationship of the wake potential to space 
charge force in injector section. 

Introduction 

The development of a high current electron accelerator is 
being carried out to target to treat high level nuclear wastes via 
photo-nuclear reaction which is selective and clean more then 
the spallation reaction. The elementary design and the 
experiments [1-3] for the high current linac are in progress 
using L-band RF source which is effective to a high beam 
loading. The traveling wave accelerator with an RF feed back 
called Traveling Wave Resonant Ring (TWRR) is employed to 
get higher energy transfer with a shorter accelerator length, the 
reasonable cost, and the ease of the maintenance. The 
accelerator structure has a constant gradient disk loaded type 
and accelerate 80 pC charge per bunch for 100 mA average 
current. The accelerating gain from PNC structure is 1.3 MeV 
which is so low compared with S-band linac that the effect on 
the beam such as a microwave instability may cause 
undesirable beam broadening in longitudinal and transverse 
direction at lower than usual beam current. 

In the regular section which beam energy is over than 
3 MeV in PNC linac, the beam instability originates from the 
interaction with the accelerator structure. The analysis for this 
interaction is recently developed by means of a wake field 
approach for both circular and linear accelerators. Monopole 
and dipole components of wake field a nd related loss factors 
were calculated by ABCI [4] and MAFIA [5] T3 in order to 
have the potential and voltage compared with the accelerating 
condition. Finally, the BBU start current was estimated by the 
scaling of the wake voltage with the voltage and the space 
charge parameter of the behavior in the envelope equations. 

When charged particle passes through a structure with the 
speed of light c, it produces the electromagnetic field. The 
wake fields W„ and W± [6, 7] both for monopole and dipole 
components are described as 

Mf, = - i j d z £ z ( r , e , Z , ( 2 + 5)/c) , 

Hi = - — j dz (£_L + c x B)(r, Q, z, {z + s)/c) 

where EZ,_L, and B are the electric and magnetic fields 
produced inside the cavity, and Q and s are the bunch current 
and the bunch coordinate, respectively. The coordinate inside 
the cavity is represented in cylindrical in this case. The 
associated loss factors kn and the induced voltage AV are 
presented as 

* l = - ^ J d s M s ) V j . ( j ) , 

AV=2g*ii 
where X is a bunch distribution. VZ1 is the wake voltage 
derived by the total beam bunch and the wake potential for the 
longitudinal and transverse in each. These quantities except the 
induced voltage are ready to several codes for numerical 
calculation. 

The actual parameters for the calculation used for the beam 
and the accelerator structure is summarized in Table 1. The 
typical dimensions of the accelerator structure used are a = 50, 
b = 90, t = 8 and D = 24 mm, which are exactly or 
approximately equal to the actual structure dimensions for 
PNC linac. The beam bunch shape is assumed filamentary and 
gaussian shape in the longitudinal direction. Numerical 
calculation was done mainly by ABCI because of the less 
demand of cpu time, while MAFIA was used for 3-dimensional 
structures which is not available for ABCI. In the case of off-
centered beam, MAFIA is suited because of the symmetry free 
input for the beam parameter. 

Monopole and dipole component were estimated to 
examine the dependence of the bunch shape, the cell distance 
and cell shape distance. 

Characteristics of Wake Fields for PNC linac 

The analysis was carried out for the cases of a single 
cavities and the accelerator structure consists of many cells in 
order to make the effects in PNC linac clear. 
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Table 1 Parameters of wake field analysis 

Iris (a) 
Boa (b) 
Disk thickness (t) 
Pulse Length 
Periodic distance(£>) 
Charge of single bunch (Q) 
Bunch length 
Beam displacement 

90 (mm) 
50 (mm) 
8 
0.3 ~ 200 (mm) 
24 ~ 64 (mm) 
80 (pC) 
0.3 - 200 (mm) 
0 - 2 0 (mm) 

Case of Single cavity 

In the case of 2.5 mm bunch seen in Fig. 1, there exists 
one down warding swing which is essentially only a spike in 
this situation. This picture is magnified for an only shot to 
display the potential on the beam bunch. Figure 1 has the 
abscissas which is presented by volt. The gradient of the curve 
has a down swing at first which means the gradient of the 
wake field is negative, which can cause to have an attractive 
force on particles in the right-shoulder in the bunch. The bias 
is changed around 10 cm bunch length. The wake potential for 
10 cm and 1 cm are 10 V and 50 V in each for each 80 pC of 
the single bunch, the voltages are small enough to consider the 
stability for PNC linac. 

enhanced for the longitudinal. The energy emission is clearly 
mainly by longitudinal process. Effectively there is no 
significance for such a small energy loss into cavity for PNC 
linac. 

Table 2 Loss factor and induced voltage in a single bunch for 
beam displacement. 

Displacement 
(cm) 

a = 1 cm 
0.5 
1.0 
2.0 
3.0 

o = 0.3 cm 
0.5 
1.0 
2.0 
3.0 

* Longitudinal. 
* * Transverse. 
* * * Normalized to a 

Loss factor* 
CY)*** 

-17.4 
-61.02 
-243.8 
-548.4 

-56.8 
-199.9 
-798.0 
-1792.5 

single bunch current. 

Induced voltage** 
(V) 

112.0 
10.0 

420.0 
630.0 

89.9 
168.8 
338.9 
511.0 

Case of Accelerator structure for PNC 

MAFIA 
x lO 1 

-1.0 

•2.0 

l.OxlO- ' 2 .0x10' 30x10' 

Fig. 1 Wake voltage from single cavity. 

The analysis of the potential dependence for an off-cantered 
beam shows that there is basically only a spike both in the 
longitudinal and transverse wake fields. But MAFIA 
calculation may neglect calculation of higher frequency area, 
because of luck of cpu time. This picture notices also that the 
beam bunch gets an attractive force for the longitudinal wake 
field at first and a repulsive force for the transverse. The shapes 
of the potential are the same but the amplitudes are different. 
The loss factor normalized to a single bunch current and an 
induced transverse voltage is summarized in Table 2. The 
deflection voltage for 1 cm off-centered filamentary beam with 
bunch length of 0.3 cm is almost -200 V which corresponds 
to 6 KV/m in the beam pipe. This potential is not so strong 
compared with the potentials in the beam pipe in present 
colliders like SLC and designed value for SSC. Total loss of a 
wider beam is reduced for transverse case, while the factor is 

The examples of wake potentials and the impedances are 
pictured in Fig. 2 for the longitudinal and transverse wake field 
resulted from changing the cell displacement. The effect is 
totally capacitive because of actual bunch length and the speed 
of an electron beam. The patterns of the potential change very 
little in different cell numbers. This is caused by that Fourier 
component of the wake field has stronger fundamental than 
high harmonics, which can be travel inside the accelerator 
guide. This seems plausible because the impedance spectrum 
has a strong peak around 1.25 GHz which mode is 2;t/3. The 
dependence of Fourier component for the bunch length between 
0.3-1.0 cm is nearly constant. The strength of the longitudinal 
wake potential is basically smaller than the gradient from R F 
in monopole case. In the dipole case, it gets larger, but still is 
coherent with bunching effect as mentioned in single cavity 
case. It is notable from general analysis that in the case of 
3.3-10 cm bunch length in which the bunch length is nearly 
equal to the depth of the cavity, there is strong resonance 
which is chanced by the accelerator structure. It is seen in the 
impedance calculation that the resonance of wake field is build 
by 1.9 GHz RF in the transverse wake potential. 

From a numerical evaluation, the transverse spike amounts 
to -270 V/pC, which correspond to -2.2 kV per bunch. This 
value is smaller than 100 kV order which appears in modern 
colliders. Qualitatively, just like a theory of a electron 
synchrotron, the tune shift by space charge is also applicable 
to a linac. In the scaling the space charge parameter £, in the 
envelope equation from the value of modern colliders to one 
for PNC linac. the wake transverse voltage is 100 times higher 
than the voltage from 0.1 A beam. However, the space charge 
parameter for the wake voltage for 1 cm radius beam is 10"'2 

and still 10": smaller than beam defocusins value emerged in 
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colliders. The margin from 0.1 A is order of one hundred. 
Therefore, from above comparison, BBU starting current is 
assumed around 5 A for PNC linac. 
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Fig. 2 Wake potential from PNC accelerator structure. 

Summary and Conclusion 

sum of single cells. The longitudinal wake has the same period 
as RF frequency. The dipole component has -2.2 KV, which 
is the highest potential of all transverse field. The transverse 
wake potential in PNC structure is essentially not so high that 
BBU by the transverse component is expected not to start up 
to 5 A. 

There is a possibility that the longitudinal instability 
comes first because of phase instability. It is important to 
observe the bunch lengthening which is common phenomena 
called microwave instability known circular accelerators. The 
accumulation of wake field should be estimated for more 
accurate estimates for the BBU for TWRR. It is important to 
analyze an overlap integral of higher frequency from the 
dispersion relation in TWRR which may have a resonance. 
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The longitudinal wake field has one down swing followed 
by many smaller oscillation in the beam condition of PNC 
linac. It may assist phase stability if the attractive force and 
repulsive wake can be controlled so as to synchronize with RF 
bucket. Transverse wake field is 100 times higher than the 
space charge force but still considerably lower than the wake 
field of present linear colliders. The wake field in the 
accelerator guide for PNC linac is formed from the coherent 
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Abstract 

A prototype rf power source based on the Relativistic 
Klystron Two-Beam Accelerator (RK-TBA) concept is 
being constructed at the Lawrence Berkeley National 
Laboratory to study physics, engineering, and costing 
issues. The prototype, called the RTA, is described and 
compared to a full scale design appropriate for driving the 
Next Linear Collider (NLC). Specific details of the 
induction core test and pulsed power system are presented. 
Details of the 1-MeV, 1.2-kA induction gun currently under 
construction are described. 

Introduction 

For several years a Lawrence Berkeley National 
Laboratory (LBNL) and Lawrence Livermore National 
Laboratory (LLNL) collaboration has studied rf power 
sources based on the RK-TBA concept [1]. This effort has 
included both experiments [2] and theoretical studies. A 
preliminary design study for a rf power source using the 
RK-TBA concept suitable for an rf power source upgrade 
of the NLC collider design (TBNLC) has been published 
[3]. The design specifically addressed issues related to 
cost, efficiency, and technical issues. For a 1.5-TeV 
center-of-mass energy design, the rf power source is 
comprised of 76 subunits, each about 340 m in length with 
150 extraction structures generating 360 MW per structure. 
Estimated conversion efficiency of wall plug energy to rf 
energy for this source could be greater than 40%. Theory 
and simulations showed acceptable drive beam stability 
through the relativistic klystron, and no insurmountable 
technological issues were uncovered. 

We have established the RTA test facility [4] at 
LBNL to verify the analysis used in the design study. The 
principle effort is constructing a rf power source prototype 
where all major components of the TBNLC rf power 
source will be tested. The different sections of the RTA 
are described in Table 1. Due to fiscal constraints, the 
RTA will have only 8 rf extraction structures. Table 2 is a 
comparison between the pertinent parameters for TBNLC 
and the RTA. The pulsed power system and induction cells 
in the extraction section will be similar for both machines, 
allowing a demonstration of the wall-plug power to drive 
beam power conversion efficiency and establishing a basis 
for costing of the components. 
*The work was performed under the auspices of the U.S. 
Department of Energy by LLNL under contract W-7405-
ENG-48. by LBNL under contract AC03-76SF00098, and 
by FAR under SBIR grant FG03-96ER82179. 

Table 1 
RTA Accelerator Sections 

Section 

Electron gun 
Accelerator 
Chopper 
Adiabatic compressor 
Extraction section 
Diagnostic section 

Beam 
energy t 
(MeV) 

1 
2.8 
2.8 
4 
4 
0 

Current^ 
(kA) 

1.2 
1.2 
0.6 
0.6 
0.6 

-

RF 
currenti 

(kA) 
0 
0 

0.5 
1.1 
1.1 
-

Section 
length 

(m) 
3 
8 
1 
4 
8 
2 

t Beam parameters at the end of the section. 

Table 2 
Comparison between RTA and the TBNLC. 

Parameter 
Pulse duration 
Flat-top 
Rise time 

Current 
Pre-chopper 
Extr. section (dc) 
Extr. section (if) 

Beam energy 
Injector 
Chopper 
Extraction 

Bunch compression 
Beam transport in 
extraction section 

Betatron period 
Lattice period 
Phase advance 
Occupancy 
Pole tip field 
Beam diameter 

RF Power 
Frequency 
Power/structure 
Structure type 
Output spacing 

RTA 

200 ns 
100 ns 

1.2 kA 
600 A 
1.1 kA 

1 MeV 
2.8 MeV 
4.0 MeV 

240° to 110° 

1 m 
20 cm 

72° 
0.5 

870 G 
8 mm 

11.4 GHz 
180 MW 

SW &TW 
1 m 

TBNLC 

200 ns 
100 ns 

1.2 kA 
600 A 
1.1 kA 

1 MeV 
2.5 MeV 
10.0 MeV 

240° to 70° 

2 m 
33.3 cm 

60° 
0.48 

812 G 
4 mm 

11.4 GHz 
360 MW 

3-cell TW 
2 m 

Pulsed Power System 

Conversion of wall plug power into induction drive 
beam power is a significant factor in the rf power source 
efficiency. The efficiency of a TBA induction accelerator 
depends on several factors. Beam transport dynamics will 
determine the size of the beam pipe. The rf power 
requirement determines the pulse duration, beam current, 
accelerating gradient, and repetition rate. Once these 
factors are established, the outer radius and material of the 
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core can be calculated from: AVAt = A B A F p , where 
AV is cell voltage swing, At is pulse duration, AB is core 
flux swing, A is core cross section, and F p is core material 
packing factor. The core volume increases nearly as the 
radius squared, so smaller, more efficient and lower cost 
induction cells can normally be obtained by using higher 
AB materials and minimizing the inner radius. 

Insulator 
Microwave 

absorber 
Conductive 

ceramic 

Quadrupole 
permanent 
magnets 

5 cm 
1.P-

34 cm 
diameter 

Metglas™ 
cores 

Fig. 1. A proposed RK-TBA induction cell design 
illustrating longitudinal core segmentation. 

Several core materials have been tested at the RTA 
Test Facility [5]. Two METGLAS® alloys, 2605SC and 
2714AS, have been selected for use in the RTA. The alloy 
2605SC has a AB of -2.5 T with a core loss of - 2 kJ/m3 
for a 400 ns pulse and 22 um thick ribbon. The alloy 
2714AS has a lower AB, ~ 1.1 T, but a much lower core 
loss of ~ 150 J/m3 with 18 |nm ribbon. The core tests are 
performed with die expected pulse shape and duration for 
accurate loss measurements. For our TBNLC geometry, 
the low core loss 2714AS can achieve a conversion 
efficiency of wall plug power to drive beam power of 59%, 
a substantial improvement over 2605SC. 

10000-a 

É 1000• 

c 
-J 

c 
U 

100-

10-

2605SC (22 nm) 

2714AS (18 nm) 

l 10 
dB/dt (T/ns) 

Fig. 2 Core loss for different rates of magnetic flux change. 

The modest repetition rate (120 Hz) and current rise 
time (100 ns) envisioned for the NLC permit the use of a 
simple, and cost effective thyratron driven modulator. The 
total induction cell core is segmented longitudinally into 

smaller cores each individually driven at 20 kV or less. 
Driving at this voltage level avoids a separate step-up 
transformer and allows for switching with fast inexpensive 
single-gap tubes. Lengdi of the induction cell, thus number 
of cores per cell, is set by geometrical constraints due to 
extraction structures, magnet positions, etc. The TBNLC 
design in Fig. 1 has five cores per cell while the RTA has 
three cores. 

Beam energy flatness is an important issue affecting 
beam transport and rf phase variation. The current required 
to drive the cores is nonlinear for a constant amplitude 
voltage pulse since the inductance of the core decreases 
as saturation of die material is approached. The effect is 
more pronounced for high aspect ratio (Ar/Az) cores due 
to non-uniform saturation starting at the inner radius 
propagating outward. This effect is shown in Fig. 3 where 
the voltage pulse has -200 ns of flat top during which the 
drive current increases non-linearly. The generated voltage 
amplitude can be kept constant, within bounds, as the 
material approaches saturation by tapering the impedance 
of the PEN stages. Our PFN will consist of many coupled 
L-C stages. 

We have been testing pulsed power prototypes using a 
3-core injector cells. In the prototype we have used EEV 
CX1538 and TRITON F-232 thyratron tubes. The injector 
cell design calls for 14 kV/core or 40 kV/cell. Early test 
performed using a CX1538 tube yielded a rise time (10% 
to 90%) of about 150 ns with a voltage flat top of 120 ns 
(see the Vsingie trace in Fig. 3), however a pretrigger 
applied to an additional grid on the tube gave performance 
close to the design (100 ns rise time, 200 ns flat-top). 
Widi the pretrigger to an additional grid on the tube we 
were able to get the rise time to down to 100 ns and obtain 
a voltage flat top of 180 ns (shown in the Vduaj trace in 
Fig. 3). The Ljual trace in Fig. 3 shows the drive current for 
die cell with a 40 Œ simulated beam load. The F-232 tube 
has lower internal inductance as well as a higher di/dt 
rating. It also gave performance close to the design 
criteria. 

40 r \ a ] 
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200 400 
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Fig. 3. Cell voltage and drive current for a prototype 
injector cell. 

Injector 

The injector consists of two sections, a 1-MV, 1.2-kA 
induction electron source, referred to as die gun, followed 
by several induction accelerator cells to boost the energy 
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to 2.8 MeV. Two goals of the design are minimizing 
electrical field stresses in the gun and realizing the lowest 
possible emittance growth. Gun induction cores are 
segmented radially to reduce the individual aspect ratios 
with each driven separately at about 14 kV. Components 
of the induction cells for the sun are in fabrication. 

Induction cores 

12 induction cells with 3 cores/cell 

• > • 98 cm M 

Fig. 4. Schematic of the cathode-half of the RTA gun. 
This section provides 0.5 MeV of the gun's 
potential. 

A novel feature of the gun design is the insulator, a 
single, 30 cm ID, PYREX® tube with no intermediate 
electrodes. Average gradient along the insulator at the 
operating voltage of 500 kV is -5.1 kV/cm. Maximum 
fields at the triple points, intersection of insulator, 
vacuum, and metal, are less than 3.5 kV/cm. Maximum 
surface fields in the cathode half of the gun are about 
85 kV/cm. Our design allows for the addition of 
intermediate electrodes and/or substitution of a ceramic 
insulator to offset the increased risk associated with this 
approach. 

The focusing solenoidal field profile must be 
optimized for the injector to control the beam radius while 
minimizing emittance growth. A new electrode package 
and larger dispenser cathode will likely be required for the 
desired low emittance 1.2-kA, 1-MeV electron beam. The 
design goal is for beam radius less than 5 mm and 
horizontal normalized edge emittance less than 
250 7i-mm-mrad at the end of the injector. Alignment of 
the solenoids is critical to avoid corkscrew motion and 
emittance growth. Incorporating homogenizer rings [6] with 
the solenoids could reduce the need for correction coils 
and simplify alignment. 

Experience operating other induction accelerators has 
shown that careful alignment of the solenoids may not be 
sufficient to reduce the amplitude of the corkscrew motion 
[7] to the 0.5 mm desired for the RTA injector. We plan to 
use a time independent steering algorithm developed at 
LLNL to control steering coils on the solenoids. The 
algorithm corrects for the Fourier component at the 
cyclotron wavelength of the field error. 

Beam Dynamics and RF Power Extraction Issues 

Beam dynamics issues related to longitudinal and 
transverse stability, modulation, and transport have been 
presented in detail elsewhere [3, 8]. A brief description of 
these issues is given here. Initial beam modulation is 
accomplished with a transverse chopping technique. After 
this modulator section, an adiabatic compressor, a system 
of idler cavities and induction accelerator modules, is 
used to bunch the beam and further accelerate it to an 
average energy of 4 MeV. The lower frequency component 
of the transverse beam breakup instability is controlled by 
Landau damping. Control of the higher frequency 
component, excited in the rf cavities, is accomplished 
with the focusing system in a technique that we refer to as 
the "Betatron Node" scheme. The if extraction structures 
are appropriately detuned to compensate for space charge 
and energy spread effects so that the longitudinal current 
distribution is stable. 

After the adiabatic compressor, the beam enters the 
extraction section, where beam energy is periodically 
converted into rf energy (via extraction cavities) and 
restored to its initial value (via induction modules). Both 
traveling wave (TW) and standing wave (SW) structures 
are being considered for the extraction section of the RTA. 
The TBNLC design [9] uses TW structures to reduce the 
surface fields associated with generating 360 MW per 
structure. RTA is designed to generate 180 MW per 
structure. Thus, inductively detuned SW cavities are a 
practical alternative. 
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Abstract 

The TBNLC collider design uses Relativistic Klystron 
Two-Beam Accelerator (RK-TBA) units as the rf power 
source for a NLC-type linac at 11.4 GHz. In this paper we 
report on a simple analysis of using RK-TBA units as a rf 
power source for a CLIC-type linac at 30 GHz. The desired 
rf macropulse duration is less than 50 ns with a repetition 
rate of 600 Hz. We propose to use magnetic pulse-
compression units driving ferrite-core induction cells for 
this system. Many elements of the TBNLC remain the 
same for a collider design at this higher frequency. 

Introduction 

In this paper we described a short-pulse rf source that 
could be used to drive an electron-positron collider. We 
refer to this design as RK-CLIC. The high-gradient struc
tures being considered are about 1.5 times longer, with a 
longer fill time, than those that CLIC proposes for their 10-
bunch collider design [1]. Each main linac accelerating 
structure requires 95 MW to produce an average loaded 
accelerating gradient of 80 MV/m. The structures are 42 
cm long and 8 cm are allowed for pumping ports, flanges, 
etc., resulting in a 0.5 m spacing. Thus, the average grad
ient is 67 MV/m for a total main accelerator length of 15 
km to produce a 1-TeV center-of-mass energy. The high-
gradient linac beam profile is a 50 bunch train with 20 cm 
spacing. The linac will operate at 600 Hz to achieve a 
luminosity of 1034 cm"2 s_1. The rf pulse shape has a 17-ns 
linear ramp with a 33.7-ns flat top to produce a constant 
energy for all the bunches at the interaction region. 

In analogy to the TBNLC [2], we propose that the 
high-gradient linac be powered by 50 RK-CLIC units. Each 
unit provides rf power for 300 meters of main linac. 
Similar to the TBNLC, each unit consists of the following 
major components: a 1.2-kA, 2.5-MeV induction injector, a 
beam modulation unit, an adiabatic capture section to 
accelerate and bunch the beam, the main rf power 
extraction unit, and an afterburner where power is 
extracted from the decelerating beam prior to the beam 
dump. At the entrance to the rf power extraction unit the 
beam has an average energy of 10 MeV and 1,120 A of rf 
current. A one meter section of the rf power extraction unit 
is shown in Fig. 1. Each rf power extraction unit is 
comprised of about 300 of these sections, and each section 
drives two high-gradient linac accelerating structures. 

Drive Beam Dynamics Issues 

The drive beam dynamics issues of concern are beam 
transport, longitudinal bunch stability, and transverse 
beam instabilities. 
r̂ - - — 
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Fig. 1. A 1-m section of the RK-CLIC rf power extraction unit. 
There are 300 of these sections powering 600 linac 
accelerating structures for each RK-CLIC unit. 

Drive Beam Transport 

We use permanent magnet quadrupoles in a FODO 
lattice for beam transport. The lattice period is 33.3 cm 
with a 60° phase advance per period to produce a 2-m 
betatron period. The ferrite magnets have a 800 G pole 
strength, 2.5 cm radius bore, and a 0.48 occupancy factor. 

For a 500 n-mm-mr normalized edge emittance, the 
drive beam edge diameter should be about 3 mm. The 
aperture of the 30 GHz rf output structures is 6 mm. This 
places a high emphasis on the production and preservation 
of low emittance beams. The emittance requirement could 
be relaxed by increasing the drive beam energy. 

Longitudinal Bunch Stability 

We use a transverse chopper to initially modulate the 
drive beam as in the TBNLC design. However, other 
modulation schemes can be envisioned. The beam exits 
the chopper occupying a longitudinal phase of 240° and is 
compressed to 70° reaching an rf current of 1,120 A and an 
average current of 630 A. 

In the rf power extraction unit, average beam energy 
is maintained at 10 MeV by 3 100-kV induction cells per 
1-m section that restore the 190 MW of power extracted in 
the rf output structure. The synchrotron period (particle 
rotation in the rf bucket) in the extraction unit is 
approximately 30 m. The rf output structures are detuned 
to compensate for bunch lengthening effects. However, the 
shorter synchrotron wavelength and closer spacing of rf 
output structures should improve longitudinal stability 
relative to the TBNLC design. 

Transverse Beam Instabilities 

The beam dynamics for the low frequency, 2-4 GHz, 
transverse instability due to beam interaction with the 
induction acceleration gaps, should be the same as in the 
TBNLC. Landau damping from energy spread will suppress 
this instability. However, the lower emittance required for 
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the RK-CLIC drive beam may require reducing the 
transverse impedance of the induction gap. 

The high frequency, -40 GHz, transverse instability 
due to higher order modes in the rf output structure, is a 
more difficult problem. There are twice the structures, and 
their transverse impedance is expected to be greater with 
respect to die TBNLC design. For the TBNLC, it was 
necessary to use the Betatron Node Scheme [3]. This 
scheme will remain valid for RK-CLIC where the 
structures are spaced at half Betatron wavelengths. The 
total effect should lead to an instability growth similar to 
that for the TBNLC, but perhaps requiring a higher 
tolerance on focusing field errors. 

RF Output Structure Design 

An illustration of the proposed RK-CLIC rf output 
structure is shown in Fig. 2. Direct scaling, i.e. geometrical 
dimensions are varied directly with wavelength, of the 
TBNLC three-cell traveling-wave output structure was 
used. The longitudinal impedance is invariant while die 
transverse impedance increases as co with this scaling [4]. 

The maximum surface field of the TBNLC rf output 
structure is predicted to be 75 MV/m for 360 MW output. 
At 190 MW, the surface field should reduce to 55 MV/m. 
Assuming the surface fields scale inversely with the 
aperture, we predict surface fields of 145 MV/m for die 
RK-CLIC structure generating 190 MW. Experiments on 
relativistic klystrons, with similar pulse lengths to me RK-
CLIC, indicate that the rf output structures can be safely 
operated widi 100 MV/m surface fields at 11.4 GHz [5]. 
Assuming the breakdown limit for a copper structure 
scales as die square root of the frequency, we can expect 
to safely operate up to 160 MV/m fields at 30 GHz. 

Induction Cell Design 

The induction cell voltage is 100 kV/cell as in the 
TBNLC. The pulse length at the FWHM of the voltage 
waveform is taken as 50 ns. The Ceramic Magnetics 
CMD-5005 ferrite is used for die accelerator cores. The 
core consists of a 25 cm long tube of ferrite with a 8 cm 
inner diameter. Assuming a AB of 0.65 T, the outer 
diameter of the ferrite is about 14.2 cm. 

The energy loss per volume at our parameters for die 
ferrite is estimated to be 600 J/m3. Thus, - 1.6 J is lost in 
the ferrite per pulse. The energy required for the beam is 
1/3 (3 induction cells per rf output) of 190 MW • 50 ns or 
3.17 J. The losses associated widi capacitance and stray 
induction for these short pulses can limit efficiency. If we 
assume a capacitance, C, of 20 pf, then die energy loss is 
C • V2/2 = 0.1 J. Thus, die efficiency for the cell is: 

Tic = 3.17/(3.17+ 1.6+ 0.1) = 65%. (1) 
A smaller inner radius would reduce core losses, but 

increase die transverse impedance of the induction cell 
gaps. New core materials could lead to better efficiency 
and lower costs. Widiin die limitations of materials mat 
we have tested, die easiest way to improve efficiency is to 
increase die pulse length. In Fig. 3 the efficiency of die 
induction cell for diree different core materials are plotted 
as functions of pulse length. The voltage, inner radius, and 
lengdi of die core were fixed at the RK-CLIC design 
values given above. For pulses shorter dian 50 ns, the 

Fig. 2. Proposed rf output structure for the RK-CLIC. The 
interaction mode is TM JO with phase velocity of 1.3 c. 

CMD-5005 ferrite is the preferred material of those 
examined. Over 50 ns, the Allied-Signal METGLAS® 
alloy 2714AS shows improved efficiency. Doubling the 
pulse lengdi increases die core efficiency by about 8%. 

Pulsed Power System 

We cannot reduce the rise time of thyratron switching, 
used in the TBNLC design, sufficiently to obtain a 17-ns 
rise time. Also, the pulsed power system proposed in the 
TBNLC design is not suitable for a 600 Hz repetition rate. 

We are proposing magnetic pulse compression and 
switching [6]. This technique has been demonstrated at 
high repetition rates and with fast rise times in other 
applications [7]. Ability to cool the ferrite cores in die 
switches/compressors and die pulse power units will need 
design effort, but multiple kHz operation is possible. 

A preliminary design for a three stage magnetic pulse 
compressor was performed to assist in estimating cost and 
efficiency. The magnetic compressor/switch parameters 
used in this design are listed in Table 1. Energy storage for 

0.9-1 1 1 1 1 1 I I I I I 

0-0 H — i — i — i — i — i — i — i — i — i — i — | -

25 50 75 100 125 150 175 200 225 250 275 300 
Time (ns) 

Fig. 3. Efficiency of the induction cell for converting the 
incident pulsed power into drive beam power as a 
function of pulse length for different core materials. 
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Table 1. Magnetic Compressor Parameters. 

