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PROCEEDINGS OF THE

ADVANCED HADRON FACILITY ACCELERATOR DESIGN WORKSHOP

FEBRUARY 20-25, 1989

Compiled by

Henry A. Thiessen

ABSTRACT

The International Workshop on Hadron Facility Technology was
held February 20-25, 1989, at the Study Center at Los Alamos
National Laboratory. The program included papers on architecture,
beam diagnostics, compressors, linacs, computer controls, polarized
beam, rf, magnets and power supplies, experimental areas, and
instabilities. Participants included groups from AHF, Brookhaven
National Laboratory, European Hadron Facility, Fermilab, and the
Moscow Meson Factory. The workshop was well attended by
members of the Los Alamos staff. The interchange of information
and the opportunity by criticism by peers was important to all who
attended.
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Welcome

to the advanced hadron facility

Workshop

at Los Alamos

by
Arch Thiessen

20 February 1989
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Welcome!

Beijing, China
Moscow Meson Factory, USSR
Japan Hadron Facility
European Hadron Facility
ISIS, Rutherford-Appleton Labs, England
TRIUMF
Brookhaven National Lab
Fermilab
Lawrence Berkeley Lab
University of Colorado
Arizona State University
SAIC
Los Alamos National Laboratory
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Workshop Schedule |
IP-14

MON

Plenary
Session

TUE5

Plenary
Session

Architecture

Compressor

Linac

WED

Computer
Controls

Polarized
Beam

RF

THUR5

Plenary
Session

RF

Experimental
Areas

Magnets &
Power Supplies

FRI

Beam
Environment

Experimental
Areas

SAT

Summary
Session

Architecture

Compressor

Architecture

Compressor

Linac

FREE TIME

instabilities

Experimental
Areas

Magnets &
Power Supplies

Beam
Environment

LAMPF & PSR
Tour

u
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Special Events |

Cocktail Party and Banquet

- Here: Tues 5:15 pm -...

Free Time Wednesday Afternoon

- see people at Los Alamos

- or Skiing at Pajarito Mountain

Tour of LAMPF and PSR

- Friday PM
U
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Conference Secretary]

Mrs, Myra Martinez

- travel

- local transportation

- copies, etc.

please turn in contributed papers
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Charge to Working Groups

a presentation for
AHF Workshop

by
Arch Thiessen

20 February, 1989

§ Alamos
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the Working Groups |

1. Linac - Stan Schriber, Chairman, Georg Schaffer, Secretary

2. Kaon Factory - Fred Mills, Chairman, Barbara Blind Secretary

3. Compressor - Chas Planner, Chairman, Mike Plum, Secretary

4. Computer Controls - Ray Poore, Chairman, Don Dohan, Secretary

5. Polarized Protons - Uli Wienands, Chairman, Olin VanDyck, Secretary

6. Experimental Areas - Ewart Biackmore, Chairman, Bill Louis, Secretary

7. Magnets & Power Supplies - Mike Harold, Chairman, Ed Bush, Secretary

8. RF - Rod Smythe, Chairman, Roger Poirier, Secretary

9. Instabilities - Dick Cooper, Chairman, Rick Baartman, Secretary

10. Beam Environment - Vern Sandberg, Chairman, Linda Walling, Secretary

(combined Group)

Los Alamos
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Charge to the Linac Group |

1. Identify Sources of and Cures for Linac Beam Halos
2. Discuss Ion Source & RFQ

- 2 H-, 1 Polarized H- Ion Sources
- 200 MHz vs 400 MHz

3. Review Ideas for Chopper to 50 MHz (~6Hz)
4. Discuss Drift-Tube Linac

- Matching to Existing 200 MHz ?
- Advantages of 400 MHz ?

5. Recommend Minimum-Lifetime-Cost Coupled-Cavity Afterburner
- 800 MHz vs 1200 MHz room temp ?
- Superconducting ?

6. Define Requirements for Transport System from LAMPF to Afterburner
7. Discuss Lifetime Cost Algorithms (R&D+Constr+Ops+ Maintenance+Power)
8. Recommend Topics for Further Study

Los Alamos
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f I Charge to the Architecture Group | A

1. Review Developments in Lattices & Slow Extraction

2. Review AHF Single-Ring Plan

- any major flaws?

3. Consider Possible Cost-Effective Compressor

4. Review 1.4 Tesla vs 2.2 Tesla Magnets

- and implications for site layout & costs

5. Is Booster Needed for 1.4 Tesla or 100 GeV Versions?

6. Recommend Topics for Further Study

,©s Alamos
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Charge to the Compressor Group |

1. Review AHF Compressor Proposal

2. Review JHF Plan

3. Review PSR Upgrade

4. Discuss Pros & Cons of HO vs H- Injection

- is there an optimum painting strategy

5. Review Stripper Foil Development & Shape Proposals

6. Consider Short Pulse Requirements for Neutrinos

7. Is there a more cost-effective £1 mA Compressor?

8. Recommend Topics for Further Study

u>
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/ Charge to the Computer Controls Group
1. Outline a PLAN to get from the LAMPF control system to the AHF control

System.

• What activities should we initiate?

• What schedule and milestones should we set?

• How do we estimate the costs?

• What control installations should we monitor?

2. Identify technologies and concepts that promise to:

• increase software productivity,

• reduce the cost and / or time of construction,

• improve reliability, lower maintenance costs, or extend system life,

• or provide new capabilities

3. Recommend topics for further study
- Los
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Charge to the Polarized Proton Group |

1. Review Developments in Polarized Proton Acceleration

2. Consider AHF Site Layout Proposals

- implications for spin rotation ?

3. Consider AHF Single Ring Option

- is single snake possible ?

- problems if we jump resonances ?

4. Recommend Topics for Further Study

\ L o o
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/[Charge to the Experimental Areas Group

1. Review Techniques for Beam Splitting & Target Sharing

- suggest a minimum cost solution for AHF

2. Discuss Kaon Beam & Spectrometer Designs

3. Review Remote Handling Needs of AHF

- Experimental Areas & Accelerator

- Constraints on Siting Plan ?

4. Discuss Floor Space Requirements for Experiments

5. Recommend Subjects for Further Study
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/ Charge to the Instability Working Group
1. Define Criteria for Stability of:

-PSR

- AHF Compressor

- AHF Single-Ring

- Debunched Slow Extraction

2. Review Methods to Increase Longitudinal Phase Space

3. Discuss Possible e-p Instability at PSR

4. Recommend Experiments Which Can Distinguish

Between Impedance and e-p Instability at PSR

5. Recommend Topics for Further Study
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| Charge to Magnet & Power Supply Group}

Review Developments in AC Magnets & Power Supplies

Discuss Techniques to Measure Iron Properties & AC Field

Options for Indirectly-Cooled Conductors

R&D Program for AC Magnets < 1.5 Tesla

Additional Difficulties of 2.2 Tesla Magnets

- is 2.2 Tesla too difficult ?

Cost Estimate Algorithim for AC Magnets & Power Supplies

Recommend Topics for Further Study :

ton Alaiii
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Charge to the RF Working Group |

1. Review Progress in

- cavity design

- higher mode dampers

- cooling & biasing of ferrite

- effect of ferrite bias field on beam

2. Review Joint Los Alamos / TRIUMF Cavity Progress

3. Review Plan for PSR Test

4. Recommend Topics for Further Study

Allan mou
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Charge to the Beam Environment Group

1. Review Progress on Kickers

2. Review Progress on Vacuum Chambers

3. Review Progress on Impedance Measurements

4. Review Progress on Beam Diagnostic Instrumentation

5. Discuss R&D Program Needed for Items 1.- 4. above J

6. Consider Prospects for PSR Impedance Measurement

- using the coasting beam

7. Recommend Topics for Further Study

, Los
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Task For Rapporteur!

Review Workshop & Progress at TRIUMF & LANL

- make constructive and illustrative comments

- especially emphasize topics whose difficulty

is being underestimated or overlooked !

- any suggestions for minimizing cost ?

rss

L(D)S



TRIUMF KAON FACTORY PRE-CONSTRUCTION STUDY

M.K. Craddock*
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., V6T 2A3

Summary

TRIUMF has been awarded $11M for a one-year pre-construction engineering
design and impact study of the KAON Factory. This will enable prototypes to be
built of various components of the Booster ring - a fast-cycling dipole magnet, dual
frequency magnet power supply, ceramic beam pipe, rf cavities (both parallel and
perpendicular bias versions) and extraction kicker - and a rotating target for the 3
MW 30 GeV beam. Reviews are being carried out of racetrack designs for all five
rings, of the shielding and remote handling requirements, and of the layout of the
experimental areas. The design of the tunnels and buildings will be finalized, various
impact studies carried out, and international involvement pursued further.

Introduction

The TRIUMF Kaon-Antiproton-Other hadron-Neutrino Factory has been described
in full in the original proposal1 and outlined in various papers.2"3 The basic aim is to
accelerate a 100 /zA beam of protons to 30 GeV, roughly 100 times more than avail-
able at present. This would provide correspondingly more intense - or pure - beams
of secondary particles (kaons, pions, muons, antinucleons, hyperons and neutrinos)
for particle and nuclear physics studies on the "precision frontier", complementary
to the "energy frontier".

Following technically favourable reviews of the proposal by the funding agencies,
the governments of Canada and British Columbia in 1987 instituted supplementary
studies on economic benefits, broader national management (the four founding uni-
versities have now been joined by the Universities of Manitoba, Montreal, Regina and
Toronto) and international involvement. Exploratory discussions abroad at the end
of 1987 (see below) indicated a potential for ~$200M (Cdn) in international contri-
butions - about one third of the total cost of S571M. Furthermore the Province of
British Columbia has given approval in principle to the funding of the buildings and
tunnels ($87M).

The most recent development has been the joint funding by the federal and provin-
cial governments of an $11M pre-construction Engineering Design and Impact Study.
This began in October 1988 and is planned to take 15 months. It will enable pro-
totypes of the major components to be built, the cost estimates to be updated, the
international contributions to be better defined and various impact studies to be car-
ried out. The various projects are listed below, together with the names of the group
leaders and other engineers and physicists involved.

'On leave from Physics Department, University of British Columbia.
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Project Leader
Accelerator Design

Systems Integration
RF Systems
Magnets
Magnet Power Supplies
Beam Pipe & Vacuum
Kickers
Controls

Shielding Sz Safety
Cyclotron Beam Extraction
Experimental Areas
Targets
Science Workshops
International Consultations
Project Management

Building Design
Tunnel Design
Services & Power
Industry Development
Economic Assessment
Legal Studies
Environmental Studies

A. Astbury
M.K. Craddock; R. Baartman, S. Koscielniak,
G.H. Mackenzie, J.R. Richardson, R.V. Servranckx
and U. Wienands
E.W. Blackmore; G. Clark, M. Zanolli (CERN)
R. Poirier; R. Burge, T. Enegren
A.J. Otter; C. Haddock, P. Schwandt (IUCF)
K. Reiniger;
C.J. Oram
G. Wait; M. Barnes
D. Dohan; W.K. Dawson, B. Frammery (CERN),
D. Schultz (LANL)
I.M. Thorson; D. Axen (U.B.C.)
M. Zach; G. Dutto, R.E. Laxdal, J. Pearson
J. Beveridge; J. Doornbos, G. Stinson
T.A. Hodges
P. Kitching (Univ. of Alberta)
P. Dyne (ISTC); E.W. Vogt
G. Ritchie; G. Ridout (UMA Spantec Ltd);
V.K. Verma
Company to be appointed
Company to be appointed
Company to be appointed
D. Williams; A. Stretch (Monenco Ltd.); J. Carey
Company to be appointed
Company to be appointed
Company to be appointed

The status of the various technical projects is described in the sections below, but
first the general features of the design are outlined.

Basic Design

The TRIUMF H~ cyclotron, which routinely delivers 150 fiA beams at 500 MeV,
would provide a ready-made and reliable injector. It would be followed by two fast-
cycling synchrotrons, interleaved with 3 storage rings, as follows:

A Accumulator: accumulates cw 450 MeV beam from the cyclotron over 20 ms
periods

B Booster: 50 Hz synchrotron; accelerates beam to 3 GeV; circumference
214 m

C Collector: collects 5 Booster pulses and manipulates longitudinal emit-
tance

23



D Driver:

E Extender:

main 10 Hz synchrotron; accelerates beam to 30 GeV; circum-
ference 1072 m
30 GeV stretcher ring for slow extraction for coincidence
experiments

This arrangement allows the B and D rings to run continuous acceleration cycles
without flat bottoms or flat tops. The use of a Booster permits a smaller normalized
emittance and hence reduces the aperture and cost of the Driver magnets for a
given space charge tune shift. The use of a Booster also simplifies the rf design by
separating the requirements for large frequency swing and high voltage (33% and 600
kV respectively for the Booster, and 3% and 2550 kV for the Driver). These high rf
voltages are associated with the high cycling rates; the use of an asymmetric magnet
cycle with a rise 3 times longer than the fall in the Driver reduces the voltage required
by one-third, and the number of cavities in proportion. In the Booster the saving is
less because more voltage is needed for bucket creation.

Figure 1 shows a proposed site layout together with cross-sections through the
tunnels, with the Accumulator above the Booster in the small tunnel, and the Col-
lector and Extender rings above and below the Driver in the main tunnel. Identical
lattices and tunes are used for the rings in each tunnel. This is a natural choice pro-
viding structural simplicity, similar magnet apertures and straightforward matching
for beam transfer.

BOOSTER MAIN TUNNEL

30 GeV
SYNCHROTRON

^.. — NEUTRINO
*\ Z - I FACILITY

3 GeV
BOOSTER

7
CYCLOTRON

EXPERIMENTAL
HALL

Fig. 1. Possible site layout.

Separated-function magnet lattices are used with the dispersion modulated so as
to drive its mean value towards zero, enabling transition to be kept above top energy
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in all rings. This avoids transition-crossing problems, such as emittance mismatch
and change of rf phase under high beam loading. Racetrack lattices have now been
adopted for the C,D and E rings and are under consideration for the A and B rings.

Injection into the Accumulator is achieved by stripping the H~ beam from the
cyclotron, enabling many turns to be injected into the same area of phase space.
The small emittance beam from the injector is in fact "painted" over the much larger
three-dimensional acceptance of the Accumulator to limit the space charge tune shift.
Painting also enables the optimum density profile to be obtained and the number of
passages through the stripping foil to be limited.

Beam Dynamics

In order to cut beam loss at slow extraction well below the usual 1%, racetrack
lattices have now been adopted for the C,D and E rings (Servranckx et al.4). These
provide long straights with high 0 (100 m) at the septa and room for an additional pre-
septum and for collimators downstream. Tracking simulations, which include power
supply noise effects, show that the beam loss can be kept below 0.2%. The 180° arcs
contain 24 cells, and are second-order achromats, normally tuned to 5 x 2ir. The tune
for the whole ring may be varied by ±1 in each plane independently. A half-integer
resonance may be used for extraction, to simplify the collimation process. Such a
racetrack lattice is also convenient for the Driver synchrotron, allowing either for
the insertion of Siberian snakes, or for tuning for low depolarization without snakes,
using high-periodicity arcs and spin-transparent straight sections.5 Investigation of
the properties of the lattice in detail show that its dynamic aperture is as large as
for the old circular design. A bypass is being studied for the Extender, to separate
the extraction straight from those of the C and D rings. Racetrack lattices are also
being investigated for the Booster and Accumulator rings, where they would provide
dispersion-free regions for rf cavities and beam transfer. FODO, doublet and triplet
lattices are being investigated.4

Studies continue to determine the optimum strategy for painting the beam at
injection. Developments in stripping foil construction suggest that two-sided "corner"
foils may be usable, reducing the number of foil interceptions during accumulation
(Mackenzie6). Better models are now available for scattering within thin foils (Butler
et al.7).

The stability of unusual beam density distributions, such as those formed during
painting or debunching, is under study (Baartman8). For distributions p(p, <j>) hollow
in longitudinal phase space, simulations9 reveal an intensity threshold for instability.
The stability criterion can be expressed in terms of the slope dp/dp. The merits of
lower-frequency rf systems for beam stability have also been studied.10 The effects
of space charge and of feedback control loops can be included in our longitudinal
tracking codes, and have also been studied analytically.
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Magnet Development

A preliminary design for a Booster dipole magnet has been prepared (Otter tt
al.n) and a prototype is under construction. The magnet will be 3 m long with a
pole gap of 10.7 cm and will cycle at 50 Hz between 0.27 T and 1.05 T with a
field uniformity < ±2 x 10~4 over ±5 cm. The prototype will be built from 26-gauge
laminations of M17 (non-grain oriented) steel with 10-turn coils, each containing 12
square hollow copper conductors in a vertical array. Studies continue on the various
other magnets needed in the accelerators and beam lines.

Magnet Power Supplies

As explained above, dual-frequency magnet excitation is being considered for the
synchrotrons, with a rise time three times longer than the fall. To test the performance
of such a system a high-power test stand has been set up (Fig. 2). Four magnets from
the decommissioned NINA synchrotron are used, one as the load and three in series
as the resonant 81 mH choke. A 1000 fiF capacitor bank may be switched in parallel
with a 125 fiF bank to change the resonant frequency from 100 Hz to 33 Hz. Dual-
frequency operation was achieved recently and tests are continuing (Reiniger12). A
new power distribution scheme for the one reference and 24 Booster dipoles has been
worked out, based on 5 cells with 5 magnets each.

Fig. 2. High-power test stand for dual-frequency magnet ex-
citation studies.
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Kickers

The kicker with the most challenging specifications is probably that for extraction
from the Booster ring - about 30 kV across an 8 cm gap over a length of 2 m with a
rise time <80 ns and operating at 50 Hz. Starting from scratch and with long delivery
times on some items it seemed impractical to attempt to build a true prototype within
12 or 15 months. Instead we plan to gain experience in delay-line kicker technology by
putting together a somewhat similar system with the help of some critical components
obtained on loan.