Stage 

1st 

2nd 

3rd 

Charge 
Discharge 

7.5 |is 
1.25 us 
1.25 ns 
250 ns 
250 ns 
50 ns 

Gain 

6 

5 

5 

Switching Core / 
Turns 

5.8kG-2605SC/20 

20.8 kG - 2714AS / 6 

26.8 kG - 2714AS / 1 

Core 
Efficiency 

0.983 

0.984 

0.980 

the third stage consists of a 0.84-m long, water-filled 
Blumlein line. The first two stages use Strontium-Titanate 
capacitors. The long charge time of the first stage allows 
the use of a solid state system for the initial triggering. 

The advantage of this magnetic compressor system is 
that it is totally solid state. It should have high-reliability, 
long lifetime, good efficiency, and be capable of kHz 
operation. A drawback of die system is that it is difficult to 
adjust the voltage wave shapes to obtain different 
accelerating gradients. Fast correction circuits interspersed 
in the system could be used to correct for errors. 

System Efficiency 

Where possible, comparable efficiencies for similar 
components with conventional klystrons or the TBNLC are 
used. We have based estimates on current technology. 
(1) DC Power Supplies - Conventional 60 Hz 3 phase 
full wave rectifier with filter supplies will be used. 
Estimated efficiency is 93%. 
(2) Command Resonant Charging (CRC) System - A 
solid state CRC system with estimated efficiency of 96%. 
(3) Pulsed Power Modulator - Magnetic compression 
power losses are due primarily to tiiree components, core 
losses, ohmic losses in the Blumlein water, and 
capacitors. Losses due to the cooling system are included 
under auxiliary power. Table 1 lists core efficiencies. 
Assuming die same ratio between the outer and middle 
conductors radii as between the middle and inner, the 
energy loss in the water can be expressed as: 

UL=21°JLLV^k At, where 
pveT 

(2) 

L is die length (cm) of die Blumlein, V0/I0 is die applied 
voltage (V)/current (A) to the load, p is water resistivity 
(Q.-cm), er is relative permittivity, and At is charging 
time. In our design, L = 84 cm, V0 = 25 kV, IQ = 17 kA, er 
is 80, p = 8 Mfl-cm and At is 250 ns for an energy loss of 
0.094 J. The efficiency of the capacitors is estimated at 
98%. Total estimated efficiency is 92%. 
(4) Induction Cells - As described above, the cell 
efficiency should be about 65% for 50 ns pulses. 
(5) Drive beam (pulse fall time) - As in die TBNLC, we 
plan to utilize the rise time of the current pulse. As an 
estimate of die energy to drive the core during the fall 
time, we allowed 300 A core current (average core current 
used for induction cell losses) times 20 ns fall time times 
one half of 100 kV or 0.3 J. This amount also includes the 
0.1 J stored in the gap capacitance. Thus, actual losses 
during the fall time not previously accounted for are only 
0.2 J giving an efficiency of 94%. 
(6) Drive beam to rf - The conversion losses of drive 
beam to rf power are due to losses at the front of die 

relativistic klystron, primarily in die chopper, and residual 
beam power lost in die dump. This will be die same as for 
the TBNLC design, about 90%. 
(7) Auxiliary power - This miscellaneous category 
accounts for losses in systems such as cooling fluids, 
vacuum, etc. These losses are estimated to be 80 kW. At 
600 Hz this represents an efficiency of 0.96. 

To summarize, die estimated efficiencies are: 
Component efficiency 
Power supplies 0.93 
CRC 0.96 
Modulator 0.92 
Induction cells 0.65 
Drive beam (fall time) 0.94 
Drive beam to rf 0.90 
Auxiliary power 0.96 
Total wall plug to rf efficiency 0.43 

Summary 

A preliminary study for a 30 GHz linear collider using 
die CLIC high-gradient linac and scaling of die relativistic 
klystron (RK) used in the TBNLC design was performed. 
The result was positive widi an estimated wall plug to rf 
power efficiency of 43%. The rf to beam efficiency for die 
CLIC parameters used is 67% for a total efficiency of 
29%. No attempt was made to optimize parameters for die 
combined rf power source/CLIC, e.g. gradient, and pulse 
length. However, increasing the pulse length could 
substantially improve die efficiency of die (RK) while 
also improving die efficiency of rf to beam conversion. 

A very approximate costing study was performed. The 
cost of the 30 GHz RK-CLIC is practically die same as for 
die 11.4 GHz TBNLC. Savings due to the shorter pulse 
lengdi and reduced energy per pulse are balanced by die 
additional cost of doubling die number of output structures. 
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Abstract 
A radioactive ion beam (RIB) facility is being built at 

TRIUMF. A novel design for the target/ion source station will 
allow us to bombard a thick target with TRIUMF's 100 (J.A, 
500 MeV proton beam, producing a variety of very intense 
beams of nuclei far from stability. After mass separation the 
beams can be sent to two different experimental areas. One 
uses die 60 keV energy beam and the second one will use the 
0.15 to 1.50 MeV/u post-accelerated beam. Singly charged ion 
beams, with A < 30 delivered from the on line mass separator, 
with an energy of 2 keV/u, will be accelerated in a two stage 
linac consisting of an RFQ and a post-stripper drift-tube linac 
up to 1.5 MeV/u. CW operation mode is required to preserve 
beam intensity. As a consequence of me low q/A ions a low 
operating frequency for me RFQ is required to achieve adequate 
transverse focusing. The main features of this accelerator are: 
35 MHz RFQ, stripping at 150 keV/u, beam energy 
continuously variable from 0.15 to 1.50 MeV/u and CW 
operation. 

Introduction 

A radioactive ion beam facility with a post-accelerator 
was first proposed at TRIUMF in 1984[1], Although the full 
project was not funded at that time, an on-line target/ion 
source and mass separator test facility was installed on one of 
TRIUMF's proton beam lines, and has been used since 1987 
to provide low energy radioactive beams and to develop the 
target-ion source system. The primary motivation at the time 
was to determine reaction rates involving short-lived nuclei in 
various nucleosynthesis processes. Furthermore, the 
possibility of producing intense radioactive nuclear beams with 
N/Z ratios largely different from mose of natural isotopes 
opens a new area of research. 

The high energy (500 MeV) and high intensity (>100 
^A) of the H" cyclotron beam make TRIUMF a cost effective 
choice for a RIB facility in North America. A new beam line 
will transport TRIUMF's proton beam from the cyclotron 
vault to two target stations in a new building of approximately 
5000 m2. This is divided into two parts, namely the heavily 
shielded and sealed target hall, and the post-
accelerator/experimental hall, shown in Fig. 1. 

Target/Ion Source System 

The target stations are to be housed in the new 
heavily shielded target hall. All highly activated and 
potentially contaminated components such as production 
targets, beam dump, ion sources and initial focusing devices 
will be located at the target station within the target hall along 
with the primary radiation shield and services required to 
operate the target station components. Hot cell, assembly area 
and a decontamination and storage facility will be included. 
The target is located in a canyon surrounded by the required 

steel and concrete shielding, and consists of a large vacuum 
tank with 5 separate modules, entrance, target, beam dump and 
RIB optic components. The target module is made up of a 2 m 
long shielding plug on the bottom of which is mounted the 
target, ion source and the extraction system. The steel plug 
will be at ground potential and die target/ion-source assembly 
will be biased to give extraction voltages in the range 12 kV 
to 60 kV in order to match the 2 keV/nucleon required for 
injection into the RFQ. The target station modules are all 
designed to be handled remotely. 

Fig. 1 Views of the target/ion source module showing the 
shielding plug and the services. 

Mass Separator 

There is no universal ion source for the production of 
all the elements required for me physics program. Beam 
properties will depend on the type of ion source used. The 
extraction system will be optimized for each individual ion 
source to give the highest brightness. 

In our present design, the mass separator consists of a 
two stage system each with a total bend angle of 135°. It will 
have a source-defining entrance aperture. Aberrations will be 
corrected by surface coils in each dipole. This separator will 
have a dispersion at the focal plane of 6 cm/% in ÀM/M and a 
mass resolving power of 10,000 for a beam emittance of 
5 n mm mrad. A movable slit system will be placed on the 
focal plane to select the mass to be transmitted. 

Accelerator 

General Description 

Most of the astrophysics and applied program can be 
performed witiiin an energy range between 0.2 and 1.5 
MeV/nucleon. Higher energies (< 10 MeV/u) would be 
desirable for nuclear structure studies, fusion reactions, etc. 
This could be viewed as a possible upgrade in the future. At 
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present, for the ISAC accelerator, we limit ourselves to the 
specifications list in Table 1. 

The layout in Fig. 2 illustrates the two-stage linac 
that would satisfy the ISAC specifications. 

Initial acceleration of the singly charged ion beam 
delivered by the mass separator is accomplished in a RFQ. To 
accommodate the fixed ion velocity requirement at the RFQ 
input it is necessary to adjust the extraction voltage of the ion 
source so that the ion input energy will be 2 keV/nucleon in 
all cases. After acceleration to 150 keV/nucleon in the RFQ, 
the beam passes through the matching and stripper section 
where its charge to mass ratio is increased to > 1/6. After the 
stripping and charge state selection the beam is injected into a 
drift-tube linac operating at 105 MHz, which is divided into 
several accelerating structures in order to provide continuous 
energy variation from 0.15 to 1.5 MeV/nucleon. 

Table 1 - Basic specifications for ISAC-1. 
Input beam 

Knergy 
Ion mass 
Ion charge 
Beam current 
Beam emittance (100 %") 

2 keV/nucleon 
A<30 
1 
< 1 |xA DC 
< 50 % mm mrad 

Accelerated beam 
Output energy range 
Resolution AE/E 
Duty lactor 

0.15 < E < 1.5 MeV/u 
< 0.1 % 
100% 

LEBT 
The ion beam from the mass separator is to be 

switchable between the Low Energy (LE) experimental area 
and the accelerator. At the same time, it is desirable to have an 
off-line source which is switchable between the same two 
areas, although its primary purpose is for commissioning the 
accelerators. A switch-yard has been designed which meets all 
these goals. At the heart is a cross-over switch which allows 
the off-line source to supply beam to either the RFQ or the 
LE, while simultaneously, the mass separator can supply 
beam to the LE or the RFQ, respectively. All the optics in the 
LEBT is electrostatic: quadrupoles are typically 50 mm long 
by 25 mm bore radius, bends are each 45°, with spherical 
electrodes, 250 mm in radius. 

The RFQ, having no bunching section, accepts 
bunches ± 30° in length. A buncher located 5 m upstream of 
the RFQ, operates at 11.67 MHz, the third sub-harmonic of 
the RFQ frequency. This is to meet the requirement of bunch 
separation in the range of 100 ns. In order to place at least 
80% of the beam within the RFQ longitudinal acceptance, the 
buncher waveform will be pseudo-sawtooth, with 4 harmonics. 

RFQ 
A radio-frequency quadrupole provides the initial 

acceleration of the ion beam delivered by the ISOL. Taking 
singly charged mass 30 as the reference particle and an 
operating frequency of 35MHz, to give a reasonable structure 
size, we are led to an inter electrode voltage of 73 kV, a 
characteristic radius to pole tip r0=0.74 cm, focusing strength 
B=3.5 andr.f. defocusing A=0.0408. The total length of the 
vanes is 7.60 m. 

Given that the radioactive ion beam intensity will be 
small, space-charge can be neglected and a truncated Yamada-
style recipe used for the vane profiles. The vane modulation 
index ramps quickly from 1.12 to 2.5, while the bore shrinks 
from 0.70 to 0.38 cm. Due to a requirement from the 
experimenters for 86 ns time structure, beam bunching is 
achieved in an external, quasi-sawtooth prebuncher; and so the 
shaper and gentle buncher portions of the RFQ are omitted, 
leading to substantial shortening. The prebuncher is located in 
the LEBT section. 

From a structural point of view, the low frequency of 
the RFQ dictates that a semi-lumped resonant structure be used 
to generate the required RF voltage between the electrodes. The 
structure proposed for the ISAC accelerator is a variant of the 
4-rod structure developed at the University of Frankfurt[3]. A 
4-rod split-ring RFQ structure has been chosen because of its 
relatively high specific shunt impedance, its mechanical 
stability, and the absence of voltage asymmetries in the end 
regions [4]. 

To confirm the manufacturability of the design and to 
verify the mechanical stability a prototype section consisting 
of three 40 cm long modules is being built. One module has 
been tested at full CW power (85 kV inter-electrode voltage). 
The thermal and dynamic stability has been measured and they 
are well within tolerances[5]. 

Stripper and matching section 

After the stripper, we must accomplish two different 
functions, i) selection of the charge state; ii) matching of the 
transverse and longitudinal phase space into the next linac 
acceptance. 

To minimize multiple scattering by the foil, and thus 
limit transverse emittance growth, we need a strongly 
converging beam in both the xz and the yz planes. Four 
quadrupole magnets will transform the RFQ output beam to 
the required small double waist at the stripper. After the 
stripper we need a charge state selector in order to 1) facilitate 
the tuning and 2) minimize the contamination by radioactive 
elements which otherwise would be implanted in the DTL. 
Furthermore, this charge-state-selector should be achromatic. 
This is done using a symmetric QQDQQDQQ section. A pair 
of slits located in the mid-plane of the charge-state-selector 
(after the third quadrupole) allows a unique charge state 
selection. A four quadrupole system and a 23 MHz À/4 
rebuncher provide the transverse and longitudinal match into 
the DTL. Provision is also made for installation of a rebuncher 
between the RFQ and the stripping foil to produce an upright 
ellipse for the longitudinal emittance at the stripping foil. 
Drift-Tube Linac 

Several accelerating structures were investigated. The 
first proposed structure was based on the RILAC accelerator[6]. 
The major problem was the power requirement of 1 MW for 
only 1 MeV/nucleon. A second study was devoted to 
investigate the suitability of superconducting accelerating 
structures[7]. Finally we decided on a room temperature 
structure to avoid the high cost of cryogenic equipment and the 
relatively long period to acquire this technology. 
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The drift tube linac is required to accelerate, in CW 
mode, ions with a charge to mass ratio > 1/6 from 0.15 
MeV/nucleon to a final energy variable from 0.15 to 1.5 
MeV/nucleon. An IH structure[8] is chosen for the drift-tube 
linear accelerator because of its very high shunt impedance. 

A separated function DTL concept has been 
adopted[9]. Five independently phased IH tanks operating at <|>s 

= 0° provide the main acceleration. Longitudinal focusing is 
provided by independently phased double gap spiral resonator 
structures positioned before the second, third and fourth IH 
tanks. A schematic drawing of the DTL is shown in Fig. 2. 
When operating at full voltage the beam dynamics resembles 
that of a so called 'Combined 0° Synchronous Particle 
Structure'[8]. To achieve a reduced final energy the IH tanks 
may be turned off while the voltage and phase of the last 
powered tank is varied. The spiral resonators are all designed 
for P = 0.023 and are effective over the whole DTL velocity 
range. They also permit the beam to be kept well bunched over 
the entire energy range. The total effective gradient is 1.5 
MeV/m with an estimated power consumption of 91 kW. 

HEBT 

The HEBT provides three dimensional beam transport 
using 10 m long periodic sections comprised of 2 quad 
doublets and a rebuncher. A first triplet matches the beam 
while the periodic sections and achromatic bend deliver the 
beam to the high energy experimental stations. Simulations 
show that the longitudinal beam emittance < 50 n keV ns 
will be available for the full energy range. 
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Fig. 2 Schematic drawing of the new target/experimental hall. The mass separator target and the new beam line are at 264' 
elevation. At the final focal point of the mass separator the beam is bent up 90° and sent to the RFQ or to the Low Energy 
experiment stations. 
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Beam Dynamics of the TRIUMF ISAC RFQ 

S. Koscielniak, L. Root, R. Lee, R. Laxdal, TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. Canada, 
and I. Grguric, Engineering Physics Program, University of British Columbia 

Abstract 

We describe the beam dynamics design and report the antici
pated performance, including a sensitivity analysis with respect 
to beam injection errors or vane displacements, of the proposed 
TRIUMF ISAC Radio frequency Quadrupole (RFQ) accelera
tor. The 35MHz RFQ is intended for the acceleration of ions 
with a charge-to-mass ratio greater than 1/30 from 2 keV/u to 
150keV/u. Novel features of the design include the use of an ex
ternal quasi-sawtooth buncher, the use of only 'booster' and 'ac
celerator' sections, and a single constant phase angle of -25°. 
The vane design has large modulations and a constant transverse 
radius of curvature, and has been corrected to give the two term 
potential function coefficients. An important design objective is 
achieving small emittances. 

1 INTRODUCTION 

The ISAC project conceptual design was presented in [7] and 
more recently in [8]. ISAC consists of a an ISOL and two c.w. 
linear accelerators: a 35 MHz RFQ and a 105 MHz drift tube 
linac. The RFQ design can be separated into two parts: RF-
electrical and beam-dynamic. 

1.1 RF-theoretical design 

RF/mechanical engineering aspects of the design, including re
sults of power tests on a prototype, are reported in [9], while RF-
theoretical considerations are given in [10, 11, 12, 15, 16], and 
RF cold model studies reported in [17,18]. 

An important part of the electrical design is to produce sym
metrical vane voltages such that the orthogonal mid-planes be
tween the electrodes are at ground potential; and so the split 
coaxial type resonator[l], which leads to inherent asymme
try, was avoided. Instead, the Frankfurt 4-rod split-ring type 
resonator[5] was adopted. Unlike the Frankfurt design, which 
compromises voltage symmetry in favour of higher shunt re
sistance, the TRIUMF design has the inductively loading stems 
placed in close-pairs rather than equidistant; and this eliminates 
the unwanted even-type transmission line mode in favour of the 
desired odd-mode. Detailed 3D design work with the MAFIA 
code and extensive measurements on cold models resulted in a 
design that has a specific shunt resistance of « 400 kOhm.m. 

2 BEAM DYNAMICS DESIGN 

The history and progress of the beam dynamics design may be 
followed in [7,13,19], etc.. The present accelerator design has 
an external multi-harmonic buncher (composed of an RF gap 
and 5.3 m drift space) followed by an 8.0 m long RFQ which 
contains 7.6 m long modulated vanes and ancilliary space for 
vacuum flanges and RF tank end walls. The ISOL transmits a 
reference beam of 100% emittance = 0.17T mm.mrad (normal

ized), and based on tracking with the 2-term-potential the RFQ 
acceptance is almost 0.5x mm.mrad. 

2.1 Choice of parameters 

Let V be inter-vane voltage and r0 be characteristic radius from 
beam axis to pole tip. For a constant Kilpatrick factor, and aver
age electric field Ê = V/r0, it is found that the focusing strength 
B, the transverse acceptance A (in x-x' space), and the kinetic 
energy gain per cell AT are respectively given by 

B - qÊ\2/(moc
2r0) , A = qÊr0\/(m0c

2 x 8.88) , (1) 

AT = qEr0cos<t>sxQ.7854(l-a2/rl)/[l + (ita/p\)2] . (2) 

From these equations, it is clear that increasing B by reducing 
bore radius will lengthen the RFQ and reduce the acceptance. 
For this reason, we have taken B rather lower than is conven
tional. Contrarily, too small a value of B results in inadequate 
transverse focusing. A compromise was reached with 5 = 3.5. 
Increasing B by using long wavelength A leads to prohibitively 
large RF-electrical structures. 

Because a pre-bunched beam is injected into the RFQ and be
cause space-charge effects are negligible, the RFQ vane profiles 
are shortened to comprise only 'booster' and 'accelerator' sec
tions. Though a Yamada-type recipe is used for the vane profiles, 
the shaper and gentle buncher portions of the RFQ are omit
ted leading to substantial shortening. Further, the synchronous 
phase is large and constant, which maximises the acceleration. 
Two candidate reference designs were studied in detail, and the 
main parameters are presented below. 

# 

(1) 
(2) 

L(m) 
6.25 
7.60 

kV 
85.4 
73.2 

ro 
.8645 
.7410 

B 
3.0 
3.5 

Arf 

-.0400 
-.0408 

m 
2.637 
2.599 

à 
.4476 
.3846 

Both designs have a gap-dependent Kilpatrick factor of 
Ê/EKûp = 115. Design (1), though very attractive, has the 
transverse and longitudinal tunes cross. To avoid the possibility 
of a 2nd order synchro-betatron parametric resonance[3], the 
focusing strength was raised from B — 3.0 to B = 3.5 result
ing in design (2). Larger B also reduces the sensitivity w.r.t. 
transverse injection errors. To compensate the lower intervane 
voltage of design (2) the RF-defocusing parameter was raised 
so as to shorten the 'booster' section, and the minimum bore 
radius, ô, was reduced from 0.45 to 0.38 cm to shorten the 
'accelerator' section. The chosen RFQ reference is design 
(2). In the booster section the modulation index, m, is rapidly 
ramped from 1.124 to 2.6 The beam radius is typically 2.5 mm. 

J. Staples, of LBL, advised to consider the scenario of inad
equate vane voltage and its impact on the longitudinal accep
tance; and after study (see figure 1) it was concluded to move the 
synchronous phase angle further from the crest of the RF wave
form; from -20 (design 1) to -25 degrees (design 2). 
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Figure 1: Transmission versus voltage fraction 

2.2 External buncher 

The use of an external, independent buncher had been consid
ered academically for some time [13, 14, 20] but the request 
from experimentalists to do 'time of flight' work and discrim
inate against background made this essential. Pulse spacings of 
86 nsec. are obtained by placing a quasi-sawtooth waveform 
klystron-type buncher operating at the 3rd sub-harmonic 5.3 m 
upstream of the RFQ. The buncher is excited with 11.667 MHz 
fundamental and its first three harmonics. The choice to bunch 
rather than chop the beam maximizes the beam transmission by 
phase-concentration into the RFQ's acceptance. This approach 
also shortens the RFQ (by eliminating the internal bunching sec
tions) and improves longitudinal emittance at the RFQ exit. 

The buncher-to-RFQ separation is a compromise: close prox
imity makes bunching less sensitive to energy spread and/or off
set of the incident beam but increases the required voltages. Ki
netic energy errors arise from imperfect regulation of the ion-
source voltage and from the inherent energy spread produced 
within ion source itself; and are anticipated to be several eV. 
With a separation of 5.3 m, the system can accomodate beams 
with a Gaussian distributed random energy variation of la = 10 
eV without any significant degradation in performance. 

The proposed buncher hardware consisists of two parallel 
plates, with apertures of radius 0.7 cm, separated by 0.8 cm and 
enclosed in a grounded box. The dimensions are large compared 
to (3X so that the acceleration is confined to the region between 
the plates. The peak inter-plate voltage will be less than 400 V 
for each of the Fourier components. A broad-band solid-state 
amplifier in conjunction with a ferrite core step-up transformer 
will be used to drive the plates in push-pull mode. 

The beam dynamics of the buncher have been modelled 
numerically [25] by integrating 5000 particles through calcu
lated 3D fields. Because the buncher dimensions are much less 
than A, the static field approximation was used to determine the 
spatial dependence of the fields using the RELAX3D[6] code. 
The subsequent buncher-to-RFQ beam line was assumed to be 
composed of a periodic section of quadrupole doublets. The 
transverse emittance growth due to the buncher is less than 1%. 

Figure 2 shows the longitudinal distribution of the bunched 
beam at the RFQ entrance extends over three periods of the 
35 MHz RF. Calculations with PARMTEQ[2] indicate that ap
proximately 80% of this beam can be successfully transported to 
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Figure 2: Longitudinal phase space 

the exit of the RFQ. About 20% of the particles are lost longitu
dinally, because the tails of the bunched beam fall outside of the 
RFQ's acceptance and will be eliminated with a chopper. 

23 Radial matching section 

The designs of Yamada and Crandall for the vane profiles in 
the radial matching section (RMS) have been improved[24] and 
used as a basis for 3D particle tracking through the fringe fields 
in the region between the tank wall and the RFQ periodic fo
cusing channel. The fields were computed with RELAX3D 
and input to the tracking program TRACK[27]. A detailed 
study [26] was deemed necessary, because of the very low rigid
ity of 2keV/u ions and consequent sensitivity to disturbances. 
The RMS profile was optimised (by stretching from 8 to 10 cells) 
to reduce the required beam convergence at the RFQ input. 

3 VANE PROFILES AND FIELD CORRECTION 

If one uses the ideal pole-tip geometry of the two-term potential 
function, then constant focusing parameter, B, leads to a con
stant characteristic radius r0. However, we have adopted vanes 
with constant transverse radius of curvature (i.e. semi-circular 
pole tips), in which case constant B implies a varying r0. The 
simpler geometry gives rise to high order multipoles, but the 
choice of low tunes, makes the beam dynamics inherently insen
sitive to them. This electrode geometry is inexpensive to man
ufacture, but has the disadvantage that the local bore radius, a, 
and modulation index, m, of each cell must be adjusted to obtain 
the same electric fields as for the ideal geometry. A method to 
do this and its implementation is described in [12,13]. The algo
rithm leaves the cell length, /, invariant, and recently advantage 
was taken of this property to improve the accuracy by replacing 
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3D interpolation from an array of coefficients indexed by m, a, I 
with a set of 2D interpolations, one for each cell. The vane pro
files are sketched in figure 3. 

4 SENSITIVITY ANALYSIS 

The goal of the most recent RFQ beam dynamics simulations 
was to perform a sensitivity analysis of the RFQ performance 
(transmission and emittance) with respect to injection errors of 
the beam and displacement errors of the vanes. 

4.1 Beam injection errors 

To facilitate automation, interactive shells for the RFQ simula
tion programs were devised using the LISP-like scripting and 
GUI builder language 'tcl/tk' with 'expect'. The PARMTEQ 
program was modified so that the description of a field-corrected 
RFQ could be read from file. Particle tracking with the 8-term 
potential shows[23] substantial halo formation and emittance 
growth even for the on-axis beam: 1% of particles constitute 
40% of the occupied phase-space area. 

Based upon tracking an ensemble of 4400 particles with var
ious initial injection errors it is concluded that beam position, 
angle, phase and energy offsets, respectively, Ar < 0.5 mm, 
Ar' < 0.02 rad, A<f> < 5°, AT < 0.5 keV will cause less 
than 10% growth of the 95% emittance contours; and often much 
less. Growth of the 99% contours is usually much less than 
25%. Within the stated injection error tolerances, the transmis
sion through the RFQ is always 91.5% except for the case of 
A = -0.5 keV where it drops to 90%. 

4.2 Vane position errors 

The vane displacement study is being performed with the pack
age 'RFQCOEF'[4] in conjunction with PARMTEQ. Extensive 
modifications and improvements have been made to these codes 
at TRIUMF, particulalry to the algorithms for the effect on the 
meshing of displacing the vanes. The mesh generator now ac
cepts the RFQ description after field correction, and this entails 
using a different r0 for each cell. When vanes are moved, the 8-
term potential is supplemented with dipole and sextupole com
ponents to give a 10-term potential; normalization discrepancies 
between RFQCOEF and PARMTEQ of the 10-term coefficients 
have been corrected. 

Let us number the vanes counter-clockwise. Based upon the 
mechanical support and connections we consider two types of 
vane displacement: (i) where vanes 1&3 and/or 2&4 move as 
pairs with radial errors (likely vibrational modes); and (ii) where 
all vanes twist (likely thermal deformation). We have consid
ered both constant and ramped vane position errors. 

For combinations of vane movements of norm less than 
.2 mm, there is no detectable change in the transmission, and 
the growth of the 95% emittance contours is typically less than 
5%. For movements of less than .5 mm, the emittance growth is 
less than 40%. But for larger displacements the emittance grows 
very quickly and the transmission drops dramatically; e.g. with 
a 0.1-0.9 mm rampthe transmission falls to 77% and the 95% 
emittance increases more than 5-fold. Analytic estimates of the 
dipole coefficients and emittance growth are given in[28]. 

5 REFERENCES 

[1] R. Muller. Layout of Linac for Heavy Ions with RFQ focusing, 
GSI-REP-79-7. 

[2] K.R. Crandall: RFQ beam dynamics design studies; Proc. of 1979 
Linac Conf. MontaukN.Y. USA, BNL-51134. 

3] R. Gluckstem: Notes on Beam Dynamics in Linear Accelerators, 
pp.73-74, Los Alamos Informal Report LA-8526-MS. 

4] N.J. Diserens: RFQCOEF: a package for extracting the harmonic 
coefficients of RFQ cell; Proc. of 1984 Linac Conf. Darmstadt, Ger
many, GSI-84-11. 

[5] A. Schempf: Nuclr. Instr. & Meth. B10/11 (1985) p.831. 

6] H. Houtman: Developments in RELAX3D, a 2DI3D Laplace & 
Poisson solver, 13th Int. Cyclotron Conf., Vancouver 1992, pp.411 

7] ISAC: A Proposal for a Radioactive Beams Facility, TRI-95-1. 

8] P. Bricault el ah ISAC: Radioactive ion beams facility at TRIUMF, 
these proceedings. 

9] R.L. Poirier et al: The RFQprototypefor the radioactive ion beams 
facility at TRIUMF, these proceedings. 

10] S. Koscielniak: Optimization of shunt resistance for a rod type 
RFQ, TRI-DN-93-34. 

11] S. Koscielniak: Even-odd mode transmission line model of rod 
type RFQ, TRI-DN-93 -35. 

12] S. Koscielniak: Analytic study of transverse shunt resistance and 
even-odd mode coupling of a rod type RFQ; p.2188 Proc. EPAC 94, 
London, England. 

13] S. Koscielniak: Reducing longitudinal emittance growth in RFQ 
accelerators; pp. 526, Proc. Linac 94, Tsukuba, Japan. 

14] J. Staples: Reducing RFQ output emittance by external bunching; 

Particle Accelerators, 1994, VOL47,pp 191-199. 

15] P. Bricault: Simulation of the TRIUMF split ring 4 rod RFQ with 

MAFIA, TRI-DN-95-5. 

16] P. Bricault: Analytic expressionfor shunt resistance of split-ring 

4 rod RFQ, TRI-DN-95-11 

17] P. Bricault: Simulation of the TRIUMF split-ring 4-rodRFQ with 

MAFIA; Proc. PAC 95, Dallas, Texas. 

18] P. Bricault: RFQ cold model studies; Proc. PAC 95, Dallas, Texas. 

19] S. Koscielniak: Design History of the ISAC RFQ, TRI-DN-95-4. 
20] S. Koscielniak: RFQ-type buncherwith zero transverse focusing 

for TRIUMF ISAC, TRI-DN-95-27. 
21] S. Koscielniak: Brief history of RFQ beam dynamics investiga

tion with higher order potential function; TRI-DN-95-31. 
22] D. Kaltchev: Effect of gradient perturbations upon tune and beta-

function of the TRIUMF ISAC RFQ, TRI-DN-95-30. 

23 ] S. Koscielniak: Correction of field errors in ISAC RFQ, to be pub
lished in Proc. of EPAC 96, Sitges, Spain. 

24] S. Koscielniak: Vane profiles in the radial matching section of the 
ISAC RFQ, TRI-DN-96-7. 

25] L. Root: Beam dynamics feasibility study for apre-RFQ subhar-
monic buncher, TRI-DN-96-9. 

26] R.Lee: ISAC RFQ Radial Matching Section BeamTracking, I'RI-
DN-ISAC-13. 

27] J. Staples: TRACK, an RFQ particle tracking program, LBNL, 
March 1996. 

28] S. Koscielniak: Analytic formulae for the dipole coefficients of an 
RFQ cell with displaced vanes, TRI-DN-ISAC-14. 

404 



THE RFQ PROTOTYPE FOR THE RADIOACTIVE ION BEAMS FACILITY AT TRIUMF 

R.L. Poirier, P.G. Bricault, K. Jensen, A. K. Mitra 

TRIUMF, Vancouver B.C. Canada 

Abstract 

The ISAC radioactive ion beams facility being built at 
TRIUMF requires cw operation of a low frequency RFQ 
structure. This implies a large structure with adequate cooling 
while still maintaining mechanical alignment and stability. Our 
goal is to achieve a thermal stability alignment of +/-0.08 mm 
along the entire length of the RFQ structure and a dynamic 
stability of the operating assembled RFQ structure, taking into 
account deformation due to thermal drifts and vibrations 
induced by cooling and vacuum pumps, to within +/- 0.025 
mm. Cold model studies [1] have been carried out to confirm 
the RF characteristics of the RFQ design. To confirm the 
manufacturability of the design to maintain the above 
tolerances, a prototype section consisting of three RFQ rings 
is being fabricated and will be tested to full cw power (85 kV 
between electrodes). The basic design of the structure is 
different from other RFQ structures in that the RF surfaces 
have been de-coupled from the mechanical support structure 
for improved stability. The features of this mechanical design 
will be discussed and the first results of the RFQ prototype 
tests will be presented. 

Introduction 

The accelerating system of the ISAC radioactive ion beams 
facility consists of an RFQ and a post -stripper DTL. Singly 
charged ion beams with A < 30, delivered from the on line 
mass separator with an energy of 2 keV/u, will be accelerated 
to 150 keV/u through the RFQ and then to a maximum energy 
of 1.5 MeV/u through the DTL structure. The low charge-to-
mass ratio of the ions dictate a low operating frequency to 
achieve adequate transverse focusing, and cw operation is 
required to preserve beam intensity. The reference design [2] 
for the RFQ is a four rod split ring structure operating cw at 
35 MHz with 85 kV potential between the electrodes. The 
RFQ accelerator section is 8 meters long and is designed in 40 
cm long modules. To confirm the manufacturability of the 
design to maintain the tight tolerances, an RFQ prototype 
section consisting of three such modules is being fabricated but 
initial measurements are made on a single module. 

RFQ Components 

Figure 1 is a sketch of one module with the major 
components identified. The basic design of the structure is 
different from other RFQ structures in that the water cooled 
RF skin has been de-coupled from the mechanical support 
structure (strongback) for improved mechanical stability. This 
design feature introduces an additional joint across the RF 

current path at the interface of the electrode supports and the 
RF skin in which special care must be taken to provide a good 
RF contact. The first module uses an indium gasket and a 
groove is provided for fingerstock contacts. 

Electrodes 

The electrodes (Fig. la) are machined from Tellurium 
copper which has an electrical conductivity of 93%. The 
electrodes are 40 cm long with a tip radius of 8.61 mm. The 
cross section of the electrode is shaped to provide the proper 
tip capacity and sufficient room for cooling channels. Two 
additional sample electrodes were successfully machined with 
the injection and extraction modulations incorporated into the 
tip radius. 

Figure 1. Sketch of one RFQ module, (a) electrodes, (b) 
electrode supports, (c) shims (d) strongback, (e) inner RF skin, 
(f) outer RF skin (g) stem, (h) adjustable base plate (i) RF 
shield (j) vacuum tank wall 

Electrode Supports 

Tellurium copper was not readily available in the size 
required for the electrode supports (Fig. lb) and were 
therefore NC machined from chromium copper which has an 
electrical conductivity of 80%. The electrode supports were 
complicated by a non-uniform tapered shape to maintain the 
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optimum structure design for maximum shunt impedance and 
the desire to have three separate cooling circuits (electrodes, 
electrode supports, RF skin) in the prototype to measure the 
power distribution in the RFQ module. Provision has been 
made for shimming (Fig. lc) the electrodes with respect to the 
electrode supports. 

Strongback 

The purpose of the strongback (Fig. Id) is to provide the 
mechanical stability of the RFQ structure. For the prototype it 
was more expedient to fabricate it from aluminum but for the 
accelerator system it could be fabricated from carbon steel to 
provide added mechanical stability if necessary. The cross-
section is 7.0 cm wide and a radial thickness of 4.5 cm. The 
outer radius of the strongback ring is 22 cm. 

RFSkin 

The RF skin is fabricated from standard copper sheet. The 
inner RF skin (Fig. le) includes the side surfaces of the ring, 
giving it a U shaped cross-section 15 cm wide and 8 cm deep 
with an outer radius of 26 cm. An initial attempt to spin it from 
one piece of copper failed and was subsequently fabricated 
from three separate pieces of copper with welded joints at a 
radius of 19 cm on each side surface. Since the joint is in the 
direction of the current flow, the effect should be minimal on 
the losses. To ease the fabrication process the wall thickness 
was increased from 2.5 mm to 5 mm with the consequence of 
producing a much stiffer RF skin structure than initially 
planned. In the meantime we were successful in finding a 
manufacturer who was successful in spinning the RF skin from 
one piece of 1.75 mm thick copper sheet and the second RFQ 
module will incorporate this RF skin and enable us to compare 
the two designs. The inside surface of the RF skin is water 
cooled. The outer RF skin (Fig. If) is a simple flat copper strip 
15 cm wide shaped to the outer radius of the inner RF skin 
with an extension at the bottom to cover the stem. 

Stem and Base Plate Assembly 

The stem (Fig. lg) is fabricated from mild steel in two 
sections and is nickel plated to prevent any rusting. Its main 
purpose is to support the weight of the RFQ structure in its 
proper position and provide access for the water cooling 
circuits. 

The base plate assembly (Fig. lh) for the RFQ prototype 
allows for 6 degrees of adjustment in order to have better 
control of the alignment for measuring misalignment effects on 
the RF field. The base plate assembly for the accelerator 
system will be greatly simplified. 

RF Skirt 

The RF skirt (Fig. li) shields the base plate assembly and 
linear bearings from the RF fields. It is fabricated from 
standard copper sheet with finger contact at the stem and the 
vacuum tank wall. 

Vacuum Tank 

The vacuum tank (Fig. lj) is fabricated from copper plated 
mild steel with an inner diameter of 104 cm. Unfortunately a 
30 cm wide strip at the top of the tank did not get copper 
plated and the quality of the copper plating on the rest of the 
tank was very poor. Also the RFQ design was based on a tank 
diameter of 120 cm. Both these errors will increase the RF 
losses in the tank wall for the prototype system. 

RFQ Measurements 

Figure 2 is a photograph of the first ring installed in the 
vacuum tank. In order to obtain preliminary measurements the 
electrodes were aligned to only +/- 0.250 mm but the average 
alignment (i.e., electrode tip capacitance) was within the +/-
0.08 mm tolerance. 

Figure 2. Photograph of first RFQ module installed in the tank. 

Signal Level Measurements 

The frequency was measured to be 35.186 MHz compared 
to the design value of a nominal 35 MHz. Although MAFIA 
predicted a Q as high as 14000 for the single ring the 
maximum Q measured was 7200. Improving the RF contacts at 
the interface of the electrode/electrode support or the 
electrode support/RF skin did not improve the Q. Mafia 
predicted an R/Q of 71 ohms compared to a measured R/Q of 
60.4 ohms A shunt impedance of 435 kilohms was derived 
from the measured values of Q and R/Q which gives a power 
requirement of 8.3 kW for 85 kV at the electrodes. 
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Power Level Measurements 

Without the RFQ module installed, the tank vacuum was 4 x 
10-7 torr. With the RFQ module installed, following several 
days of pumping, leak checking and bakeout, a vacuum of 1.2 
x 10-6 torr was reached. By the end of two weeks of power 
level measurements the base vacuum was 6 x 10-7 torr and 9.5 
x 10-7 torr with RF on. Full voltage was reached in 8 hours 
with only two minor problems; heating on the top of the 
vacuum tank where the copper plating was missing and 
production of x-rays from the walls of the ports where the 
material is thinner than the tank wall. A water cooling saddle 
was installed on the top of the tank and the port walls were 
wrapped with lead shielding to attenuate the x-ray radiation to 
acceptable working levels. A graph of the X-ray production 
near the window port as a function of electrode voltage is 
shown in Figure 3 for both cw and 20% duty cycle operation. 
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Figure 3. X-ray production near the window port. 

The voltage at the gap was determined by measuring the 
energy of the x-rays produced and gave a power requirement 
of 8.0 kW for 85 kV at the electrodes, which is in very good 
agreement with the signal level measurement and calculation 
of 8.3 kW. 

Thermocouples and water flow meters were installed on the 
return lines of the cooling circuit for the electrodes, electrode 
supports and R F skin. The remaining power was assumed to be 

dissipated in the vacuum tank wall. With proper copper plating 
and increased tank diameter for the actual RFQ accelerator 
system, the tank wall losses are expected to be much less. 
Table 1 is a summary of the RF power distribution. 

Table 1 
RF Power distribution for the RFQ module 

Skin 
Electrode Support 
Electrode 
Tank wall 
Total 

Kilowatts 
3.6 
1.8 
1.2 
1.4 
8.0 

Percentage 
45.0% 
22.5% 
15.0% 
17.5% 
100% 

The frequency of the RFQ decreases by 36 kHz from signal 
level to full power (see figure 4). The thermal movement of the 
electrodes from signal level to full power was measured by 

observing the position of the electrodes with a theodolite. A 
movement of less than +/- 0.050 mm was observed when the 
voltage was slowly increased to 85 kV and no dynamic 
movement (< +/- 0.25 mm) was observed due to cooling water 
or vacuum pumps. When the voltage was instantaneously 
applied a movement of approximately 0.200 mm was 
observed by each pair of the same polarity electrodes in the 
direction away from the beam centre, but returned to its 
aligned position within three minutes. 
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Figure 4. Frequency change as a function of electrode voltage. 

The effect of slowly shutting off the water cooling to the 
electrodes was a decrease in frequency of 18 kHz with no 
observable movement of the electrodes. 

Conclusion 
Despite the design changes which had to be incorporated for 

manufacturability, the design feature of de-coupling the water 
cooled RF skin of the ring from the mechanical strongback 
structure was successfully fabricated and a stable RFQ module 
was produced. Our thermal and dynamic stability tolerances of 
+/- 0.08 mm and +/- 0.0250 were achieved. The RF 
specifications of 85 kV between electrodes at 35 MHz was 
also achieved. 

Plans are already in progress to simplify the RFQ design to 
reduce the cost. 
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EXPERIMENTS ON RESISTIVE-WALL INSTABILITY IN SPACE-CHARGE DOMINATED 
ELECTRON BEAMS WITH LOCALIZED SPACE-CHARGE WAVES 

J. G. Wang, H. Suk, and M. Reiser 
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Abstract 

We present the experimental results on the interaction 
between a resistive wall and the localized space-charge waves 
in space-charge dominated beams. The experiments have 
clearly demonstrated the growth of slow waves due to the 
resistive-wall instability and the decay of fast waves. The 
spatial growth/decay rates are measured and compared with 
theoretical analysis. 

Introduction 

The longitudinal instability of charged particle beams is 
an important issue in particle accelerators. The theoretical 
investigation of longitudinal velocity instability began long 
time ago in connection with the development of microwave 
tubes [1-2]. The amplification of longitudinal density 
fluctuations was first observed in an electron stream 
surrounded by a resistive wall by Birdsall et ai. [3]. The first 
theoretical work on the longitudinal resistive instability for 
intense coasting beams in particle accelerators was performed 
by Neil and Sessler [4]. Following these early studies, 
considerable theoretical work has been done mainly for 
circular high-energy particle accelerators [5], 

In recent years, the problem of longitudinal instabilities 
has received new attention in connection with induction linear 
accelerators as drivers for heavy ion inertial fusion. When the 
heavy ions are accelerated by induction gaps, the beam sees 
dissipative impedances. The interaction between the intense 
beam and the gap impedances causes the longitudinal 
instability which may be detrimental to the beam. Though 
there have been extensive theoretical and computational 
investigations on the instability [6-11], an experimental study 
of the instability with heavy ion machines would be too 
difficult and too costly since a large-scale facility would be 
required. This is evidenced by the conventional spatial 
growth rate formula 

k.,R;,p^o 
gmy 

(1) 

where R„* is the wall resistance per unit length, AQ is the 
beam line-charge density, q/m is the ratio of charge to mass of 
the particles, y is the relativistic Lorentz factor, e0 is the 
permittivity of free space, and g is a geometry factor of the 
order of unity. With heavy ions in induction linear 
accelerators an e-fold growth rate would require a machine of 
hundreds of meters in length, according to Eq. (1). 

We have designed an experiment to study the longitudinal 
instability with space-charge dominated electron beams [12]. 
By taking advantage of the small mass m of electrons, the 
large line-charge density Ao in space-charge dominated 
beams, and using a rather large wall resistance R^*, we are 
able to measure the instability growth rate in a small-scale 

facility. A novel feature in our experiments is the fact that we 
employ localized space-charge waves. Conventionally, the 
longitudinal instability has been studied with sinusoidal 
waves. This approach does not usually lead to a complete 
solution of the problem. In practice, perturbations to beams in 
accelerators are often in the form of localized short pulses. 
Thus, a time-domain approach based on localized 
perturbations in the experiment provides a better picture and a 
more realistic and complete analysis of the instability. 

Experiments 

The experimental setup, as shown in Fig. 1, consists of a 
short-pulse electron beam injector, a resistive-wall channel, 
and diagnostics. The injector contains a gridded electron gun, 
which can produce desired beam parameters with localized 
perturbations. The key component of the resistive-wall 
channel is a glass tube of about 1 m in length and 3.81 cm in 
inner diameter. The inner surface of the glass tube is coated 
with Indium-Tin-Oxide. The total resistances of two tubes 
employed in the experiments are 5.44 kQ and 10.1 kfi, 
respectively. The beam is focused by a 1.4-m long uniform 
solenoid. The diagnostics includes two fast wall-current 
monitors at the entrance and the exit of the resistive tube to 
measure beam current signals with perturbations. Typical 
beam parameters are 3-8 keV in energy, 25-140 mA in 
current, and about 100 ns in duration. 

Current Monitor 2 
Diagnostic Chamber 

CCD 

=3P 

Injector 

1 Phosphor ScreerJ ' 
Solenoid Computer 

Fig. 1 Setup of resistive-wall instability experiment. 

In the experiment, electron beams with localized 
perturbations are generated in the gridded electron gun and 
transported through the resistive-wall channel. By employing 
the technique described in a previous paper [13], single slow 
or fast waves can be developed on these beam pulses. The 
interaction between the space-charge waves and the resistive 
wall leads to the instability. Figure 2 shows the growth of a 
single slow wave where (a) depicts the beam current signals 
with a slow wave at the entrance and exit of the channel, (b) is 
the zoom-in view of the slow wave before and after the 
resistive channel. It is clear that the amplitude of the slow 
wave is increased as expected. A similar picture is obtained 
for the decay of a localized fast wave after passing through the 
resistive-wall channel. 
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Fig. 2 Growth of a single slow wave. 

For localized perturbations, the spectrum of space-charge 
waves covers a wide frequency range. In general, the spatial 
growth/decay rate k, of the longitudinal instability under the 
long-wavelength limit is given by [14] 

1/2 

k, =± 
7tK(Ù 

20c V R
W 

2
+x; 2 -x: (2) 

Here K is the generalized perveance, Z0=l/(eoc)=377 Q, co is 
the perturbation frequency, and Xs is the space-charge wave 
impedance per unit length given by 

gZoffl 

X. = 
47tcP2y2 (3) 

It is obvious that both the growth rate and the space-charge 
wave impedance are frequency-dependent. If the space-charge 
wave impedance dominates over the wall resistance, the 
spatial growth rate formula, Eq. (2), reduces to Eq. (1). 

In the experiments various perturbation waveforms from 
a Gaussian-like or triangular shape to a "trapezoidal" one with 
a flat top have been employed for the instability study. The 
trapezoidal-like perturbation waveform contains a wide 
frequency spectrum. The long-wavelength limit condition is 
still satisfied for most frequency components of this spectrum 
in the experiments, so that Eq. (2) does apply. For the low 
frequency components, the space-charge wave impedance is 

comparable to or even smaller than the wall resistances. 
Hence Eq. (1) is not valid any more. The growth/decay rate 
for these frequency components would be smaller than that 
determined by Eq. (1). Overall, the amplitude 
increase/decrease of localized slow/fast waves are smaller than 
what is usually expected according to Eq. (1). 

Analysis 

In the analysis, we first find the frequency spectrum 
density of the measured input perturbation signal h;(f) at the 
entrance of the resistive channel by the Fourier transformation 

H i(w)=4=i"i(0-e_iM,dt- w 
The calculated output signal h0(t) at the exit of the channel is 
obtained by the inverse Fourier transformation 

ho( t) = ' J Hj(a>> e " ^ • e ^ ' - ^ H i c D , (5) 
V27t 

where L is the length of the resistive tubes, and k,(cù) is the 
perturbed wave number given by 

,-il/2 

k , = - ^ : 
(3c 

7lKcD 

Z0c 
VR*w + x (6) 

The function h0(t) is compared with the measured output 
signal. 

In Fig. 3 we compare the experimental data for a slow 
wave of the trapezoidal-like perturbation with the analysis. 
Here (a) depicts the experimental perturbation at the entrance 
(input) and the exit (output) of the channel. In Fig. 3(b) the 
"input" denotes the digitized input signal in (a), while the 
"output" represents the slow space-charge wave at the exit of 
the channel, calculated from Eqs. (4)-(6). A similar 
comparison between the experiment and analysis for a fast 
wave can also be made. In both cases (slow and fast waves), 
there is good agreement between the experiment and the 
analysis in terms of the average wave amplitude. The rather 
significant difference on the edges of the perturbation 
waveform is due to the effect of high frequency components 
beyond the long wavelength limit in the perturbation signal, 
the effect of distributive capacitance along the resistive wall, 
and some reflections in the measured signal from mismatch. 
These are a subject of future study. 
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50 60 70 80 90 100 110 120 13 

Time(ns) 

409 



1 I ' I ' I ' I ' 
80 90 100 110 120 13 
T i m e ( n s ) 

Fig. 3 Comparison between experiment and analysis for a 
slow wave. 

Figure 4 shows the amplitude growth rates of the slow 
waves with the trapezoidal waveforms for different beam 
parameters and wall resistances,' where the dots with error bars 
represent the experimental results, the stars are from the 
Fourier analysis, and the triangles are from Eq. (1). The data 
points 1-5 are from the 5.44 kQ tube, while the data points 6-
10 are from the 10.1 kQ tube. Note that for each data point at 
a certain beam energy, the beam current as well as the 
geometry factor g, differ. A similar plot for the decay of fast 
waves with the same perturbation waveforms is shown in Fig. 
5. These figures show that the amplitude changes of localized 
space-charge waves passing through a resistive channel are 
smaller than the theoretical values calculated from Eq. (1). 
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Fig. 4 Amplitude growth rate of slow waves. 
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Fig. 5 Amplitude decay rate of fast waves. 

Summary 
The resistive-wall instability experiment has 

demonstrated the growth of slow waves and the decay of fast 
waves. The theoretical analysis of the evolution of the pulse 
shape in the resistive channel based on Fourier transforms 
shows good agreement with the measurement except for edge 
effects where the distributive capacitance plays a role and the 
long wavelength assumption breaks down. We have found 
that the amplitude change of localized space-charge waves 
due to the instability is smaller than that calculated from the 
conventional growth rate formula of Eq. (1). 

This research is supported by the US Department of Energy. 
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Abstract 

A 2.5-MeV prototype of a "Compact 12-MeV Proton 
Linac for PET Isotope Production" is under construction at 
Linac Systems. This unit will serve as the "proof of 
principle" for the revolutionary new Rf Focused Drift tube 
(RFD) linac structure. Both the prototype and the production 
unit will operate at 600 MHz. The prototype comprises a 25-
keV proton ion source, a short LEBT, a 0.65-m-long RFQ 
linac to 0.8 MeV, and a 0.35-m-long RFD linac to 2.5 MeV. 
Because of the similarity of the accelerating and focusing 
properties of the RFQ and RFD linac structures, no matching 
section is required between them. The two linac structures 
will be resonantly coupled together and powered by a 
collection of planar triodes. The prototype is scheduled for 
completion in the fall of 1997. 

Introduction 

The RFD Linac Structure11'51 resembles a drift tube linac 
(DTL) with radio frequency quadrupole (RFQ) focusing 
incorporated into each "drift tube". As in conventional DTLs, 
these drift tubes are supported on single stems along the axis 
of cylindrical cavities excited in the TM0io rf cavity mode. 
The RFD drift tubes comprise two separate electrodes, 
operating at different electrical potentials as determined by 
the rf fields in the cavity, each supporting two fingers 
pointing inwards towards the opposite end of the drift tube 
forming a four-finger geometry that produces an rf 
quadrupole field distribution along the axis. The fundamental 
periodicity of this structure is equal to the "particle 
wavelength", $\. The particles, traveling along the axis, 
traverse two distinct regions, namely gaps between drift tubes 
where the acceleration takes place, and regions inside the drift 
tubes where the rf quadrupole focusing takes place. 

Most proton and light-ion linac systems start with an 
RFQ linac section to capture the beam from the ion source 
and to bunch it for acceleration in more efficient linac 
structures. The RFD linac structure provides a graceful way 
to accelerate the small diameter, tighdy bunched beams that 
come from RFQ linacs to higher energies. Because of its rf 
electric focusing, the RFD linac structure operates well at 
much lower energies than the conventional magnetically 
focused DTL linac. Consequently, the transition energy 
between the RFQ linac, required to capture the unbunched 
beam from the injector, and the RFD linac can in the range 
of 0.5 to 1 MeV, significantly lower than for conventional 
RFQ/DTL combinations. 

* Work supported by the National Institute of Mental Health, 
(NIMH). 

The Prototype 

The "Proof-of-Principle" prototype, under construction at 
Linac Systems, involves acceleration of a 25-keV proton beam 
from the ion source to 0.8 MeV in a 0.65-m-long RFQ linac 
and on to 2.5 MeV in a 0.35-m-long RFD linac structure. 
The experimental setup, made possible by an SBIR Grant 
from the National Institute of Mental Health, is shown in 
Fig. 1. At this relatively low transition energy, the 
acceleration and focal properties of the RFQ are very close to 
that of the RFD. Consequently, little or no matching is 
required between the structures. The RFQ structure can be 
bolted directly to the RFD structure and resonantly coupled to 
it. The extreme simplicity of the interface between the two 
structures contributes to the practicality of this operational 
test on a limited budget. The entire length of the two linacs, 
including their interface, is only one meter. We believe that 
this new structure will become the structure of choice to 
follow RFQ linacs in many applications. 

The ion source and LEBT system can be of conventional 
design. The ion source will be a simple duoplasmatron of the 
type used in the PIGMI program at Los Alamos in the late 
'70s. This design is readily available in the public domain. 
The LEBT will consist of a drift space to let the beam expand 
followed by one or two einzel lenses for focusing the beam 
into the aperture of the RFQ linac. A current toroid at the 
entrance to the RFQ will provide a measure of the beam 
current at that point. An ultra-thin vacuum valve will provide 
vacuum isolation between the LEBT and RFQ regions. 

ION SOURCE \ 
LEBT 

RFQ UNAC RFQ/RPD RFD UNAC 
INTERFACE 

ACCELERATED 
BEAM 
DIAGNOSTICS 

Fig. 1. The "Proof-of-Principle" Prototype. 
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Because of the exceptional low-energy capabilities of the 
RFD structure, the RFQ linac need only go to 0.8 MeV. The 
cross section of this 0.65-m-long RFQ structure is shown in 
Fig. 2. The width of the assembly is only 0.16 meters. It will 
be built out of tellurium copper in four pieces as shown in the 
figure. The cooling channels will be gun drilled. The vane 
tips will be contoured by a "v-shaped" die in a die-sinker type 
of EDM machine. The four pieces will be pinned and bolted 
together (copper bolts), and hydrogen furnace brazed 
together, using the wire alloy technique tested recently by 
LANL. It will also be brazed to its stainless steel mounting 
flange at the same time. As the RFQ is surrounded by an 
aluminum vacuum jacket, these brazes and penetrations 
(monitor loops, coupling slots, etc.) need not be vacuum tight. 

Fig. 2. Components of die RFQ Assembly. 

Enclosing the RFQ structure inside of a vacuum jacket 
simplifies some facets of the design and complicates others. 
Special provisions have to be made for electrical and cooling 
services and their connections. The cooling water will come 
in and out through the bottom edge of the RFQ mounting 
flange and be routed to supply and return manifolds running 
die length of the RFQ inside the vacuum jacket. The 
electrical connections (monitor loops, thermal couples, etc.) 
will terminate on a panel that seals to a window frame in the 
vacuum jacket that is on the back side of the RFQ. 

The RFQ/RFD interface is extremely simple. The RFQ 
structure will be bolted directly to the RFD structure. There 
will be no provision for beam manipulation (steering), beam 
diagnostics, or vacuum isolation at this interface. 

A resonant coupler, designed to couple the excitation of 
the two linac structures together by locking their fields in 
phase and amplitude, will be employed. This resonant 
coupler will extract precisely the right amount of rf power 
from the RFD structure to excite the RFQ structure. Such 
couplers operate in the n/2 rf cavity mode and are well 
understood. They have been employed in many standing-

wave linac applications since the discovery of their potential 
by researchers at Los Alamos in the mid '60s. 

The RFD linac structure will be relatively short (0.35 m) 
as it need only go to 2.5 MeV. The linac tank, consisting of a 
mick-walled (22-mm) aluminum tube with a rectangular bar 
of aluminum welded to one side, represents the principal 
structural element of die linac. The linac tank for this 
prototype is 0.38 meters in diameter and weighs 42 kg. The 
tank is copper plated on the inside and anodized on the 
outside. 

The average rf power dissipation in the structure is 3 kW, 
approximately 2 kW of which are dissipated in the tank wall. 
The cooling channels are gun drilled in the tank wall. 
Provisions are made at the ends of the tank to put some of 
these channels in series. All water connections to the tank 
will be near the bottom of the structure. 

The tank will be oriented with the welded bar at the 
bottom. The purpose of die welded bar is to provide a thicker 
wall on which to mount the drift tubes. After all the tank 
welds are finished and it has been heat treated, the mounting 
holes for the drift tubes will be precision bored through the 
thickened tank wall. These holes represent "hard sockets" for 
die drift-tube stems. No provision will be made for further 
alignment of die drift tubes. This, of course, requires mat the 
drift tubes be built with adequate precision to achieve the 
required alignment. 

Resonant Coupler 

RFQ ( t o 0.8 MeV) RFD ( f r o m 0.8 MeV) 

Fig. 3 The RFQ/RFD Interface Region with Resonant 
Coupler. 

To achieve die required precision in me drift-tube 
fabrication, die drift tubes will be built in two stages, each 
ending with a hydrogen furnace braze. In the first stage, die 
stainless steel stem base will be joined to the stainless steel 
tubing of die inductive stem, a stem-stiffening frame, and a 
copper annulus that forms the central portion of die drift-tube 
body. 
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After this assembly is furnace brazed, the stainless steel 
parts are copper plated and the stem base is precision ground 
to its final length and diameter. In the second stage, die 
precision-ground portion of the stem base is held in a 
precision jig, coolant is circulated through the drift tube body, 
and a precision seat is machined into the copper annulus by 
the die-sinker EDM process. Then precision end caps 
(different for each drift tube) are positioned in these precision 
seats and the final assembly is furnace brazed together. 

The finished drift tube assemblies are inserted into their 
hard sockets from the inside of the tank. This requires that 
the completed drift tube assembly be somewhat shorter than 
the inner tank diameter. We insist on being able to remove 
and reinstall any drift tube without disturbing its neighbors. 
The principal drift-tube-stem vacuum seal is a proprietary 
copper seal. A secondary elastomer seal on each stem 
provides for vacuum-checking convenience and a backup 
vacuum capability. 

Approximately 1 kW of rf power is dissipated in the 12 
drift tubes of the structure, implying an average of 80 W/drift 
tube. They will all be cooled, in parallel, from supply and 
return headers running along the top of the support cabinet 
below the linac. 

The 600-MHz rf power system for the proof-of-principle 
test must have a peak rf power output of 250 kW with an 
average value of 3 kW. This kind of power can be obtained 
from a collection of 6-to-8 Eimac Planar Triodes (YU-141). 
One of the authors (JMP) has extensive experience in this 
field and has conceived of a new geometrical configuration to 
facilitate this combination. We expect JP Accelerator Works, 
Inc. to supply the rf power system for this test. 