A 1 MHz chopper will also be built for installation in the injection line from the
cyclotron to create the 110 ns beam gap needed for kicker rise and fall. The chopper
must provide 40 kV over 1 m with rise and fall < 35 ns . Our aim is to have a
prototype chopper operating by the end of 1989.

Radio Frequency Systems

The reference design for the Booster cavities is based on those used in the Fermilab
booster. A full-scale prototype cavity is almost complete and should be ready for tests
with an air tuner soon (Poirier et al.13). Under our collaboration with LAMPF their
booster cavity, which employs perpendicularly-biased microwave ferrite, is now also
at TRIUMF, being prepared for testing under ac bias conditions - a crucial test of its
viability. Under dc bias it has produced relatively high voltages (140 kV), potentially
reducing the number of cavities required and hence the impedance presented to the
beam and the likelihood of inducing coupled-bunch instabilities. Enegren et al.14

have studied the higher-order modes for both cavities and report on several damping
schemes. To reduce the stray magnetic field seen by the beam in the LAMPF cavity,
both shielding and redesign of the bias coils are being investigated (Haddock et al.15).

Control of the rf systems under high beam loading is a crucial topic. The effect of
fast feedback has been modelled analytically by Koscielniak.16 Burge and Enegren17

describe the operation of a generic regulator they have built for phase and amplitude
control. This will be used in the low-level control system which TRIUMF is building
for the LAMPF main ring cavity, along with the solid-state driver amplifier.

Beam Pipe & Vacuum

The vacuum and impedance requirements for all five rings are being carefully
reviewed (Oram18). The high circulating beam current makes beam-induced multi-
pactoring and ion desorption from the walls the most critical processes. A hydro-
carbon-free system is required, with all metal elements pre-baked to 300°C, and
pumps spaced no more than 5 m apart, automatically producing vacua better than
10~8 Torr. An additional concern in the Extender ring, where the beam may be
debunched, is the possibility of electron-proton oscillations; electrostatic collector
plates will be needed to suppress these.
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Ceramic chambers must be used within the fast-cycling magnets but must contain
a conducting shield. Two shielding schemes are being considered and 4 m long pro-
totypes incorporating each are being constructed for the Booster dipoles. SAIC (San
Diego) is building a chamber with longitudinal silver stripes painted on the inside
walls, while RAL (U.K.) is building one incorporating a separate wire cage, as used
in ISIS.

Computer Control System

A comprehensive review of both hardware and software options was carried out
in 1987, and recommended a segmented Ethernet communications backbone link-
ing commercial workstations used as operator interfaces with microprocessor based
equipment controllers. A test platform is being assembled based on a VAX3200 work-
station with a bridged Ethernet connexion to 2 VME crates. It will be tried out on
selected cyclotron systems requiring beam control, such as the injection line or the
new H~ extraction system. The possibility of incorporating expert systems techniques
is also under study.

H~ Extraction from the Cyclotron

To extract H~ ions (instead of stripping them to protons as in normal operation)
a conventional extraction system is being developed. With 18 kV on an rf deflector,
which excites the i/r=3/2 resonance, and 50 kV on the electrostatic deflector 90%
of the beam (66 \iA macropulses at 1% duty factor) has been transmitted through
the latter. The other 10% is stripped by a narrow foil shadowing the septum and
protecting it from irradiation; the resulting protons may be dumped or steered into
an experimental beam line. In recent tests the average beam current was successfully
raised to 10 \ik. Design of the 4-segment magnetic channel which will steer the H~
beam out of the cyclotron is now under way and one segment will be built and tested
this year. Detailed design of the front end of the external beam line is also under way.

Experimental Areas and Targets

A revised experimental area layout is shown in Fig. 3 (Doornbos and Beveridge19).
The slow extracted proton beam will be shared between two lines each with two
production targets. Each target will feed at least two forward K and p channels, and
in some cases backward fi channels. A dedicated line and area is provided for polarized
proton beams and the neutrino production target and area are now incorporated in
the main hall for better crane access. Engineering of the beam lines and installation
of shielding is reported by Clark.20 Target development includes both modification of
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an existing rotating graphite target (driven and cooled by water) for tungsten, and
the construction of a prototype target rotated by a flexible cooling line.

w-! btf .VS^J- . 0.8GeV/c

POLARIZED
PROTON
AREA

KAON FACTORY
EXPERIMENTAL AREA

Fig. 3. Proposed experimental area layout.

International Consultations

A Canadian delegation visited West Germany, Italy, Japan and the U.S.A. in late
1987 to explore the potential for international participation in the KAON Factory.
Each country agreed to consider supplying components for construction, and indeed
the possibility of support is being explicitly allowed for in the planning scenarios of
both Germany and Italy. In the U.S.A. the DOE and NSF requested advice from
NSAC, which set up a subcommittee under Prof. H. Feshbach. This has recently
completed its report, which characterizes the Canadian proposal as "a conservative
design" and "cost-effective". In all it appears that there is a potential for about
$200M (Cdn) - or one-third of the total cost - in international contributions. Besides
the countries mentioned above, Belgium, Britain, Israel and the People's Republic of
China have all expressed interest in participating in experiments and in some cases
in accelerator design and construction. International consultations will now continue
more formally under the aegis of the pre-construction study with a first round of
visits scheduled for April and May 1989 to begin identifying suitable items to be
supplied. Workshops will be held in Canada, Germany, Italy and Japan this year to
discuss the experimental possibilities.

Conclusion

The pre-construction study is expected to be complete by the end of 1989, leaving
the way clear for final approval of the project in 1990.
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A STRETCHER FOR THE BROOKHAVEN AGS*

Horst W.J. Foelsche
Brookhaven National Laboratory

Upton, NY 11973

Abstract

Brookhaven National Laboratory is proposing to add a
Stretcher ring to increase the capacity and the quality of the
experimental physics program at the AGS. At the present time
a typical AGS cycle is about equally divided between the task
of accelerating the beam to full energy and the task of
distributing it on a 30 Gev flattop. The Stretcher, a 30 GeV
dc storage ring, will take over from the AGS the distribution
of the high energy beam with a continuous slow spill, and the
AGS can then provide beam for the program at more than twice
the present repetition rate. In this manner the average
current delivered to the experimenters will be more than
doubled, and the duty cycle of the spill will increase from
the present optimum of about 40% to nearly 100%. The
Stretcher proposal continues the gradual evolution of the AGS
toward a high intensity hadron factory. At the present time
the AGS provides about 1 tiK average proton current. With the
booster alone, now under construction, this is expected to
increase to above 4 ̂ A, and with the Stretcher to about 8-10
UK, an order of magnitude higher than now.

Introduct ion

Since its beginning more than 28 years ago the 30 GeV AGS
has developed into a facility which supports a great variety
of experiments in high energy and nuclear physics. There are
now many accelerators providing much higher collision
energies, but the ongoing AGS experimental program now is
exactly what provides the rationale for numerous proposals for
future high intensity hadron facilities: the study of very
rare processes in kaon decays, the search for gluonic states,
the study of QCD with high p^ exclusive processes, and many
more. The four rare kaon decay experiments on the AGS floor
at present, for example, are already sensitive to effects from
mass scales higher than what will be directly accessible with
the SSC, and higher sensitivity is sought for future
experiments. Moreover, the AGS accelerates polarized protons,
and provides heavy ion beams for fixed target experiments.
While the experimental conditions are already excellent for
such experiments at the AGS, there is now a clear call for
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higher intensity proton beams at these intermediate energies,
and as the intensity increases, for improvements in the
quality and duty cycle of the beam spill.

At the AGS these improvements are being provided in a step
by step manner, in response to the most urgent needs of the
physics program, in a way which minimizes the disruption of
the ongoing operations. A Booster is under construction which
will raise the injection energy of the AGS from 200 MeV to 1.5
GeV, thus raising the space charge limited beam intensity of
the AGS by a factor of 4-8. The Booster will also provide
higher injection energies for the heavy ions, such that even
the heaviest species can be injected into the AGS in the fully
stripped state. Finally, it will serve as an accumulator of
polarized proton pulses from the rapidly pulsing 200 MeV
Linac, thus increasing polarized beam intensities by an order
of magnitude as well. Although the improved duty cycle and
the intensity increases made possible by a Stretcher had been
given very high priority by the AGS physics community1, the
booster was constructed first in order to provide the broadest
possible program base, particularly also with a view toward
the planned construction of the Relativistic Heavy Ion
Collider (RHIC).

When the AGS Booster is completed, a 30 GeV Stretcher can be
added to the AGS. It will take over the task of providing a
slow beam spill to the experiments. This will make it
possible for the AGS to deliver beam at more than twice its
present cycling rate, thus more than doubling the average
current, while the Stretcher will increase the duty cycle of
the slow beam spill from about
40% to nearly 100% (see Fig.l).
It is equally important to the
experimenter that the
microscopic duty cycle of the
slow spill be improved as well.
Quite frequently, the AGS spill
now contains structure with '"= 7S T m MM_
instantaneous intensity B00STER B00SIER

fluctuations of a factor AGS CTCLE
of 2-3, such that the most
sensitive experiments must
throttle back their beam
flux to avoid excessive b)
accidental coincidences
with background events.g
With an improved spill _J«ss\
structure expected from the MM MM wv\
Stretcher, such sensitive
experiments may expect to perform AGS & STRETCHER CYCLES
at 4-6 times the rates which
would be possible with the
Booster alone. Figure 1.
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Two design studies of an AGS Stretcher, based on different
sets of premises, have preceded the present one. The first of
these (the "AGS Tunnel Option"'2) assumed that the Stretcher
would be located in the existing AGS tunnel, but this option
was characterized by massive program interruptions during the
construction and commissioning phases. Moreover, because of
space constraints it was not possible to construct beam
transfer lines between the machines, which would preserve the
vertical polarization of the protons. The second study
("Superconducting Option",3) assumed an external tunnel, and
provided a beam transfer configuration which preserved beam
polarization. The external tunnel was to have half the
circumference of the AGS to minimize conventional construction
costs, and the ring was therefore assumed to employ high field
superconducting magnets. This entailed certain technical
complications in compressing the AGS bunch trains to fit into
the Stretcher, as well as, of course, the complexity of the
superconducting magnet environment. In fact this proposal
included, provisionally, an rf system in the Stretcher which
was to preserve the bunch structure of the beam long enough to
permit the 12 AGS beam bunches to be individually stacked, one
by one. Despite such complications, however, this option
remains a viable one, if it turns out to be significantly
cheaper than others. It does avoid extended shutdowns of the
ongoing programs during the construction phases.

AGS Stretcher Design

The new AGS Stretcher design4 summarized in this paper
assumes an external tunnel, equal in circumference to the AGS
(= 807.12 m), with normal warm low field magnets, and with
straightforward single turn beam transfer from the AGS. The
ring is laid out more or less to the south of the AGS ring, in
a two-fold symmetric racetrack pattern, with two 86 m long
straight sections (see Figure 2). The easterly straight
section serves for
the extraction of
the beam toward
the existing East
Experimental Area
beam switchyard,
the westerly one
for injection.
There is no rf
system in this
machine. The
polarization of
the beam is
preserved.
Technically this
is the simplest

and most flexible STRETCHER—7 / W / 'ZS+ HEAVY ION
conceptual design, »• t v. c j I\i/L^^ prRANSFER LINE {HITU

Figure 2

PROPOSED.
STRETCHER
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but it may well be more expensive than the other options to
construct. Again, the construction can proceed with minimal
impact on the ongoing program.

The Stretcher is a "distribution ring", operating
continuously at a constant energy, up to 30 GeV. It will be
supplied with full energy beam provided by the AGS, which will
be cycling at its maximum repetition rate of about 0.6-0.8 Hz
(see Fig 1.), and it will distribute this beam in a slow
continuous spill, interrupted only briefly when the AGS is
ready to supply a new pulse. The beam will arrive as a train
of 12 bunches, having been extracted from the AGS in a single
turn over a time interval of 2.7 microseconds. Due to its
inherent momentum spread the beam will quickly lose its bunch
structure, in about 10-20 milliseconds. The ring is then
reset immediately to start slow extraction toward the
experimental areas of the AGS, while the AGS cycles back for
another pulse. Any beam which may remain in the ring when the
next pulse is about to arrive, will be ejected to the beam
dump by the same fast kicker magnet which deposits the
arriving beam on the injection orbit. Overall, the filling
and initial reset operations will consume less than 5% of the
entire spill time, so that the spill duty cycle will be
greater than 95%.

The Stretcher will be available for all three operating
modes of the AGS program which use the slowly extracted beam
in the East Experimental Area: unpolarized high intensity
proton beams, polarized proton beams, as well as heavy ion
beams. The single turn extraction of bunched beams,
traditionally employed for neutrino physics and for other
specialized experiments, will remain available directly from
the AGS in the North Experimental Area, as before.

Lattice and Straight Section Design

The Stretcher lattice is shaped importantly by the
requirements of the slow extraction systems. Its overall
racetrack pattern is illustrated in Fig. 2, and for further
detail of its major features Figure 3 shows one quarter of the
ring. To achieve the most flexible parameters for extraction,
86 m long straight sections are inserted between the two
halves of the ring. These straight sections are
dispersion-free. Therefore there are dispersion suppressors
at each end of the half-circles of the arcs. The arcs are
made up of standard separated function FODO cells, with 60
degree betatron phase advance per cell. The straight sections
represent a phase advance of about 360 degrees each. The
machine operates at a betatron tune of about 7.7 in both
planes, in fact on the horizontal 7-2/3 resonance for slow
extraction most of the time.
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STRETCHER QUADRANT

Figure 3

The betatron functions of the lattice are illustrated in
Figures 4, 5, and 6, for the arc cells, the dispersion
suppressor, and for the straight sections, respectively. All
the spaces between quadrupoles in the arcs and in the
dispersion suppressors are filled with bending magnets, with
sufficient room, of course, for beam instrumentation and
correction magnets. The six quadrupoles at each end of the
arcs are individually powered so as to achieve the desired
match into the straight sections with zero momentum
dispersion. Also included in each of these four regions are
six sextupoles, which make this match as achromatic as
possible.

Each straight section encompasses ten quadrupoles arranged
symmetrically around its center, and the betatron functions
in the central portion can be adjusted to optimize the
performance of the extraction and injection systems. The
extraction septum is located in the central 10 m long free
space of the easterly straight section, and a relatively large
beta value is desirable there to minimize the angular
divergence of the beam. The injection kicker is located in
the opposite straight section, also in the central free space,
but it is possible that a different beta value will be optimum
there. Running both straight sections at the same excitations
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ARC STRETCHER STRAIGHT SECTION
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would suppress a systematic half integral stopband at a tune
of 7.5. Figure 6b illustrates the horizontal and vertical
beta functions in the straight sections for several choices of
the central value. The horizontal beta at the center is
variable from 10 - 1000 m; the extremes are unlikely to be
used.

The natural chromaticity of the lattice is about -14. This
is quite adequate for the control of the extraction process,
where one makes use of the chromaticity to drive particles of
different momentum across the resonance at different times.
From the point of viev- of extraction it is therefore not
necessary to correct the natural chromaticity of the

TABLE 1

STRETCHER PARAMETERS

Magnetic Rigidity (30 GeV)
Circumference
Periodicity
Cycle Period
Protons / Cycle
Normalized Beam Emittance
Betatron Admittance
Momentum Acceptance
Betatron Tune
Natural Chromaticity
Transition Energy, Gamma

loo Tm
807.12 m

2
1.2 sec

> 6 x 1013

60 7T mm mrad
10 -n mm mrad

± 1%
7.67
- 14
6.5

ring. The chromatic properties of the straight section
require some attention, because as the momentum content of the
beam changes during the spill, one does not like to see
significant variations of the lattice functions in the region
of the extraction septum, which might result in variations of
spill quality or extraction efficiency. This is the reason
why sextupoles are included in the dispersion suppressor
sections. They can be set to make the dispersion cancellation
independent of momentum, and residual variations of the beta
functions become small enough to be of no further concern. A
summary of the major lattice parameters is given in Table 1.

Injection

Injection into the Stretcher is a straightforward analogue
of the single turn extraction process at the AGS. The
circumference of the central orbit is the same for the two
machines. The layout of the injection straight section is
illustrated in Figure 7. The beam arrives as a train
containing 12 bunches, each separated from its neighbor by 224
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TO BEAM DUMP

INJF.CT1ON k DUMP STRAIGHT SECTION

Figure 7

nsec in time. It approaches the Stretcher in the horizontal
midplane, passes through a current septum magnet located in
the free space between Q5 and Q4 at the upstream end of the
straightsection, very near the circulating beam envelope, and
is aimed through the guadrupoles into the center of the
injection kicker located in the central free space near Ql.
By the time the beam starts to pass through the kicker,
residual beam in the machine is already in the process of
being ejected into the beam dump along a trajectory which
mirrors the injection path. After all the bunches have passed,
the kicker turns off, with a fall time of less than 200 nsec,
quickly enough so as not to disturb the leading bunch which is
about to complete the first pass around the ring.

The injection current septum is a pulsed magnet (1 msec
pulse length), 3.6 m long with a field of 1 T, providing 36
mrad of horizontal deflection. The fast kicker, with a length
of about 4 m and a field of 0.045 T, will provide a 1.8 mrad
horizontal deflection.

Prior to ejection from the AGS the longitudinal phase space
has been manipulated to introduce a momentum spread of about
± 0.3% in the beam. In the Stretcher the beam bunches begin
to dilute in space, until after about 10-20 msec the bunches
have sufficient overlap to appear as a continuous beam. At
this time one restores the ring onto the horizontal resonance
which causes beam to spiral slowly across the extraction
septum. The AGS recycles immediately to bring up another
pulse train about 1.2 seconds later.

The beam transfer line between the AGS and the ring is not
yet designed in detail, but its general geometry is such that
the polarization of the transferred beam will not be lost.
For reasons of local geography and radiation shielding the
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Stretcher ring is located at a lower elevation than the AGS,
and in addition there are some horizontal trajectory changes.
To avoid losing control over the precession of the vertical
polarization vector, it is necessary to assure that there are
no horizontal bends between the two vertical deflection points
where the beam is directed downward and then restored to the
horizontal level. This requirement is met in the proposed
layout, and there is sufficient space to assure nondispersive
transport to the Stretcher, employing focusing cells similar
to the ones used in the Stretcher lattice.