The vacuum system for the proof-of-principle test will 
consist of one turbo pump on the ion source/LEBT, one turbo 
pump on the RFQ linac structure, one ion pump on the RFD 
linac structure, and one roughing pump shared by all systems 
through a set of valves. We will strive for metal seals where 
they are convenient or where they involve critical components 
that are hard to replace (drift tubes, for example). We will 
accept elastomer seals on some of the large joints between 
tank sections and end plates. 

The cooling system for the proof-of-principle test will be 
a recirculating system, based on a single commercial unit 
with a temperature control capability of ±1°C and a capacity 
of 3 kW. Some deionized cooling capacity will be needed for 
the high voltage parts of the rf power system. An additional 5 
kW of cooling, without sophisticated temperature control, will 
suffice for the rest of the system. 

The control system for the proof-of-principle prototype 
will be PC-based. It will utilize commercially available 
control and equipment oriented software. Its principle 
function will be to support important personnel safety and 
equipment protection functions, some beam diagnostic 
measurements, and some data-logging functions to assist in 
accident reconstruction. The control of most accelerator 
parameters will be accomplished manually in the course of 
developing the required controls procedures. 

The beam diagnostics for the proof-of-principle test will 
be based on beam transmission measurements (current 
monitors), beam profile measurements (wire scanners), beam 
loading measurements (rf power monitor), and energy 
discrimination measurements (absorber foil). 

Potential RFD Applications 

We expect the RFD linac structure to form the basis of a 
new family of compact, economical, and reliable linac 
systems serving a whole host of scientific, medical, and 
industrial applications. The principal medical applications 
include the production of short-lived radio-isotopes for the 
positron-based diagnostic procedures (PET and SPECT), the 
production of epithermal neutron beams for BNCT, and 
accelerated proton beams for injection into proton 
synchrotrons to produce the energies required for proton 
therapy. S-Band versions of the structure might prove 
economical enough to serve as 70-MeV injectors to 250-MeV 
coupled cavity linacs (CCL) for the proton therapy 
application. 

The principal industrial and military applications include 
the production of intense thermal neutron beams for Thermal 
Neutron Analysis (TNA), Thermal Neutron Radiography 
(TNR), and Nondestructive Testing (NDT). High duty factor 
RFD linac systems could produce nanosecond bursts of fast 
neutrons to support Pulsed Fast Neutron Analysis (PFNA). 
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Abstract 

It is well known that coupling slots between adjacent 
cells in a 7c-mode structure reduce shunt impedance per unit 
length with respect to single cell cavities. To design 
optimized coupling slots, one has to answer the following 
question: for a given coupling factor, what shape, dimension, 
position and number of slots lead to the lowest shunt 
impedance drop? A numerical study using the 3D code 
MAFIA has been carried out. The aim was to design the 352 
MHz cavities for the high intensity proton accelerator of the 
TRISPAL project. The result is an unexpected set of four 
"petal" slots. Such slots should lead to a quasi-negligible drop 
in shunt impedance: about - 1 % on average, for particle 
velocity from 0.4 c to 0.8 c. 

1. Introduction 

The TRISPAL[1] linac is designed for producing a 40 
mA beam of 600 MeV protons. The aim is tritium production 
from spallation neutrons. The main part of the linac (from 
100 to 600 MeV) is made of coupled cells cavities at 352 
MHz. This rather low frequency has been chosen for klystron 
availability, and because SUPERFISH simulations showed 
that for a given beam tube diameter (0= 50mm), the shunt 
impedance was almost the same for 352 and 704 MHz 
cavities. Moreover, this choice leads to a small number of 
cell per cavity which permits to use the simple and efficient 
7t-mode structure. 

First of all, the 2D geometry has been optimized with the 
code SUPERFISH [2]. The resulting cell is shown in fig. 1. 
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* 
Fig. 1 Optimized 2D cell (P=0.7) 

2. Optimized slots 

In a multi-cell cavity [3], slots have to be performed 
between adjacent cells in order to spread the RF power 
within the whole cavity. They must be big enough to insure a 
flat 7t-mode, but usually, this reduces the shunt impedance. 

A systematic optimization of the slots has been carried 
out with the code MAFIA. We chose a fixed velocity value 
(P=0.7) and started with slots inspired from the LEP cavities 

[4]. We computed the coupling factor, defined from the 
frequency difference between 0 and % modes: 

-, _ J0 _ J n 

Â 
(1) 

and the shunt impedance drop defined from die difference of 
shunt impedance between 7t-mode and a single cell cavities. 

5R = 
R, 

(2) 

2-beans 
1.40% 
-9.4 % 
-0.2 % 
-9.6 % 

Type of slots 
Coupling factor (y) 

Quality factor * 
g=R/Q* 

Shunt Impedance * 

4-petals 
1.38% 
-5.9 % 
+5.2 % 
-1.0% 

Fig. 2. Slots optimization: starting and final cases. 
(*: variations with respect to a single cell cavity) 

Fig. 3 1/8 of a cell with "4-petals" slots as computed by MAFIA 
(colours represent surface power dissipation). 

in which indices n, 0 and 1 represent values of 7t-mode, 
0-mode and single-cell modes, respectively. As these 
differential values are rather small, the three cases are alwavs 
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computed with an identical mesh, in order to get rid of the 
bias due to the meshing approximation. 

In order to distinguish between volume energy and 
surface dissipation effects, we split the shunt impedance into 
two factors; quality factor O and geometrical impedance: 

g = — = \ E, x exp(/coz / Qc)dz. (3) 

o IPO* -
Analogously to 8R, relative variations of O and g (between n-
mode and single cell) are noted 80 and 5g, respectively. 

Then, we changed step by step the size, the number and 
the shape of the slots. At each step, we watched how the. 
coupling factor and the shunt impedance drop would vary. 
Our goal was to keep the same coupling factor and to 
minimize the shunt impedance drop. We will not give here 
the winding path we followed during the optimization 
process, but fig. 2 shows the starting and ending points. Fig. 
3 is a 3D view of the MAFIA computation. 

3. Variations 

We will consider here variations from the 4-petals 
geometry to show that it is optimized. All the results about O, 
g or R are given with respect to a single cell cavity. 

Number of slots. First of all, the number of slots per 
disk has been reduced to two instead of four. 

slots 
2-petals 
4-petals 

Y 
0.66 % 
1.38% 

6Q 
-2.8 % 
-5.6 % 

Sg 
+2.6 % 
+5.2 % 

OR 
-0.4 % 
-1.0% 

Roughly, all effects are proportional to the number of slots. 
The "price" for coupling is approximately : 8R « 0.7 x y . 

Slot width. It has been varied from 80 to 200 mm. As 
shown in fig. 4. the coupling coefficient is approximately 
proportional to the cube of the slot width. On the other hand, 
the shunt impedance drop increases linearly from a slot width 
of 100 mm. From this value, the price to pay for increasing 
the coupling is: d(SR)/dy » 3. This is much more "expensive" 
than increasing the number of slots. This would suggest a slot 
width of 100 mm with six slots per disk. But, compared to 
the optimized solution, the shunt impedance improvement 
would be rather small and the cooling circuit would be much 
more complicated. 

slot width (mm)|-i5 

i ' i i I i i i i I 

1- +-*" 
+ •+ 

V8Q 
slot width (mm) + 

I I I I L_l ' I ' ' ' + V 
100 150 200 100 150 

Fig. 4. Influence of slot width. 
200 

Slot height Upper and lower limits measured from the 
axis have been varied independently. Fig. 5a shows that the 
lowest shunt impedance drop is reached by the highest upper 
limit, while the coupling coefficient remains constant in this 
area. We just kept a 5 mm margin from the highest possible 
value of the upper limit (i.e. the cell radius), in a way to 
simplify the mechanical design. Fig. 5b shows that the lower 
limit should be as small as possible: the coupling increases 
and the shunt impedance drop gets smaller. The limitation is 
given by the cooling circuit. 

Fig. 5. Influence of slot height. 
Limits are from the z-axis. The optimized case is circled. 

4. Other particle speeds 

2 -

1 -

% 

\ Y 

a v^ 

i i [ i i i i 

1 0 
Fig. 6. Slots characteristics vs. particle speed. 

As proton energy varies along the linac, the cell length 
varies according to the velocity, and the gap length has to be 
adjusted. Simulations showed that the goal frequency could 
be reached by varying the gap length according to: 

gap = 234 mm x ( 0 - 0 . 1 5 ) . 
Figure 6 gives the characteristics of the coupling slots for 
different speed values. According to MAFIA results, y varies 
approximately in 1/p. The frequency detuning factor due to 
the slots volume (a, defined as the relative difference 
between the 0-mode and a purely 2D cell) is almost constant 
( «1.4%). In all cases, the slots actually improve the 
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geometrical impedance (§g>0), but this effect is more 
important for low speeds. On the other hand, the slots always 
reduce the quality factor. This effect does not seem to depend 
on p: (ô*Q=-7%), but the result suffers from numerical noise 
probably due to the mesh approximation. The net result in 
shunt impedance is null for p«0.6. 

5. Higher order modes 

Influence of slots has been investigated on the first 
higher order modes. We computed the bandwidth of these 
modes in the "2-beans" and "4-petals" cases. As far as we 
investigated monopole and dipole modes under 1 GHz, we 
did not see any evidence of dangerous modes emerging. 
Table 1 gives the data of the TMllO mode (generally 
considered as the most dangerous one). 

Table 1. TM110 mode coupling characteristics. 

™ 1 I 0 

gi O/m 
f MHz 

Af 

2-beans 
0 JC 0 % 

245 
637 

245 
655 

18 

238 
659 

238 
659 

0.2 

4-petals 
0 % 

228 
652 

241 
659 

7 

single 
cell 
238 
660 

6. Computations with other codes 

The 4-petals geometry has been computed with two other 
3D electromagnetic codes: ANTIGONE [5] (which can use 
two solving methods: E or H), and SOPRANO [6] . The aim 
is not to compare absolute code performances, but rather to 
get more confidence in the results. As a matter of fact, the 
codes raw results are juxtaposed here without any 
consideration about meshing and solving methods, number of 
points, symmetry used, computation time, etc. 

Single cell results. These may be compared with the 
ones of the well known 2D code SUPERFISH (Table 2). 
Numerical values are very close from each other, except for 
Q-value which seems underestimated by MAFIA. 

Tab. 2. Single-cell and 0-mode results with 3D codes 
(plus Superfish for single-cell) 

single-cell 

Superfish 
Mafia 

Anti- E 
gone H 
Soprano 

MHz 
361.37 
361.72 
360.17 
361.69 
361.40 

Q 
40888 
36271 
40499 
40609 
40058 

g=R/Q 
148.7 
146.8 
150.7 
145.8 
147.2 

MHz Q 

i 

356.72 
355.05 
356.33 
356.35 

- 0-mode 
40373 
44678 
42517 
44754 

g=R/Q 

i 

149.9 
152.8 
147.5 
150.5 

Table 3.7t-mode results with several 3D codes 
7t-mode 
Mafia 
Anti- E 
gone H 
Soprano 

MHz 
351.81 
350.43 
351.22 
352.01 

Q 
34114 
37878 
33753 
38755 

g=R/Q 
154.5 
156.2 
151.3 
155.0 

y% 

1.40 
1.31 
1.45 
1.23 

5Q% 
-5.95 
-6.47 
-16.9 
-3.25 

Sg% 
+5.25 
+3.65 
+3.77 
+5.26 

Effects of coupling slots. According to results of table 3 
(y,ôQ,5g), the slots effects are rather coherent. The only 

strong difference comes from the Q drop which is much more 
important according to ANTIGONE-H. 

7. Interpretation and conclusion 

The quality factor drop may be interpreted as follows, 
the surface current lines, which are radial in the iris of a non 
coupled cell, have to deviate because of the coupling slot. 
This induces a current concentration on the slot edge in the 
u-mode. In the 0-mode, the current lines do not deviate but 
cross through the slot to the next cell (See fig. 7). 

Until now, we have no explanation on geometrical 
impedance improvement due to slots. Actually, a small part 
of this effect (about one fifth of it) can be explained with 
transit time factor variation. As real cavity must be tuned 
anyway at the right frequency, this effect should be deduced 
by using the goal frequency (co=27tx352 MHz) instead of the 
one of each mode in the impedance formula (eq. 3). This 
would lead to a conclusion a little less optimistic for dg 
(about -1%), but as this correction should also be applied to 
the "2-beans" shape, the conclusion is unchanged. 

A cold model experimentation is planned to settle the 
point of Q-factor drop, as code results do not totally agree. 

it-mode 0-mode 
Fig. 7. Slots influence on current lines and Q value. 
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APPLIC \TION OF RF CROSSED LENSES FOR BEAM FOCUSING IN LINAC 

A.I.Balabin and G.N.Kropachev 
ITEP, 25, B. Cheremushkinskaya, Moscow 117259, Russia 

Abstract 

A method of beam focusing by two-electrode RF crossed 
lenses with decelerating fields is proposed. The lenses are 
arranged in accelerating gaps of a drift tube linac. The crossed 
lens is a set of plane electrodes with rectangular apertures such 
that the apertures in the neighbouring electrodes are rotated 
90° each other. Different variants of the focusing period 
structure are considered. The $\ FD period is shown to be 
used for low energy part of the linac. The transverse phase 
advance for the FD period is independent on the particle phase 
when the synchronous harmonics of the accelerating field is 
absent and the structure is analogous to RFQ with 
unmodulated vanes in the case. In the main part of the linac it 
is worth to change to the 2fik FODO period to obtain 
essentially higher acceleration rate. 

Introduction 

At present two basic methods of RF focusing of ions are 
used in linacs: the quadrupole focusing (with spatial-uniform 
and spatial-periodic structures) and alternating-phase focusing 
(APF) [1]. The spatial-uniform quadrupole (RFQ) focusing [2] 
and focusing in spatial-periodic systems of RF quadrupoles 
with "horned" electrodes [3] enable to obtain large phase 
length of radial stability region and high current limit. A 
common disadvantage of these methods is rather low 
acceleration rate. Besides a serious problem of maintenance of 
necessary electrical strength in accelerating system arises at 
realization of gaps with put forward electrodes ("horns"). The 
beam focusing in spatial-periodic system of RF rectangular 
aperture quadrupoles [4] and also alternating-phase focusing 
provide high acceleration rate, however, herewith a region of 
radial-stable phase capture is significantly reduced. The 
focusing strength in the structures decreases with enhancement 
of particle energy a fact that results in increase of transit time 
of the focusing period with a distance along the linac. Since an 
equality of instantaneous transverse frequencies at joints of 
periods with different transit time is difficultly satisfied, there 
is the growth of the effective emittance in the linac due to the 
beam mismatching with the channel. 

Below a method of ion focusing in linac by decelerating 
fields of RF crossed lenses [7] is considered which permits to 
obtain phase length of radial stability region up to 360° and 
energy-independent focusing strength, as well as high values of 
current limit at low injection energy and acceleration rate. 

Variants of focusing period structure 

The considered method of beam focusing [7] is based on 
use of system of crossed lenses, to electrodes of which RF 
voltage is applied. Note, that the lenses with electrostatic fields 

are widely used in ion and electron optical systems [5]. The 
crossed lens is a set of plane electrodes with rectangular 
apertures such that the apertures in the neighbouring electrodes 
are rotated 90° each other (see Fig. 1). 

Fig. 1. Two-electrode crossed lens. 

We choose a ratio of sides for the rectangular apertures from a 
condition a /b«l (see Fig. 1), then an electrical field 
component, directed along the slit, is negligible as compared 
with a component across the slit. 

Within the considered method the two-electrode RF 
crossed lenses with decelerating fields are arranged in 
accelerating gaps of drift tubes linac. FODO structure of 
focusing period with arrangement of the crossed lenses through 
a gap of accelerating system, formed by drift tubes with round 
apertures, is shown in Fig. 2. 

[Il T î l l 11 T l T T IT L L _ L 
: i . t T i i i n • T i i i i i 1 1 , 

M 
Fig. 2. FODO focusing period with RF crossed lenses (a) and 
focusing gradients (b):l, round aperture drift tubes; 2, two-electrode 
RF crossed lenses. 

The lenses are identically aligned within the limits of the 
focusing half-period and rotated 90° in the subsequent one. 
The drift tubes and lenses are supplied in RF resonant system 
operating in n -mode. 
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A spatial distribution of focusing gradients in the FODO 
period is displayed in Fig. 2b. The radial particle motion is 
determined by transverse components of the accelerating fields 
and quadrupole fields of the crossed lenses. The accelerating 
field causes RF beam defocusing for autophasing (qpsi < 0) 
mode. Owing to accepted orientation of the lenses and 
application to them appropriate RF voltage a particle moving 
along the axis undergoes action of the quadrupole fields with 
sign-alternating gradients (see Fig. 2b). It results in the effect 
of strong focusing in the channel. 

Advantage of the method of beam focusing by the RF 
crossed lenses is opportunity in the best way to combine RF 
focusing and acceleration of the beam in the linac. 

To see this we take the following into consideration. 
Firstly, use of the decelerating areas allows considerably to 
increase the focusing gradients, because directions of 
transverse field components inside the crossed lenses and 
between them coincide (see Fig. 2b). Secondly, since the 
quadrupole field gradients are not decreased with reduction of 
sizes of the decelerating areas, it is possible by choice of 
number of the crossed lenses in accelerating gaps to get 
energy-independent focusing strength and also expand the 
radial stability region. The expansion of radial stability region 
occurs due to increase of time of beam interaction with the 
quadrupole fields. Thirdly, decrease of acceleration rate 
caused by the decelerating areas is insignificant, since the ones 
are chosen rather narrow and arranged in that part of the 
accelerating gap, where energy gain of particle is small. 

Advantage of the method of focusing by the RF crossed 
lenses is also a fact, that the method is easily combined with 
other ways of RF focusing, for example, focusing by the RF 
rectangular aperture quadrupoles (see Fig. 3) or/and alternat
ing-phase focusing (qpSj(z) is a sign-alternating function in Fig. 
2). In this case it is possible to achieve reduction of number of 
the crossed lenses and, consequently, increase of the accelera
tion rate, keeping all advantages of the proposed method. 

Analysis of stability of particle motion 

We consider a focusing by the RF crossed lenses in 
accelerating system with rectangular aperture drift tubes. 

N N-

:n 1 L 
« 

JLL 
i l _L_L IL 

Fig. 3. FD focusing period with RF crossed lenses (a) and focusing 
gradients (b): 1, rectangular aperture drift tubes; 2, two-electrode RF 
crossed lenses. 

FD focusing period of length S=0X formed by two RF 
rectangular aperture drift tubes and pair of the crossed lenses is 
presented in Fig. 3. A feature of the given period is absence of 

spatial variation of focusing gradient sign along the structure 
axis (see Fig. 3). Obviously, that this property is kept for any 
number of the lens pairs. The strong focusing effect in this 
period, as well as in RFQ, is reached only by time variation of 
the field. 

Let cps (negative for autophasing mode) is the synchronous 
phase in centre of gap between the drift tubes, d is the 
thickness of drift tubes and electrodes of crossed lenses, G and 
g are the lengths of accelerating and decelerating gaps 
respectively (see Fig. 3). Then according to results of Ref. [6], 
the expression for transverse phase advance per period S at 
d / S « l has the form 

cosji, = l - 4 / ? 0 f - - s i n - ^ j s i n q ) J - 8 J p o * 

"^X^K-''- 0) 

+ 2 i~)\ ~~" C°S2CPi + ° O S 2ng\ 

S } 

where constant within the limits of period parameter p0 is 
defined by a relation 

„ eZEGk
 t _ 

A) ~ „ JTX, r, KF = 

eZEJk 
l F » (2) 

2AW0p$y 2AW0pfa 

EG and Eg are the field amplitudes in accelerating and 
decelerating gaps; e and Wop are the charge and rest energy of 
proton; Z and A are the charge and mass numbers of ion; p" and 
y are the average reduced velocity and energy of ion; X is the 
wavelength of accelerating field; kF=S/|3A. 

At G=g a synchronous harmonic of the field is absent and 
particles are not accelerated, then formula (1) is reduced to 
equality 

, 4 2 cosn, = l - - / v (3) 

As it follows from (3), the average transverse tune does not 
depend on a particle phase. Therefore it is possible to consider 
the FD period structure at EG=Eg and G=g as analogue of 
unmodulated RFQ channel. Decrease of field amplitudes in 
lenses (Eg < EG ) or reduction of lengths of decelerating gaps 
(g<G) results in effect of resonant particle acceleration and is 
equivalent to introduction of vane modulation in RFQ. 

It is advantageous to use the FD periodic structure (see 
Fig. 3) as an initial part of the linac because this structure 
provides high current limit, due to large phase width of radial 
stability region and small length of the focusing period S=|3X, 
and allows low injection energy, since the drift tubes and lens 
electrodes can be rather thin. The initial part of the RF crossed 
lens linac can be designed according to the procedure accepted 
for RFQ and contain 6D-matching, adiabatic bunching, and 
regular acceleration sections. In this case it is possible to get 
the linac parameters similar to the RFQ ones. 

In the main part of the linac, where the bunches are 
already shaped and efficiency is the principal parameter of the 
accelerating system, it is worth to change to FODO period of 
length S=2pX (see Fig. 2) to obtain much higher acceleration 
rate as compared with the FD period (see Fig. 3). 
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We consider stability of proton motion in the FODO 
focusing period (see Fig. 2) at the following parameters: the 
field amplitudes in accelerating and decelerating gaps Eg = EG 

=160 kV/cm, the transverse phase advance Mt=60°, and the 
synchronous phase in centre of gap between drift tubes 
cpsj=-30° (see Fig. 2). For the FODO period a dependence of 
the minimum number of crossed lenses providing stable radial 
motion of particles within the limits of separatrix on proton 
energy is presented in Fig. 4a (curve 2). The appropriate 
acceleration rate for given energy is shown in Fig. 4b (curve 
2). 

W, MeV 

(a) 

dW/dz. MeV/m 

(b) 

Fig. 4. Number of RF crossed lenses in focusing period (a) and 
acceleration rate (b) vs proton energy for FODO (1, rectangular 
aperture drift tubes and sign-altemating phasing; 2, rectangular 
aperture drift tubes and autophasing; 3, round aperture drift tubes and 
autophasing) and FFDD structures (4, rectangular aperture drift tubes 
and autophasing) 

The FODO accelerating system is rather effective. In 
autophasing mode for FFDD structure [7] with the same 
parameters lenses are required almost 40% more than in the 
FODO system (cf. curves 4 and 2 in Fig. 4 ). Herewith 
distinction in the acceleration rate is about 20% (cf. curves 4 
and 2 in Fig. 4b). The decrease of necessary number of crossed 
lenses in the FODO system is caused by the well known effect 
of lens focusing strengthening by a drift space. 

Note, that the focusing properties of the FODO period 
weakly depend on a configuration of the drift tubes and are 
mainly determined by fields of the crossed lenses. Under other 
conditions being equal, for the FODO period with round 

aperture drift tubes the crossed lenses are required only 10% 
more than for the similar period with rectangular aperture 
ones (cf. curves 2 and 3 in Fig. 4 ). Besides manufacture of the 
round apertures in drift tubes is easier than the rectangular 
ones. 

It is possible to reduce a number of the crossed lenses in 
the focusing period and, consequently, to increase acceleration 
rate in main part of the linac through decrease of RF 
defocusing by change from autophasing to sign-alternating 
phasing. For the FODO system with sign-alternating phasing 
u,=60° and length of radial-phase stability region 90° are 
reached at number of the lenses in the focusing period N=2-18 
and the field in them 160 kV/cm in a wide energy range from 2 
up to 100 MeV (see Fig. 4a, curve 1). Herewith the 
acceleration rate is 6-8 MeV/m (see Fig. 4b, curve 1). By the 
last parameter the considered system is on a par with the APF 
linac. For the similar structure with autophasing N=6-20 
crossed lenses are required, a fact that results in decrease of 
the acceleration rate down to 5-7 MeV/m (see Fig. 4a, curve 
2). 
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Abstract 

The basic problems for construction of high intensity 
linear accelerator are providing of high efficiency, reliabil
ity and reduction of induced radioactivity in its parts. In 
the framework of ITEP feasibility study of linac for nu
clear transmutation on energy about 1 GeV with a current 
up to 100 mA some new version of the accelerator is con
sidered. It is shown that the rigidity of the focusing has to 
be increased to prevent large particle losses. For the given 
value of beam current it can be achieved by the using as 
short lengths of focusing periods as possible. Main part of 
the linac consists of a large number of single-gap inde
pendent accelerating cavities. It is supposed, that the basic 
constructional material for these resonators will be 
graphite. 

It is shown, that such approach to design of main part 
of the linac allows to increase reliability of the accelerator, 
to reduce the requirements for mechanical tolerances of 
resonators and to improve parameters of a longitudinal 
movement of particles. It is also shown, that the replace
ment in large extent such conventional for linac design 
materials as steel, aluminium and copper on materials with 
small residual activation and low neutron production rate 
allows to increase the upper limit of permissible level of 
particle losses in linac. Graphite as main material of 
resonators will allow to build the linac with relatively low 
induced activization. It will provide handle maintainabil
ity at an achieved up to that time particle losses level. 

Introduction 

The projects of the high power proton linacs (« 100 
MW) have been offered in various laboratories for nu
clear power installations. They are designed practically 
under the same block scheme with very similar parameters 
of the beam. They are conventional CW RF linacs based 
on several types of accelerating structures, which are 
working in the existing low power linacs.These structures 
are RFQ as an initial part of the linac, some versions of 
DTL for intermediate part with beam up to « 100 MeV, 
DAW and CCL structures for acceleration of the beam 
up to target energy [1]. The parameters of these linacs are 
chosen from the spallation neutron production efficiency 
and the linac electrical efficiency. The value of the beam 
current 100 mA and output beam energy » 1000 MeV, at 
the moment indicated in the most of the projects, are 
chosen to satisfy these requirements. The proposed proj
ects are the realistic solution of a high power accelerator 
design. However there is not only the problem of effi
ciency. To build the linac with high average beam power of 
it is necessary to solve a critical problem of the accelera
tor parts activation. The permissible value of particle 

losses under conditions of hand - operated service of instal
lation is equal 0.1 - 1.0 nA/m and depends on energy of 
the beam [1,2]. It means, that in the powerful linac con
structed in accordance with the proposed schemes and 
with the parameters mentioned above, the level of relative 
losses should be reduced in two order of the magnitude in 
comparison with achieved in LAMPF linac level. 

The processes, leading to the beam halo formation, 
are now under investigation very widely both analytically 
and with simulations of beam dynamics [3,4]. As result it 
was essential progress in the understanding of that fact, 
that particle motion nonlinearity at the presence of space 
charge is the main factor of the particle losses. Due to 
results of these investigations have been already changed 
some basic parameters of the proposed linacs in compari
son with the projects, considered earlier: a current of the 
beam is reduced, a focusing strength and a aperture factor 
are increased, the better beam matching with the linac 
channels is provided etc. Nevertheless the existing meth
ods for studies of beam halo formation give mainly quali
tative results, not allowing to obtain exact value of particle 
losses in different parts of the linac. Therefore, problem of 
the nunimization of particle losses in the linac is still ac
tual. 

The low activation of the powerful linac can be 
achieved not only by reduction of the level of losses, but 
also by using the materials with low induced activity for 
construction of linac accelerating structures and transport 
channels. 

Opportunity of maintenance of low activation level 
of the accelerator both by an optimum choice of parame
ters of linac focusing channels and by use of the appropri
ate materials in the linac design is discussed below. 

Numerical simulation 

In spite of the facts that in a recent beam dynamics 
simulations are used very large number (1-2 -106) 
macroparticles and the special codes for beam halo for
mation investigation were developed, there is no rehable 
method to predict the particles losses in the high power 
linacs [4,5]. It is due to extreme low allowable level of 
relative particle losses. The analysis of a beam motion 
nonlinearity degree and determination of its allowable 
level can be more convenient. According to the general 
nonlinear mechanics theorems the small nonlinearity 
should result in limited perturbation of the particle trajec
tories in phase space. The increasing of the nonlinearity 
degree leads to the particles motion in the phase space with 
mixing and, correspondingly, to the appearance of motion 
chaotization. The beginning of this process corresponds to 
a beam emittance growth. 

The consideration of some specific spectral properties 
of dvnamical svstem in the transition region from order to 
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chaos is given in [61. It is based on the study of the spec

tral density of the jrrelation function Rx(a>m) calcu

lated for sequence of particle coordinates xk stored at 
certain crossection in even cell during the simulation. The 
correlation function is: 

*.v(û>J 
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In this expression N determines the number of stored 
points for every particle trajectory. 

It follows from given in [7] spectrum correlation func
tion qualitative analysis that it is determined by structure 
of the phase space. In the presence of space charge it can 
see inside phase space the stability islands which corre
spond to the resonances of different orders [4]. The spec
trum becomes wider and more uniform. There is one more 
universal spectral property. Well marked peak appears for 
zero frequency (so called "central peak"). It is due to some 
trajectories pass the vicinity of hyperbolic points of the 
separatrix for a very long time or pass near the border of 
stability region. 

This method was used to analyze the ITEP beam dy
namics simulation results for the different structures of the 
high power linac. The spectra were calculated for 300 par
ticle trajectories in dependence of space charge parame
ter^ : 

nk I 
h- ; 

°oPy~h s 

Where n - length of focusing period in pÂ. unit; fi -

particle relative velocity; y - relativistic factor; k - RF 

field wavelength; a0 - transverse oscillation phase advance 

at zero current; IQ - characteristic current equal for pro

tons 3.13 107 A; / - average beam current; s - normal

ized beam emittance. 
This combination can be a fruitful for estimation of 

nonlinearity degree of particle motion in focusing channel. 
The results of ITEP simulations analysis are shown in 

fig. 1. 
In this figure are presented data for DTL section 

(intermediate part of an accelerator) with the parameters 
of the beam and channel given in Table 1. 

The curves in figure represent dependences of average 
frequency CT in the spectrum of corresponding correlation 

functions, and also the lower <Jl and upper a h borders 

of the spectra on space charge parameter h . 
It follows from the figure that for h > h, the parti

cles with zero frequency appear in the beam. The presence 
of zero frequency in a spectrum of correlation function 
(central peak) testifies that some particles change their 
amplitudes under influence local instabilities. In the simu

lation results displayed in Fig.l, the lower border of a 
spectrum reached zero at h = 0.2, and the emittance 
growth began be considerable starting from the same 

point. It is possible to assume, that the value /?; of space 

charge parameter h at which the lower spectrum border 
of the correlation function reaches zero, can serve as the 
upper limit of a beam current for the given channel, at 
which the particles motion has laminar character. 
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Fig. 1 Dependence of average transverse particle oscilla
tions frequency and border frequencies of spectra on space 

charge parameter. 1 - <7,2- cr,, 3 - cr 
h • 

Table 1 
Operating frequencv 
Initial average frequency of trans
verse oscillations 
Length of focusing period 
Type of focusing period 
Beam emittance 
Beam energv 

350 MHz 
60° 

2pA. 
FODO 
0.2 cmjiirad 
100 Mev 

The space charge parameter, calculated for the 
schemes without beams funneling proposed in [1] (LANL) 
and [8] (ITEP) for an average beam current 100 MA are 
shown in fig. 2. As it can be seen, in ITEP project of accel
erator the space charge parameter slightly exceeds the 
specified above limit in the accelerator intermediate part, 
and in LANL linac this parameter exceeds the limit in sev
eral times. It is due to using in the last case the focusing 
period lengths with n = 10, beginning with rather low 
beam energy. Our results show that in this case it will lead 
to fast halo formation in this part of the accelerator. To 
decrease this effect it is necessary to use shorter focusing 
period in the linac at least at beam energv lower 200 - 300 
MeV. 

Activation of high power linac 

The radiating problems can be solved not only by re
duction of the particle losses in comparison with achieved 
level, but also by application of materials, having consid-
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erably smaller level of induced radioactivity [2]. One of 
such material is, for example, graphite, for which there are 
advanced technologies of employment in radiating engi
neering. 

0.35 T 
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Fig. 2 Space charge parameter along linac for LANL 
(curve 1) and ITEP (curve 2) projects. 

If to reduce the use of copper and steel as construc
tional materials in the linac as much as possible and to 
replace them by graphite (in which lost particles will be 
mainly absorbed), the level of radioactivity will be consid
erably lowered. The accelerator becomes practically clean 
from the radioactivity point of view up to energy of 25 
MeV at any level of beam losses. In this energy range re
sidual radiation is caused by l3N and "C radionuclides 
with half-life time of 10 and 20 minutes accordingly, and, 
hence, radiation near to accelerator is quickly reduced up 
to allowable level. 

Because neutron yield of carbon is less than 10 % of 
copper, the beam focusing can be provided in DTL by 
permanent magnets. 

The allowable level of induced radioactivity of the ac
celerator with use of graphite corresponds to essentially 
more high level of the particle losses. At proton energy 
above 500 MeV of the dose power during 2 hours after 
switch off the beam becomes 100 times less, than in the 
case of using of traditional materials for the same beam 
losses. 

The principal possibility of application of graphite in 
accelerating channel constructions results from physical 
process features of particles losses in linac. As the acceler
ated beam has small phase volume, lost particles fall on 
internal wall with angle less than 10 mrad and, hence, their 
trajectories pass in thin surface layer. The depth of proton 
penetration is increased due to repeated Coulomb dissipa
tion of protons on atoms of the wall. The given depend
ence is obtained in assumption of a uniform distribution of 
particles losses along the channel and taking into account 
the fact, that capture of the lost particles takes place in the 
inner wall substance due to nuclear interactions. The pene
tration depth is smaller than aperture radius at energies < 
100 MeV while at the energy range 100 - 1000 MeV the 
penetration depth is comparable to the accelerating struc
ture sizes. 

Our calculations show that in the case of the 
"graphite" accelerator with 100 mA average beam current 

relative beam losses should be only slightly lower than 
those are in LAMPF now to have suitable activation level 
at high power linac. The permissible level of the relative 
particle losses may be in our case 104 - 105. The progress 
of the accelerator science and engineering during last pe
riod allows to hope that this value is achievable goal. 

Conclusion 

The permissible level of activation is one of the most 
important parameters for of high power linac design. It 
can be possible to achieve required level by decreasing of 
particle losses and appropriate choice materials of acceler
ating structures and transport channels. In this report the 
introducing of the upper limit of space charge parameter is 
discussed. The limit is based on the study of the spectral 
properties of the transverse particle osculations. It is 
shown that space charge parameters should not exceed 
value corresponding only 15% phase advance depression. 
For average beam current 100 mA it leads to shorter fo
cusing period lengths along the linac then in earlier pro
posed projects of the high power linac. 

The introducing into construction of the linac mate
rials with low- residual activity and low neutron yield im
proves considerably the radiation situation at the high 
power linac. To have hand-on maintenance of the linac 
the relative beam losses may be only slightly less than 
those in LAMPF now. 

The results of the beam dynamics analysis and study 
of interaction lost particles with linac materials led to de
velopment in ITEP of the new conception of high power 
proton linac design [9] 

Further development of the proposed version of the 
accelerator design requires thorough numerical calcula
tions. The understanding of the picture of the transport of 
particles being lost, which undergo multiple reflection prior 
to their absorption, will help the development of methods 
for smoothing out the distribution of losses. 

It is also necessary to solve technical problems of 
graphite use in deep vacuum and strong electric fields. 
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Abstract 

Linac for singly-charged (positive and negative) ions of the four 
various Pt isotopes has been proposed. Eight beams of differ
ent charges and masses of ions are accelerated in parallel RFQ 
channels to an energy of 100 MeV. The beams are then brought 
together by a system of alternating gradient magnet for a 180° 
bending and matching of the beams. The main channel which ac-
celerats all beams together consists of three stages. The first one 
(till 600 MeV) is a Wideroe structure followed by two consecu
tive Alvarez channels (2.5 GeV and 10 GeV) having different ra
dio frequencies. Characteristics of the output beam for each kind 
of ions are: average pulse current 45 mA, horizontal emittance 
0.67T cm • mrad, vertical emittance 0.47T cm • mrad, momen
tum spread ±0.07%, bunch length 3.6 cm, and spacing between 
bunches of each kind is 15.3 m. 

Introduction 

In this work we describe the scheme of a special linac (see Fig. 1) 
for simultaneous acceleration of eight platinum ions (four iso
topes) till maximum energy of 10 GeV. The total average pulse 
current is 8 x 45 mA. The linac is a beam generator for the power 
HIF driver with total stored energy 9.6 M J and total power ~ 
1000 TW[\]. 

OfftieV ftmt.3 JOOMeV 

Figure 1: The total scheme of linac: IS -ion sources; RFQ1,2,3 
- injector channels; TMD - transverse matching device; W -
Wideroe channel; AI and A2 - Alvarez channels; all lengths are 
measured in meters. 

Ion source 

For ITEP Heavy Ion Fusion Project (IHIFP) it is necessary to 
have the beams of negative and positive heavy ions with cur

rent about 50 mA. The existing now Negativ Heavy Ion Sources 
(NIS) provide the output current two order of magnitude less. 
Nevertheless, the simple theoretical consideration show the in
crease opportunity of NIS current up to requirement level to be 
realistic. 

We are planing to organize our NIS investigation at the injector 
of the heavy ion RFQ linac (TTPr-1 ). We suppose to develop this 
investigation in two directions. 

The first - a new version of NIS. As the prototype of this ver
sion we have chosen the MEVVA ion source version ITEP-90 
[2]. 

The second, as a reserve variant, Plasma - Shutter NIS, has 
taken into account. For the effective surface 140 cm2 as sput
tering target, we hope to receive the heavy negative ion cur
rent about 100 mA. It is according to scaling law for plasma ion 
sources (H.V. Smith, Jr. Paul Allison, and J.D. Sherman - Los 
Alamos NL). 

For IHIFP we plan to use eight ion sources of eight kinds of 
platinum ions (Ptf92 i -P*i94 > Ptf^ i ^ f g s ) a r e divided into 
two symmetrical arrays according to the mass and charge sign 
of ion: four sources of positive ions and four sources of nega
tive ions [1]. 

All sources produce identical parallel beams: ion energy of 
0.15 MeV, beam radius of 0.2 cm, transverse emittance of 24 IT • 
cm • mrad in each direction. Each source must provide the en
try separatrix bucket of injector (momentum spread ±10% and 
phase length 300°) with an average pulse current of 130 mA. 
The distance between beams in each array is 15 cm. The dis
tance between arrays (measured from the middle axes) is 36 m. 
The sources of each array are positioned symmetrically with re
spect to the common axis of symmetry. The higher mass isotope 
the source is further from the common axis. 

Injector 

Each ion source is followed by its RFQ injector. All paral
lel channels are located in one horizontal plane. Four injec
tor channels of each array may share the same vacuum system. 
The total length of RFQ injector is about 760 m, output en
ergy is 100 MeV. The injector consists of four stages: RFQ 
buncher (RFQb) and three consequent RFQ accelerating chan
nels (RFQ 1, RFQ2, RFQ3) with different radio frequencies (RF). 
RFQb is essentially the initial part of RFQ1, but the electrodes 
in RFQb are modulated so that the separatrix length is constant 
and equal to 5.1 cm. Characteristics of RFQ channels are pre
sented in Table 1 where b is bunch length and a is beam radius. 
Mismatching of transverse and longitudinal oscillations due to 
"jumps" of RF is minimized by suitable choice of channel char-
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RFQb 
RFQl 
RFQ2 
RFQ3 
Wideroe 

Alvarez 1 
Alvarez 2 

T 
MeV 

1.1 
15 
50 
100 
600 

GeV 
2.5 
10 

Table 1: 

L 
m 

12.2 
140 
127 
416 
1137 

684 
2697 

The stages of injector and main channel 

V 
kV 

190 
190 
320 
400 
200 
E 

kV/cm 
35 
35 

R F 
MHz 

6.25 
6.25 
12.5 
25.0 
25.0 

75 
227 

fs 
degree 

37 
37 

47-37 
45-30 

37 

37 
37 

b 
cm 

5.0 
8.3 
6.2 
9.1 
7.8 

4.1 
3.6 

A p / p 
% 

3.9 
0.62 
0.46 
0.29 
0.14 

0.13 
0.07 

a 
cm 

0.5 
0.5 
0.5 
0.5 
0.9 

0.9 
1.0 

e/n 
cm-

mrad 
9.1 
2.4 
1.3 
0.9 
1.4 

0.7 
0.5 

acteristics at boundary points. The RFQ3 channel is ended by 
special debunching cavity for reducing the momentum spread 
before the bending magnet. The length of the cavity is 65.1 m 
that is a quarter of the period of the longitudinal oscillation. The 
cavity may be a continuation of RFQ3 with different modula
tion of electrodes. As a result the momentum spread at the exit 
of the injector is ±0.1% and the bunch length is 26.2 cm. The 
RF power consumed by beams in eight injectors for each stage 
is (5.4 + 12.6 + 18) MW accordingly. 

The bending and matching magnet arrangement 

The eight ion beams are brought together into the main acceler
ating channel by the bending magnet arrangement. Transverse 
matching and focusing are achieved by suitable choice of the 
bending field index n in alternating gradient magnetic sectors 
and inclined face at the entry of the arrangement. The arrange
ment consists of 6 periods of alternating gradient magnets and 
of separate 12° bending magnet with uniform field. The period 
consists of 3 magnetic sectors: 2 outer ones with angle spacing 
of7°andfieldindexn= - 1 5 and central sector with angle spac
ing 14° and n = 17. The first magnet of the first period has the 
inclined entry face with angle 12.15°. According to the arrays of 
injector channels there are 2 separated magnet arrangements for 
positive and negative ions. The final 12° bending magnet with 
uniform field is common for all beams (both positive and neg
ative ions). The bending field is 22.2 kGs at an average radius 
of 9 m, the gap between magnetic poles is 6 cm. The lengths of 
the beam trajectories in bending magnets and phases of acceler
ating fields in injectors have been chosen so that all ion beams 
are positioned in the consecutive RF buckets of the single main 
accelerating channel. Because of the RF has been increased to 4 
times as large as initial one the longitudinal distance between ion 
bunches of the identical kind is 4 wavelengths (160 cm). Thus it 
is possible to place each isotope in its own bucket. The bunches 
of the same isotope with opposite charges are shifted by half a 
wavelength (20 cm). Furthemore, in the Wideroe channel two 
bunches of the same isotope with opposite charges are placed in 
one RF period. 

Transverse matching device 

The bending magnet arrangement is followed by a transverse 
matching device to reduce the oscillation amplitudes in the main 
accelerating channel. The device consists of 6 quadrupole lenses 
with permanent magnets (for example Sm — Co). A sequence 
of elements in horizontal plane is L, FI, L, Dl, L, D2, L, F2, L, 
F3, L, D3, LI. All drift lengths L are 50 cm, the last drift length 
LI is 17 cm, thickness of each lens is 50 cm. Gradients are: in 
Fl and Dl - 2 kGs/cm, in D2 and F2 - 1.5 kGs/cm, in F3 -
1.3 kGs/cm, in D3 - 0.5 kGs/cm. The total length is 617 cm. 
At the exit of the matching device, the beam parameters are: hor
izontal size is 0.8 cm, vertical size is 0.4 cm, length of bunch is 
27 cm, momentum spread is ±0.1%. 

Table 2: Matching devices before the stages of main channel 

Wideroe 

Alvarez 1 
Alvarez 2 

L 
m 

39.2 

19 
19 

V 
kV 
4.05 

E 
kV/cm 

8.0 
11.2 

deg. 
90 

90 
90 

b 
cm 
5.0 

3.2 
3.1 

A p / p 
% 

0.54 

0.32 
0.17 

The main channel 

The main channel consists of 3 stages. The first one is a Wideroe 
accelerating structure, the second and the third ones are Alvarez 
accelerators with different RF. The design parameters are shown 
in Table 1. The initial part of each stage is a quarter-wave de
vice for matching the longitudinal oscillation; its parameters 
are presented in Table 2. The total length of main channel is 
4595 m. The focusing is realized by quadrupole lenses with per
manent magnets too. The gradient of magnetic field in the lenses 
is ranged from 0.7 to 3.3 kGs/cm. The three stages of main 
channel require RF power of (0.18 + 0.684 + 2.7) GW accord
ingly. The exit beam has an energy of 10 GeV, bunch length is 
3.6 cm, momentum spread is ±0.07%, horizontal emittance is 
0.6 it • cm • mrad, vertical emittance is 0.4 7r • cm • mrad, radius 
is less than 1.1 cm. The distance between identical ion bunches 
is 15.3 m. The total growth of the longitudinal phase space along 
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the linac is about 40%. The horizontal phase space increases by 
about 5 times, the vertical one by about 3.5 times. The calcula
tions were made for ideal channels without misalignments and 
errors. 
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Abstract 

The necessity to create the RF sources operating in two-
frequency mode is supported by the proposals concerning the 
suppression of the emittance growth generated inside the RF 
gun [1] and the possibility to increase the limited accelerated 
charge [2] by involving into the interaction with the beam, in 
addition to the fundamental harmonic, the highest harmonics 
of a RF field with the power ratio up to 10 : 1 and the absolute 
synchronism of changing phase and amplitude ratios of 
signals. In this paper we present the preliminary results on 
studying the possibilities of multiple-frequency RF power 
generation by a single klystron through installation of a 
supplementary high harmonic cavity into the exit one after 
the main output cavity along the beam direction. The physical 
motivation of the proposal consists in the effect of lengthy 
bunch rearrangement due to the interaction with the high-
strength RF fields. The computer simulation results and 
experimental data are given. 

Introduction 

One of the fundamental problems of the physics of 
accelerators is the one of increasing the accelerated beam 
current. As is known, the main limits for the permissible 
accelerated charge values are caused, first of all, by the beam 
emittance blow up in the injector systems and by the increase 
of radiated fields amplitude, including that of HEM-type in 
the accelerating structures. The apparent method to enhance 
the limited accelerated charge consists in the decrease of the 
charge density in bunches by increasing their phase length. In 
this case the emittance growth suppression in the RF injectors 
can be provided by the multi-frequency operation mode of the 
RF gun cavity [1] or with a single-mode RF gun, including 
the correcting cavity in the injector setup. The identical 
condition for acceleration of all the particles in the lengthy 
bunch, when the level of radiation fields is considerably 
decreasing with the form-factor value decrease, can be 
obtained in the multi-mode acceleration regime in the 
resulting RF field of a "rectangular" form [2]. In particular, 
the same is performed in the accelerating interval of proton 
synchrotrons for widening the region of phase stability and 
lowering the space charge effect [3]. In both cases one of the 
most important problem of a practical realization is the 
generation of absolutely synphase RF fields of sufficiently 
high levels at multiple frequencies. 

In this paper presented are the preliminary results on 
studying the possibilities of multiple-frequency RF power 
generation by a single klystron through installation of the 
supplementary high-harmonic cavity into the exit one after 
the main output cavity along the beam direction. The physical 
motivation of the proposal consists in the effect of lengthy 

bunch rearrangement due to the interaction with the high-
strength RF fields. 

The Previous Design 

It is obvious that during interaction of the bunches of a 
large phase length with the field of the output cavity, when 
the total time of interaction is more than a half of RF 
oscillation period, one part of particles in the bunch is 
accelerating. In the further passing of the drift space the 
possibility exists of outflying the main braked part of bunch 
("flipping" effect). As a result, the beam may be rearranged 
so that instead of one bunch formed by the field of a 
fundamental frequency there will be two flying away bunches 
in the flow. 

It is clear that changing the length of the drift tube one 
can attain the multiplicity to the wave length in the location 
of these bunches, i.e. to provide the beam modulation at the 
multiple frequencies. 

Previously, we observed this effect investigating the beam 
parameters at the bunching system exit of the klystron 
("Aurora"-type: 2.797 GHz; 20 MW; 35 % efficiency) [4]. 
The investigations were performed by a well-known method 
of reconstruction of the modulated flow structure on a level of 
spectral components of the output RF power with changing 
the length of the drift tube. The general view of the 
installation is shown in Fig.l. 

Fig.l. The general view of experimental klystrons with 
the variable length of the end drift tube (left) and 
with the additional output cavity (right). 

The effect of resonance excitation of the second harmonic 
signal depending on the space length was discovered (Fig.2). 
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P,MW 

18,1 18,5 18.9 19,3 19,7 L, cm 
Fig.2. The pulse output power at the frequency of second 

harmonic as a function of the length of the latter 
drift space for various anode voltage (a); the output 
power at the freqency of fundamental harmonic as a 
function of the drift space for the anode voltage 200 
kV(b). 

APi,MW 

P2,kW 

Fig. 3. The pulse output power at a frequency of the second 
harmonic (a) and the level of fundamental mode power 
increase (b) as a function of the length of the end drift 
space (anode voltage 211 kV, beam microperveance 
1.05 and various values of the magnetic field fall off 
along the axis). 

The increase of the negative gradient of the focusing field 
in this space region has resulted in decreasing the amplitude 
of the excited signal at the second harmonic frequency (Fig.3) 
and simultaneously the small increasing the power level at 
the fundamental frequency mode. The effect of the power 
inccrease at the fundamental mode was observed for the 
magnetic field gradient values within the limits of the 
situation where the low energy component of the beam is 
removed onto the drift space wall and the main bunch is 
passed into the output cavity [5]. 

Investigation of the characteristics of a RF field excited 
by the beam in the supplementary output cavity, identical to 
the main one and installed after it (see Fig.l), has shown 
besides the other effects, the considerable increase of the 
second harmonic level signal as compared to the base model 
of klystron. 
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Fig.4. The relative level of the second harmonic power as a 
function of the anode voltage in the supplemental}' 
output cavity (curve 1) and at the exit of a standard 
klystron (curve2). 

In our opinion the presented data indicate conclusively on 
the existence of the effect of an electron bunch rearrangement 
in the high power amplifiers and confirm the possibility of 
creating the two-mode operation RF sources. 

Computer Simulation 

In order to check the second beam current harmonic Laval 
after the output cavity, the 2.5D Particle-In-Cell ARSENAL-
MSU code [7] has been applied to B-Factory Linac 50-MW 
pulse klystron PV3050, which has been developed at KEK 
[8]. Because of the mass production, the tube performances 
were carefully studied, and detailed information is available 
on this tube. Therefor this tube is a good example for 
theoretical study of high harmonic energy extraction from 
spent electron beam in klystron. This tube produces 51 MW 
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ARSENAL MSU 

Fig. 5. The magnetic field distribution (upper), fundamental 
and the second harmonic beam current distribution 
and electronic efficiency (middle) and momentary-
photo of electrons (lower) downstream the klystron 
(z/Le - the normalized distance, Le - the electron wave 
length). 

at a 310 kV beam voltage with efficiency 47% at saturation. 
But theoretical investigations had show that significant 
second harmonic beam current Laval can be reached not for 
optimal regime. So calculations were made for input power 
100W, which is bellow saturation. 

i ARSENAL MSU 

Fig.6. Phase diagram 

The electron beam propagation along the buncher is 
presented on Fig. 5. On the upper slide the magnetic field 
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(Bz/Bo) distribution is presented. The fundamental and the 
second harmonic beam current distribution and electronic 
efficiency (middle slide) and momentary photo of electrons 
(lower slide) downstream the klystron are shown. Two 
bunches on the one electron wavelength with different density 
after the output cavity can be seen on this slide. 

The electron beam bunching in normalized (over 2n) 
phase diagram from the longitudinal coordinate z/Le is 
presented on Fig.6. Obtained efficiency 33% corresponds to 
output power 37 MW. Second beam current harmonic Laval 
0,7 from fundamental current is quite high for receiving high 
RF power on the second harmonic. This value allow to extract 
from spent beam second harmonic power near 5 - J.0 MW. 

Conclusion 

The foregoing experimental data and numerical 
simulation results indicate on the real possibility of creating 
the high-power klystron amplifier with simultaneous 
generation of the signal at fundamental and multiple 
frequency. In turn, the existence of such a RF source can 
provide the certain progress in the field of accelerators 
development. 
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SUPERCONDUCTIVE STABILIZATION SYSTEMS FOR CHARGED PARTICLE 
ACCELERATORS 

O.M.Pignasty, D.V.Popovich.V.M.Rashkovan, N.S.Repalov, Yu.D.Tur 
NSC-KPTI, Kharkov, Ukraine 

Abstract 

For the development of accelerators the key problem is 
the maintenance of radial and phase stability of the flow. 
Wide opportunities in this direction are opened by the 
application of superconductive systems with using the 
effects of magnetic potential well. Without restricting the 
generality of the problem, as a particular case, we have 
considered the stability and stationary motion conditions 
for charged particles in the electromagnetic fields of ideally 
conductive rings. Results of theoretical analysis, based on 
Lyapunov's stability theory, of the radial and longitudinal 
particles motion in the superconductive magnetic system 
are presented. The estimation of criterion and conditions 
of beam stability is given. 

Introduction 

It is generally recognized that simultanous attainment 
of the intense beam stability along all the coordinates is 
not possible without involving into interaction the 
external stabilizing magnetic fields. On our opinion the 
new principal method of approach to decision of the 
question of stabilization and concentration of the charged 
particle beams cosists in the development of 
superconducting (SC) control system based on the use of 
the effect of the magnetic potential well (MPW) [1]. 

Model, Formulas and Results 

As a particular case, let us study the possibility to use 
this effect for formation of the electron ring in the 
collective ion accelerator. Consider the dynamics and 
stability conditions for particles of the electron ring in the 
field of the SC magnetic contour (see Fig.l). 

ring the Lagrange function to members of the 

has the form[2]: 

order 
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where " 1
i , v l , q i - mass, velocity and charge of the 

i-particle, ^*,i - flow, created by i-charge through contour, 

I - current in SC ring, R y - distance between two 

charges, £ 0 - physical constant, n t J - normal vector in 

the direction between q; and Qj charges. 

The stationary movement on circular orbit imposes the 
necessary conditions of stability on the system: 
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Fig.l. 

For the case of the movement of S-charge particles in 
the electromagnetic field of the ideally electroconductive 

The given conditions should be executed for any 

orbit. Assuming that the particles move slowly I — « 1J 

we receive the Lagrange function in the form: 

L = f - L i + y , . T +Lll£—L_.y5LSi, 

(3) 
For analysis of the stationary movement we enter the 

dimensionless parameters of the system: 

-£i. x i j _ - the dimensionless radius of the j-particle orbit; 

x2j — *Pj - the dimensionless angular coordinate of the 
j-particle; 

_ z j 
x3j - - the dimensionless deviation from the plane of 

M 

orbit at stationary movement; 

x,. =— * -
dx ' 

fj - radius is SC contour. 

Expressions: 
1 s 

5 j=i 
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(4) 
represent the speeds of the appropriate dimensionless 
coordinates. T = CD • t , where CO has the dimension 1/c, 
and t represents the time coordinate. 

We enter new parameters: 

Y o " > Vm r i 
D4 k i 

( 2 - k i ) K i • 2 - E , 
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4 7 l - E E r xp. 27C-VV 

(5) 
m 

where W - is the magnetic flux frosted in the SC ring; 
K, E - are the elliptic integrals of the first and second kinds 
of the modulus k r 

The new constant of the particle interaction (Coulomb) 
Yi and the dimensionless constants Yo an(* Y 2 as well 
as the dimensionless current and speed of the particles 
determine the final version of equations. 

These cyclic coordinates are connected with two first 
integrals of the motion which are the law of conservation 
of momentum and the law of conservation of magnetic 
flow: 

| ^ = m 1 -p f -Xx j+È m J -P j 2 - |Sx , -S -X J ] + 

+ i -Xf j+L s -x ,=P; (6) 

SL + L , , I = ¥ , T7 = f.-Zxj+Zfj- Zx.-s-x, 
or after correspoding transformations: 
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(7) 

p - is the moment of momentum of system; 

1 f = ** 

We transit from the Lagrange function to the 
Hamiltonian. The division is proceeded accurate to the 
second member expansion in theTaylor series concerning 
the position of the balance: 

.2 

finitesimal order at expansion in the Taylor series in the 
vicinity of the equilibrium orbit. 

We enter the designations: 
s S S 

^ m j - p J + L , =a„ , f = £ f j = a 1 2 , a„ = X > j - p j , 

a22=Lu> A = a„a 2 2 - a 2 2 J =L„. 
According with Lyapynov's stabihty theory, if we want 

to stabilize the system, we need to satisfy conditions: 

•|o = 0 . ^ — | o = 0 
Sly d\-> (9) 

For considering case conditions (9) for the stationary 
orbit be existing are submitted on Fig.2. 
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Fig.2. Condition for the stationary orbit 

Y0 = Y0(x,) be existing. 

Let perturb the system xk. ~ xk. 0+yk. and consider 

the criteria of electron ring stabihty in the plane of the 
ideal conductive contour. Then it is possible to expance the 
W function in the Taylor series in the vicinity of origin of 
coordinates: 

ÔW2 

| o - y n - y i j + 

f 3 W 2 | 2 
i+0(4 

(10) 
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Last expression represents the Lyapunov function for 
the system of charges and the ideal conductive ring. 
The linear members of the expansion vanish 
proceeding from the necessary conditions of the 
stability ( 9 ). 

Here we have the Lapunov's function in the square-law 
form: 

S S ~ - , 2 S 

• z z [x 
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where W = 
P2-aM-2-p-y-a1 2 + y 2 - a M , 

2-A 

~ o-y3j. ( i i) 

According with Silvestr's criterion, the real square-law 
form ( 1 1 ) will be definitely positive, if all main minor of 
its determinant are positive, than it is provided by the 
completion of the inequalities: 

It is clear, that the members not included in the W 
function are definitely positive accurate to the second in 
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a2w |o>0; 
a 2w, 
^2 1° 

'J 
axn 
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concerning to the radial stability; 

ox,. 

>0 

(12) 

(13) 

concerning to the longitudinal stability. 
The numerical experiments show, that the 

inequalities(12,13) are fulfilled in a wide range of magnetic 
and geometrical parameters of the system, that is seen 
from the results of numerical analysis submitted on Fig. 
3,4,5. 
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Conclusion 

52W 

ôx,2 = f(x,»Y2)-

So, the above analysis shows that the system for 
formation and accompaniment of electron bunches of 
toroidal geometry with included SC elements guarantees 
the stable process run in the parameter range sufficient for 
the practical achievement. 
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A DIGITAL SIGNAL PROCESSOR BASED RF CONTROL SYSTEM FOR THE TRIUMFISAC 
RFQ PROTOTYPE 

K. Fong, S. Fang, and M. Laverty 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada 

Abstract Digital Controller 

A stand alone digital signal processor is used to control 
the RFQ prototype in the TRIUMF ISAC development 
program. The advantage of a digital control system over the 
traditional analogue system is that it offers the higher degree 
of flexibility necessary for a development system. For this 
application the system is designed to have the outward 
appearance of an analogue system, and uses dials, knobs, and 
switches as the operator interface. The digital signal 
processor is used as a feedback controller during CW rf 
operation, with the feedback gain parameters continually 
adjustable. It is also able to perform the same regulation 
during pulsed operation, with additional feedforward 
compensation for initial pulse on duration. Using a low cost 
analogue-to-digital converter with a sample rate of 100 kHz, 
a regulation bandwidth of 10 kHz is achieved. 