Slow Beam Extraction

The beam is extracted from the machine by exciting a third
order resonance, 3vx=23, and by slowly changing the horizontal
tune of the machine to drive the particles of varying momentum
across the resonance as time evolves. Unstable particles will
spiral outward into the electrostatic septum, which deflects
them horizontally into a Lambertson septum magnet, which in
turn deflects them vertically out of the ring. The layout of
the extraction straight section is illustrated in Fig.8.

SLOW EXTRACTION STRAIGHT SECTION

Figure 8
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The third-order resonance is established by powering a pair
of small sextupoles, located next to the two quadrupoles
denoted as Q5 and Q3, at the upstream end of the extraction
straight section. The strength of these sextupoles controls
the spiralling rate at the septum.

The betatron tune of the machine is driven by four small
auxiliary quadrupoles located symmetrically next to each of
the quadrupoles denoted as Ql, in both the extraction and the
injection straight sections. The rate of change of these four
elements controls the rate of spill between refills. An
external beam monitor can provide feedback to these magnets to
assure a uniform spill rate.

The optical parameters of the straight section are flexible
to permit a wide choice of beta values at the extraction
septum. The horizontal beta value at the extraction septum is
chosen, provisionally, to be 250 m, and this value may also be
acceptable at the corresponding location in the injection
straight section (for two-fold lattice symmetry). The
resonance sextupoles are set so that the spiralling rate is
equal to the gap of the extraction septum, which is here
assumed to be 2 cm, and which is assumed to support a field of
60 kV/cm. Assuming a wire thickness of effectively 0.05 mm,
one expects the electrostatic septum to intercept,
theoretically, about 0.3% of the beam. The electrostatic
septum is assumed to be 9 m long, and will provide a
deflection of 1.8 mrad, which will result in a 4 cm
displacement at the entrance to the Lambertson septum. The
3.6 m long Lambertson septum, with a field of about 1 T, will
provide an upward deflection of 36 mrad.

A simulation of the extraction process in horizontal phase
space at the electrostatic extraction septum is illustrated in
Figure 9. The septum is placed about 6 cm to the outside of
the central orbit. The
illustration shows
unstable particles
leaving the stable
region near the center
along the separatrices
of the third order
resonance, with a
spiralling rate, near
the septum, of about
2 cm for every third turn.

0.0003

Qx=7
K-.1B AT «5 I - . i m AT «J3

Figure 9.
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It is expected that a small fraction of the beam will remain
in the ring without having responded to the resonance. In the
AGS this amounts to several percent of the beam, and the exact
amount will not be known for the stretcher until more detailed
beam simulations have been performed. In any event, as we
have mentioned above already, when a fresh load arrives from
the AGS, whatever beam may be remaining in the Stretcher will
be ejected by the injection kicker magnet onto a beam dump.

Although we are discussing extraction on the third order
resonance in this paper, half-integer extraction may prove
advantageous. The final choice can be made after further
detailed study in the future.

After leaving the Stretcher, the beam is first restored to a
horizontal level, then bent horizontally for a proper aim
toward the AGS, and finally bent upward and levelled out
before entering the AGS experimental area switchyard. As is
the case with the injection transfer line, such an arrangement
assures that the vertical polarization vector will not precess
out of control.

Polarization

The Stretcher will preserve the vertical polarization of the
beam, just as the AGS does now, if the energy is chosen to
avoid the various depolarization resonances.5 Depolarization
occurs at energies where the beam encounters certain lattice
harmonics of horizontal magnetic fields in resonance with the
frequency of precession. Depolarization can be caused by the
intrinsic focusing fields of the guadrupoles (intrinsic
resonances), or by the horizontal imperfection fields due to,
for example, improperly leveled dipoles or improperly aligned
guadrupoles (imperfection resonances). Intrinsic
depolarization resonances occur where G7 = nP ± vz, and
imperfection resonances where Gy = k, with G being the
anomalous magnetic moment of the proton (= g/2-1 = 1.79285),
and 7 being the energy of the proton in units of its rest
energy. The indices n and k are integers, and P is a
periodicity of the focusing lattice.

Imperfection resonance harmonics are therefore spaced about
0.523 GeV apart on the energy scale, and because of the 2-fold
lattice periodicity intrinsic resonances are present within
all of these intervals as well. An analysis of the strength
of these various effects shows4 that the most significant
intrinsic resonances to be avoided are in the vicinity of 14.8
and 20.8 GeV (G7 = 34 - vz + 2, and = 34 + vz - 2, reflecting
the very strong 34-fold periodicity of the arc cells alone),
and the imperfection resonances in this vicinity tend to be
strong as well.
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Most resonances in the stretcher are expected to be
sufficiently weak so that one may operate in the energy
intervals between them, as one does at the AGS, avoiding the
neighborhood of the strongest intrinsic resonances, and if
necessary by suppressing the nearest imperfection harmonics
with a compensating set of dipole correction magnets. In the
AGS we have reached polarized beam energies up to about 22 GeV
(G7 = 43), with polarization about 50%, using these
techniques.5 It may be possible to install a pair of Siberian
Snakes in the free spaces of the long straight sections. This
remains to be studied in the future.
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SEARCHING FOR EXTENSIONS TO THE STANDARD MODEL
IN RARE KAON DECAYS

Gary Sanders
Los Alamos National Laboratory

Los Alamos, NM 87545

ABSTRACT

Small effects that are beyond the current standard models of physics are
often signatures for new physics, revealing fields and mass scales far removed
from contemporary experimental capabilities. This perspective motivates sensi-
tive searches for rare decays of the kaon. The current status of these searches is
reviewed, new results are presented, and progress in the near future is discussed.
Opportunities for exciting physics research at a hadron facility are noted.

INTRODUCTION

One day I was walking down the hall here at LAMPF and I saw one of
these paintings, which have now become familiar to us all, of the AHF concept.
There, in the experimental hall. Area A, was the detector I was then building at
Brookhaven for rare decay research with neutral kaons. One of the more furtive
people here at LAMPF had complemented our collaboration by pre-installing us
at AHF. I suppose this means that someday we will be allowed to bypass the
Program Committee should such an accelerator be built. Alas, five years have
elapsed, and the only item in the AHF complex which has been constructed is
our detector. It is alive and well at Brookhaven and today I will use it to illustrate
why building a hadron facility will open up exciting, new physics windows.

Is there anyone in this room who does not believe that the minimal standard
model, as we define it today, will be modified or extended in the next decade?
While I ask this rhetorically, I believe that I know the answer. Misguided or not,
I believe the model will be altered, and that one can point at the most suspicious
parts of the model as the likely candidates. Indeed, experimentalists engaged
in this line of work must carry out this evaluation, or they will be mounting
experiments aimlessly.

For most of us, testing the standard model leads to direct and enormous
sieges at the colliding beam machines. Here one can directly probe the mass
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scales and family structures, in certain ranges, which underlie the standard
model, but which are not explained within it. The most suspicious parts of
the standard model are the unexplained mass spectrum of the matter fields, the
mystifying family structure of matter fields, and the Higgs mechanism, which
is introduced to give mass to the gauge fields through spontaneous breaking of
the local symmetry of the solutions to the theory. Experiments at colliders are
direct, but limited in the energy range covered in the foreseeable future.

Of course there are other ways to address these pivotal problems. The work
I will describe follows one of the great historical lessons of physics. Since I have
only 15 minutes, or so, I will have to jump right into the middle of my subject.
I will start in 1896.

A HISTORICAL PERSPECTIVE

As you recall, Becquerel had this problem with film being exposed when
placed in proximity to a piece of uranium ore. This observation set off a wave of
experimental work around the world, dominated by Becquerel, the Curies, and
Rutherford. In a matter of years, both alpha and beta radiation were identified
and it became known that the transmutation which liberated the beta rays,
responsible for exposing the film, appeared to violate the conservation of energy.
Nearly a generation after Becquerel's original observation, Bohr was willing to
consider abandoning this conservation law! Pauli, followed by Fermi, rescued
the principle, by extending the very primitive notion of beta decay to include
the emission of a light, neutral particle which carried the missing energy and
balanced the books.

We all know the Fermi theory of beta decay. We recall that in the generation
after that theory was proposed, it was extended to include the picture of a weak
current carried by a charged boson. With the advent of the quark picture, this
charged weak current coupled to the d and n quarks in the decaying nucleon.
The boson carrying the neutral current was added to the picture, and this current
was finally observed after yet another generation.

It was not, however, until 1983, almost a century after Becquerel's "unfor-
tunate" film exposure, that the weak bosons were directly observed at CERN.
Moreover, they were observed at a mass scale of 1 0 u eV, while Becquerel was
working on a scale of 104 eV. The spread between the observation of this "rare"
decay and the direct observation of the underlying mass scale is 7 orders of
magnitude!

The lesson for experimentalists is to pay careful attention to small effects
from beyond the current state of knowledge. As in the case I have cited, they
can be a vestige of physics at an inaccessible mass or energy scale. This is the
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moral converted into action by those of us searching for rare decays of kaons or
muons.

PHYSICS MOTIVATION FOR RARE DECAY RESEARCH

How does this work in practice? I can't review all of the physics motivations
for rare kaon decay experiments in this brief talk, but I can pick a simple model
to illustrate the motif I have been advancing. Consider the family problem. In
the minimal standard model, the quarks and leptons are organized into the well
known families, motivated by our observations of quark mixing, the hierarchy of
masses, and some more technical considerations.1 This organization is put in,
but no rigorous or fundamental motivation exists. If the families reflected a true
gauge symmetry, as in QCO or QED, there would be an exact conservation law.
This law would correspond to a new force in nature and the theory would have
to incorporate a massless vector boson, analogous to the gluon or photon.

Such a scheme does not reflect observations. Families are mixed in the
quark sector. The suppression of family mixing in the lepton sector may be
a manifestation of a broken family symmetry. This would be the result of a
massive neutral family vector boson. Such z model has been discussed by Cahn
and Harari.2 In Fig. 1, the diagrams for the conventional decay K+ —* / i 4 / ' ^
and the lepton family violating process K\ —* fie are shown. The known process
is mediated by the exchange of a Hr f . The rare decay is postulated as resulting
from the exchange of a neutral family vector boson. The couplings are indicated.
By dimensional analogy between the two diagrams, and equating the analogous
couplings, an estimate can be made of the mass of the family boson in terms of
the rate or branching ratio for the process. The estimate is shown as

MF = 24 TeV {1 x 10~8/B(KL - ^c)}1/4 (1)

which involves a 1/4 power dependence of the mass on the sensitivity of exper-
imental searches. I have expressed the formula in terms of today's approximate
limit on this process. More revealing is a plot of this formula. Figure 2 shows
how progressively more sensitive experiments in this area probe ever higher mass
scales, though only for specific signatures. At 10~10, the mass scale 75 TeV.
This is an order of magnitude beyond the scale accessed at the SSC! This limit
will be reached this year. The experiment I am going to mention shortly has as
its goal sensitivities of 10~H -10~ 1 2 . Masses of 135 to 240 TeV will be probed
in this work! These arguments have been made for most of the interesting ran
decays of the muon and kaon,3 even though very different physical processes are
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thought to be responsible. The good news is that most of these processes are
currently being sought by experimentalists.

FIG. 1. Diagrams for the ordinary decay A'+ - * /«/,, and the lepton-number
violating decay Kt -* Me- The first reaction is facilitated by the \\' + . the
second by a possible neutral family-changing boson.

a.
T

50 100 150

Mf(IeV)

200

FIG. 2. The relation between the rate for the rare decay A't -+ fie and the
mass of a family-changing boson, estimated using a simple dimensional analogy
applied to the processes shown in Fig. 1.
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CURRENT EXPERIMENTAL STATUS

Since the progress in experimental sensitivity is so important, it is worth
looking at the situation before the current round of searches begin to deliver
results. Two years ago, the observed decay modes of KL were measured down
to branching ratios as low as 10 "" to 10 "8, the latter being the GIM-suppressed
flavor changing neutral current Ki —• fifi. Branching ratio upper limits on other
processes were measured as low as 10 "7 . Many of these limits are changing
rapidly now as a result of the large experimental effort mounted at Brookhaven
and KEK.

Table I lists the current experiments and the goals of each effort. There
are seven approved experiments now in this field. The first five have data. The
last two are approved and constructing detectors. More than 150 experimenters
are involved in total. This is equivalent to one of the large collider detector
groups, with a set of physics goals covering a broad range (direct CP violation,
lepton number non-conservation, familons, heavy neutrinos, neutrino counting,
technicolor, supersymmetry, string physics, the Higgs spectrum, etc.).
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TABLE I

RARE KAON DECAY EXPERIMENTS—1988

1. BNL 780 (BNL-Yale) KL - » / « 1O"10

KL -* n°ee
2. KEK 137 (KEK-Tokyo-Kyoto) KL ->//.e 1 0 "

A'i —» ee

3. BNL 791* (UCLA-UCI-LANL...) Kt - /«« 10~1 2

A'r, —»• f e

i i t —> 7T e e

4. BNL 777 (Yale-BNL-SIN) A + -»Tr+^+e" 1 0 " "

5. BNL 787 (BNL-Princeton-TRIUMF) A'+ -» TT+ + "nothing" lO"1 0

6. BNL 845 (BNL-Yale) /VL -> 7r°ee 1 0 " "

7. KEK Kh -+ir°ee 10""

A NEUTRAL KAON DECAY SEARCH

I would like to use our own experiment (BNL 791*) to illustrate how such a
search is carried out, to show you some data and to tell you what to look for as
the mature results emerge in the next several years. I shall, therefore, concentrate
on the search for rare decays of the neutral kaon, and for the decay KL —* / ' f • >n
particular. Figure 3 shows a generic "kit" for studying neutral kaon decays. The
kit divides into three functional sections. The first, a neutral beam, separates
charged secondaries from a production target with a set of magnets, and defines
the remaining neutral component with a series of precision collimators. This
system has been the bane of many experiments, with poor shielding, improperly
aligned collimators and a ferocious neutron dominance over neutral kaons.

The second functional section consists of an evacuated decay volume for the
candidate kaon decays viewed by a precision magnetic spectrometer. The spec-
trometer must track the decay daughters and provide a precise measurement



THE STANDARD K 'KIT'

SWEEPING MAGNETS DRIFT CHAHKRS LEAO
GLASS

MEOSIONN
COUIMATM

iPMOUCTWN
TARGET

MAQNET 1 CERENKOV
\COUNTER

HOOOSCOPE

HUM
RANGE STACK

FIG. 3. A generic "kit" of detectors for a neutral kaon decay study.

of the track angle and momentum to facilitate reconstructing the parent invariant
mass. The key features here are magnetic field strength for momentum analysis,
and precise spatial resolution for the spectrometer detectors. The ability to
handle high rates and the requirement of low detector mass are also paramount.
Remember too, that the neutral beam survives along the spectrometer and it
must not be allowed to confuse the instrument.

The third functional system consists of particle identification detectors. In
order to identify the decay final states, clean identification of the pions, muons
and electrons is required. Even more important is the elimination, to a very high
sensitivity, of any misidentification of particle type. This is of key importance in
eliminating backgrounds to these searches. We shall return to this point.

In our own experiment,4 we have attempted to make very few compromises
in the design of these systems. Figure 4 shows an artist's conception of what is
now constructed and operating. The neutral beam section is not shown, but I
will say that it is the most successful implementation of such a beam to date.
The capability to view the kaon production target as close as one degree to
forward, the halo-free collimation, the shielding of the charged particle dump
and the suppression of leaking neutrons have all worked very well. Our beam
has met most of our requirements.

The spectrometer improves upon past practice in a number of important
ways. The neutral beam passes between the two arms, sacrificing some ac-
ceptance in exchange for quiet detectors, free from interactions from the ap-
proximately 10 1 0 neutrons per second passing through the experiment. The
decay volume is long, and the exit window is not massive. The upstream de-
tectors are precision drift chambers, without significant mass. This combination
yields precise measurement of the decay particle trajectories. The most signif-
icant feature is the double measurement of the particle momenta by the two
spectrometer magnets. Each of these magnets are set to impart a 300 -MeV /c
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momentum kick, and are of opposite polarity. Thus the initial particle tra-
jectories are restored after the spectrometer, facilitating triggering and pattern
recognition, and providing a significant suppression of backgrounds from pion
decays in the spectrometer which confuse the particle identification to follow.
The decays are rejected by the kink produced in the track and the momen-
tum shift due to the decay, which are evident from the double measurement.

t

FIG. 4. The particular implementation of this kit by AGS experiment 791.

All of the particle identification is redundant, with electrons identified in
the threshold Cerenkov counter and in the lead glass shower array, and muons
in the filter and hodoscope and in the segmented muon rangefinder whose range
measurement is compared with the spectrometer momentum measurement. In
this brief discussion, I will not take the time to describe the experimental details.
These will be adequately described in the archival journals.* Suffice it to say that
no previous experiment in this field has combined so many techniques and such
fine rate-handling and kinematic resolution. These are the ingredients required
for sensitive, background-free measurements.
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SOME RESULTS

We should finish this discussion with a look at some data. This is important
because it will illustrate what to look for as ever more sensitive reports appear
in the next few years. It is also important because this preliminary data already
represents a very significant advance. In searching for the decay I\'L —> /ic,
the struggle is to separate a possible signal from all of the possible sources of
background. As I have already indicated, proper identification of particle types,
and accurate measurement of the decay kinematics are the needed capabilities
for this separation. After track-finding, kinematic fitting, and application of the
particle identification criteria, the surviving candidate events are plotted in a way
which permits this background rejection.