Introduction 

The development of new, low cost, high speed digital 
signal processors, analogue-to-digital converters, and digital-
to-analogue converters has given rise to important changes 
in regulation system design, at TRIUMF [1] and elsewhere. 
The ISAC RFQ prototype control system is built around such 
a low cost, medium performance, flexible control system 
using a DSP as the compensator and user interface. It uses a 
DSP56002 by Motorola. This is a 40 MHz, 24 bit integer 
DSP. The analogue voltage from the rf detector is sampled 
by a 100 kHz, 12 bit ADC made by Linear Technology. The 
digital value from the DSP is converted back to analogue 
form by a 400 kHz full power bandwidth, 14 bit DAC from 
Analog Devices. This is used to modulate the rf going into 
the cavity. The useable signal bandwidth is better than 10 
kHz. 

To minimize cost and maximize ease of use, the control 
unit is self-contained with a conventional user interface that 
includes switches and knobs for control, and warning lights 
and meter readbacks for status. With the DSP controlling 
both the duty cycle and the regulation of the rf, amplitude 
regulation is possible both in CW mode and in pulse mode. 
Advances in digital control theory have developed many new 
control algorithms. However, for a single-input/output system 
with a dominant pole (i.e., a rf cavity), the optimum 
controller in terms of performance and simplicity is still a 
proportional-integral(-derivative) controller. In our system a 
PED algorithm is used in feedback regulation, and in pulsing 
mode there is the additional possibility of adaptive 
feedback/feedforward control. 

A digital controller offers a number of advantages over 
its analog counterpart. The absence of resistors and 
capacitors in the compensator eliminates component drift 
associated with analog components. The use of a 24 bit DSP 
also gives a larger dynamic range when compared with an 
analog system, although now the dynamic range is 
determined by the ADC in the input and the DAC in the 
output. For the RFQ prototype control system, the dynamic 
range as well as the resolution of the feedback signal is 
enhanced by extracting the error signal in analog form as a 
voltage using a difference amplifier. 

This error signal is then converted to digital information 
with 12 bits resolution. We use a 14 bits bipolar DAC in the 
output. Since only unipolar voltages are used to modulate the 
rf drive we effectively only use 13 bits, which gives a 0.01% 
error in regulation. 

Since the controller is controlled by software, another 
major advantage is that of flexibility in the control algorithm. 
Different operating modes can be programmed into the 
controller and activated under operator control. In this 
system, there are 5 operating modes: 
• CW open-loop 
• CW closed-loop 
• Pulsed open-loop 
• Pulsed closed-loop 
• Pulsed closed-loop with adaptive feedforward/feedback. 

Normally the last 2 modes would be very difficult if not 
impossible to achieve using an analog system, due the 
presence of an integrator in the feedback loop. The integrator 
must be disabled during the pulse-off interval. The switching 
transients from the integrating capacitor can cause problems, 
since input offset currents must be taken into account. With a 
digital system, the integrator can easily be stopped during the 
pulse off interval. Changing controller gain and time 
constants are also easier in a digital system than in an analog 
system, where the gain can only be adjusted by switching in 
different resistance values. Also, the amount of reserve 
processing power and intelligence available to a digital 
system can make adaptive feedback and feedforward possible. 
This is implemented in the pulsed closed-loop mode to reduce 
the turn-on transient. 
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PED Controller for a Digital Control System 

In time domain, the equation for a PID controller is 
given by 

m(t) = K e ( t )+^ - f e ( t )d t+T d | - e ( t ) 
r. at 

equ(l) 

where e(t) is the error signal and m(t) is the control signal, 
and T, is the integral time constant, Td is the derivative time 
constant and K is the proportional gain. 
Using a bilinear transform, the PID controller z-transform is 

Y C z ^ X ^ - k f l + y ^ + M l - z - 1 ) ) equ(2) 
1 + z" 

yflcT) 

Figure 1. Direct implementation of a PID controller 

where kk, is the integral gain, kk<j is the derivative gain and k 
is the proportional gain. There are many different ways of 
implementing the above z-transform in a digital controller. 
These different implementations result in the same Y(z), but 
differ in memory requirements, processing speed, 
requirements of coefficient resolution, internal variable 
magnitude gain and, as a result, stability over the entire 
numerical range. For a feedback controller, the most 
important factor is the stability of the system, when the 
system is operating normally as well as when saturation 
occurs. Particular attention should be paid to internal 
variables, as these may be saturated even though the input 
and output appear to be within the allowable numerical 
range. The proportional term will always be within the 
number range, since fractional arithmetic is used. The 
integral term, however, will overflow, if the input does not 
average to zero due to some anomaly condition in the 
feedback loop. For a high voltage rf cavity, sparks occur 
frequently. At the instant when a spark is fully developed, 
the voltage across the cavity is temporarily reduced. The 
feedback system must be allowed to go into saturation to 
prevent overdriving the high power rf components such as 
the final amplifier, the transmission line, and the cavity. 
When the spark dissipates, the system should recover without 
becoming unstable. We found the direct form (see Fig.l) 
realization the most stable with respect to saturation. The 
Motorola DSP has internal hardware to implement this 
realization very effectively. In particular, it has 2 indexed 
cyclic buffers to access the coefficients and the variables. 
These data moves can occur in parallel with the multiply and 

accumulate instructions that are used to calculate y(kT). 
Thus a PID algorithm takes only 3 instructions. The DSP also 
has hardware test logic that detects overflows in its 
accumulators and substitutes into their contents a limited data 
value. By adding a base value to y(kT) before the saturation 
arithmetic and removing the base value afterward, a variable 
saturation level is achieved. The PID algorithm takes 3 
instructions with this added feature. This restricts the output 
to less than an adjustable value, and is useful to limit the rf 
power going into the RFQ. An additional 8 instructions are 
needed for determination and indication of various operating 
modes, so the total computational delay is 550ns, which is 
5.5% of the sampling period. 

Adaptive Feedforward Controller 

In the ISAC RFQ prototype system, we would like to 
measure and study the cavity parameters. Adaptive feedback 
control would compensate and mask variations in the cavity 
parameters. It was decided that the control system would only 
use adaptive feedforward control for regulated pulse mode 
operation. The goal was to provide, for vacuum conditioning 
purposes, a fast rise-time rf envelope with minimum 
overshoot. To this end, feedforward control of gain 
scheduling is employed. This is a form of adaptive control in 
which the system gain is varied according to a schedule 
based on a known model of the system. No estimation of 
system parameters is required, and the controller parameters 
can be changed very quickly in response to changes in system 
operating conditions. The trade-off for the quick response is 
that it is open-loop compensation, and the adaptive 
performance is only as good as the schedule derived from the 
model of the system. In the ISAC RFQ prototype system, the 
feedforward parameter is the timing of the pulse. The system 
gain during the leading edge of the pulse is reduced to allow 
for the rise time of the cavity. Equation 3 is used to modify 
the input x'(kT) to the PID algorithm to achieve this gain 
reduction: 

x' (kT) = x(kT) - ^(kT) • <x(kT)> equ(3) 

f l 0 
T(kT) = ^ whenT = 

where xcav is the time constant of the cavity, <x(kT)) is the 
average error from previous pulses and TfkT) is a scaling 
function chosen to best represent the rising edge of the 
voltage pulse. 

Sources of Error in Digital Control 

There are several sources of error in digital control, such 
as quantization errors of either data or coefficients, round off 
errors, and overflow error. Quantization error arises due to 
finite word length in either the data or the coefficients. With 
24-bits of resolution, coefficient quantization errors are not 
significant in a PID feedback loop. Their only effect is to shift 
the locations of the zero's slightly, which has a negligible 
effect on the performance and stability of the loop. The 
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precision and resolution of the ADC and DAC used also 
affect the data quantization error. With a 24 bit DSP and a 
12 bit ADC, the ADC is a major contributor to quantization 
error. The noise variance CT2 due to quantization is given by 

12 
equ (4) 

where Q is the value of the least significant bit. For a 12 bit 
ADC, this gives CT=7X 10"5 of full scale of ADC input. In the 
prototype, the feedback signal is first subtracted from the 
reference, and then the resultant error signal is amplified by a 
factor of 10. Quantizing of this error signal results in the 
quantization noise being 7xl0"6 of the full scale feedback 
signal. The second major error source is the 14 bit bipolar 
DAC. Because of unipolar operation, only 13 bits are 
actually used. This gives a quantization noise of cr=3x 10'5. 
Overflow can occur in both analog and digital systems. For a 
digital system, overflow can result in numerical wrap around, 
a highly undesirable situation. In the Motorola DSP there is 
built-in hardware to prevent numerical wrap around, and 
overflow results only in saturation. 

Operator Interface 

The use of a high speed DSP provides enough CPU 
power to implement an operator interface, as well as the PID 
feedforward algorithm, on a single processor. The reference 
setpoint and the maximum output drive are controlled by the 
operator via front panel dials. These are potentiometers with 
digital readout whose analogue voltages are digitized and 
read by the DSP. Three toggle switches control rf on/off, 
CW/pulse, and feedforward on/off respectively. There is no 
switch for open/closed-loop control and the PID algorithm 
runs full time. Open-loop operation is achieved by setting the 
maximum output drive lower than the reference setpoint. 
This lets the saturation arithmetic take over, and limits the 
output drive to the value set by the maximum output drive 
potentiometer. By raising the maximum output drive, the 
system goes smoothly into closed-loop operation when the 
drive required is less than the set maximum. A separate 
microcontroller with internal ADC's samples the actual 
readback voltage and the output drive and displays them on a 
fluorescent display. This gives independent confirmation that 
the system is operating. 

Measurement 

The entire rf system is first operated in pulsed mode 
without adaptive compensation. The transient voltage 
response at the cavity exhibits either underdamped (Fig.2) or 
overdamped behavior, depending on the initial setting of the 
PID parameters. Figure 3 shows the cavity voltage when 
adaptive feedforward is enabled. It shows that the 
underdamped ringing is effectively eliminated. Since the 
adaptive algorithm prevents overdriving the cavity at the 
rising edge of the pulse, the rise time is equal to the natural 

decay time of the cavity. To set the control system up for 
CW operation, the system is first operated in pulse mode with 
me adaptive control disabled. PED parameters are then 
changed to give a critically damped response on the rf cavity 
voltage. This gives rise to optimum closed-loop operation in 
CW mode. The total time required to tune the feedback loop 
for optimum performance using this method is less than 5 
minutes. 

Figure 2. Pulse mode underdamped response 

6-AJ9-96 
11 :14 :41 

SË 
Figure 3. Pulse mode with feedforward compensation 

Summary 

A control system with 10 kHz of control bandwidth was 
built using a 100 kHz ADC and a 40 MHz DSP. Its 
performance in CW operation is similar to analogue control 
systems using conventional operational amplifiers. One of the 
advantages it has over an analogue system is its flexibility in 
changing feedback parameters. The major performance 
advantage lies in pulsed operation. It is able to regulate in 
pulse mode, and adaptive feedforward is implemented to 
minimize pulse-on rise time and ringing. 
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DESIGN OF A DRIFT TUBE LINAC FOR THE ISAC PROJECT AT TRIUMF 

R.E. Laxdal and P. Bricault 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3 

Abstract 

The ISAC radioactive ion beam facility under construction at 
TRIUMF combines an isotope-separator-on-line with a post 
accelerator. Required in the accelerator chain is a drift tube 
linac capable of accelerating unstable nuclei with a post strip
per charge to mass ratio of > 1/6 from E = 0.15MeV/u to a 
final energy fully variable up to 1.5 MeV/u. Due to the relatively 
low intensities of some of the ion species continuous (cw) opera
tion of the accelerator is required. A five tank interdigital H-type 
structure, operating at 105 MHz, has been chosen. The beam dy
namics conceptual design and the results of various particle sim
ulations are presented. Computer modelling of the rf structure 
and model measurements have been completed and are reported. 

Introduction 

A radioactive ion beam facility is being built at TRIUMF. [1] 
In brief, the facility includes a proton beam (I < 100 /JA) from 
the TRIUMF cyclotron impinging on a thick target, an on-line 
source to ionize the radioactive products, a mass-separator for 
mass selection, an accelerator complex and experimental areas. 
The accelerator chain comprises an RFQ [2] to accelerate beams 
of q/A > 1/30 from 2keV/u to 150keV/u and a post strip
per, variable energy drift tube linac (DTL) to accelerate ions of 
q/A > 1/6 to a final energy between 0.15 MeV/u to 1.5 MeV/u. 
Both linacs are required to operate cw to preserve beam intensity. 

Both a Wideroe structure and a super-conducting structure 
have been considered [4] for the post stripper linac in the ISAC 
project. The former idea was abandoned due to the high power 
consumption and the latter was abandoned because of the re
quired technological development. Instead, the IH structure has 
been chosen for its high shunt impedance. The structure has 
been configured as a separated function DTL. Five indepen
dently phased IH tanks operating at <f>s = 0° provide the main ac
celeration. Longitudinal focussing is provided by independently 
phased, double gap, spiral resonator structures positioned before 
the second, third and fourth IH tanks. Quadrupole triplets placed 
after each IH tank maintain transverse focussing. A schematic 
drawing of the DTL is shown in Fig. 1. 

When operating at full voltage, the beam dynamics resem
ble that of a so called 'Combined 0° Synchronous Particle 
Structure'[5]. To achieve a reduced final energy, the higher en
ergy IH tanks are turned off sequentially and the voltage and 
phase in the last operating tank is varied. The spiral resonator 
cavities are adjusted to maintain longitudinal bunching. In this 
way, the whole energy range can be covered with minimal lon
gitudinal emittance growth. 

Length (m) 

Figure 1: Schematic drawing of the ISAC variable energy 105 MHz 
DTL (upper figure) and corresponding beam envelopes (lower figures). 
Five IH tanks (A) provide acceleration at 0° synchronous phase, three 
double gap spiral resonators (B) provide longitudinal focus (<j>3 ~ 
-50°) and quadrupole triplets (C) provide transverse focus. The beam 
envelopes define the x and y maximum half sizes of the beam and the 
maximum energy spread and phase spread in the beam as a function 
of linac length. The calculations are for a beam of q/A = 1/6 with 
matched elliptical emittances of 0.257T fim (normalized) transversely 
and 487T keVnsec longitudinally. 

Specifications 

The physical specifications of the DTL have been determined 
and the beam dynamics studied using the code LANA[6]. MAFIA 
has been used to model the rf characteristics of the IH tanks. Due 
to the relatively small longitudinal and transverse emittances of 
the beam injected into the DTL (< 507r keVns and < 0.167T ^m 
(normalized)) an rf frequency of 105 MHz was chosen, three 
times the RFQ frequency. Each IH tank has a diameter of 94 cm 
with the resonant frequency tuned by optimization of the ridge 
geometry. The gross specifications of the five IH tanks and the 
three spiral resonators for the design particle of q/A = 1/6 are 
given in Table 1. The Q and shunt impedance values of the IH 
structure are calculated with MAFIA. 

The chief design considerations for the DTL are the cw 
operation, and the variable energy requirement. To achieve effi
cient acceleration and to distribute power losses uniformally, a 
constant gradient IH structure is adopted. The gap length to cell 
length ratio g/i is tuned to flatten the field distribution[5]. Max
imum accelerating gradients are determined by restricting the 
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Table 1 : Summary of parameter specifications for each IH tank and spiral resonator cavity (B 1-B3) for the design particle of q/A = 1/6. All 
cavities operate at 105 MHz. Here L is the length, a is the aperture, 1 is the average cell length, E0 • T is the effective field -adient and P( is the 
power per unit length. Other parameters have their normal designations. The quoted IH shunt impedance values are from K.-.r'iA. The power/unit 
length and power calculations for the IH structure assume a shunt impedance 75% of the value quoted. In the case of the buncher cavities, the 
shunt impedance is quoted from reference [7]. 

Tank No. 
Cells 

L 
(cm) 

a 
(mm) (mm) 

Pout(%) 
Pin = 1.8 

Eo-T 
(MV/m) 

Veff 
(MV) 

Q 
(xlO3) 

Z 
(Mfl/m) 

Pi 
(kW/m) 

P 
(kW) 

Eout 
(MeV/u) 

1 
2 
3 
4 
5 

9 
13 
15 
14 
13 

26 
50 
77 
90 
98 

10 
14 
16 
16 
16 

28 
38 
51 
65 
76 

2.2 
3.1 
4.1 
5.0 
5.6 

2.1 
2.4 
2.5 
2.4 
2.3 

0.5 
1.2 
2.0 
2.2 
2.2 

11 
13 
19 
23 
25 

374 
410 
471 
421 
376 

16 
18 
18 
18 
18 

4 
9 
14 
16 
18 

0.23 
0.44 
0.78 
1.14 
1.50 

Bl 
B2 
B3 

total 

2 
2 
2 

70 

8 
8 
8 

543 

14 
14 
14 

33 
33 
33 

2.2 
3.1 
4.1 

3.2 
3.2 
3.2 

0.22 
0.22 
0.22 

8.1 

60 
60 
60 

10 
10 
10 

91 

0.23 
0.44 
0.78 

total power per unit length to less than 20 kW/m. (For power cal
culations the quoted MAFIA shunt impedance values are scaled 
by 75%.) The IH structure is highly efficient with a total effective 
gradient of 1.5 MV/m and an rf power consumption estimated at 
only 61 kW. 

The variable energy requirement sets restrictions on the tank 
and quadrupole lengths, and on the specifications of the bunch
ing cavities. Any tank and triplet combination is required to be 
short enough to limit the phase spread entering the next section 
to A 0 < 90° so that the beam can be bunched without longi
tudinal emittance growth. This requirement forces a short first 
tank of 9 cells and 27 cm with corresponding reduction in shunt 
impedance. The quadrupole triplets are designed to be very com
pact. Each triplet unit has an effective length of 32 cm, with 
a bore aperture of 28 mm and a maximum gradient of 63 T/m. 
They will occupy a 40 cm space between tanks. 

The two gap spiral resonator structure is chosen for its large 
velocity acceptance and large multipactor-free voltage range. 
The three bunchers must operate over (3 regimes given by 
1.8%->2.2%, 1.8%—3.1%, 1.8%—4.1% respectively and over 
voltage ranges varying by a factor of ten or more. For ease of 
manufacture, three resonators with a constant /3 = 2 .3% have 
been specified yielding a gap crossing time constant of at least 
75% over the whole velocity range. The properties of the device 
have been studied extensively elsewhere [7] and the quoted shunt 
impedance value is taken from the literature. We are presently 
modelling the device with MAFIA. 

Beam Dynamics 

Beam dynamics calculations have been done using the code 
LANA with 3 0 N a + 5 as the reference particle. All transverse 
emittances quoted below are normalized values. The calculated 
envelopes for the full energy case are shown in Fig.l for 
matched elliptical emittances of 0.257T /xm and 487r keV-nsec. 
The longitudinal optics is typical for a 0° structure. The beam is 
injected into each accelerating structure with an energy higher 
than that of the synchronous particle. The longitudinal phase 
space position rotates ~ ixll in each tank and remains primarily 
in the second quadrant providing a stable transport. The strong 

periodic longitudinal and transverse focussing yield small beam 
sizes and increased acceptance. The true useable region of the 
longitudinal acceptance corresponds to 1447rkeVnsec and the 
transverse acceptance is 1.3TT jim. 

An 11.7 MHz time structure is imposed on the beam from the 
separator (eXi2, < 0.17T /nm) by a pre-buncher upstream of the 
RFQ (35MHz)[3]. Particle simulations through the RFQ, strip
ping foil and pre-DTL matching section produce realistic parti
cles that are subsequently run through the DTL. A summary of 
before and after emittances for two MEBT conditions (Case A 
and Case B) are given in Table 2. Case A includes a bunch rotator 
before the stripping foil while Case B has none. The transmis
sion is 100% in both cases for an ensemble of 4000 particles. 

Table 2: Beam quality before and after DTL for two MEBT set-ups. 

% end 
Case A 

CaseB 

osed 
in 

out 
in 

out 

ex,y (fl 
90% 
0.11 
0.12 
0.11 
0.13 

Urn) 
98% 
0.17 
0.21 

0.17 
0.24 

ez (TT 

90% 
10 
12 
27 
29 

keV •nsec) 
98% 
20 
22 
54 
58 

Variable energy operation 

A plot of the tank voltage and phase required for a given final en
ergy are shown in Fig. 2. For a reduced voltage the particle bunch 
is phased negatively with respect to the synchronous phase so 
that as the particles lose step with the synchronous particle and 
drift to more positive phases they gain the maximum possible en
ergy. This phase setting also coincides with the minimum phase 
spread at the exit of the following triplet section. The buncher 
following this tank is then used to capture the diverging beam. 
The following bunchers provide longitudinal transport. Simu
lations show that in this way the longitudinal emittance growth 
for typical beams can be kept below 15% for the whole energy 
range. 

The final phase spread of the beam exiting the DTL for either 
none, one, two, or three bunching cavities is shown in Fig. 3. The 
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aim is to achieve a phase spread no larger than can be bunched 
with a 35 MHz buncher in the HEBT. The plot shows that the first 
and second bunchers are essential and that the third would im
prove the beam quality in the energy range from 0.5-0.7 MeV/u. 

0.5 
"mc; Energy (MeV/u) 

Figure 2: Tank voltage and phase required for a certain final energy. 
Full energy case corresponds to tank voltages of 1.0 and phases of 0°. 

SCO :'tS 

KJ I "p-S :0ne 3uncher 

IUJ 
t—r-

Two 3unchers 

•E 1 8 0 - * • - • * • 
•= - * v 

hree Bunchers 

"CO 0.5 l.C 1.5 
Final Energy ( M e V / u ) 

Figure 3: Results of LANA studies showing the final phase width of the 
beam exiting the last tank for either none, one, two or three bunchers. 
Superimposed on the figure are the tank energy regimes (vertical lines) 
and the phase width corresponding to 60° of width in a 35 MHz buncher 
(horizontal line). 

MAFIA Studies 

All IH tanks were simulated with MAFIA. The results of the 
shunt impedance and Q calculations have been reported in Ta
ble 1. The calculations give power density information which 
will then be used to determine the cooling requirements. MAFIA 
was also used to predict the appropriate g/£ dependence to flat
ten the field distribution in an 11 gap full scale model (see below) 
and to predict the performance of various tuners. 

Model Studies 

A full scale model of an 11 gap tank was built to test the tuning of 
the field distribution and the characteristics of various mechan
ical tuners. The tank is built from a rolled copper sheet 6 mm 
thick. The end plates are made from aluminum on which a thin 
foil of copper is glued. The ridge and the drift tube are made 
from brass to ease the fabrication. All pieces are bolted together 
to facilitate changes of the cavity geometry. The coupling loop 
and the tuner are installed in the median plane, one on each side 
of the tank. The field distribution from a bead pull measurement 
is given in Fig.4(b). The associated g/£ values predicted from 
MAFIA simulations are shown in Fig.4(a). 

The drift tubes will be cooled by a water circuit coming up 
through the ridge and into a drilled out portion of the stem. A 

NC machined copper model of a stem and tube was made to test 
the mechanical rigidity of the structure under various heat and 
water loads. The tests show that a water flow of 3 £/min is suffi
cient to cool the drift tube. The water flow does not produce any 
measurable mechanical vibrations. 

2 ( c m ) 

Figure 4: Field distribution measured on an 11 gap model (b) and as
sociated g/£ values for each gap (a). 

Conclusions 

The separated function DTL concept provides a low power solu
tion to achieve variable energy heavy ion acceleration in the low 
j3 regime without significant increase in the longitudinal emit-
tance. A mechanical concept for the DTL is being discussed. 
The first module consisting of Tank 1, a quadrupole triplet and a 
double-gap buncher is scheduled to be completed by the end of 
1997. The DTL is scheduled to be fully installed by the middle 
of 1999. 
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Abstract 

The SPring-8 linac was completed and the first beam was 
observed in August 1996. This Linac is used for injection of the 
SPring-8 storage ring and New SUBARU ring(VUV-soft X-ray 
ring, under construction), and also used for some experiments 
like the slow positron facility and the parametric X-ray source. 
For the next stage, we are planning the reconstruction aimed at 
the single pass FEL (SASE : Self Amplified Spontaneous 
Emission). In the 1-D simulation, we get the 20 nm wavelength 
coherent light with 10-20 m length undulator. The gun system 
will be replaced from the thermonic HV cathode to the 
photocathode RF gun. And the magnetic bunch compress section 
will be installed in several areas. 

Introduction 

The SPring-8 linac was completed and the first beam was 
observed in August 1996 [1]. The layout of SPring-8 site is 
shown in Fig.l. And the present linac characteristic is shown in 
Table 1. 

'00 o 100 200 300 

Fig.l SPring-8 site layout 

Table 1 : Characteristic of present linac 

Energy 
Normalized Emittance 
Bunch length 
Energy Dispersion 
Charge 
Electron Gun type 
Cathode 
Bunching 

1.15 GeV 
100 7rmm«mrad 
10-20 ps 
1% 
3 nC/bunch 
HV+, Thermal Cathode 
Disposed BaO (Y796) 
Pre Buncher + Buncher 

The linac will be operated twice a day as the injector in the 
future and utilized for various applications in the rest of the time. 
For example, an inverse Compton scattering for nuclear 
excitation, a parametric X-ray and channeling X-ray generation, a 
slow positron generation are proposed. Especially a single pass 
FEL operating in the SASE mode is proposed as a VUV-soft 
X-ray coherent light source that is the most important and 
interesting application. 

Future plan of SPring-8 Linac 

This Linac is used to injection the SPring-8 storage ring and 
New SUBARU ring. And we have some plan to use some 
experiments like the slow positron facility, the parametric X-ray 
source and the single pass FEL. We report the study of the 
parametric X-ray and the single pass FEL. 

Parametric X-ray 

With the crystal is bombard by the electron beam, the X-ray 
of the energy which satisfies the Bragg condition at a Bragg angle 
is generated for the crystal plane is emitted. We call this 
electromagnetic radiated emission phenomenaparametrics X-ray 
radiation (PXR). By choosing the crystal incidence angle of the 
electron beam, it is possible to take out the X-ray of hoping 
wavelength. Though the flux of coming out X-ray is also 
dependent on the electron energy a little, ifwe use the electron 
beam over 300 MeV, in the X-ray region of 14.4 keV. the 
conversion efficiency is about 10° photon/'electron. At present, 
in the energy region under several hundred keV on the average 
flux, it is by fer abounding of the synchrotron radiation of the 
storage ring. Recently, though we also examine that the strength 
is made to be the several score time by the technique with 
addition matching of X-ray and parametrics X-ray radiation by 
resonance transition radiation (RTR). It is very low flux than a 
synchrotron radiation of the storage ring yet. However, the 
electron of about 10 is contained in the 1 bunch when the linac 
was operated at a single bunch. It is useful for the necessary 
experiment on the time resolution, because electron beam is 
bunched as 10 ps. This utilization is under preparation for the 
experiment, because it is corresponding by present linear 
accelerator. 

Single pass FEL 

The high brightness high-intense electron beam is bent by 
the undulator, and synchrotron spontaneous radiation light which 
arose that time is exponentially rapidly amplified by the 
interaction with the electron beam, and SASE is to generate the 
laser beam of high brightness and narrow spectral band width. 
Since the optical resonator which limits the wavelength 
shortening of the conventional free electron laser oscillation is 

438 



not used we notice the SASE radiation source as a high 
luminosity high brightness small wavelength coherent radiation 
light source. The photon flux at the peak surpasses by far the 
synchrotron radiation of the SPring-8 storage ring. In addition, 
we have the characteristic of that it is the light in the coherent 
pulse and that output itself is semi-monochromatic, and the 
burden for the spectroscope is also little. 

The FEL characteristics and the electron beam parameters are 
shown in Table 2. And calculation result is shown in Fig. 2. At 
the first phase, for proof of principle, the 20 nm FEL will be 
challenged. However the linac was optimized only for the 
injector to the booster synchrotron, its beam characteristics are 
not adequate for the FEL without improvement. 

1U LUV — --TkA,1.55GèV 1 

10<L _ _ ^ . _ ^ _ ^ J 
0 10 20 30 

Undulator Length [m] 

Fig. 2 Power growth in undulator 

There are several key issues to realize the FEL, for example 
an RF photocathode gun system, a beam transport system and an 
undulator system. After these issues will be fixed, the 20 nm 
FEL will be realized. Then the shorter wavelength FEL, 4 nm at 
1.55 GeV. will be challenged. The FEL parameter r, the power 
gam length and so on are obtained by 1-D calculation [2]. 

Table 2: FEL characteristics and beam parameter 

At first we determine the undulator parameters, the period of 
3.2 cm and K=1.62. so as to minimize the field gam length. The 
beam energy of 0.69 GeV is realized without any improvement 
of the linac. However 1.55 GeV will be achieved by addition of 
extra accelerator tubes or energy doubler (SLED) system. 

We will realize this value by means of attaching the 
focusing element with the undulator. We are now developing the 
3-D calculation code which includes the element of external 
quadruple field. 

R&D status of the single pass FEL 

Some R&D studies were started already for SASE. We 
introduce R&D of the electron gun for low emittance beam and 
beam transport simulation. 

Photocathode RF gun 

In order to obtain a small emittance beam an RF 
photocathode system is required. In the SPring-8 single cell RF 
photocathode gun is developed.In case of 2cell or multicell. it is 
possible to raise achievement energy in the cavity exit. However, 
in that structure for suppressing the effect of adjustment 
mechanism and 0 modes of the resonant frequency, the coupler 
structure is required. Therefore, we raise that it may become a 
factor of the break down in the high field generation and that the 
field intensity of the disk tip rises further than the field intensity 
of the cathode surface as a defect. And in usual accelerating 
cavity, by doing the association of one combination hole, the RF 
power from the waveguide supplies the cavity. However, the 
center of the electromagnetic-field distribution is displaced from 
the central axis of the cavity, since the electromagnetic field in 
the cavity is distorted by the combination hole. Therefore, the 
coupler structure suppresses the increase in the emittance by the 
higher mode component as a double feed coupler structure. The 
layout of test stand of photocathode RF gun is shown Fig.3. 

Wavelength [nm] 
Beam energy [GeV] 
Undulator period [cm] 
Undulator parameter K 
Peak current [kA] 
Normalized Emittance 

[7tmmTnrad] 
Betatron wavelength [m] 
FEL parameter r 

Field 2am length [m] 
Saturation length [m] 
Undulator length [m] 
Peak power [GW] 
Peak brilliance [phs./sec. 

/mm:/mrad:/0.1%B.W.] 

20 
0.69 
3.2 
1.62 
1-10 
1 

10 
2.7-5.7xl0'3 

0.55-0.26 
10.4-5.2 
20-10 
1.9-40 
5.2-5.4xl02/ 

4 
1.55 
3.2 
1.62 
1-10 
1 

10 
1.6-3.4x10° 
0.94-0.44 
16.8-8.5 
30-15 
2.4-52 
2.5-2.6xl02S 

'IP 
1 m 

Fig 3. Layout of test stand of photocathode RF gun 
PM : profile monitor. FC : faraday cup 
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From this fact, we manufacture the test equipment of the 
simple cavity by the double feed coupler structure, and we do the 
emission testing of the photocathode RF gun. It will be madeto 
be metal cathode which is more integrated than the viewpoint of 
the break down prevention with the cavity in the cathode. 

There are one CW seed laser and two different laser amplifier 
systems for photocathode. The seed laser is the Lightwave 131 
whose frequency is 178.5 MHz. This frequency corresponds to 
1/16 of acceleration frequency. The amplifier system is switched 
by retractable mirror. 

The high power "Regenerative" amplifier which generates a 
single pulse (bunch) will be used at the proof of principle mode. 
In this case metal cathode, for example Cu or Al, is used. The 
electron charge will be expected as 10 nC/bunch. The other is 6 
pass "Cascade" amplifier which generates multiple pulse (bunch) 
train is used for higher average power FEL. In this case the alkali 
cathode will be used, for example Ce2Te. The electron charge 
will be expected as 1 nC/bunch. 

Beam transport 

The schematic drawing of layout for SASE is shown in 
Fig.4. Theelectron beam from the RF photocathode gun, whose 
pulse width is expected as that of laser system 10 ps, is 
accelerated to 100-150 MeV. Then the beamis compressed to 1 
ps. After compression the beam is accelerated to final energy. 

The building for general purpose use is now under 
construction. This building is located at the left side where the 
linac beam can be introduced. To transport the beam the 
isochronous 90 degree bending system will be installed. It is 
easily expect if the high current beam passes through the large 
despersive section the emittance growth occurs. In order to 
preserve the emittance the energy compression system is 
installed in front of the bending section. After the bending 
section the beamis re-compressed to the pulse width of 0.1-1 ps 
by means of two compressors. 

RF 
Photocathode Gun 

Bunch Compressor 

-z / ,-y\ 
17~ 

> O B B « « * L l L. 

Undulalor-

Energy Compressor 

/ / ; / / ; / / / 

Fig.4 Schematic drawing of layout for SASE 
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Abstract 
The linac that is SPring-8 injector was completed and 

started operation from August 1. A beam was able to be 
transported to the final beam dumping at a tail end on August 
8. From now on this linac carries out beam adjustment and 
be scheduled to do a beam injection to a synchrotron in 
October.A@The construction and fundamental performance of 
the linac are described. 

Introduction 
SPring-8 is the synchrotron radiation facility of 8GeV in 

Japan. The storage ring operation will begin next February in 
1997, and common use of the light is scheduled from the 
autumn of the year. The number of beam lines begin from 10, 
and 60 beam lines will be constructed finally. The buildings 
of this facility is already completed (fig.l). This linac is built 
as the injector for the booster synchrotron which accelerates 
the beam from 1 to 8 GeV01. 

Fig.l Birds view of the site. 

Configuration 
This injector linac is 140m long, and maximum energy 

of electron beam is 1.15GeV. Positron beam can be generated 
optionally and used properly the demands of the storage ring 
to reduce ion trapping and stretch the life time. 
The electron gun has three types of grid pulsers. One is 
called single puiser for 1 nano-second width'21, short puiser 
can generate 10 to 40 nano-seconds pulse, and long puiser of 
1 micro-second for beam commissioning and full-fill 
operation of the storage ring. The cathode assembly is used 
Y-796 of IMAC. Beam current of 20 amps is derived by 200 
kV in the emission stability of 1.5%. 
Bunching section has two single cell prebunchers and a 13 

cells buncher of standing wave type. Transport efficiency of 
64% corresponding to a simulation is established without 
sub-harmonic bunchers. Specifications of bunching section 
was searched in Tokai establishment of JAERI before 
moving to the site two years ago. According to the result of 
the search, the bunching section rearranged and drift space 

between the electron gun and first prebuncher was cut short 
to adapt a high current mode operation by removing the 
profile monitor just behind the gun. 
Main region consists of 26 accelerator sections and 13 

klystron of 80MW. Accelerator sections are 3m long of 81 
cells, constant gradient type of 2856MHz. Accurate phase 
deviations of the accelerator sections are shown in Fig.2. 
Auto squeeze machine of MHI and detailed comparison of 
measurement with calculations established this accuracy in 
spite of low cost. 
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Fig.2 Phase deviations of accelerator section 

13 klystrons of 80MW type are used. Flatness of modulators 
is less than 0.5% in 2 micro-seconds ( modulator pulse width 
is 5 micro-seconds). Drive power for the klystrons are 
distributed by a ladder consists of a phasing device and WF-
H-50 coaxial cables'31. Phase of micro-wave for each 
accelerator sections are controlled by comparison of phase of 
beam wake field with the phase of a reference line of high 
stability coaxial cable. 
QT magnets are regularly placed each two accelerator 
sections. Bending magnets are placed at 60 MeV point, 250 
MeV point and 1 GeV point for energy analyzing and latter 
two bending magnets can be used for beam extractors. 
Profile monitors, which are placed with each QT in regular 
sections, are mainly used for alignment of beam transport. 
Ordinary CT for long pulse and tuned fast CT for single pulse 
are set at eight points. The fast CT can observe the 
modulation of 2856MHz. Wire grid monitors are set for 
emmittance measurement, and the lines of cherenkov 
monitors are prepared for measurement of micro-structure on 
time base. 

Construction 
Set up of this linac at the site began in August 1995, and 

finished in March 1996 including test of each devices and 
alignment. Factory fabrication excepting a gun and bunching 
section takes about two years over rapped setting up. 
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Devices are aligned by the laser referenced position 
pointer141. Under the very quiet condition of stopping air 
conditioner in midnight, the position of center of QT, flange 
of accelerator sections and profile monitors are measured 5 
minutes intervals from downstream. Temperature fluctuations 
is under 0.1 degree during the measurement due to the 
insulating effect of shield 3m thickness. Three times 
measurement a night and the average of data uses for 
positioning the next day. It takes two weeks for first 
alignment in December 1995, and we measured the positions 
again just before starting beam operation for confirmation of 
alignment and estimation of deformation of the building in 
July 1996. At last displacement of these positions are 
suppressed in 0.1 mm ( Fig.3) without using a vacuum 
chamber for the laser beam. 
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Operation 
Before the beam commissioning, aging of microwave 
components was done. It was expected that aging of whole 
system takes long time caused of experience in factory 
conditioning of the one unit of klystron and wave gu 
ide. We prepared automatic aging system by computers. 
Aging process is explained in qualitative analysis and 
experience, but actual parameters like a vacuum threshold are 
depends on the configuration of each system, microwave 
power and surface history. In this condition, we consider 
fazzy logic is suitable for aging process. For the definition of 
membership functions, standard PD control process using 
temporary thresholds are made (Fig.4). Consequence of the 
trial of this PD control process, it is observed that the 
temporary thresholds suit for this system, and the initial 

aging of all sections were done by this process. We expected 
it might taken 1500 hours but it took only 500 hours for the 
aging of all sections. Then each klystron generates 80MW, 2 
micro-seconds, 60 pps. And each accelerator section is 
supplied 34MW maximum. At the ordinary operation, 
klystrons are drove in 60MW. 
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Fig.4 Logic of aging process 

In the aging term, the relation of out gas ratio versus input 
microwave power of this system is observed. Lower power 
than 5MW activates surface molecules of impurities, and 
around 25MW power derives sinking impurities in copper 
material (Fig.5). In this region, out gas volume balances with 
pumping ability of this system and vacuum response becomes 
dull without break down. Gradual long aging in this region is 
effective for the shortening the time of conditioning after 
machine intervals. 
After the term of summer maintenance, Two aging processes 

of a PD control and a Fazzy logic control are compared. 
Necessary microwave power can be fed to the wave guides 
and accelerator sections, but copper surface is not enough 
clean and a rapid aging process needs when the operation re
starts. 
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Flg.5 Out gas vs micro wave power at typical section 

First beam of this linac was successfully established on 
August 1 just after raw admission is given. The gun operated 
in 2 amps, 10 nano-seconds, 5 pps under the radiation survey. 
Beam transport efficiency from the bunching section to die 
beam dump is over 95%. But we are not allowed to send a 
beam to the synchrotron area yet. The bending magnet at 
lGeV can not actuate and energy specter could not measured. 
At the point of just after the buncher, HWFM of energy 
spectrum is 2%, and normalized emittance is 130 mm»mrad. 
Before starting injection to the synchrotron in October, 

accurate phase control will be done in long pulse mode. 

Modification Plan 
This linac will be operate full time as a injector until the end 
of commissioning of the storage ring. And another beam 
transport line adds for the use of other purpose. We design a 
RF photo-cathode electron gun[5]. Low power model of 
cavities are tested now, and single cell type is the first 
candidate. Cathode material is copper, and titanium is coated 
to suppress secondary emission with controlling thickness. 
The first target is InC and lps, and a isochronous transport 
line is designed for Self Amplitude Spontaneous Emission16'. 
As a first R&D, we prepare 3 or 5 m undulator to prove the 
gain and die assumptions of initial spontaneous emission. For 
this SASE, modification of alignment system of active 
feedback is required, and several methods are estimated. 
We have an extraction line at 250 MeV point. At this place, 
we plan several experiments under the collaborations widi 
other sections. One is to generate gamma lay for the 
excitation of nucleus by the interaction with high power 
lasers. The design of laser system of the photo-cathode 
electron gun and this high power laser are combined to 
minimize a timing jitters. Another plan is high flux slow 
positron generation. A bending magnet at 250 MeV is used 
for 45 degree transport line. 
From the summer in 1997, local government of Hyogo 
prefecture start the construction of New-SUBARU which is 1 
GeV storage ring for synchrotron radiation. This ring is used 
for special industrial purpose and ring physics itself. SPring-8 
linac is used as the injector of New-SUBARU too. Higher 

reliability, higher rate of operation and flexibility are 
required to this linac. 

Conclusion 
SPring-8 injector linac started operation. First beam was 

observed at 11:10 the day of official admission as a radiation 
device was given. Detailed tuning up and machine study will 
be done in this year, and routine operation for injection starts 
from next February. After commissioning of the storage ring, 
modification for many other purpose of SASE, gamma source 
and injection to medium energy ring of New SUBARU 
project. 

References 
[1] H.Yokomizo, et. al "Linac and Booster Sychrotron for 

SPring-8 Injector", EPAC96. 
[2] H.Yoshikawa, et. al. "Ins grid puiser for SPring-8 

injector linac", LINAC94. 
[3] S.Suzuki, et. al. "Construction of SPring-8 Linac", 

EPAC96. 
[4] A.Mizuno, et. al. "Alignment of SPring-8 Linac", 

SPring-8 Annual Report 1995. 
[5] T.Taniuchi, et. al. "RF gun study of SPring-8 Linac", 

International Conference of FEL 1996. 
[6] S.Suzuki, dL Al. "Update Plan of SPring-8 Linac", 

LINAC96. 

443 



A CONTRABAND DETECTION SYSTEM PROOF-OF-PRINCIPLE DEVICE USING 
ELECTROSTATIC ACCELERATION * 

Joseph J. Sredniawski, T. W. Debiak, E. Kamykowski, and J. Rathke 
Northrop Grumman Advanced Technology and Development Center 

1111 Stewart Avenue. Bethpage, NY 11714-3582 

B. Milton, J. Rogers, P. Schmor, and G. Stanford 
TRIUMF Technologies Inc. 

4004 Westbrook Mall, Vancouver, BC, Canada V6T 2A3 

J. Brando 
Scientific Innovations, Inc. 

14 Oak Hill Lane, East Hampton, NY 11937 

Abstract Technical Approach 

A new Contraband Detection System (CDS) Proof-of-
Principle (POP) device is nearing completion at Northrop 
Grumman's Advanced Technology and Development Center. 
We employ gamma resonance absorption (GRA) to detect 
nitrogen or chlorine in explosives and certain forms of illegal 
drugs. Using tomography, 3-D images of the total density 
and selected element density are generated. These 
characteristics together may be utilized with considerable 
confidence in determining if contraband is present in baggage 
or cargo. 

The CDS employs a high current (10 mA) DC 
electrostatic accelerator that provides a beam of protons at 
either 1.75 or 1.89 MeV. These high energy particles 
impinge upon a target coated with '^C or ^S. The resultant 
resonant gamma rays are preferentially absorbed in either 14N 
or 35CI. Because of the penetrating power of the gamma 
rays, this approach can be utilized for inspection of fully 
loaded aircraft containers such as the LD3. 

Our current program calls for testing of the POP CDS by 
late 1996. This paper presents the overall design and 
characteristics of the CDS POP. 

Introduction 

The interrogation of man-portable containers through the 
GRA process has been found from previous work [1] [2] [3] 
to be a potential candidate for determining the presence of 
explosives. As a result of the work in this project, we have 
further developed the GRA approach into a system design that 
offers the potential for detecting a significant portion of 
illegal drugs. The contracted CDS POP mission is to 
examine the range of available parameter space for the GRA 
technique and for drug and explosives detection applications, 
provide a technical data base sufficient to assess the 
practicality for use with man-portable luggage. We have 
found during the conduct of this effort that the CDS approach 
may also be effective for the interrogation of medium sized 
containers such as the LD3. In addition, the development of a 
high current electrostatic accelerator for the CDS breaks new 
ground using state-of-the-art technology that will be beneficial 
to other applications such as radiography or medical therapies. 

There are two primary characteristics that can be used to 
identify explosives and illegal drugs among common 
materials; they are material total density, and individual 
selected element density [4]. Due to the overlap in total 
density of many materials, X-rays alone, which can determine 
total density if used with tomography, may not be sufficient 
to separate contraband from common materials or materials 
deliberately used for concealment. If nitrogen density imaging 
is employed in addition to total density imaging, the detection 
of contraband can be significantly improved, resulting in 
lower false alarms with a higher probability of detection. 
Separation between contraband and common materials is 
performed using the available multi-dimensioned density space 
(nitrogen and total densities). The addition of chlorine density 
imaging can provide a valuable means of detecting chlorine 
based explosives. 

After surveying all of the possible reactions for generation 
of resonant gamma rays from energetic protons, we selected 
the best reaction, 13C(p,y)14N, for nitrogen. This resonance 
occurs at a proton energy of 1.75 MeV. Of the next best 
resonant reactions there are two for chlorine (34S(p,y)35Cl) 
that occur at proton beam energies of 1.89 MeV and 2.79 
MeV. We selected the lower proton energy to minimize the 
accelerator requirements for the POP. The performance figure 
of merit for this reaction is about 5% of that for nitrogen 
which results in longer inspection times. If the POP shows 
the chlorine reaction is usable, then the higher proton beam 
energy would improve CDS performance by a factor of 2 for 
chlorine detection. 

The cross section for generation of resonant gammas gives 
rise to a proton beam requirement on target having small 
energy spread (12 keV). This in turn leads to the selection of 
an electrostatic accelerator. The need for fast inspection time 
drives the accelerator current upward toward the survival limits 
of the gamma generating target. We have found that proton 
currents of 10 m A or more are required. For the CDS POP a 
tandem configuration is chosen which requires an electron 
stripper at the high voltage terminal. The development of 
such an accelerator pushes the state of the art and opens the 
possibility for use in other applications such as neutron 
radiography or medical therapies. 
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The proton beam target for the GRA technique is identified 
as the highest risk in the system. There is limited experience 
about the lifetime of the target coating from constant 
bombardment by energetic protons; however, a parallel test 
program has been underway for some time at Northrop 
Grumman which addresses this issue. A rotating target design 
is employed to maximize lifetime by spreading the effects of 
beam sputtering and heating. 

Another risk area for the CDS POP is in the performance 
of a suitable electron stripper. At the beam current densities 
of interest, a conventional foil stripper would burn up 
quickly. Simulations for a gas stripper channel indicate that 
the required performance should be achievable; however, the 
issue of proper gas confinement in the stripper region to 
mitigate HV accelerator breakdowns is being addressed with an 
off-line test program at TRIUMF. 

Discrimination between resonant and non-resonant gamma 
rays is achieved by exploiting the fact that the resonant 
gammas are emitted at a specific angle. The detection system 
is required to be position sensitive (see Fig. 1). This is 
accomplished using segmented Bismuth Germanate (BGO) 
detectors much like, but improved over PET systems, which 
provide good spatial resolution and high detection efficiency. 
A detector development program is in place and demonstrating 
positive results. 

access for quick changes and/or modifications. The centerline 
of the tandem accelerator is 108 inches above the floor. 

Fig. 1. Position Sensitive Detection 

Camouflage techniques to hide contraband among other 
materials leads to the conclusion that a tomographic imaging 
approach should be used. Furthermore, this approach is 
necessitated by use of density for discrimination. By rotating 
and elevating a volume to be inspected, the attenuation factor 
of the gamma rays are recorded at all positions and angles (see 
Fig. 2). A 3-D image of resonant and normal gamma rays' 
attenuation factor per unit volume are used to reconstruct 3-D 
images of both total and elemental densities. An algorithm 
based upon the multi-dimensioned density data of substances 
is used to signal the presence and position of contraband. 

Description of the POP Device 

An isometric view of the CDS POP device is shown in 
Figure 3. This machine is not optimized for field use. 
Instead it is designed for maximum flexibility and ease of 

PROTON BEAM 

GAMMA RAYS " 

DETECTOR ARRAY 
(STATIONARY) 

Fig. 2. Tomographic Inspection Technique 
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Fig. 3. View of CDS POP at Northrop Grumman 

This configuration provides adequate length in the high energy 
beam transport section which must be bent at an angle of 
80.7 degrees for proper position of the proton beam with the 
target surface to result in a horizontal gamma ray fan at the 
area of container inspection. Another choice to have the 
accelerator at a lower level would require that the target, the 
detector and container handling equipment be at elevation. We 
selected the former based upon the anticipation that most of 
the hands-on time with the POP device will be with the 
target, detectors and container handling. The POP shown in 
the figure employs a double decked array of 88 BGO 
segmented detectors spanning a field of view of 53°. Due to 
funding constraints on the present program, the initial POP 
demonstration scheduled to take place in December 1996 will 
use a scaled down set of detectors (single layer of 7 BGO 
detectors) and a smaller baggage handler than as shown in the 
figure. The proton accelerator will demonstrate full CW 
output, but the gamma production target will be a low-
cost/low-duty factor interim design. The POP will 
demonstrate key principles that are scaleable to a fieldable 
CDS including; (l)high current DC tandem accelerator 
operation and long term stability at the required beam 
conditions for resonant gamma production, (2)image 
resolution and resonant/non resonant gamma ray sorting, and 
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(3)basic 3-D tomographic imaging. Successful operation of 
the CDS POP accelerator will lay the ground work for higher 
output tandem accelerators that might be used for BNCT or 
Neutron Radiography. 

An accelerator of this type offers lower capital and 
operating cost than RF driven linear accelerators of the same 
output. The cross section view in Figure 4 shows the two 
accelerating columns extending from the high voltage center 
terminal. The center terminal contains two sets of triplet 
magnets, a vapor stripper subsystem, a series of collimators 
and associated diagnostics. The whole assembly fits within a 
corona cage and sits on top of a 1 MV power supply. The 
external containment vessel provides an enclosure for SF6 

(dielectric) at 60 psi. 
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Fig. 4. Side View of Tandem Accelerator 

Performance 

The counter-drug mission differs significantly from 
explosives detection in that the volumes of contraband 
involved are usually larger when compared to high explosives, 
relaxing the need for high resolution. The larger volume of 
contraband associated with drug trafficking permits integration 
of the 3-D scan information over larger slices, thereby 
enhancing the signal to noise and allowing separation and 
detection of the relatively low nitrogen densities. On the 
other hand the amount of nitrogen in most high explosives 
makes detection less difficult. The ability to detect thin sheet 
forms of high explosives is actually easier than bulk drugs in 
similar quantities. 

The key parameters for a fieldable CDS device which are 
being used as goals for the CDS POP are presented in Table 
1. To provide the capability for dual element detection, the 
energy of the accelerator must be variable. The proton current 
is a compromise between technical capability and production 
yield per proton. A 10 mA proton beam is adequate for 
detection of nitrogen in high explosives while proton current 
between 10-20 mA is required for chlorine imaging because of 
the lower gamma yield. For small or loose baggage, the 
carrousel can be sized for an optimum volume to maximize 
throughput and still maintain sufficient transmission of 
gamma rays for high probability of detection. For suitcase 
size containers it is estimated that the CDS could process 430 
bags/hr with a detection probability of 90% for a 1 pound 
quantity of thin sheet high explosive. We have also 
performed simulations of fully loaded containers as large as 

the LD3 that indicate inspection times on the order of 10 to 
15 minutes per container are possible. 

Table 1 
CDS System Parameters 

CHARACTERISTIC 
Element Detected 

Nuclear Reaction 
Target Type 
Beam Current (mA) 
Beam Energy (MeV) 
Energy Spread (keV) 
Detector FOV (degrees) 
Container Dia. (inches) 
Container Height (inches) 
Container RPM 
Detector Height (cm) 
Detector Radius (m) 
Resolution (mm) 
Est. Q (bags/hr) 
Sensitivity (kg) 
Detection Probability 

VALUE 
Nitrogen 
13C(p.y)14N 

Chlorine 
3 4S(p,y)3 5Cl 

segmented surface 
>10 
1.75 
25 
53 
56 
44 
60 
10 
2.14 
5 to 50 
430 
0.5 
0.9 

10/20 
1.89 
12 
53 
56 
44 
6 
10 
2.14 
50 
25/50 
4.0 
0.7 

Conclusion 

The requirements for a GRA based detection system have 
been defined and a device to demonstrate the achievability of 
the required performance is nearing completion. Although 
there are some areas of the device that may not be completed 
to the full potential due to limited funding at this time, the 
planned demonstration will suffice to show whether the GRA 
approach is practical for either or both drug and explosives 
detection. The POP device will benchmark our models and 
facilitate accurate prediction of fieldable CDS performance. 
Development of the high current tandem accelerator may have 
other applications. 
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Abstract 

A sweep plate emittance scanner for use with high power, 
continuous wave (CW) beams has been designed, fabricated 
and commissioned at Northrop Grumman. The design is 
capable of scanning beams of up to 20 kW beam power with a 
spot diameter as small as 2 cm. The scanner pod is mounted 
on a ball screw driven linear bearing table that is driven 
through the beam by a stepper motor at velocities up to 30 
cm/sec. 

This paper presents the thermo-mechanical analysis of the 
pod moving through a gaussian beam and the details of the 
mechanical design of the pod and motion system. Analyses to 
determine scanner cooling schemes and structural materials 
are presented. 

Design Description 

The emittance scanner system was designed at Northrop 
Grumman in 1994 as a tool for CW ion source development. 
The first scanner pod (see Fig. 1) was designed for beams up 
to 100 keV and 200 ma. The complete system consists of the 
pod, the pod drive system, a vacuum enclosure, vacuum 

Fig. 1. - Scanner Pod & Drive System 
system, beam dump, and data acquisition and control system 

Fig. 2. Complete Installation at Northrop Grumman 
(see Fig. 2). The scanner is an Allison type sweep plate 
scanner [1] with defining slits at the entrance and the exit of 
the sweep plate region (see Fig. 3). 

Figure 3 - Section Through Scanner Pod 

This pod incorporates a dual slit at the exit of the sweep 
region to facilitate energy resolution. Each slit is formed by a 
pair of knife edges (blades) adjusted to achieve a gap of .025 
mm with a tolerance of +/- .0025 mm. The slits facing the 
incoming beam pose the biggest problem in the design 
because they scrape a large amount of beam at high power 
density. The transient deflection of these knife edges under 
thermal load must not change the gap during the scan time by 
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more than .0025 mm. To protect the bulk of the upstream 
blades from the beam, an armor plate that is both 
mechanically and thermally isolated from the scanner body is 
used. The function of this plate is simply to absorb the beam 
power without exceeding the thermal stress limits of the 
material. On the opposite end of the scanner are the dual slits. 
Since the thermal load at this point is negligible, these blades 
are made from 7075 aluminum. Once through this set of slits 
the beam enters the collector assembly. This consists of a 
suppresser electrode followed by a pair of Faraday cups, one 
behind each slit. Figure 4 shows a view of the dis-assembled 
pod looking from the collector end. 

power of 20 kW and a 2a diameter of 2 cm. The analysis was 
run using only the core 2G (17.4 kW total power) but the 
remaining 2.6 kW in the outer edges of the beam should have 
negligible effect on the results shown here. Figure 5 shows a 
2-D plot through the center of the power density profile for 
the 2 cm diameter beam which peaks at 12.7 kW/cm2. This 3-
D loading was applied in an ANSYS finite element 

Fig. 4 - Dis-assembled scanner pod - collector end view 
The scanner is operated by driving the pod through the 

beam using a stepper motor drive system that correlates 
position with time. As the scanner traverses the beam, thin 
ribbons of beam are admitted through the .0025 mm front slit. 
At the same time the voltage applied between the deflection 
plates is rapidly swept, causing the beam to sweep across the 
rear apertures. The current measured in the Faraday cups is 
then correlated with the deflection voltage and the position to 
determine the phase space of the beam. The CW scanner 
system is unique in that the voltage on the deflection plates is 
varied at high frequency allowing the pod to move at up to 30 
cm/sec while gathering the complete data set for phase space 
reconstruction [2]. 

Engineering Analysis 

The primary areas for concern in the design of the scanner 
pod were the stability of the .025 mm aperture at the entrance 
to the pod, and the survivability of the armor plate which 
takes the bulk of the thermal loading. Several 2-D and 3-D 
FEA models of the armor and knife edge were constructed 
using ANSYS to address these concerns. The beam was 
modeled as a three dimensional gaussian beam with a total 

Fig. 5 - Power density profile 

transient analysis. An external program generated the 
ANSYS load step commands based on the pod speed. 

The first area of analysis was to evaluate candidate 
materials and cooling schemes through a series of 2-D 
scoping runs. Figure 6 shows the results of a 2-D run for a 
copper armor plate and knife edge with an elaborate array of 
cooling passages. Figure 7 shows results for a 3-D 
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Fig. 6 - 2-D Results for Cooled Configuration 

analysis done on solid components (no cooling) with the same 
materials, the same pod speed of 20 cm/sec, and the same 

Fig 

Blade ^ ^ ^ ^ ^ ^ ^ _ ^ 

7 - 3-D Results for Un-cooled 

- > i - i 

' A. w 
« ^ Sri r î î t j . 

^ ' « 93<i 

M R ! * ^ 

2* m , j t 

^ Armor 
Configuration 

time step. Comparing the results it can be seen that the peak 
temperatures are lower for the case with no cooling than for 
the case with cooling. This is explained by the time scale of 
the transient. At a speed of 20 cm/sec, the pod is exposed to 
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the beam for a total of 0.86 seconds and no point is exposed 
for more than 0.10 seconds. On this time scale, the coolant 
film represents a lower conductivity boundary when compared 
to solid copper. To further lower the peak temperatures, the 
translation velocity was increased to 30 cm/sec. Figure 8 
shows the corresponding output. As a result of this analysis, 
the design incorporates water cooled 

Axisymmetric Model 

Blade 

p u r No. 4 

parcm MÎ DW 

Armor 

Fig. 8 - Results for Pod Speed of 30 em/sec 

chill blocks that are mechanically attached to the pod housing 
and to the back side of the armor plate to remove the heat 
between scans. 

Glidcop Al-15 was chosen for the armor plate. The peak 
stress of 10200 psi at 877 C is well below the yield stress of 
45000 psi for Glidcop but too high for pure copper. We do, 
however expect that mud cracking may take place over many 
hours of operation at peak beam power and therefore have 
made replacement of the armor very straight forward. 

The second area of analysis focused on the blade deflection 
during a scan. Both Glidcop A l - 1 5 and the molybdenum 
alloy TZM were considered in the analysis. The results show 
that although the TZM blade reaches the considerably higher 
temperature of 284 C versus 163 C for the Glidcop®, the 
much lower thermal expansion coefficient and reduced 
thermal conductivity of TZM make it superior to the 
Glidcop®. Figure 9 shows the Glidcop® and TZM deflection 
data. The time step corresponds to the point when 
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Blade Deflections for Glidcop and TZM 

the beam has just cleared the aperture and the last moment 
when the requirement for a gap of .025 +/-.0025 mm exists. 
The Glidcop gap has changed by +/-.006 mm in the area of 
interest (1 cm radius) while the TZM blade gap has changed 

by less than +/-.001 mm. In both cases the character of the 
deflection reflects rapid thermal expansion in the area of the 
beam core. This causes closing of the gap in that region and 
associated high compressive stress that leads to bending of the 
blade and opening of the gap away from the beam core (see 
fig. 10). In both cases the maximum deflection of the 
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Fig. 10 - Von-Mises Stresses (dynes) for TZM Blades 

blades occurs well after the scan is complete and the heat 
soaks into the bulk material. 

TZM was chosen in favor of pure molybdenum because of 
its somewhat better ductility and improved machining 
characteristics that are important when manufacturing the long 
straight knife edges. 