Figure 5 displays a fraction of
our data from the common CP-
violating decay h'i —* ir+n~. The
axes shown are the invariant mass of
the particle pair versus the square
of the "colinearity" angle between
the two-body direction and the line
between the kaon production target
and the kaon decay point. A per-
fect example of this decay would fall
within the kaon mass peak and have
a colinearity angle measured to be
zero. A background event from a
random coincidence or an event with
another decay would have a kink
in the angle and an invariant mass
shifted away (almost always down)
from the mass of the kaon. The dis-
tribution of events shown in Fig. 5
displays the clustering of events from the desired decay, which defines the exper-
imental resolution in these two key parameters. The sum total of all such events
calibrates the sensitivity of the search because the branching ratio for this decay
is well known (2 x 10 ~ 3 ) .

Another known, but quite rare, decay is the GIM-suppressed process Kt —»
fifi. The branching ratio is 9.1 x 10~9, based on three experiments which
collected a total of 27 examples. A preliminary plot of most of our recent data
for this decay is shown in Fig. 6. The signal is clear, and totals approximately
80 events in the sample shown. The signal regions in Figs. 5 and 6 define the
search region in the analogous plot for h'i —> fie.

0 485 0S05 0111

«* Invariant • » • * (C.V/c1)

FIG. 5. The distribution in m and #; of a
sample of decays lit —• trir from recent
data of experiment 791. The clustered
events are the actual signal.
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Figure 7 shows the preliminary
distribution of A'jr, —> fie candidates.
The search region defined by the pre-
vious figures is empty. From the nn
sample, and our knowledge of the
detector efficiency for different final
state particles, this establishes a pre-
liminary limit on the lepton number
violating process of 3 x lO"10 (90%
confidence level). This is far be-
low previous limits. Using the sim-
ple dimensional arguments summa-
rized in the formula presented ear-
lier, this corresponds to a search
for a flavor changing boson up to
masses of approximately 58 TeV!

„- •

FIG. 6.
events.

0.4t2 0.5 O.SOS
ftfj, invariant ma i l (G«V/cV

A similar distribution for ////

„- •

0.4f2 0.9 0.90S
tim invariant mass (G«V/c*)

CONCLUSION

FIG. 7. A similar distribution for ftc can-
didates. The signal region contains no
candidate events.

In the next several years we can expect to see substantial improvement
in these searches, from our own experiment and the others cited in Table I.
Currently five experiments are vigorously collecting and analyzing data. Fig-
ure 8 summarizes the progress made in the last five years, in which sensitiv-
ities of 10~7 or so have been pushed to the 10" 10 or 10~ H level for several
reactions. The figure also shows my prediction for the 10~12 achievable at
the AGS, with a booster. Beyond that, a new hadron facility will be required
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io push to the bottom of the chart. Some of the physics opportunities are
shown. It is clear that this is an active and exciting field of research with
much offered in the future. Indeed, it brings to mind the oft quoted words...

"I have to keep going, as there are always people on my track. I have to
publish my present work as rapidly as possible in order to keep in the race "

These are not the words of a contemporary kaon experimenter, but are
taken from a turn-of-the-century letter of Rutherford's as he struggled with the
rare decays of uranium.

Neutral Koon Rare Decay

KL K[-iiaee

i o - 7
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i o - '
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FIG. 8. Recent and future progress in neutral kaon rare decay research.

Experiment 791 is a collaboration of the University of California. Irvine, Uni-
versity of California, Los Angeles, Los Alamos National Laboratory, Stanford
University, Temple University, College of William and Mary, and University of
Texas.
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Hywel White

Los Alamos Neutral Particle Source (LANPS)

1.6 GeV protons 1200 |iA

Stopped pions and muons,
Flux x Ev -1015 MeV m'2 s"1 @ 10 m

Decay in Flight, < Ev > -300 MeV,
Flux xE v -10 1 i MeV m-2s'1

Advanced Hadron Facility (AHF)

60 GeV protons 25 nA

Decay In Flight, < Ev > ~2 GeV
Flux x Ev~5x1014 MeV m'2s•2 - . -1

LOS ALAMOS #TB WMF 1fi«g
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CHERENKOV LIGHT
ELECTRON

NEUTRINO
..-PROTON BEAM

IRON SHIELD

17.6 m

WATER VOLUME

FIDUCIAL
WATER

PION
PRODUCTION
TARGET

HOTOMULTIPLIER
TUBES

•15 M
-32 m

LARGE CHERENKOV DETECTOR
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0.020
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,̂ + p -> \i+ + n uud -» udd

axial vector

— use electron scattering for parameters

and derive vector current from CVC

Momentum transfer dependence understood in terms of
vector meson exchange, mainly p (1")

Axial current: GA(0) from neutron decay

Presumably, axial form factor also is determined
in terms of 8

mA= 1.09 ± 0.03 GeV (BNLE734)

Limit of possible tensor contribution < 0.17
of axial contribution at mT= 1 GeV

LOS ALAMOS •TRRJMF
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Experiment — outgoing muon and coincident neutron

n

Problems
1. Nuclear effects
2. Limited low Q2 acceptance
3. Reinteraction of neutron in detector

Technique
Event selection on

1. Coplanarity and vertex fit
2. Solenoidal spectrometer for muon momentum

LOS ALAMOS • TRUMP 16*9
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( - ) ( • )

V^ + P -> Vy +

ds/dtf -A ± B(s-u)/rr£ + C(s-u)2/mJ

s - u = 4 mp Ev - Q
2

( F, + F2)

C - 0.25 (Gi + Ff + F|)

In SU(3)F the axial form factor is

GA has contributions from all quarks and possibly glue

G A — Q2 dependence from quasi-elastic CC scattering

Measure other contributions Gj (Q2), G j (Q2)

LOS ALAMOS @TRWMF
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Experiment recoil proton only

Q5

Problems
1. Range of proton in medium
2. Nuclear effects
3. Normalization

Solutions
1. Granularity
2. CH2 - CH subtraction
3. Pauli suppression (low energy neutrinos)
4. Normalization from v - e scattering.

Low energy— decay in flight from LANPS Ev = 300 MeV

Balance between useful proton recoil energy (-60 MeV)
and good v - e signal

Intermediate energy—1 - 2 GeV beam from AHF for high Q2

Need dilute detector to measure proton before reinteraction

Note potentially complicated Q2 dependence

Gj (Q2), Gj (Q2) need not have same mA, and F? (Q2)

LOSA1>MO6#TRIUMF
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Predictions from CVC, PCAC

at Q2 = 0 p production is zero

a1 contribution behaves like pion

coupling constant and shadowing

Hardened neutrino beam from AHF

Cabibbo angle, Vus, as a function of Q2

uud ->usd

\f + A0

A0 -* n° + n

LOS ALAMOS #TMUMF
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Coherent Production

v^ + A -» [i+ + ai + A

a1 -> n + p1

p

vector IP * Pomeron axial vector

Problem

If A is 12C, need t ^ « 0.01 GeV2

assuming a cross section exp (bt) b » 20 GeV2

Eh« 5 GeV Ev« 13 GeV
(for good virtual W flux)

LOSALAMO50TRIUMF



antistrangeness in the nucleon:

quark model reaction

v^ + s -» ^+ + c

+ p -> \i+ + D° + A0

n-+ K+

+ n

(cm hadron energy) - 3 GeV

so again Eh ~ 5 GeV ^ - 13 GeV
(for good virtual W flux)

Hardened neutrino beam from AHF

LOS ALAMOS OTRMMF 16*9
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2 2/20/89

Progress Report |

- Linac

- Architecture

- Main Ring

- Compressor

- Instabilities

-RF

- Kicker

- Ceramic Vacuum Chamber

- 2.2 Tesla Magnet

- Beam Diagnostics

- Impedance Measurements
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Ground Rules of AHF Design |

Two Proton Beams

- 60 GeV, 25 |iA, >50% duty

-1.6 GeV, 1200 |LiA, Short Pulses
* 600 |iA, <24 Hz for neutrons
* 600 |iA, short pulse for neutrinos

Minimum Lifetime Cost
-R&D
+ Construction
+ 25 years Ops & Maintenance
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Operation and Maintenance Cost

• Manpower Estimate From Roy Billinge, CERN, Nov '87

• Cost Based on Los Alamos Experience ($145k/man year)

Design (TRIUMF Nomenclature) People Annual Cost

- D (Main Ring Only) 60 $ 8.7 Million

-D+E 100 $14.5 Million

- B+D (LAMPF II) 130 $18.9 Million

-B+D+E 170 $24.7 Million

- B+C+D+E (EHF) 210 $30.5 Million

. A+B+C+D+E (TRIUMF KAON) 260 $37.7 Million
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Progress|

Two H- Sources (solves reliability problem )

Two 200 MHz RFQs

50 MHz Chopper & Slow Chopper

Considering Upgrade to 400 MHz Drift Tube Linac

800 MHz or 1200 MHz Afterburner

Long drift in switchyard

- overlap with SSC
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C
o

to
o
u

Linac Lifetime Cost]

200

150 •

100 •

High Duty Factor Linac
(0.8-1.6 GeV)

a Life Cost
• Const Cost

Grad (MeV/m)
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Common Interests of AT & MP Divisions

Understanding of Halos
H- Source, RFQ, & Chopper
Superconducting Cavities
Reliability
Costs
Linac Tuneup Techniques
Diagnostics
Use of Linac as Injector
Tritium Production Lattice
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Architecture Summary |

At previous workshop we had:
-1.6 GeV Linac
- Compressor
- 60 GeV Machine

a) Full-Size Booster
b) Half-Size Booster
c) Fourth-Size Booster

To This We Have Added
- No Booster Scenario

* 2.2 GeV Linac Replaces Booster
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Beam loss Strategy |

Design Machines for <0.2% Beam Loss

- Injection

- Acceleration

- Beam Transfer

- Slow Extraction

Design Collimation for 2% Losses

- margin for operation in real world

Remote Handling Essential

- in collimation region

Momentum Collimator Essential

- acceleration and phase space manipulation
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Site Layout |

Previously on mesa top
-tightfit forlinacs

>3 MeV/m required
- no space for switchyard diagnostics
- requires >2.2 Tesla dipole magnets

Now considering using bottom of mesa
- 2 possibilities shown in next viewgraphs
- cost of "waterfall" $10-20 million ?
- allows reutilization of neutron scattering hall

en
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Single-Ring Cost Optimization |

250

200

- » 150

8 100

50

Cost vs Linac Energy

•

B 3-Ring Tot$
• 1-RingTot$

1 2
Linac Energy

(GeV)

-•4

\<S3i.
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f\ Lattice & Dynamic Aperture Progress!

Guignard Lattice
- realistic straight sections
- sextupoles and chromaticity correction
- large dynamic aperture
- explicit transverse collimation

Neuffer Lattice
- includes also dp/p collimator

Blind Study
- <55 GeV on Mesa Top at 2.2 Tesla

Butler Study

• Large Sextupole does not interfere
with slow extraction Alamo*
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Compressor Progress]

New Design (Eugene Colton)

- H- injection with painting

- larger dynamic aperture

- "barrier bucket" rf

- realistic kickers (easier than PSR)

- collimation included

* transverse

* longitudinal

- stability assured by large dp/p

"Short Bunch Mode" Wanted for Neutrinos

? Store Beam for 8 msec ?
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H- Injection Progress!

Three Injection Strategies
for AHF Compressor

10
-30

•14

Q SQRT(t)

+ Fixed Offset

• Mismatch
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Instability at PSR |

All the Earmarks of e-p (plasma) instability !

* Rapid Growth Time

* Broad Frequency Spectrum

* Near 100 MHz

But What is Source of Electrons ?

Is the Problem the High Central Density ?

Are there two Different Phenomena ?

* Coasting Beam

* Bunched Beam

s
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Los Alamos / TRIUMF Cavity |

Ferrite Tun9r

Acc9lerating Gap

Rf Pow9r Tub9

CO
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RF Progress)

Teststand Moved

- new plate power supply operational

Joint Cavity Construction Nearly Complete

- first assembly in March

- 6 weeks delay for electroplating

HOM Damping Study Underway

Cavity Test in PSR

- 50 Mhz Chopper (25 MHz Available)

- Small HV Power Supply

- Request 1 Day of Beam in September, 1989
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Kicker & Power Supply Module |

Charging Lines
2x2x22 Ohms Thyratron

5.5 Ohms CXI725
in Oil

Transmission
Lines

2x2x22 Ohms
2x1 I.Ohms

Kicker
In

Vacuum

HV Power Supply
60 kV
120 Hz
inOil

Terminations
2x2x22 Ohm

Oil Filled I

Transmission
Lines

2x2x22 Ohms

CO
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Kicker in Vacuum |

Cooled
Grounded

Box
Left

Conductor
Ground
Planes

Right
Conductor

Iam«
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Kicker Progress!

Preliminary Design Complete
Final Design 70% Complete
Material Procurement Underway
Expect Pulser Test Begins 1 Aug 1989
Negotiating Pulser Contract Mods with SAIC

-120 Hz
- 60 kV pulse rated 22 Ohm HV cable
- Cable Terminations

Negotiating Kicker Contract with SAIC
- single module in vacuum tank

- ceramic feedthrus
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Ceramic Vacuum Chamber Progress! \

All Work Done by SAIC (Featherby)

- "Kicker Pipe" Due Momentarily

-1 -meter Striped Pipe with Flanges & Capacitors

* due by 20 March 1989

Some Impedance Measurements

- on early units

No More Funds for Ceramic Chamber

- future development by TRIUMF
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Impedance Measurements!

Better Understanding of Limitations
- of Wire Measurement Technique

PSR Kicker Measurement Not Interpretable
- device is too complicated

Some Good New Data
- Wall Current Monitor
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to

Beam Diagnostics Progress Report | \

Upgrading D9velopm9nt Instrum9ntation of PSR

- 2 n9W capacitiv9 BPMs

* with cathode-follow9r front 9nds

- 2 9xtraction line stripline BPMs

* remote, transistorized readout

- 2 fast (400 MHz) stripline BPMs in PSR

- Tektronix RTD-710 transient digitizer

* FFT analysis of any input

- îVAX Workstation

- Complete test setup in lab

* including |iVAX

L©a
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Status of a New Hadron Facility in USA

Very Important Physics to be Done:

- BNL AGS Operations need additional support

30 GeV 100|iA Will Do Much of the Physics

60 GeV May Not Be High Enough for Drell-Yan

Los Alamos Design not yet Ready for Construction

Canadian Machine is Buildable
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Our Strategy!

1) Continue Emphasis on Building Blocks

- Which are Independent of Design de Jour

2) Concentrate on Upgrades to LAMPF / PSR

- High-Current, High-Availability H- Linac

- Possible >1000 \iA Compressor

3) Greater Participation in PSR Upgrade

4) Pay Close Attention to Physics Case

- New Long Range Plan in Summer, 1989

5) Continued Collaboration with Canadian Colleagues

- PSR, Injection Studies, Beam Dynamics, RF

t n
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How to Reduce Construction Cost 1

Raise Linac Current to Maximum Possible (22mA?)

Lower Injection Energy of Compressor

- Could we Upgrade PSR to 1-2 mA?

- Problem Area: Instabilities in Compressor

Choose Booster Version of 60 GeV Machine

- Use Low Transition Energy Main Ring

- Solves Problem of Main Ring Lattice
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Conclusion |

It's Time to go to Work !



STATUS OF ISIS

C W Planner

Introduction

Nineteen eighty eight has seen considerable developments and use
of ISIS for neutron, neutrino and muon physics.

ISIS generates intense pulses of these particles by extracting
protons from a synchrotron onto a Uranium 238 target to produce
thermal and epithermal neutrons and also neutrinos. About 10% of the
extracted beam is intercepted by a 2.5 mm thick carbon target to
produce muons of both polarity at 28 GeV/c. The protons are obtained
by injecting stripped 70 Me H ions into a synchrotron cycling at
50 Hz and accelerating to 750 MeV. The synchrotron is designed to
accelerate 2.3 E13 protons per pulse (184 uA mean) to 800 MeV. The
operating experience and progress made in 1988 towards reaching the
design intensity and the present status of the facility is discussed.

Operational Experience:

The beam current on target for neutron experiments improved
steadily over the year. A total of 230.5 mAh was achieved, which was
nearly double that of the previous year, as illustrated in Figure 1.
This shows a steady linear increase with time when plotted as a
pAh/day rate as shown in Figure 2.

Figure 1:
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The beam time promised to users over the year was 4368 hours. Of
these, 1202 hours were lost due to equipment faults. When averaged
over the scheduled hours of user time, an average beam intensity of
53 uA is obtained. The maximum average intensity recorded over one
day was 97 uA. The scheduled running cycle for 1988 is now complete
and the machine is shut down and will commence operations again in
March 1989.

70MeV Linac:

Considerable improvements have been made in the stability and
reliability of the Linac. However, the ion-source and DC accelerating
column, modulators and r.f window failures still contribute to a
significant fraction of the machine down time.

The ion source now delivers 20 mA during normal operation (13 mA
at 70 MeV). The maximum it has delivered is 30 mA and this is
probably the limit for this source. To improve operational efficiency
ion sources are now changed at regular scheduled intervals during an
operational period. Originally this was 7 days but towards the latter
part of the year this was increased to 10 days.

Failure of R.F windows on the accelerating cavities accounted for
about 20% of down time. The most window failures have occurred on
Cavity 3 but the window on Cavity 2, which is of the same design, has
never failed. Window failure appears to be linked to the cleanliness
of the cavities and also to the quality of finish of the window.
There is some evidence that machining induces stress which leads to
breakdown. The latest windows have been polished to remove machining
marks and no failure has occurred yet of a polished window.

Measurements of the momentum spread of the beam indicate that we
are injecting about twice the predicted momentum spread to get the
best trapping. The debuncher is not working as well as it could
because of high level multipactor and also the lack of control of the
r.f power, which is coupled from the final linac accelerating cavity.
Experimentally it has been demonstrated that it is possible to produce
stable amplitude and phase control, despite the high level
multipactor, by powering the cavity separately. This development
should give much more stable injection conditions in the future.