Conclusion 

The CW emittance scanner has been commissioned and 
utilized in applications with CW beam power up to 1 kW. 
Most recently, the scanner has been used to commission a 40 
keV, 10 ma H" injector [3]. A second scanner pod of the same 
design but for beam energies up to 2 MeV is in fabrication at 
Northrop Grumman. The new pod will be used to 
commission a 2 MeV, 10 ma CW tandem accelerator in late 
1996 [4] that will require the pod to perform to the full design 
levels. 
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Abstract 

Sweep plate scanners are preferred for emittance 
measurement due to their versatility, simplicity, and 
precision. At the Advanced Technology and Development 
Center of Northrop Grumman, we have routinely used these 
devices for characterization of injector beams with less than 
20 W/cm2 average power density. To characterize higher 
power beams, like those required for production of tritium or 
for radioactive waste transmutation, the scanner pod and data 
collection algorithm must be redesigned due to the possibility 
of melting the scanner's protective front face or distorting the 
precision entrance knife edges. Among the methods we have 
used to mitigate these effects, one consists of drastically 
reducing the amount of time required for data collection. In 
this method, the emittance scanner pod traverses the beam in 
two passes, each requiring less than 0.5 second. In the first 
pass, the phase space limits of the beam are determined. In 
the second pass, data is collected primarily within the phase 
space region limits determined in the first pass. In this way, 
enough points are collected to assure that the precision of the 
measurement is high, even though the data collection time for 
each scan is less than 0.5 second. This paper will describe 
the layout of the scanner components, the data collection 
electronics and algorithm, and the data analysis. 

Introduction 

To measure the emittance of a particle beam, the 
angular distribution of the beam particles must be determined 
as a function of spatial position in the beam. The data are 
usually displayed in a phase-space graph similar to that 
shown in Fig. 1. 

- 2 - 1 0 1 2 
X(CM) 

Fig 1. Phase space graph of a particle beam showing the contours 
corresponding to various beam fractions. 

One measure of the beam emittance is the magnitude 
of the area of the pseudoelliptical space enclosed by the 
contours shown in Fig. 1. It is usually reported as a function 
of beam fraction. Using a sweep plate scanner, the angular 
distribution of the beam particles is determined by noting the 
electric field at which particles enter a thin aperture at the 
front of the scanner and exit a thin aperture at the rear of the 
scanner. The electric field under these conditions is 
proportional to the beam entrance angle. Knowing the 
geometry of the scanner and the energy of the beam particles, 
the angle of the beam particles is easily calculated. 

To assure that the whole anguar range of the beam is 
sampled at all positions, the electric field must be swept to 
cover the lowest to the highest expected angular limit. The 
most straightforward method (which is most commonly used) 
is to sweep through these limits from the beginning position 
to the final position of data collection. In effect, this means 
that the total rectangular area of the phase space region in 
Fig. 1 is sampled in the process of a measurement. This is 
defined as a "gross scan" in this paper. 

The disadvantage of a gross scan is that, for a highly 
diverging or converging beam, most of the data collection 
occurs outside of the beam phase space region. Therefore, a 
large amount of storage is required for a small amount of 
useful data. This can be mitigated by using a mass storage 
device during data collection; however, this increases the 
minimum time necessary to obtain a scan, since these devices 
are slower than RAM storage. If faster internal RAM 
memory is used for storage, the maximum amount of data 
that can be collected in a single scan is limited to the total 
amount of RAM memory available. Ideally, one would like to 
use RAM storage to collect data that lies only within the 
phase space of the beam. This maximizes the data collection 
efficiency and minimizes the amount of time that the pod is in 
the beam. 

This paper will describe a technique that accomplishes 
this objective in two steps. In the first step, a gross scan is 
obtained and stored in RAM memory. The approximate 
angular limits, position limits, and maximum spread in the 
angular distribution at a constant position are obtained from 
the scan. The two extreme angular and position limit 
coordinates define a straight line that connects the two ends 
of the phase space. The maximum angular spread of any scan 
defines the deflection plate voltage change that must be 
applied at any single position. This defines a parallelogram 
that encloses the beam phase space. In the second step, data 
is collected only within this parallelogram. The mean 
deflection plate voltage is changed in steps as the scan 
progresses from the beginning position to the end position 
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while the deflection plate voltage spread within a sweep is 
held constant. In this paper, this is defined as a "detailed 
scan". A detailed scan maximizes the data collection 
efficiency, producing the highest point sampling density for 
the amount of RAM memory available for storage. 

The sweep plate scanner is designed to be used for 
emittance measurement of beams with a power density up to 
12.7 kW/cm2. According to the thermal analysisfl], this will 
require that the scanner traverse the particle beam in a time 
period of 0.5 second or less. Therefore, the commonly used 
technique of stepping the scanner through the beam and 
collecting data during each step will take far too much time. 
The scanner must move through the beam continuously and 
quickly. The deflection plate voltage must be applied in a 
continuous triangle waveform and data collection must be 
continuous during the scan. This is accomplished by using 
two waveform generators. The first defines a DC voltage that 
is applied in steps. The second defines a triangle waveform 
that is not changed during a scan. Adding these waveforms 
produces a triangle waveform with an offset that changes in 
steps from position to position. When this waveform is 
synchronized with the movement of the pod, continuous data 
collection, primarily within the limits of the phase space, is 
accomplished in a time period of 0.5 second or less. 

Scanner Pod Geometry 

A functional diagram of the emittance scanner pod 
and electronics is shown in Fig. 2. 
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Fig. 2. Emittance scanner pod and electronics functional diagram 

Two emittance scanner pods have been constructed, 
one for a beam energy up to 100 keV and another for a beam 
energy up to 2 MeV. The primary difference in the two pods 
is the deflection plate separation. The lower energy scanner 
has a deflection plate gap of 1.4 cm while the higher energy 
scanner has a gap of 0.35 cm. Table 1 shows a comparison of 
the critical scanner properties in each configuration. 

Table 1. 
Critical properties for two scanner designs 

gap 8 max V max V/8 A8 
(cm) (mrad) (Volts) (V/mrad) (mrad) 

100 keV 1.4 ±170 ±3065 18.1 0.15 
2 MeV 0.35 ±42 ±3832 90.3 0.15 

Data Collection 

A rack-mounted computer chassis houses the two 
waveform generators (D/A) used to produce the composite 
deflection plate voltage, the three A/D modules, a trigger (not 
shown), a DC bias voltage supply for the Faraday cup (not 
shown), and a stepper motor controller. An in-house built 
current to voltage converter (I/V) translates the Faraday cup 
current into a voltage that is digitized in one of the three 
A/D's. The voltage summer is another in-house built 
electronic module. The input to the summer comes from the 
two waveform generators. The summer has two outputs: the 
first is the sum of the two input voltages and the second is the 
inverse sum. They are independently amplified and applied 
to the two deflection plates. Using this scheme assures that 
the region of zero potential is near the entrance slit and exit 
slit of the scanner pod to assure that the two "field-free" 
regions have minimum electric field. The two amplifiers 
have separate outputs that are fed into the remaining two 
A/D's for monitoring and recording. The movement of the 
pod across the beam is controlled by the stepper-motor drive 
controller. The speed can be as high as 30 cm/sec after 
acceleration. The position of the pod is inferred from the A/D 
data stream. The A/D data collection speed can be as high as 
125,000 conversions/second. This is combined with the 
known speed of the pod to obtain the position of the pod at 
any point in the scan. Absolute position resolution is 
estimated to be 1 mm; however, relative position resolution at 
125.000 conversions per second and 30 cm/sec is 2.4 \xm. 

Results and Analysis 

Sample Faraday cup signals and deflection plate 
voltages from a partial gross scan and from a partial detailed 
scan are shown in Figs. 4a and 4b. 
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(a) Position Profile 
Gross Scan 

Detail Scan 

Fig. 4. Faraday cup and corresponding composite deflection plate 
signals from a portion of a gross scan (a) and from a detailed 
scan.(b). 

Table 2 shows the data collection statistics 
corresponding to these two partial scans. 

Table 2. 

Gross Scan 
Detailed Scan 

mrad/sec 

28,000 
4,000 

% of points in 
phase space 
6.9% 
58% 

The improvement in the fraction of useful data points 
in a detailed scan is clearly seen. 

The results of an analysis to obtain the emittance for 
the detailed scan are shown in Fig. 5. (See Ref. [2].) 
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Fig. 5. (a) Position profile, and (b) extrapolation of rms 
emittance to 100% beam fraction (f) 

plate scanner by taking data continuously as the pod moves 
through the beam at speeds up to 30 cm/sec. The data 
collection efficiency was optimized by first obtaining the 
parallelogram that encloses the phase space, and then 
collecting data primarily within that parallelogram. For a 
typical partial scan, 221 total useful points were obtained out 
of 384 total points, with the number of angular points per 
position ranging from 7 to 48. 

References 

Conclusion 

For high-power CW and DC particle beams, emittance 
data collection time must be significantly reduced to 
prevent melting of the components of the emittance 
scanner pod. This was accomplished with a sweep 
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STATUS OF THE 1.76 MEV PULSED LIGHT ION BEAMLINE AT THE NORTHROP 
GRUMMAN ADVANCED TECHNOLOGY AND DEVELOPMENT CENTER 

Michael Cole, S. Melnychuk, Y. Ng, R. Schmidt 
Northrop Grumman Corporation, Advanced Technology and Development Center 

1111 Stewart Ave, Bethpage, New York, USA 

Abstract control systems, and the frequency-control subsystem. 

The Northrop Grumman Corporation (NGC) Advanced 
Technology and Development Center (ATDC) beamline has 
recently been upgraded to provide a 1.76 MeV beam for use 
in the testing of various types of targets for gamma ray 
production. The beam is produced by an RF Driven multicusp 
volume ion source. After transport through a dual solenoid 
LEBT. the beam is captured and accelerated to 1.013 MeV by 
an electroformed monolithic RFQ. The DTL boosts the 1.013 
MeV output of the RFQ up to 1.76 MeV. A bunching cavity 
and three permanent magnet quadrupoles match the RFQ 
output to the DTL. Downstream of the DTL an 
electromagnetic quadrupole HEBT transports the beam to a 
diagnostic station housing target testing hardware. 

Automatic startup and control algorithms have been 
developed to simplify- beamline operations. A new sequenced 
autostart has been developed to start up all three RF cavities 
and initiate amplitude, phase, and frequency control 
subsystems. The frequency-control system, which uses a 
sliding-short tuner and an I&Q tune sensor, is currently 
integrated into the main control system. 

This paper will discuss the status of the beamline with 
emphasis on the energy upgrade, automatic startup and 

Fig. 1 NGC ATDC Beamline 
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Current Beamline Configuration 

The current beamline configuration is shown in Fig. 1. 
The beam is produced in a Berkeley type multicusp volume 
ion source. The source is 7 cm in diameter and the plasma is 
driven by up to 20 kW of 2 MHz RF. The amplifier is located 
at ground and is isolated from the HV at the source body and 
antenna by an integrated RF matching circuit and isolation 
transformer. Beam is extracted at 36.5 keV using a triode 
extraction electrode geometry for a final source beam energy 
of32keV 

The LEBT consists of a pair of water cooled pancake coil 
solenoids and a pair of x-y steering magnets. The solenoids 
are capable of peak fields of about 5000 Gauss in the center 
(limited by the power supplies), and the steerers of 160 Gauss 
at 10 Amps. In the middle of the LEBT is a diagnostic 
station. A variety of diagnostics can be housed in the station 
including a Faraday cup, quartz plate viewscreen, emittance 
scanner and others. 

After the LEBT, an RFQ accelerates the beam to 1.013 
MeV in about 1 meter. The RFQ is a twin to the BEAR 
(Beam Experiment Aboard Rocket) RFQ built for and flown 
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in space by LANL1. It consists if four copper plated aluminum 
vanes/wall sections which are electroformed together to form 
a monolithic structure The RFQ was originally designed to 
operate at 0.1% duty factor. We are currently running it up to 
0.7% duty factor. To prevent overheating, cooling bars have 
been mounted at the vane roots outside the cavity. 

The beam is matched to the DTL by a matching section 
consisting of 3 permanent magnet quadrupoles and a single 
gap RF cavity. The permanent magnet quadrupoles maintain 
and adjust the x-y focus of the beam, and the cavity matches 
the longitudinal focus 

The DTL accelerates the beam to 1.76 MeV. It is a 9 gap 
structure with a 2 (3X FO-DO focusing lattice. The DTL and 
its installation will be discussed at greater length in the next 
section. 

Following the DTL is a HEBT with three water cooled 
electromagnetic quadrupoles. They transport the beam to the 
second diagnostic station. This station currently holds our 
target testing equipment. Targets are being tested which will 
be used to produce y rays for a gamma-ray absorbtion 
contraband detection system2. The thermal response and 
lifetime of the targets are being evaluated under different 
beam conditions3. 

Energy Upgrade with the 1.76 MeV DTL 

The DTL cavity is a room temperature, constant 
gradient, Alvarez DTL designed for a proton or H" beam. The 
focusing lattice is a 2pX FO-DO. Important cavity 
characteristics are outlined in Table 1. The DTL cavity is 
shown in Fig. 2. It has eight drift tubes (nine cells), four post 
couplers, two tuning slugs, and one tuning bar. There are two 
large coupling loops, one for the input drive and one for a 
sliding short tuner. Vacuum windows in the coaxial 
waveguide are made of Rexolite and are located as close as 
possible to the cavity (approximately two inches). There are 
provisions for two RF pickup loops; although, as of this 
writing, only one is installed. Several vacuum ports penetrate 
the cavity wall which is also the vacuum wall. Two of these 
look directly at the high and low energy DT gap and are 
meant for X-ray end-point measurement of the gap voltage. 

The DTL cavity is fabricated from copper plated carbon 
steel with S S ports. This provides a strong, ridged, 
inexpensive structure which provides good shielding 

Table 1 DTL Characteristics and Spécifications 
Frequency (measured) 
Ql (measured) 
Coupling (measured) 
Qo (measured) 
Qo (Superfish inc. 15% on power 
in non-endcells) 
Qo (Superfish uncorrected) 

Stored Energy 
Accelerating Field 
Peak Field (on input end wall DT) 
Gap Voltage (last gap) 

424.893 
17,280 
0.77 
30,572 
31,391 

34,975 

0.5092 
1.890 
19.293 
94.800 

MHz 

J 
MV/m 
MV/m 
kV 

Input Energy 
Output Energy 

Cavity Power (Superfish uncorrected) 
Cavity Power (Superfish + 15% on non-endcells + 
correction for meas'd Q) 
Beam Power (2! 30 mA 

Total Power (CP+BP+15%) 

1.013 
1.760 

38.88 
43.70 

22.41 

76.03 

MeV 
MeV 

kW 
kW 

kW 

kW 
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properties. The endwalls with half drift tubes are made from 
OFHC copper. The drift tubes and stems are also made from 
OFHC copper. 

After installation of the drift tubes, the DTL was tuned. 
The cavity was first tuned for flat fields using the bead pull 
technique. A small dielectric bead is pulled though the cavity, 
causing the resonant frequency of the cavity to shift. The 
magnitude of the shift depends on the magnitude of the field 
at the bead. As the bead is moved, the shift in the resonant 
frequency of the cavity is measured thus giving a measure of 
the cavity field. Post couplers are then used to tune the fields 
to the desired configuration. 

The final configuration of the fields after the post 
couplers have been adjusted and brazed was measured and the 
field tilt found to be 0.26%. The scatter of about 0.5% is a 
little larger than we would like but is as good as we can get, 
given the location of our post couplers. 

The installation of the DTL began with the mounting of 
the matching section cavity, magnets, and vacuum vessel on 
to the DTL low energy end wall. An interface plate to mate 
the high energy end wall to the HEBT was then installed and 
the entire assembly transported to the beamline. The 
matching section and DTL were aligned with precision 

Fig. 2 DTL Cavity 



locating pins. The pins were installed to about 1 mil accuracy 
on a precision milling machine. The alignment of the DTL to 
the RFQ is through the matching section vacuum vessel and 
vacuum end wall. These parts were aligned in the same way 
as the matching section and DTL. After the MS/DTL 
assembly was placed on the beamline, it was aligned with, 
and bolted to, the RFQ. The HEBT was aligned with, and 
bolted to, the DTL interface plate. 

Initial beam operations began by running 150 (o.sec pulses 
at 10 Hz. Seventy four percent transmission was easily 
achieved with a 10.6 mA DTL output beam. During the next 
run, after adjusting the phasing of the various cavities, we 
were able to get almost 100% transmission with a 14 mA 
DTL output beam. Subsequently we have run up to 17 mA 
beams. 

Automated Startup for RF Systems 

We have implemented an automatic startup algorithm 
which brings the cavity system up with a single keystroke. 
The automatic startup consists ofthe following three steps: 

Step 1 : Set initial amplifier controls. Most of the system 
control variables for the RFQ, MS, and DTL are set in 
order as soon as the autostart command is given. Control 
setpoints are stored in a protected file. These initial 
setpoints generally cannot be changed from inside the 
control system program. During this step the automatic 
control loops imbedded in the cavity amplifiers are 
activated. 
Step 2: Tuner initializations. Initialize tuners for MS and 
DTL, then set tuners to the center of their range. 
Step 3 : Activate RF. Turn on RFQ RF, wait one minute 
then turn on MS and DTL RF. The frequency tuning 
routine is then activated. 

The use of this auto startup routine has greatly simplified 
day to day operation of the system. It reduces the 30 
commands required to start the system to one and eliminates 
the need to have a list of setpoint numbers available at all 
times. It is especially useful when the system is being 
operated by personnel who are not experts on the system. 

Active tuning using a sliding short. 

Tuning for the DTL and MS cavities is performed with a 
sliding short tuner, an I&Q tune sensor, and a computer 
control system. The RFQ, which does not employ active 
tuning, is used as the system reference. 

The sliding short tuner is simply a length of coaxial line 
coupled to the cavity with an inductive loop. The line is 
shorted at the end. The frequency shift of the cavity, the 
VSWR looking into the cavity at the drive, and the cavity 
field linear magnitude are all shown as a function of the 
position ofthe tuner in Fig. 3. One can see that only a portion 
of the tuner position range can be used. As the length of the 
tuner becomes close to Â./4, it begins to interact strongly with 
the cavity. At X/4 it behaves like a second coupled cavity, 
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Fig. 3. Measured Performance of Sliding Short Tuner 

splitting the mode. We use this tuner to provide 
approximately ±200 kHz of tuning range. 

The I&Q tune sensor consists of a dual directional 
coupler, a pair of IQ demodulators, and a reference master 
oscillator (MO) signal4. The forward and reflected signals are 
fed into the demodulators along with the MO reference 
signal. They produce four DC signals; Forward In-Phase (I, 
real), Forward In-Quadrature (Q, Complex), and Reflected In-
Phase (I, real), a Reflected In-Quadrature (Q, complex),. The 
DC signals are fed back to a computer which then calculates 
the amplitude and phases of the original signals. For active 
tuning, the only signal analyzed is the reflected phase. The 
computer system moves the tuner to drive this signal to 
setpoint, bringing the cavity to the correct frequency. 

Conclusion 

The beamline is serving as a usefull testbed for the 
development of accelerator systems technology as well as a 
tool for generating beam. It will be used primarily to generate 
beams for target evaluation for near future. It's operation and 
maintaince provide constant opportunities for the evaluation 
of accelerator systems. Future applications and upgrades are 
under consideration. 

1 D. Schrage, L. Young, B. Campbell, J.H. Billen; J. Rathke, 
R. Micich, J. Rose; "A Flight-Qualified RFQ for the BEAR 
Project," 1988 Linear Accelerator Conference, Williamsburg, 
VA, October 1988. 
2 J. J. Sredniawski, "A Contraband Detection System Proof-
of-Principle Device Using Electrostatic Acceleration", This 
Conference. 
3 S. T. Melnychuk, "Beam Emittance, Transmission, and 
Intensity Distribution Measurements of the NGC 1.76 MeV 
Pulsed Beamline and CDS Target Test Facility", This 
Conference. 
4 M. Curtin, Private Communication 



PARAMETRIC STUDY OF EMERGING HIGH POWER ACCELERATOR APPLICATIONS 
USING ACCELERATOR SYSTEMS MODEL (ASM) 

D.H. Berwald, S. S. Mendelsohn, T.J. Myers, C.C. Paulson, 
M.A. Peacock, CM. Piaszczyk, and J.W. Rathke, 

Advanced Technology & Development Center 
Northrop Grumman Corporation 

1111 Stewart Ave. 
Bethpage.NY 11714 

Abstract 

Emerging applications for high power rf linacs 
include fusion materials testing, generation of intense 
spallation neutrons for neutron physics and materials 
studies, production of nuclear materials and destruction of 
nuclear waste. Each requires the selection of an optimal 
configuration and operating parameters for its accelerator, rf 
power system and other supporting subsystems. Because of 
the high cost associated with these facilities, economic 
considerations become paramount, dictating a full 
evaluation of the electrical and rf performance, system 
reliability/ availability, and capital, operating, and life cycle 
costs. 

The Accelerator Systems Model (ASM), expanded 
and modified by Northrop Grumman during 1993-96, 
provides a unique capability for detailed layout and 
evaluation of a wide variety of normal and superconducting 
accelerator and rf power configurations. This paper will 
discuss the current capabilities of ASM, including the 
available models and data base, and types of trade studies 
that can be performed for the above applications. 

Introduction And Background 

High power rf-driven ion linacs are currently being 
considered for a variety of applications including, but not 
limited to: 

• Spallation neutron production for scientific and 
materials studies (e.g., European Spallation Source 
[ESS], US National Spallation Neutron Source 
[NSNS]) 

• -14 MeV neutron production for fusion materials 
testing (e.g., International Fusion Materials 
Irradiation Facility [BFMIF]) 

• Production of nuclear materials (e.g., Accelerator 
Production Of Tritium [APT]) 

• Destruction of high-level nuclear waste (e.g., 
Accelerator Transmutation of Waste [ATW]) 

The Accelerator Systems Model (ASM), expanded 
and modified by Northrop Grumman since 1993, provides a 
unique capability for detailed layout and evaluation of the 
wide variety of rf linac and rf power configurations. This 
capability, recently used to support the IFMIF accelerator 
design effort (as well as internally funded efforts involving 
higher energy linacs), provides the following features: 

E.M. Piechowiak 
Electronic Sensors & Systems Division 

Northrop Grumman Corp. 
Post Office Box 1897-Ms709 

Baltimore MD 21203 

• Ability to model ion linac configurations based upon a 
large number of existing and recently proposed normal 
and superconducting linac structures, operating over a 
wide range of rf frequencies 

• Detailed tracking of the linac's cell-by-cell 
configuration and the electrical and rf power system 
performance 

• Generation of detailed component inventory that 
includes all accelerator systems and dedicated facilities 

System reliability, availability, maintainability (RAM) 
modeling for estimation of operational availability and 
the cost of component replacement and/or refurbishment 

• Cost analysis capability which encompasses capital, 
construction, and annual operating costs, resulting in a 
single net present value life cycle cost estimate. 

ASM allows the user to consider many linac configurations 
and technology trades, in a limited time, using a complete 
set of data and a consistent set of modeling algorithms. 

The on-going physics and engineering modeling 
effort of ASM is now concentrating on improvement of 
existing models (e.g., diagnostics, instrumentation and 
control and cryogenics), implementation of an automated 
capability for parameter trades, and adaptation of the code for 
pulsed ion linacs. Future ASM variants dedicated to 
applications involving electron beam accelerators, free 
electron lasers, ion cyclotrons and ion storage rings are 
envisaged. 

ASM Calculational Flow 

The ASM code is driven by a Macintosh™ Graphic 
User Interface (GUI) that provides a user interactive, on
screen format for data input. In addition, the code reads 
several formatted files that convey engineering, cost and 
RAM data. 

As shown in Fig. 1, the first series of Fortran 
routines use the input data to establish a cell-by-cell layout 
of the accelerator, starting at the ion injector and proceeding 
through all of the major rf structures, completing each at a 
specified energy breakpoint. A generalized set of algorithms 
is used to match the synchronous phase and the longitudinal 
and transverse phase advances from structure to structure. 
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Figure 1. Accelerator Systems Model (ASM) Calculational Flow 

Inputs 
• Global requirements (energy, 

current, frequency, mass, charge) 
• Linac rf structures & configuration 
• Physics assumptions & constraints 
• RF power technologies & config. 
• Engineering, RAM, cost data 
• Energy break points & other logic 

Beamline Physics Layout 
• Injector & RFQ sizing & performance 
• Matching between accelerating structures 
• Cell-by-cell lattice & magnet requirements 
• Cell-by-cell electric field ramping & power 

consumption 
• Tanking break points 
• Beamline power & parts inventory buildup 

RF Power Sizing 
• Selection & sizing of 2-3 
stage rf amplifier chain 

• RF configuration (AC 
line to accelerator cavity) 

• Determination of AC 
power requirements 

Availability Estimation 
> Equipment failure rates & times to 

repair or replace 
• Subsystem reliabuility/availability/ 

maintainability (RAM) buildups 
(incl. spares)) 

• System reliability & availability 
estimation 

Accelerator & RF System Cost 
• Non-recurring engineering cost 
• Unit manufacturing costs for major 

components & assemblies 
• Scaling for size & quantity 
• Building & facility costs 
• Operating costs (staff, electricity, 

replacements) 
• Discounted present value of life cycle cost 

Summary Outputs 
• Cell-by-cell & tank-by 

tank details 
• Accelerator layout 
• RF & power flow 
• Reliability & availability 
• Capital & operating costs 
• Life cycle costs 

The electric field is linearly ramped within an rf tank according 
to any of several criteria (e.g., proportional to particle 
velocity, p\ up to a limiting value). Tank sizing may be 
specified according to the available rf power, energy break 
points or other user inputs. When the layout is completed, the 
rf power requirements and an inventory of linac components 
(see Fig. 2) is passed to the subsequent routines. 

Fig. 2 DTL Parts Identification Schematic Illustrating Level 
Of Cost Estimation Incorporated Into ASM Model 
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The next set of ASM routines are used to size and 
configure the rf power system, which is critical to the overall 
evaluation because it represents the largest cost component of 
the accelerator, dominates the electric power requirement and 
plays a major role in the system availability. As a first step, 
ASM reviews the required sizes and frequencies of rf sources 
and compares them with its rf amplifier data base, illustrated in 
Figure 3. The code selects the tube with the best operational 

Fig. 3 CW-Rated RF Output Amplifiers Currently Included 
In ASM RF Power Data Base 
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efficiency, then lays out the remainder of the rf system 
including the driver tube(s), peripheral equipment, high voltage 
equipment and rf transport components. Based upon the 
inventory of rf components and their various rf and electrical 
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efficiencies, the electrical power requirement of the rf system is 
estimated. 

A third set of ASM routines is used to estimate the 
overall operational availability of the accelerator (during 
scheduled operation). Starting with a RAM library containing 
the failure rates (mean time before failure, or MTBF) and repair 
times (mean time to repair, or MTTR) of the constituent 
equipment, the ASM RAM routines process the configuration 
and parts inventory data to develop estimates of the RAM 
performance of individual subsystems. These are combined 
(with consideration of spares and redundancies) to develop an 
overall estimate of the system reliability and availability. The 
results are also used to predict the rates of replacement of 
major components. 

The next set of ASM routines provide estimates of 
the capital, operating, and life cycle costs for the major 
subsystems of the accelerator. Using the parts inventory, 
these routines develop engineering, fabrication labor and 
materials cost estimates. The engineering estimates are 
comprised of both non-recurring design and development 
activities for the first unit and recurring engineering for 
subsequent units. Where large quantities of parts or 
components are required, learning curve techniques are used to 
model the decreasing cost of unit production or acquisition. 

Annual operating cost estimates are developed from 
the electric usage, component refurbishment/replacement 
requirements and facility staffing estimates. A life cycle cost 
estimate that combines the capital costs, with projections of 
the facility construction costs and the annual operating costs is 
also developed. Standard net present value analysis is used to 
represent the life cycle cost as a single value. 

Trades That Can Be Performed Using ASM 

The types and applicabilities of trades currently 
supported by ASM are indicated in Table 1. In the table, a "V" 
indicates that the code has already been used to perform the 

Table 1. Current ASM Trade Study d 

Candidate Trade Studv 
Beam Pulse Length"™ 

Alternative Accelerating Structures 
Normal vs. Superconducting 

Transition Energies & Matching 
Beam Energy vs. Current 

Accelerating Gradient 
RF Frequency 

Frequency Doubling 
Current Funneling 

Multiple vs. Single Beamlines 
Multiple vs. Single Ion Injectors 

Design Optimization vs. Plant Life 
RF Amplifier Technology 

RF Tanking 
RF Pre-Amplifier Staging 

RF Amplifier Redundancies 
High Voltage Power Technology 

RAM Trades 

tpabilitk ;s 

Linac Application 

IFMIF 
N7À 
V 
V 
V 

N/A 
V 
V 
V 

N/A 
V 
V 
V 
V 
V 
V 
V 

N/A 
V 

ATW 
kl/À 
• 
• 
• 
•J 

V 
• 
• 
• 
V 
• 
• 
V 
V 
• 
• 
• 
V 

NSNS 
• 
• 
• 
• 
• 
• 
• 
• 

N/A 
N/A 
N/A 
N/A 
» 
• 
• 
• 
• 
• 

indicated type of trade, a "•" indicates that the trade should be 
considered for the indicated application, and "N/A" indicates 
that the trade is not applicable. 

An example of a recent trade involves the selection of 
the preferred accelerating gradient for a drift tube linac (DTL). 
As shown in Figure 4, the capital and operating costs increase 
at high gradient due to the increased rf power consumed in the 
rf structure, which leads to larger rf power requirements and 
larger electricity requirements. As the gradient is decreased the 
rf power requirement also decreases, but the DTL length and 
the number of rf tanks increase, decreasing the rf power per 
tank and ultimately increasing the overall life cycle cost. The 
best balance between these trends results at a gradient of 
1.8 MV/m, where the life cycle cost is minimized. 

Fig. 4 Example Of Use Of ASM To Determine Optimal 
Accelerating Gradient For A Drift Tube Linac 
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