Fast Cycling Synchrotron:

The running of the synchrotron improved steadily over the year
despite beam damage to another r.f dipole shield and to the downstream
one of the three extraction kicker magnets. Despite* the damage to
these components, which is dicussed later, it proved possible to tune
the machine to maintain the high intensity output without increased
beam losses.

The accelerated beam intensity was increased to a maximum of
1.64 E13, equivalent to 131.2 uA at 50 Hz operation. The acceleration
efficiency at this intensity is down by about 10"? and until this loss
can be reduced, normal operation has been set at 1.3 E13.
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The beam loss during injection, acceleration
1.3 E13 accelerated is shown in Figure 3.

and extraction, for

Figure 3: Beam intensity and beam loss
during acceleration of 1.3 E13 ppp.

The optics of the 70 MeV beam transfer line and the extraction
beam line have been improved to obtain better matching into the
synchrotron and better control of the spot size on target.

A longitudinal quadrupole mode oscillation of the beam was
successfully damped late in the cycle by feeding back a bunch-length
signal to the summing port of the r.f amplifier. This oscillation may
be an instability or result from density fluctuations from the rapid
rate of acceleration in the synchrotron. This will be studied in
detail in the next operations cycle.

A digital radial loop feedback system has been tried with some
success, particularly in the latter half of the cycle and this is
being developed further. A digital filter has also worked
successfully in the cavity tuning loop.

The closed orbit perturbation produced by the overheating of the
injection dipoles was successfully eliminated by fitting extra cooling
to the end of the magnet coils at the beginning of the year.

A further increase has been achieved in the lifetime of the
Aluminium Oxide Stripping Foils, The foils, 50 ug/sq cm thick, with
an area 122 x 40mm, initially had just one 122 mm edge unsupported.
The foils are now separated from the support frame along the bottom
edge and half way up the back limb of the frame. This works
successfully because the foils are made stress free. It has extended
the foil lifetime from typically 1500 yAh injected current to 180,615
uAh for the latest foil. The foil was removed before failure and had
shrunk about 5 mm in height. The lifetimes quoted are for injected
current: the actual irradiation is approximately 25 times these
figures due to circulation of the protons through the foil.
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The vertical closed orbit was successfully corrected to around
3 am rms, but only early in the cycle, by programming the four dipoles
which produce the slow vertical beam bumps late in the cycle to assist
extraction. The horizontal orbit was corrected at low and at high
energy.

When correcting the vertical closed orbit it was found that there
were errors in the vertical position monitors: one as large as 11 mm.
Most of the errors were corrected by accurately balancing the
capacitances of the electrodes, but the 11 mm error was not diagnosed
until this shut down. It was caused by the loss of a retaining clip,
which allowed a r.f bellows shield to intrude into the electrode
region, partially shielding the electrodes from the beam.

Also it was discovered that the second of the four vertical
dipoles was being excited with the wrong field polarity during the
slow beam bump prior to extraction. This helps extraction because it
results in larger displacements at the extraction kicker and septum
magnets, but the bump is no longer localized to the extraction region.
When the downstream kicker, K3, of the three extraction kickers was
inspected during this present shut down, it was found that the beam
had melted a large hole in the upper copper electrode of the magnet,
probably as a consequence of this increased displacement. The hole
was almost the full width of the aperture and covered about a third of
the length of the magnet. Also part of the electrode had fallen down
and was shorting to the lower electrode. This magnet is too active to
rebuild and so the electrodes have been cleared of debris and the
shorting strip removed. It is estimated that we have been running
successfully with the magnet in the damaged state and that the cleaned
up magnet will be O.K. until a replacement can be obtained. Damage to
the ferrite caused by electrical arcing was also found in the two
upstream kickers Kl and K2 and Kicker Kl has been rebuilt.

The r.f shield in the dipole magnet downstream of the injection
straight was found to be damaged when the machine was inspected at the
end of operations in 1988. A small hole had been made in the 2 mm
thick stainless steel side-plate on the outer radius and the molten
metal had solidified on the bottom of the chamber, shorting together
four of the shield wires. The damage is believed to have been caused
by the 70 MeV injected beam, when operating for a short period at low
repetition rate with the injector running asynchronous with the
synchrotron. However, the damage did not prevent the machine from
continuing to operate at the required intensity until the end of the
scheduled running period. The shield is being replaced in the present
shut-down.

To improve the stability of the synchrotron r.f new solid-state
r.f wide band amplifiers are being installed in the present shut down.

Target Station:

The third target replacement occurred in November 1988. The
lifetime of target number 3 confirmed the importance of reducing the
number of thermal cycles by reducing the number of beam trips.
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This is illustrated in Table 1, from which it is deduced:

(jjAh) x (No of Trips) **» Constant (Carne's Law)

Target No Beam Irradiation No Trips (jJAh) x No Trips
MAh

2

3

54,

175,

000

000

40,

11,

000

000

2.

1.

16

92

E9

E9

Table 1

Reducing the number of beam trips has been achieved by improving
the overall efficiency and also by modifications to the beam loss
interlock system and to the machine operation. Originally beam loss
and intensity monitors were set to trip the beam if a single beam
pulse showed abnormal loss. This was modified to trip on the basis of
a running average beam loss of 1.0 E12 over 3 pulses or 5.0 Ell over
25 pulses. Also after each trip the beam intensity is restored
gradually to its previous working level. New power supplies are being
installed on the extraction beam line magnets to improve stability of
beam size and alignment on target. There is evidence that too small a
beam size can cause damage to the target plates very quickly.

As there was no U 238 target ready it was replaced by a Tantalum
target of identical geometry. With the Tantalum target the thermal
neutron current was reduced by 2.0 - 2.5 (depending on instrument)
c.f. Uranium. Although for the two instruments very sensitive to
background a reduction of 5-10 was obtained, the overall, consensus
was to return to the Uranium target. A new Uranium target will be
installed by the end of February 1989.

Experimental Facilities:

Two more instruments, eVS and Polaris were scheduled in 1988
raising the total number of instruments from 7 to 9. The number of
experiments averaged 40-50 per instrument over the scheduled running
time.

The large neutrino detector, KARMEN was completed and has started
to take data.

Besides the pSR experimental area a muon catalysed fusion
experiment was installed and operated in the last year.
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For the coming year a proposal has been put forward to install a
pulsed separator and beam splitter in the muon line to increase the
present facility from 1 to 3 beam lines of approximately equivalent
performance to the present line.

Summary:

Considerable progress has been made in bringing the performance
of the ISIS spallation neutron source closer to its design
specification. Significant improvements have also been made in
operating reliability. The development and exploitation of the
experimental facilities is continuing for neutron, neutrino and muon
research.

C W Planner
14 February 1989
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Status of the PSR

R. J. Macek
Los Alamos National Laboratory Los Alamos, New Mexico 87545 U.S.A.

ABSTRACT: The Los Alamos Proton Storage Ring (PSR) now operates with 35M
at 20-Hz pulse repetition rate. Beam availability during 1988 suffered because of a
number of problems with hardware reliability and from narrow operating margins for
beam spill in the extraction line. A strong effort is underway to improve reliability
with an eventual goal of obtaining beam availability in excess of 75%. Beam losses
and the resulting component activation have limited operating currents to their
present values. In detailed studies of the problem, loss rates were found to be
approximately proportional to the circulating current and can be understood by a
detailed accounting of emittance growth in the two-step injection process along with
Coulomb scattering of the stored beam during multiple traversals of the injection
foil. It is now apparent that the key to reducing losses is in reducing the number of
foil traversals. A program of upgrades to reduce losses and improve the operating
current is being planned.

1. Introduction

The Proton Storage Ring (PSR) at Los Alamos functions as a high-current accumulator
or pulse compressor to provide intense pulses of 800-MeV protons for the Los Alamos
Neutron Scattering Center (LANSCE) spallation Neutron Source. The neutron scattering
community has seen several proposals for similar neutron sources based on compressor
rings fed from a proton linac e.g., SNQ from Julich, one from Moscow, JHP from Japan,
and LANSCE II from Los Alamos. To date, only the PSR has been constructed, hence the
experience with PSR should be helpful in assessing this approach to the design of advanced
neutron sources.

1.1 Layout

The layout of PSR in relationship to other relevant facilities at the LAMPF site is shown
schematically but not to scale in Fig. 1. An 800-MeV H~ beam from the LAMPF linac
is kicked into Line D and transported through Line D and the Ring Injection Line to a
high-field stripper magnet where it is converted with 100% efficiency to H°. The H° beam
then enters the lattice of the ring through a dipole and is stripped to H+ beam with ~ 92%
efficiency in a 200 g/cm2 carbon foil. Up to 2800 turns can be injected and accumulated
during a single macropulse. Beam is normally extracted in a single turn shortly after the
end of injection and transported to the LANSCE neutron-production target in ER-1.

1.2. Performance to Date

Performance parameters of general interest are summarized in Table I where the values as
of October 1988 are compared with the design goals. The peak current (on the 100
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nanosecond time scale) available from LAMPF is 8-10 mA and is limited by the H source.
By increasing the pulse length beyond the design value to 950 /iS we have accumulated (in
test, runs) as many as 3.8 x 1013 protons per pulse (ppp) or 70% of the original design goal
for this parameter. Unfortunately, we cannot use this peak intensity for routine operation
because of "slow" losses during accumulation. In the present operation at 20 Hz, we are
limited to an average current of 35fiA by losses of ~ 0.5 A which have caused activation
at the maximum acceptable level for hands-on maintenance of ring components. These
losses occur primarily in the injection and extraction regions which contain the known
limiting apertures. Further information on the design and initial performance are published
elsewhere.1

TABLE I. Summary of Performance (to October 1988)

• Peak Injected Current

• Injection Pulse Length

• Protons/Pulse

• Repetition Rate

• Average Current

• Losses:

Accumulation

Extraction

Availability

Design

15 mA

750/is

5.2xlO13

12 Hz

100 fiA

0.1-0.3/xA

@ 100/iA

[0.1-0.3%]

<0.1%

75%?

Achieved

8-10 mA

975 fis

3.8xlO13

20 Hz

35 fiA

0.5 fiA

@35/*A

[1.4%]

0.1-0.3%

(@ 30 iik)

62% avg. 1987

(80% Best Run)

30% Avg, Cycle 51

64% Avg,Cycle 52
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2. Reliability and Beam Availability

Beam availability was never specified in the original PSR design documents; however, the
LANSCE user community has shown a strong preference for a value of 75%, or greater. We
define beam availability as the ratio of the time beam was available (at greater than 50%
of the scheduled current) for delivery at the LANSCE target to the beam time scheduled
for LANSCE research.

2.1. Daily Availability in 1988

The operation of PSR during the summer of 1988 (LAMPF Cycles 51 and 52) was the first
attempt at sustained running for a formal users program. Beam availability and machine
reliability were a great disappointment especially in Cycle 51 when beam availability was
about 30%. The details on a daily basis are shown in Fig. 2 where the availability is
plotted as a function of time using only the days when beam was scheduled for research
at LANSCE. At the 30% level of reliability, the research program at LANSCE suffered;
great frustration and dissatisfaction were evident amongst the user community, and the
PSR staff became thoroughly exhausted making numerous expedient repairs to more deep-
seated problems.

2.2. Subsystems Availability

Much of the downtime came from the pulsed power systems, as can be seen in Table
II, Subsystems Availability. Thermal failures of the water-cooled loads on the switchyard
kickers and massive failures of high-voltage vacuum feedthroughs on the stripliue kickers of
the ring extraction system were the most acute of the numerous problems which developed
in 1988. Expedient repairs were designed and implemented in the short time between
beam cycles in what is best described as a frantic effort to recover the momentum of the
LANSC'E research program before the end of the 1988 running period. These repairs and
a sustained effort to keep all systems operational resulted in a marked improvement in
availability which averaged about 65% in cycle 52.

The LAMPF linac is also a significant source of downtime. It is a mature facility whose
availability has been 80 to 85% for many years and is at a level that is satisfactory for
the nuclear and particle physics program which funds the operation of LAMPF. Further
improvement is an expensive undertaking. The 201-MHz RF system is a major source of
downtime for the linac and estimates for improving it are between 5 and 10 million dollars;
it is not a cost-effective candidate for improving overall reliability. The problem for the
LANSCE facility is that beam availability is the product of the availability of LAMPF
and that, of PSR and the rest of the beam-delivery system. Therefore, to achieve 75% or
greater overall availability, the PSR and other beam-delivery system availability will need
to reach 95%. This has been achieved with other circular machines such as the Booster
Synchrotron at CERN.
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Fig. 2. Daily beam availability in 1988 for LANSCE.
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Table II. Subsystems Availability in 1988

Cycle 51

75%

68%

85%

43%

76%

96%

Cycle 52

' 82%

94%

91%

70%

92% i

98% 1

Long Term

Goal

85%

1
( 95%

80%

1
[ 97%

• Linac and H~ Source

• Pulsed Power Systems

• Other Beam Delivery Systems

Product (Available from PSR)

• Beam On and Current

> 50% of Scheduled

• LANSCE Target/Moderator

• Beam Available to Users at

> 50% of Scheduled Current 31% 64% >75%

2.3. Improvements to Reliability and Operational Efficiency

The H~ source has run at 90 to 95% availability and has required two shifts of downtime
every two weeks for reconditioning. Efforts are currently underway to reduce the arc-down
rate and improve source lifetime. A spare source is being fabricated to reduce the amount
of downtime needed for periodic reconditioning. Our goal is source availability of 97-98%.

Many other systems contribute to downtime but a complete discussion is beyond the scope
of this paper. The pulsed power systems were discussed earner. Deionised water systems
have presented a number of problems including numerous leaks, corrosion of brass fittings,
and deposits in certain power supplies. The use of lead-free solder (95% tin, 5% antimony)
with its small workable temperature range undoubtedly contributed to the large number
of voids found in the solder joints of the larger copper pipes. Improvements underway
include redoing MH the joints in the 4-inch water line and more instrumentation to monitor
water quality.

Another important loss of beam time arose from frequent tuning to reduce spills in the
PSR and in the extraction line. In cycle 51 about 25% of the time when beam otherwise
was available, operators were tuning at half or less of the scheduled current primarily
to eliminate spills which caused tripping of the errant beam protection instrumentation.
Margins on beam spill were much tighter in 1988 than before because users were allowed in
the experimental area of LANSCE while beam was on. Prior to 1988 users were excluded
when the beam was on. Safe access with the beam on was guaranteed in 1988 by the newly
installed fail-safe Personnel Safety System (PSS) whose three levels of fail-safe errant beam
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detection instrumentation insured that the beam was promptly shut off under any beam
spill conditions which would present a hazard to personnel in occupied areas.

There is very little margin for error in transporting the extracted beam to LANSCE. In the
region of transport where the floor of the beam tunnel is also the roof of the experimental
area, small spills of order 3-5 nanoamperes (0.01% of the beam) can cause radiation levels
of about 20 millirein/hour in certain areas of the experimental hall where users must have
free access. In this situation, the least deviation from the optimal tune can cause spills of
this magnitude. '

The addition of approximately one meter of iron shielding in the extraction channel region
over ER-1 would greatly increase the tolerance for error in the beam transport to the
LANSCE target. However, the structural modifications needed to support the additional
weight are a major complication. Nevertheless, design studies of the changes required for
additional shielding of this magnitude are now underway with high priority.

Variations and drifts of the beams, both to and from PSR, can arise from a number of
sources including the linac and the beam transport. The beam from the linac changes
slightly a few times per shift; these changes are commensurate with our long term expe-
rience at LAMPF and can be large enough to have a significant effect at PSR. However,
by the end of cycle 52, it became clear that a large portion of the beam changes which
affected PSR resulted from poor stability of magnet set points in the Line D transport.
A factor of 5 to 10 improvement in magnet-power-supply stability is underway. Longer
term, we aim for 0.01% set-point reproducibility, which implies additional improvement in
power-supply regulation.

3. Beam Losses2

Beam losses during accumulation are far and away the most serious barrier to higher-
current operation. In the present operation with 35/xA at 20 Hz, the losses produce acti-
vation at the limit for hands-on maintenance of the ring. As we shall demonstrate shortly,
the losses at 100 t̂A would be an order of magnitude higher if nothing is done to reduce
them.

3.1. General Characteristics of the Accumulation Losses

Slow losses are measured to ~30% accuracy with a series of scintillator-based radiation
detectors located on the outside wall of the tunnel at beam height opposite each ring dipole.
Detector gains are all identical; signals from each as well as a sum signal of all detectors are
used for loss measurements. The sum signal is calibrated by allowing a measured quantity
of beam to be completely lost. Fast, analog current signals, obtained directly from the
phototubes, are available in the control room for detailed analysis of the time structure.

The sum-current signal is a measure of the beam loss rate, L{t). A trace from normal
operation is shown in Fig. 3 along with a signal from a current monitor that senses the
circulating beam current, I(t). The ring current is a ramp because beam is continually
injected during an injection period of 375 fis. Fig. 3 shows that L is nearly proportional
to the stored beam intensity. Total losses, L = J L dt, will then be quadratic in time. To
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Loss rate during normal operation.

increase the average current to 100 /xA we need to inject for ~1000 /is, but the losses under
these conditions are an order of magnitude liigher than for the present operation at 375
fis, which already produces the maximum acceptable activation of ring components.

Losses for an extended period of accumulation can arise from those occurring at the time
of injection as well as from continual losses of the stored beam. The two components can
be separated in an experiment where beam is accumulated for a short time (~100 /is) and
stored for a much longer period (~1000 jus) before extraction. Loss rates and circulating
current signals from one such experiment for a coasting beam (RF buncher off) are shown
in Fig. 4. The discontinuity at the end of injection is caused by the cessation of "first-turn"
or injection losses and amounts to ~2 x 10~3 of the injected beam current. The loss rate
during storage is a slowly increasing function of storage time with a fractional loss rate of
~1.3 x 10~5 per proton per turn at the end of the 100-/xs injection period.
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The significant loss observed during injection and the continual losses thereafter suggest
that the injected beam somewhat more than fills the acceptance of PSR. This is corrobo-
rated by halo plate scans of the horizontal beam profile in the ring in which a thick plate
is scanned across the ring aperture and the fraction of the beam intercepted by the plate
is obtained by measuring the scattered beam intensity in the sum of several loss monitors.
The signal is normalized to unity when all of the beam is intercepted. This technique is
especially useful for measuring the beam distribution in the extremities of the beam. Data
from one scan are shown in Fig. 5 for the situation where beam is extracted shortly {10 /is)
after the end of 100 fis of accumulation. The scan provides a good measure of the beam
distribution just after capture in the ring and before foil scattering can cause appreciable
einittance growth. In Fig. 5 it is readily apparent that the beam distribution extends
to about 38 mm, which corresponds to the value of the limiting aperture defined by the
extraction septum. Note that the beta functions at the septum and at the halo plate are
nearly equal.
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A Gaussian fits the core of the beam but fails to fit the extremities. The mismatched
Gaussian (MM GAUSS in Fig. 5), described in the next section, fits the distribution of
Fig. 5 very well.

3.2. Einittance Growth and Losses During Injection

It may seem surprising that the beam fills the horizontal acceptance at injection since
the acceptance of PSR, ~1307r mm-mrad, is so much larger than the mis emittance,
~0.5 7T mm-mrad, of the H~ beam from LAMPF. The momentum spread (rms) of the
H~ beam is also small with Ap/p ~ 5 x 10~4. Two main factors contribute to euiiUance
growth in the injection process: 1) an increase in horizontal divergence in the stripper
magnet when H~ is converted to H° and 2) a large horizontal optics mismatch of the 11°
beam to the PSR acceptance.
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Stripping of the H in a high magnetic field is a stochastic process which leads to ran-
dom fluctuations in the point of conversion and thus an increase in H°-beam divergence.
Calculations of the angular distribution for a pencil beam of H~ are shown in Fig. 6 for
two different, vertical entrance positions (y = 0 at midplane and y = -4 mm). The calcu-
lation used the measured field map of the stripper magnet and a parameterization of the
H~ lifetime from earlier Los Alamos work.3 Emittance growth in the stripper magnet is
minimized by use of a small gap magnet with a high field gradient at the entrance and by
optics which produce a very small spot in both x and y at the stripper magnet. Even with
this optimization the horizontal emittance of the H° is three (3) times larger than that of
the incoming H~ beam.

An optics mismatch at injection, shown in Fig. 7, is an additional consequence of magnetic
stripping. The 11° is constrained to diverge from a small spot at the stripper magnet and
cannot be matched simultaneously in the (X,X') and (Y,Y') planes at the standard location
of the foil stripper where the H° is reasonably well matched in (Y,Y') but badly mismatched
in the (X,X;) plane. The mismatch factor, C = {fiolR + #R7o — 2aoafl}/2, (subscript o
refers to H° and R to the ring) has a value of 3.8 indicating a further increase of 3.8 in the
rms emittance of the stored beam. The mismatch also changes the beam distribution; for
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a Gaussian beam injected on axis, one can easily obtain the following closed form for the
distribution of the invariant betatron amplitude, y:

P{y)dy = - ^ V C 2 - 1 ydy

(1)

where eo is the rms emittance of the incoming H° beam and Io is a modified Bcssei
Function.4 The rms emittance for this distribution is Ceo. This distribution has longer
"tails" than a Gaussian with the same rms emittance, thereby increasing still further
the size of the beam near the limiting apertures. The non-Gaussian tails are readily
apparent at PSR in the halo-plate scan shown in Fig. 5 and in wire-scanner profiles of
the extracted beam taken at the end of short (100 fxs) accumulation as shown in Fig. 8.
The "mismatched" Gaussian distribution derived from equation (1) fits the data very well
whereas a Gaussian with the same rms width fits poorly, especially at large X.
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Integration of the distribution described by equation (1) for the region outside of the
limiting aperture provides an estimate of injection or "first-turn" losses. A value of 2 to
4 x 10~3 is obtained which is in good agreement with the observed value of ~ 2 x 10~3

considering the high sensitivity of the result to the size of the limiting aperture.

3.3 Emittance Growth and Losses During Storage

A typical proton in PSR traverses the injection foil during about half of its revolu-
tions. Multiple Coulomb scattering in the foil will cause emittauce growth (rms) given
by e(t) = eo + f5f6\fN{t)/2 where eo is the initial rms emittance, /?/ the beta func-
tion at the foil, d\ the rms scattering angle from a single foil traversal and fN(t) the
number of foil traversals in N turns up to time t. The rms emittance is defined as
\/<X2><82> — <X9>2 where <> indicates expectation value and 9=X'. Measure-
ments of beam sizes as a function of storage time shown in Fig. 9 are well fit by the above
equation for t(t) and show nearly a factor of three increase of emittauce (proportional to
square of the spot size) during 1 ms of storage.

To accurately estimate losses from multiple Coulomb scattering requires more than knowl-
edge of the rms emittance growth; one must calculate the evolution of the distribution
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function with time. We have made estimates using two different methods which pro-
duce similar results in reasonable agreement with measurements. The first method used a
Fokker-Planck equation

7 d d
) \

(2)

which was derived for estimating beam lifetimes in the presence of Coulomb scattering by
residual gases.5 Here y is the invariant betatron amplitude and K a constant. Solutions
for the distribution function, P, are obtained as a Fourier-Bessel series and integrated to
obtain the losses.

X-EMITTANCE GROWTH (R.M.S.)
(100 //S INJECTION, WIRE SCANNER DATA)

150

Q

o
(0
111
N
35
O
Q.
CO

X

100 -

50 -

200 400 600 800

STORAGE TIME (fuS)
1000 1200

Fig. 9. Emittance as a function of storage time.
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Similar results are obtained with the Monte Carlo tracking code, ARCHSIM, developed for
modeling circular machines.6 The tracking code simulates emittance growth in the strip-
per magnet and treats scattering in the stripper foil as a combination of multiple Coulomb
scattering with single Coulomb and nuclear tails. Results from the simulation and from
solutions of the Fokker-Planck equation made using measured values of parameters in the
models are compared in Fig. 10 with measured data on loss rates. The loss rates obtained
using solutions of equation (2) were augmented with a constant term which takes account
of nuclear scattering and large-angle single Coulomb scattering. Agreement between cal-
culations and measurements are within the calibration uncertainties of the losses and the
errors on parameters in the calculations. Losses are sensitive to several parameters includ-
ing the mismatch factor, the H° distribution, the probability for traversing the foil, and
to the size of the limiting aperture. With small adjustments of parameters, within errors,
both calculations can be made to agree completely with the loss-rate data.

(oiANDARD INJECTION STRIPPER)
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Fig. 10. Loss-rate calculations and measurements.
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3.4 Effect of the RF Buncher
An RF buncher is used to maintain an empty gap to accommodate the extraction-kicker
rise time. Synchrotron motion induced by the buncher increases the momentum spread to
~0.3%; because of dispersion the beam size increases by several mm and also contributes
to beam losses. For long storage, this shows up as a striking modulation of the loss rate
with a frequency twice that of the synchrotron oscillations as shown in Fig. 11. Losses are
increased by about 45% when the RF is on at typical operating set points.

3.5 Other Contributions

Losses from nuclear scattering are readily estimated from the total cross section as
3.3 x 10~6 per foil traversal. The contribution from large-angle single Coulomb scattering
is often overlooked. Because the cross section falls off only as a power law, rather than
as an exponential, it contributes a long tail to any beam distribution. This was seen at
PSR when the injection foil location was changed to provide a better match in the (X,X')
plane. The halo-plate scan of the beam distribution (after a short accumulation) plotted
in Fig. 12 shows the expected reduction in size of the core of the beam. Also seen is a tail
extending to the limiting aperture. The size and shape of the tail agrees with analytical
and Monte Carlo calculations of the contribution from single Coulomb scattering. At PSR
large-angle Coulomb scattering contributes a loss rate of ~2 x 10~6 per foil traversal for
a S function initial distribution and more for a beam of finite emittance.

3.6 Summary of Losses During Accumulation

The composition of accumulation losses during standard operation of PSR (375 us injection
period) can be determined from the data and analysis presented here. Results are listed
below:

"First-Turn" 0.2%

Nuclear and Large-Angle Coulomb 0.2%

Scattering

Emittance Growth in Absence of RF 0.6%

Effect of RF 0.5%

Total 1.5%
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limiting apertures of the ring in such a way that the losses are moved from a critical
component, such as the extraction septum, which is the present limiting aperture, to
passive absorbers that are designed to deal with higher activation. These would be passive
devices which would not need frequent service and would be located in less congested areas
where activated components are more easily dealt with.

The two basic concepts are illustrated in Fig. 13a and b. In one (a) a high Z, movable
scraper, such as 10 mm of tungsten, intercepts the beam halo and defines the limiting
aperture. It is not thick enough to completely absorb the incident beam but scatters it by
a relatively large amount so that most of the intercepted beam is caught by the downstream
thick absorber, which is not a limiting aperture. A small fraction (perhaps 10%) of the
intercepted and scattered beam goes through the opening of the absorber and is caught on
a "cleanup" absorber or is lost elsewhere in the ring. If much of the beam intercepted by
the scraper is beam that would have been lost elsewhere, such as at the extraction septum,
then this system woidd be effective in reducing the losses elsewhere in the ring.
In the second concept (Fig. 13b), a moveable absorber also intercepts the beam halo and
defines the limiting aperture. It is thick enough to absorb most of the incident beam.
The difficulty with this concept is the "slit scattering" which occurs from the large surface
of the moveable absorber struck by beam particles at grazing incidence. The amount of
scattering and the fraction of the scattered beam that spills elsewhere in the ring are not
easily estimated.

More detailed study of these options is needed to determine which is best for PSR. Per-
formance of the first option is more readily estimated. It has the advantage that the large
scattering angles spread out the heat load on the absorber such that it may not need water
cooling. The small moving scraper is a simpler mechanical device that is lightweight aud
probably does not need water cooling. Depending upon the amount of slit scattering, the
second option may be more the efficient one in localizing the losses. However, it does have
some disadvantages; the heat load is concentrated near the inner surface of the moveable
absorber and it may well need water cooling. A large, moveable, water-cooled absorber is
a complicated mechanical system that may require more frequent servicing, thus compro-
mising the goal of containing the activation in highly reliable, passive devices that would
seldom need servicing or removal.

4.2. Options for Improved Injection

It is now clearly understood that the key to reducing losses is reducing the number of times
a stored proton traverses the stripping foil. In the present operation the probability for
a stored beam particle to traverse the foil is between 50 to 100% per turn. A major goal
for the upgrade is reducing this to around 5% or less primarily by improving the injected
beam tune (some times called "match" or "matching"), improving injection "painting" in
transverse phase space, and increasing the horizontal aperture of the ring.
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4. Upgrade of PSR to Reach 100/xA

Increasing the operating current of PSR is a high priority goal for the Los Alamos National
Laboratory. Management is committed to providing the upgrades needed to reach 100ftA
with beam availability of 75% or more. Our present understanding of the causes and
mechanisms of the slow losses has pointed to several promising measures for significantly
reducing or controlling the losses in the PSR. These are sketched below.

4.1. Ring Halo Collimation System

Initial design studies assumed that a collimalion system would be used to control the
location of losses in the ring but none were designed or implemented in the initial con-
struction. Plans for experimental study of the problem last summer were preempted by the
more urgent need to improve reliability. The basic idea is to make scrapers or collimators
the limiting apertures of the ring in such a way that the losses are moved from a critical
component, such as the extraction septum, which is the present limiting aperture, to pas-
sive absorbers that are designed to deal with higher activation. These would be passive
devices which would not need frequent service and would be located in less congested areas
where activated components are more easily dealt with.
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The two basic concepts are illustrated in Fig. 13a and b. In one (a) a high Z, movable
scraper, such as 10 mm of tungsten, intercepts the beam halo and defines the limiting
aperture. It is not thick enough to completely absorb the incident beam but scatters it by
a relatively large amount so that most of the intercepted beam is caught by the downstream
thick absorber, which is not a limiting aperture. A small fraction (perhaps 10%) of the
intercepted and scattered beam goes through the opening of the absorber and is caught on
a "cleanup" absorber or is lost elsewhere in the ring. If much of the beam intercepted by
the scraper is beam that would have been lost elsewhere, such as at the extraction septum,
then this system would be effective in reducing the losses elsewhere in the ring.
In the second concept (Fig. 13b), a moveable absorber also intercepts the beam halo and
defines the limiting aperture. It is thick enough to absorb most of the incident beam.
The difficulty with this concept is the "slit scattering" which occurs from the large surface
of the moveable absorber struck by beam particles at grazing incidence. The amount of
scattering and the fraction of the scattered beam that spills elsewhere in the ring are not
easily estimated.

More detailed study of these options is needed to determine which is best for PSR. Per-
formance of the first option is more readily estimated. It has the advantage that the large
scattering angles spread out the heat load on the absorber such that it may not need water
cooling. The small moving scraper is a simpler mechanical device that is lightweight and
probably does not need water cooling. Depending upon the amount of slit scattering, the
second option may be more the efficient one in localizing the losses. However, it does have
some disadvantages; the heat load is concentrated near the inner surface of the moveable
absorber and it may well need water cooh'ng. A large, moveable, water-cooled absorber is
a complicated mechanical system that may require more frequent servicing, thus compro-
mising the goal of containing the activation in highly reliable, passive devices that would
seldom need servicing or removal.

4 .2 . Options for Improved Injection

It is now clearly understood that the key to reducing losses is reducing the number of times
a stored proton traverses the stripping foil. In the present operation the probability for
a stored beam particle to traverse the foil is between 50 to 100% per turn. A major goal
for the upgrade is reducing this to around 5% or less primarily by improving the injected
beam tune (some times called "match" or "matching"), improving injection "painting" in
transverse phase space, and increasing the horizontal aperture of the ring.

4.2.1. Improved Painting in Phase Space

Injection "Painting" refers to procedures such as fixed offsets or programmed bumps used
to control the beam density or other aspects of the way injected beam fills the phase-space
acceptance of a ring. It can be used to reduce the number of foil traversals by the stored
beam.
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TUNGSTEN
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HALO COLLIMATION CONCEPT II

ABSORBER/
SCRAPER CLEANUP

COLLIMATOR
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Fig. 13. Halo collimation concepts.
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A fixed offset allows betatron motion to fill an interior region of phase space. A fixed
vertical offset, which is depicted in Fig. 14, is presently in use at PSR. It was intended
that the edge of the foil be on the vertical closed orbit of the ring and two standard
deviations below the center of the H° beam. This should result in a 50% probability per
turn for the stored beam to intercept the foil. At PSR we have had, in the past, a good
deal of uncertainty regarding the parameters of the H° beam at the foil and thus the
probability for the stored beam to hit the foil. With improved diagnostics aud improved
analysis procedures, we expected to resolve this issue in the coming running period.

T
Y*

-10 Y (mm) 10

Fig. 14. Standard H° injection at PSR with vertical offset.
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A programmed closed-orbit bump is essentially a way to introduce an offset that varies
with time. It can be used to move the stored beam off the foil so that some of it will not
be able to hit the foil thereafter. The time profile of the bump can be chosen to optimize
the beam spatial distribution or the foil hitting probability. For a given acceptance, the
use of optimized programmed bumps improves both the beam density distribution and the
foil-hitting probability compared with a fixed offset.

4.2.2. Improved Injected-Beam Tune

From an examination of Fig. 14, it is obvious that the foil hitting probability can be
reduced by changing the shape and orientation of the H° ellipse. Without changing the
area of either the H° or H+ beam ellipses, and while changing only the shape to a narrower,

r
V (nr)

-2

1
/

Injected
Beam

y

- F o i l Edge

-10 Y (MM) 10

Fig. 15. Offset injection with the H° tune optimized to reduce foil traversals by the
stored beam.
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upright ellipse, the foil-hitting probability can be reduced by a significant factor (~4) as
illustrated in Fig, 15. Unfortunately, such a tune of the II" beam cannot be achieved with
our system for generating H°, given the location of the stripper magnet and the injection
foil.

4.2.3. Improved Injection Foils

The carbon foils presently used at PSR are mounted on a C-shaped frame that supports the
foil on three sides leaving a horizontal edge unsupported. The foil is positioned vertically
to cover all of the vertically offset H° beam but not all of the stored II+ beam. Thus, the
foil covers the full horizontal aperture of the ring while in the vertical it covers less than
the full aperture. An ideal foil for reducing losses would have a massless support with
stripping material only in the region of the H° beam spot.

A number of suggestions have been made for improving the foil support in ways that should
reduce the probability for the stored beam to hit the foil. Yamane7 at KEK has proposed
"corner" foils for the JHF Compressor/Stretcher Ring. His foils have two unsupported
edges and can be positioned to cover an 11° beam offset in both dimensions while inter-
cepting less of the stored beam. He has successfully tested corner foils with a low-energy
nitrogen beam. Tin's is a promising development for PSR and we will collaborate with
KEK on tests of corner foils and other improvements to H° injection.

Another concept being investigated at PSR is the use of very fine carbon filaments (4- to
5-microns diameter) to support carbon foils. This is work carried out in collaboration with
a team from Westinghouse who have facilities at Hanford, Washington to fabricate foils
supported in this manner. We expect to test fiber-supported foils in the beam during the
1989 running period.

4.2.4. Improved H° Injection

The present method of injection using H° can be improved using the techniques described
above. However, it is much more difficult to improve the W beam tune at the foil since
it is not possible to focus a neutral beam. One can only manipulate the H~ beam before
it is converted to H° or change the ring lattice so that the H+ beam (ring ellipse) better
"matches" the fixed H" beam. The constraints at the stripper magnet with its small gap
severely limit the tuning of H~. One can improve the match of H° to the ring by moving
the stripper foil to a location just upstream of the focusing quadrupole. Rotation of the
stripper magnet, as proposed by Yamane,7 can also help.

The important question is whether H° injection can be improved sufficiently to meet our
goal of reducing losses by an order of magnitude. We expect to answer this question with
further analysis and experiment this summer.
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4.2.5. Direct H Injection

IT" injection suffers from two disadvantages: (a) the growth of emittatice (about a factor
of 3 for PSR) in the bend plane of the stripper magnet and (b) lack of flexibility in tuning
the beam for optimum beam parameters at the injection foil. A way around both of these
difficulties is to inject the H~ beam directly. A scheme for doing this at PSR is shown in
Figs. 16 and 17. The current in the two ring dipoles on either side of the injection straigiit
section is reduced about 10% so that each bends the protons 3° less. The closed orbit of
the stored beam is restored by the addition of a low-field dipole which bends protons by 6°.

4." QUAOS

Fig. 16. Layout of PSR with direct H~ injection.

128



Fig. 17. Injection region for direct H injection.

The field of this dipole is about 3.8 kG, which is low enough to cause negligible stripping
of the H~ beam. An H™ beam can be transported to enter the low-field dipole in such a
way that the H~ emerges from the dipole on top of and aligned with the stored H+ beam.
A stripper foil to convert H~ to H+ follows. Some H° will emerge from the stripper foil;
in addition, some H~ will miss the foil and be stripped to 11° in the fringe lield of the ring
dipole. Provisions are made to transport both H° beams to the existing 11° beam dump.

Design studies are underway to find the optimum injection parameters for direct H~ injec-
tion and to estimate the improvement expected with respect to beam losses. Our planning
for the upgrade assumes direct H~ injection since it offers greater promise for the needed
reduction in losses. However, if it can be shown that the needed improvement is possible
with less costly modifications of the H° injection, then we would proceed in that direction.
More study is needed before a final decision is made.

4.3. Increased Aperture

Much of the beam loss occurs at the extraction septum, which is the limiting aperture in the
horizontal plane. The rest of the ring has considerably more aperture; both the quadrupoles
and the dipoles have larger horizontal apertures. The septum is a limit because the present
extraction kickers are unable to provide a larger kick. A 50% larger kick (about 18 mrad)
would allow the septum to be placed further from the stored beam and thereby increase
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the aperture by 50% and result in a factor of two larger acceptance of the ring in the
horizontal phase plane.

Options which would provide the larger kick needed for full aperture extraction are under
study. R & D on a ferrite kicker system is underway; a prototype pulser has been designed
and is being fabricated at SAIC. The goal is a ferrite kicker system which provides 18
mrad of kick from ferrite magnets which occupy only one section of the ring instead of
two. With the larger kick one may also need to replace the dipole and quadrupole just
downstream of the kicker with ones of larger aperture to insure that the extracted beam
is not distorted by nonlinear fields.

The larger aperture has two main advantages. The increased acceptance can be used to
make painting more effective in keeping the beam off the foil for either H° injection or direct
H~ injection schemes. In the process of using the increased aperture to improve painting,
the horizontal beam size will increase thereby reducing beam density and associated space-
charge effects.

4.4. Other Means of Reducing Losses

Other methods to reduce losses include increasing the H~ beam intensity from the linac
and/or increasing beam brightness by reducing emittance and beam halos. Increased
intensity will reduce losses by reducing the accumulation time, hence, the number of foil
traversals needed to achieve a given average current from the ring. Reduced emittance
increases the effectiveness of all injection painting methods in keeping the stored beam off
the injection foil.

Some efforts are underway to develop a higher intensity H~ source. These are not con-
sidered part of the present upgrade, but, as longer range studies aimed at longer-range
improvements. If additional reduction in losses is needed for the upgrade, these efforts
might be accelerated.

4.5. Improved Beam Diagnostics

Good beam-diagnostic instrumentation is necessary for a variety of reasons. Reliable,
accurate, and well-understood instruments are needed for precise control of high-intensity
beams and for conducting an efficient operation. They are also essential tools for effective
experimental studies of beam dynamics issues. The present beam-position monitor (BPM)
system needs improvement; it is sensitive to only the 201-MHz component of the beam.
This is suitable for use in the transport hues from the linac and for sensing the freshly
injected beam at PSR, but not for locating the stored beam in the ring or in the extraction
line. The present BPM's are also of limited use for studying broad-band phenomena such
as the transverse instability. A program of BPM development is underway to develop
instruments that satisfy these needs.

Knowledge of the distribution of H~ beam in transverse phase space is needed for careful
setup of injection conditions. Present methods of reconstructing only the rms emittance
are proving to be major limitations to a good optimization of injection parameters. It is
likely that a slit and collector method will need to be implemented to directly measure the
phase-space distributions.
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4.6. Role of the Transverse Instability

A coherent transverse instability has been seen at higher peak intensities at PSR. It is
described in more detail elsewhere.8 It is generally believed that we can run at 3 x 1013ppp
without the need for new hardware, such as an active damper, to control the instability.
Some experimental studies have shown more or less stable operation at up to 4 x 1013ppp
using existing hardware to control the instability primarily by Landau damping. The
techniques to enhance Landau damping, such as use of sextupoles and octupoles, generally
increase the slow losses. In planning for the upgrade we assume that the instability is
under control with the present hardware. However, more detailed experience with high
peak currents is warranted and may change the present perception of the importance of
the instability to the 100-/*A goal.

4.7. Goals and Status of the Upgrade

The goals of the upgrade are to develop and implement changes to PSR which will result
in reliable deh'very of 100/xA at 20 Hz with beam availability greater than 75%. It is also
a goal to complete the upgrade over the next three years and have it commissioned by
the end of 1991. The planning for the upgrade is at the stage where numerous options
are still being studied and R&D work on certain issues is underway. The scope of the
project is known but much work remains before all choices are finalized. A conservative
plan would include collimation in the ring, direct H~ injection, increased aperture, and
improved diagnostics carried as far as the present technologies permit. Budget realities
cause us to seek the most cost-effective solution which meets our goals.

5. Perspective on the Storage Ring Option

Enough experience has been gathered from PSR to offer some perspective on the storage-
ring or compressor-ring option as the driver for an advanced neutron source. One must
be careful to separate the generally applicable features of the experience from those which
are due to local factors that are not particularly relevant elsewhere.

5.1. Reliability

Poor reliability has become a stronger issue at PSR than it should be in general for a dc
storage ring. It reflects past budget constraints coupled with changing requirements for the
ring. The so called, "short-burst mode" was the technically more challenging problem that
drove many choices. That mode was discontinued late in the construction after numerous
choices had been made. There was not an opportunity to redo the optimization for the
needs of the long-burst mode.

Good reliability was never an articulated, high-priority design goal for the PSR. It was and
is too easy to compromise reliability to reduce initial construction costs. To some extent
this will always happen but if reliability is a high-priority goal it should be included in the
basic design goals.

5.2. Losses

Losses are a difficult technical problem for most high-intensity proton machines. There is a
not a well-established theory for dealing with losses. Apart from the meson factories, there



is not much experience to draw on. From the PSR experience, we can say that losses can
be understood; but it requires careful, detailed work. We can also say that losses cannot
be ignored; they, too, must be treated as a fundamental requirement in the design.

5.3. H° Injection

With the benefit of hindsight, we would not recommend H° injection for a high-intensity
accumulator or compressor ring. We do not imply that H° injection cannot work, but
rather, that direct H~ injection is better. It does not suffer the significant emittance
growth inherent in the use of magnetic stripping and a charged beam is much more easily
manipulated to meet the various requirements for an optimized tune at the stripper foil.

5.4. Conclusions

While there have been disappointments in the experience with PSR, they do not discredit
the compressor-ring option as a driver for an advanced spallation neutron source. Com-
pared to a ring that must accelerate as well as accumulate, the storage ring is intrinsically
simpler. The one drawback is that injection losses in a storage ring, such as PSR, occur at
the full energy rather than at a lower energy as is the case for a rapid cycling synchrotron
typified by ISIS. One can tolerate and handle larger losses at lower energy.

There are several promising options for reducing or controlling losses at PSR. We are
confident that a subset of these will enable PSR to reach 100/xA at 20 Hz. We expect
to report operation with enhanced reliability and good beam availability in 1989 and
increasing currents thereafter.
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p TC,( i Û t (AQvy Li tic/ - tYror

139



PQ

OQ

O.OO1

0.000

-0.001 -

-0.002 -

-0.003 -

—0,004- -

-0.005
8

140



anile a p e r t u r e ( d r i v e r ) v» . wow, d e v i a t i o n

en
a.
QJ
*̂.
en
QJ

i . a -i

0.5 -

0.0

A A

area occupied

by bean

ddel - 0. 00342

solid: particle kept

- - -: particle lo«t

.D00 .002 .004 .006 .008 .010

nOfiENTUH D E V I R T I O N ( d d e l )

141



2. 0

1.5 -

CD

m
a.
QJ

0.5 -

O.O-i

Oynsnlc iptrture ( qriver) v«)t t>on. deylatlon

no sextuooles

area occupied

by bean

ddel - 0.00342

solid: particle keVW

- - -: particle losrs\

.D00 .002 .004 .006 .008

MOMENTUM DEVIRTION (ddel)
.010

142



2. 0
DYNAMIC flPERTURE VS. MOMENTUM DEVIATION

J I I
FOR DRIVER LATTICE

<— par-tide last

particle kept -->

area occupied

by bean

DeltaP/P - D. 00342

0 . 0
D00 . 0 0 2 . 0 0 4 . 0 0 6 . 0 0 8 . 0 1 0

MOMENTUM DEVIRTION CDeltaP/P)

143



CD

.0000004

.0000003

.0000002

.0000001

.0000000

\ I I

Horizontal Invariant

Vertical Invariant

CM

M

CM ^

***

I I. A

.0 .1 .2 .3
tune

.5

144



. 0 0 0 5

. 0 0 0 4 -

. 0 0 0 3 -

. 0 0 0 2 -

. 0001 -

A. , 1
.0000 " " "

.0 .1 . 2 . 3 .4 . 5
Figure 28: Fourier transform of the Courant-Snyder invariant in the x plane for the

circular lattice with full errors but no synchrotron oscillation.

Horizontal emittance

0005

0004 -

. 0 0 0 3 -

. 0 0 0 2 -

.0001

. 0 0 0 0
. 0 .1 . 2 . 3

Figure 29: Fourier transform of the Courant-Snyder invariant In the y plane for the
circular lattice with full errors but no synchrotron oscillation.

145



BCUR10_T
73500

.2 TOO -
S

Q 0
0.0

both

x plane

0.2 0.4 0.6
Relative Chroinaticity

0.8 1.0

146



500-f
REESBT i/=(6.74,6.79)

F--J-

0.0: 0.2 0.4 0.6
Relative Chromaticity

0.8 1.0

147



00016.-

0 001 4.-

00012.-

00010.-

00008«-

00006.-

00004.-

00002 —

BCUR10 T. ORD

.11004

_y \_ . 21 787
I I

I I

HORIZONTRL VRRIRNTS '

EMITTRNCEi ( 75, 75)

4. 41 82*5

—

—

—

—

—

. 0 . 1 . 3

148



U*fO[ IT

(aQS*C*U*j

Or Id' lji/*u n

X&&'xce.

&(cf CivoJ.au/

v f. I

149



Coping With Large Sextupoie Errors in Bending Magnets

Harold S. Butler

Los Alamos National Laboratory

Abstract

The present designs for the main ring of the Advanced Hadron Facility
(AHF) all require bending magnets with fields as high as 2.2 T. Fields this
high suffer from saturation effects that introduce a strong sextupoie
component into the field. This paper considers the effect of those errors
on the performance of the AHF main ring. It is shown that the errors
predicted do not seriously affect the extraction process but they do
jeopardize the beam during acceleration if left uncorrected. Fortunately,
a correction scheme published recently is shown in this paper to reduce
the effects of these errors to a negligible state as measured by three
different criteria. Therefore, we conclude that the large sextupoie errors
will not undermine the performance of the AHF main ring.

Magnitude of Sextupoie Errors

The present designs for the Advanced Hadron Facility (AHF) main ring
all require bending magnets with high fields -- up to 2.2 T. Figure 1
shows a recent version of the ring that appeared in a paper1 for the AHF
Design Workshop in February 1988. The characteristic racetrack shape is
the result of requiring long straight sections for low-loss injection and
extraction. This design calls for 112 bending magnets, each 5.25-m long,
having a maximum field for 60 GeV protons of 2.14 T.

Bending magnets with fields this high exhibit saturation effects that
introduce a strong sextupoie component into the field. A quantitative
prediction of the magnitude of this component was given in a companion
paper2 at the same workshop. Figure 2 shows the error in the midplane
field as a function of distance from the centerline for two operating
fields. These results were obtained from a Poisson run on a magnet with
contoured pole tips designed to reduce saturation effects. The fractional
field error at 5 cm was 50x10"4 for B0 = 2.2T. Improved designs for

the pole tip reduced this error to 35x10'4 and later on down to 20X10"4.
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Figure 1. Design for AHF main ring presented at
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Figure 2. Fractional field error as a function of distance
from the centerline for two different pole fields, Data
taken from preliminary designs for AHF main-ring magnets.

Effect on Extraction

These results became available at about the same time a study of
extraction was in progress so it was natural to investigate the effect of
sextupole errors on the extraction process. Figure 3 shows a definitive
set of results obtained by Colton3 using his tracking code ZEXT. (These
results were corroborated shortly thereafter by the author using the code
DIMAD4.) In each case a beam of 2000 particles is shown after 200 turns
under the influence of half-integer slow extraction, i.e., a pair of
perturbing quadrupole magnets judiciously located in the arc lattice and
augmented by a pair of octupole magnets.

The parameter Ps measures the strength of the sextupole error

imposed on each bending magnet. At a value of Ps = ±0.1 m~2, Fig. 3b, the

phase space as seen at the electrostatic separator changed only slightly
from the zero-error case, Fig. 3a. By the time Ps reached the value

±0.2 m'2, the effect of the sextupole errors had become more pronounced.
At Ps = ±0.5 m"2 the extraction process was entirely inhibited, i.e., the

formation of the separatrices was completely suppressed.
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Effect of Sextupole Errors on Extraction |
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Figure 3. Results from tracking 2000 particles thru 200 turns of
the AHF main ring tuned for half-integer extraction. Ps is a

measure of the strength of the sextupole errors in the bending
magnets of the arcs.
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To judge the seriousness of these results one has to calculate the
value of Ps associated with a given fractional field error.

P = 0.5 B" L
s -&-

0.5(B/ a 2 ) L

« 0.5 f(a) a

a 2

where f(a) is the fractional field error at a radius r = a. For a = 0.05 m,
<x = 180°/56 and f(a) *35x10"4, one obtains Ps = 0.039 m"2. This value

of Ps places the effect of sextupole errors closer to that depicted in Fig.

3a than Fig. 3b and well below the effects predicted in Figs. 3c and 3d.

Conclusion: The effect of large sextupole errors in the high-field
bending magnets wil! hot undermine the proposed half-integer extraction
process to any serious degree.

Other Measures of Effect

However, extraction is not the only process one has to worry about;
one has to consider how the sextupole errors affect the beam as it is
accelerated to the extraction energy. Tracking studies done earlier for
the LAMPF-II Proposal^ provide us with some benchmark results. Those
studies assumed a fractional error from the sextupole component of the
field of 1.6x10"4. The findings of those studies are summarized in the
following three statements: (1) The beam was not adversely affected
even if the error was four times the assumed value. (2) A bothersome
growth in emittance was observed at eight times the quoted error. (3)
When the error was boosted to 16 times the baseline value, a portion of
the beam was lost. By comparison, the error of 35x10"4 that we are
assuming in this paper is over 20 times that assumed in the LAMPF-II
Proposal. One has to expect detrimental effects.
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The most common way to evaluate the sensitivity of an accelerator to
magnet errors is by tracking an extreme particle many times around the
ring and looking at a transverse phase space plot. That technique gives
definitive answers if the effect is weak (no growth in emittance) or
strong (the particle is lost). But in between those two extremes it is
difficult to get a quantative measure. Consequently, for this paper we
resorted to three other methods to measure the effect of errors. An
explanation of each follows.

Second-Order Coefficients

A DIMAD printout of the second-order matrix coefficients for the
whole ring without errors shows that 39 of them are non-zero. After
inserting the sextupole error (35x10"4) in each bending magnet and
repeating the matrix calculation, it was observed that the corresponding
second-order coefficients grew by an average factor of 88. This growth in
the aberrations would have a devastating effect on the beam, causing most
of it to be lost.

Tune Shift and Emittance Growth

The calculation above is static in the sense that it involves no
tracking. Using a dynamic approach with tracking it is possible to
quantify the effect of aberrations. One of the operations in DIMAD traces
for many turns particles that are placed on ellipses with specified
emittance. It then fits an ellipse to the output points obtained and
calculates the emittance growth. Variances of tunes are also computed.
Using this operation with the predicted sextupole errors yielded a tune
shift of -0.033 and an emittance growth of 2 1 % over a starting value of
32TC mm-mr, that being the value appropriate to the injection energy of 6
GeV.

Tune Shift From Momentum Spread

A third option in DIMAD calculates the tune shift with differing
momenta. This calculation also is based on an analysis of tracking runs.
Performing this movement analysis on the main ring with the predicted
sextupole errors produced a graph with some missing points. The
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higher values of Ap/p survived. These results indicate that the sextupole
errors made the ring unstable at certain momenta within the desired
operating range.

The conclusion that one derives from these results is that sextupole
errors of the magnitude assumed play havoc with the beam, i.e., their
effects are totally unacceptable if left uncorrected.

Correction Scheme

Fortunately, there exists a correction scheme for the large sextupole
errors. It was devised by D. Neuffer^. The essentials of the scheme are
shown in Fig. 4. The top drawing shows a typical cell for the arc of the
main ring. It is common practice to place a pair of sextupole magnets
(SX & SY) in the cell to correct the chromaticity as required. Neuffer
discovered that placing another pair of sextupoles in the center of the
bends, as shown in the middle drawing, significantly reduced the
first-order tune shift from the errors. An even more effective
arrangement is shown in the bottom drawing. This arrangement is called
the symmetric 3-sextupole scheme as opposed to the practical (fewer
magnets) 3-sextupole scheme.

An equation from Neuffer's paper shows why this scheme is effective.

SF &(0)?7(0) + Sc Px(L/2)iKL/2) + SD

The first term in the equation gives the first-order tune shift resulting
from the sextupole error, denoted here by bn. The second line of the

equation is an approximation to this integral. By adjusting the values of
Sp, S Q and Srj (equivalent to turning the knob controlling the respective

sextupoles) one can cancel (buck out) the first integral, i.e., correct for
the sextupole errors. Not surprisingly the best value for Sp, S Q and

are in the ratios of 1 :4 :1 which are the ratios of Simpson's rule. This
numerical technique for evaluating an integral produces an excellent
approximation when the function is slowly varying, as is bnpx(s)n(s).
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3-Sextupole Correction Scheme |
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Figure 4. Arrangements of sextupole magnets in a cell to correct
for systematic sextupole errors in the bending magnets. Based on
the work of Neuffer^.
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Efficacy of Correction Scheme

To evaluate the efficacy of Neuffer's correction scheme on the
sextupole error problem, the three calculations reported earlier were
repeated using various versions of the scheme. The results are collected
in Tables 1 and 2 and Fig. 5

Table 1 shows that the correction scheme greatly reduces on the
average the second-order coefficients in the presence of the sextupole
errors. Using the so-called "practical" 3-sextupole configuration shown
in the middle of Fig. 4 reduced the average second-order coefficient by
the ratio of 3.085/88.258 or a factor of about 30. An additional factor
of 3.085/0.746 can be obtained by using the symmetric 3-sextupole
scheme (bottom configuration of Fig. 4) with the sextupoles SB and SX
tuned to give zero chromaticity and SX = SY. Note that this configuration
reduces the aberrations to within a factor of 3 of the perfect cell.

Table 2 shows the effect of the 3-magnet correction on the amplitude
tune shift and emittance growth. Even for the worst case nominal
emittance of 32rc mm-mr, the tune shift was reduced from -0.033 to
0.002, while the emittance growth was trimmed from 2 1 % to <3%. Both
results are below typical tolerances for other accelerators.

Finally, in Fig. 5 we have the result from the DIMAD movement
analysis, i.e., the variation of tune with momentum spread. Using the
3-sextupole correction scheme stabilized the dependence to a modest
variation. For example, at Ap/p = 0.5% the tune shift is about 4 times
lower than for the main ring in the LAMPF-II Proposal even though the
errors are 20 times larger. Moreover, Fig 5 exhibits a consistently flatter
variation beyond Ap/p = 0.5% when compared to the LAMPF-M main-ring
calculation.



Second-Order Coefficients from DIMAD

Avg. Ratio of
2nd-Order Coeffs

Baseline for comparison --
Regular cell, no errors, tuned for zero chromaticity 1.000 (Ref)

with 2 sextupoles

Introduce Sextupole Errors
Cell with jQfi correction 88.258
Cell corrected by 2 sextupole magnets 27.693
Cell corrected by practical 3-sextupole scheme 3.085
Cell corrected by symmetric 3-sextupole scheme 1 1.173
Cell corrected by symmetric 3-sextupole scheme 2 0.828
Cell corrected by symmetric 3-sextupole scheme 3 0.746

Perfect cell, no errors, no sextupoles, i.e., natural % 0.224

Table 1. Effect on average second-order coefficients of
various schemes for correcting sextupole errors in the bends.

Geometrical Aberration Analysis from DIMAD

e = 8TC mm-mr

e = 32JI mm-mr

AQX:

Ae/e:

AQX:

Ae/e:

No
Correction

-0.008

4.5%

-0.033

21%

2-Family 3-Magnet
Correction Correction

0.001

3.5%

-0.005

14%

0.001

<1%

0.002

<3%

Table 2. Amplitude-dependent tune shift and emittance growth
without and with correction for sextupole errors in the bends.
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Tune Shift vs Momentum
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dp/p(%)
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Figure 5. Tune shift versus momentum for AHF main ring
corrected for sextupole errors.

Conclusion

Even if the sextupole error arising from saturation effects in the high
field bending magnets of the main ring is 35x10"4, the 3-sextupole
correction scheme can reduce its effects to the point that the ring is
stable. And since further Poisson calculations using improved pole-tip
designs have already reduced the predicted sextupole field error to
20x10"4 and are expected to produce even lower values, we can be
confident that the high fields in the proposed bending magnets will not
undermine the performance of the AHF main ring. Of course, this
conclusion cannot be considered final until detailed tracking studies and
higher-order resonance calculations have been completed for the final ring
design. However, the margin of safety with the Neuffer correction scheme
appears to be more than adequate at this point in time.
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B. Blind

Comparative Study of AHF Lattices

Comparison between

• lattices with real JT
(closely following the design by Harold Butler,
"AHF Main Ring with TT/3 Modules",
AHF Technical Note 86-005)

• lattices with imaginary 72*
(closely following the design by Gilbert Guignard,
"Alternative Design of the Main Ring Lattice for a
Hadron Facility", LA-UR-88-3704)

Study of

• realistic main rings to fit in the vicinity
of the LAMPF accelerator

• 60 GeV main rings of arbitrary size
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Question:
Particles of what energy fit in a main ring of 275 rn width?
(conservative, 305 m would have been O.K.)

Rules for this comparison:

• dipoles: 2.2 T, <5 m, allow 0.5 m for coils

• quadrupoles: 20 T/m, allow 0.3 m for coils

• sextupoles, steerers: allow 0.7 m for these elements

• 7r < 7.0 or j T » 20i

Lattice with real 77

Result: 54 GeV

• dipoles: 4.088 m (2.8125°)

• quadrupoles: QD: 0.80 m, QF: 0.75 m

• 7r « 6.8 (5.44 GeV)

Lattice with imaginary 7r

Result: 47 GeV

• dipoles: 4.760 m (3.75°)

• quadrupoles: QDA: 0.95 m, QF: 1.22 m, QD: 1.10 m, QFA: 1.75 m

• 7r * 19.8*
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60 GeV main rings

Lattice with real JT

• dipoles: 1.4 T, 4.750 in (1.875°)

c quadrupoles: 1.0 T at 0.085 m

• 26 modules per arc (should have used 24)

• 7 r « 9.3 (7.77 GeV)

• width « 460 m

Lattice with imaginary 7^

• dipoles: 1.4 T, 4.750 m (1.875°)

• quadrupoles: 1.0 T at 0.085 m

• 7'T w 20.1i

• width « 460 m
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54 GeV main ring with - r % C.S (5.44 GeV)
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47 GeV main ring with -,/• % 19.S?
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•17 GeV main ring with -.-/• % 19.S/
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47 GeV main ring with ~,j xs 19.Sz
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GO GeV main ring with ~,T ~ 9.3 (7.77 GeV)
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60 GeV main ring with -77- % 20.1;
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MAIN-RING LATTICE AND BEAM
DYNAMICS

G. Guignard, CERN, Geneva, Switzerland
Collaborator MP-14, Los Alamos National Laboratory

The main-ring lattice considered in this note is based on previous studies made
for high-energy rings of the TRIUMF Kaon Factory1'2'3 as well as for the main ring
and second-generation storage ring proposed for an advanced hadron facility at Los
Alamos.4'5'6'7 The reason for further study of the design concepts8 is mainly to increase
the dynamic aperture for coupled motion in the presence of the sextupoles used for
chromaticity adjustment and magnet imperfection compensation. At the same time,
it was interesting to include the features required for slow extraction and direct H~
injection and obtain a complete layout of the ring as close as possible to a realistic
structure for estimating the stability limit.

The basic ideas retained for the design of the main ring lattice8 are briefly recalled
here. The layout is a race-track configuration with two 180-degree arcs and two long,
dispersion-free straight sections. There are no dispersion suppressors in the arcs, but
a dispersion bump that consists of an integer number of oscillations. This bump is
modulated in such a way that the momentum compaction factor ac is negative; hence,
the lattice has no transition energy. On top of these characteristics already included in
the previous designs1"7, the proposed lattice incorporates the requirements associated
with the minimization of the geometric aberrations due to the sextupoles. This means
that one does not limit oneself to the use of second-order achromats, but one also
tries to significantly reduce a large fraction of the higher-order perturbation terms by
carefully distributing the sextupoles and adjusting their phase separation. One aims
to create, in the arcs, pairs of sextupoles separated by ir or a small odd multiple of IT
to restrict as much as possible the nonlinear perturbation between the elements of a
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pair, to achieve strong horizontal-vertical decoupling at the sextupole positions, and to
minimize the sextupole strengths.

All the characteristics mentioned above have certain implications for the lattice
design. The transverse phase advances must be equal to a multiple of 2ir through the
arcs, but different from a multiple of 2ir in the long straight sections, for having non-
integer tunes and a closed dispersion bump in the curved sections. The quadrupoles
of these sections must be organized in such a way that negative dispersion can be
achieved in some parts of the lattice and that phase advances between groups allow
nonlinear kick cancellations. The total sum of the dispersion amplitudes at positions
convenient for sextupoles has to be large enough for minimizing their strengths and
the sign of the dispersion has to be identical in all sextupoles of the same family to
avoid internal counteraction. Finally, since the stability limit depends to a certain
extent on the optics of the long straight sections, these have to be redesigned in order
to accommodate slow extraction and H~ injection, using the concepts of modularity
and tunability.

These lattice properties can be achieved with geometrically identical cells in the
curved sections, filled with dipole magnets. It is however necessary to group the
cells and define quadrupole families in order to ensure aberration cancellation and a
negative compaction factor, the two concepts being somewhat in conflict. The work
done8 indicates that there are not many parameter intervals in which both requirements
are simultaneously satisfied. Among the possible solutions given in Ref. 8, the most
attractive is the one which is based on groups of 3 cells, an average phase advance
per cell of 60° and aberration cancellation over IT. Unfortunately, this could not
be achieved in both planes. Since the vertical acceptance of the previous main-ring
design5 is smaller than the horizontal one, the most attractive solution was forced
for the vertical motion and a compromise found in the horizontal plane. The main
characteristics of the arc lattice obtained8 can be summarized as follows:

• There are 24 cells per arc organized in 8 groups of 3 cells, and 4 independent
families of quadrupoles.

• The dispersion oscillations are such that the momentum compaction factor is
equal to -0.295 10"3.

• The horizontal and vertical average phase advances per cell are equal to 105°
and 60°, respectively.
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• The maximum beta-values are almost equal in both planes while the minima
are significantly different.

• There are positions for sextupoles corresponding to two strongly-decoupled
families SF and SD (beta-ratios of 7.5 at SF's and 14.0 at SD's).

• There are 16 SD's per arc and 8 SF's only, because the dispersion sum at the
SF's is two timer larger than at the SD's.

• The nonlinear aberrations cancel over two times 3 cells in the vertical plane
and two times 12 cells in the horizontal one.

Such a lattice has the advantage to satisfy the requirements recalled before and
to profit by a large dynamic aperture, as it will be shown below. Among possible
disadvantages, one can mention the needs for stronger quadrupole strengths associated
with 3-cell grouping and the relatively large average phase-advance per cell in the
horizontal plane, which might not be favourable in the presence of space charge forces.

In order to check the dynamic aperture of such a lattice, simplified long straight
sections made of 9 identical FODO cells have been added. Tracking over 400 turns
showed that indeed the dynamic acceptance of this test structure, for coupled motion
and in presence of the sextupoles, was 370 mm mrad, to be compared with 53 mm
mrad in the previous design. This result was an encouragement for working on the
concept of more realistic straight sections. As explained in Ref. 8, these sections are
made of three distinct parts. Firstly, so-called transition modules are used to match
the arc optics to the optics of the rest of the straight section. Secondly, utility cells
provide the space for accelerating cavities as well as collimators, and allow adjustments
of the total tunes. Finally, specific insertions accommodate on one side of the race
track a slow extraction scheme and, on the other side, an injection scheme with weak
dipoles. In principle, the number of utility cells is arbitrary and only depends on the
space needed, as long as the lengths of the two long straight sections 'are equal. At
this point, it is interesting to note that the tunes and natural chromaticities were equal
to 19.26/10.84 and ~ -32/-17 in the test structure, and 19.54/11.36 and ~ -31.1/-18.6
in the realistic structure that includes the sections described above. These values are
very similar and hence one expects that the ring acceptance will not strongly depend
on the straight-section optics.
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The most interesting result is the dynamic aperture of the realistic structure. By
definition, the dynamic aperture is given by the maximum initial amplitudes in the
transverse plane, up to which the motion remains stable over an arbitrary number of
turns. It can be written as follows:

(1)

# R = arctan(y0/x0) (2)

where (xo,t/o) are the initial horizontal and vertical amplitudes, and (R,$JJ) the cylin-
drical coordinates in the actual transverse x-y plane. The maximum emittances can
be calculated using expressions of the type

^ R ey = ^sin2*R (3)

where Rumcos$R and Rumsin^ji are the projections of Rum on the horizontal and ver-
tical axis, respectively, and /?Xo>/?!/o are the beta-values at the origin of the structure.
The two emittances are equal at $^=45° when /?„„ = /?w. The dynamic aperture has
been estimated in the presence of the sextupoles compensating the natural chromatic-
ities, by tracking over 500 superperiods, i.e., approximately 1 ins, at Ap/p=0. Figs.
1 and 2 give the variation of Rum (cm) with the angle $R and the horizontal tune
Qx for the final structure (note that Qz is modified by distributing the phase advance
increments in such a way that fix/Qx remains constant). The results show that the
amplitude limit does not drop for large $#, is therefore high in the vertical direction,
and does not change much with Q,., except around the 3rd order resonance. The
largest accepted emittances deduced from Riim($R) are given in Table 1.

Table 1 values show a large gain in acceptance as compared with previous lattices,
also in the presence of coupled motion. One likes to add that the proposed lattice
should also reduce significantly, the undesirable effects of systematic field imperfections
in the dipoles, since phase separation between some pairs of dipoles will be the same
as between the sextupoles. Tracking in the presence of imperfections should also be
done.
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Table 1: Emittances in mnimrad deduced from R/,-m($/i)

0.0
20.0
30.0
40.0
45.0
60.0
70.0
90.0

Rlim(cm)
5.041
5.270
5.614
6.072
6.301
6.645
6.530
7.790

e^mmmrad)
484
467
450
412
378
210
95
0

ev( mnimrad)
0
62
150
290
378
630
717
1156

Since the arc lattice proposed requires stronger quadrupoles than in the other de-
signs, let us have a quick look about what is the maximum energy we can hope for on
the mesa top. For this, one assumes that the diameter of the race track should not
exceed 275 m, the quadrupole gradient remains smaller than 20 T/m and the dipole
field is equal to 2.2 T (on the limit of what seems feasible). Scaling the results of
Ref. 8, one obtains a cell length of 18 m and effective lengths of 1.3/1.85/1.2/0.95 in
for the quadrupoles QP/QFA/QD/QDA. Looking at preliminary quadrupole designs9,
scaling the size of the coil with y/G and assuming a coil bend radius of 40 mm, the
quadrupole coil would overhang ~ 100 mm at each end. The design study of a 2.2 T
dipole10 indicates that the coil size is of the order of 370 mm. Allowing for a bend
radius of 50 mm, the dipole coil would overhang ~ 420 mm at each end. Leaving the
necessary space for 3 sextupoles and 4 orbit correctors (2 per plane) in every group of
3 cells, i.e., 0.7 m per element, one can afford (with only little margin) dipoles that are
5.5 m long. Hence, in the best case, a field of 2.2 T makes possible an energy of 55
GeV. Reaching 60 GeV would require a race track diameter of at least 300 m. These
results show that one is close to the feasibility limits in different aspects.

Further lattice studies are likely desirable for different, reasons. In the proposed
main-ring lattice,8 the question of momentum collimation is not really answered. One
way to get the necessary space (of the order of 10 m) where the dispersion is large
would be to insert in the middle of the arcs a unit-matrix straight section (with 2ir
phase advances in both planes) that does not strongly perturb the phase arrangement
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and the nonlinear aberration cancellation. Of course this takes a lot of space and is not
possible if the race track diameter has to be kept small. Another way consists of adding
in the long straight sections an insertion with extra-dipoles (local orbit deviation) and
a horizontal focus in the middle to obtain a reasonably good momentum colliination
with a relatively small dispersion. It would also be interesting to find a lattice in which
nonlinear aberrations would cancel horizontally over half an arc, i.e., 12 cells in our
main ring design. This would correspond to a lower horizontal average phase advance
per cell (e.g., 90°), the vertical one being kept at 60°. Investigation of the performance
of such a lattice with imperfections and sextupole strengths corresponding to positive
chromaticities, which might be required for stability optimization, would equally be
interesting.

Allowing for a larger racetrack diameter and adding an extender ring as suggested
during the accelerator design workshop of 1989 would make the lattice problem easier.
It remains that the lattice described here is a possible solution for the main ring and
deserves consideration.
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Fig. 2 Maximum Amplitude versus Qa
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Fig. 2 Maximum Amplitude versus Qa

Riim{cm)

9.6 9.66 9.6
TUBHS - 800 0T « 19.130 FHR - 46.0

9.7 9.76
QX

181



RACETRACK LATTICES FOR THE TRIUMF KAON FACTORY

R.V. Servranckx*, U. Wienands and M.K. CraddoclJ
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., V6T 2A3

G.H. Rees
Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., United Kingdom

Summary

Separated-function racetrack lattices have been developed for the KAON Factory
accelerators that have more flexibility than the old circular lattices. The arcs of the
large rings have a regular FODO structure with a superimposed six-fold symmetric
modulation of the betafunction in order to raise j t to infinity. In the small rings,
jt is kept high enough by choosing a sufficiently large phase advance in the arcs.
Straight sections with zero dispersion are provided for rf cavities and fast injection
and extraction, and with controlled dispersion for H~ injection and slow extraction.
The ion-optical properties of the lattices and the results from tracking studies are
discussed.

1. Introduction

The proposed KAON Factory1'2 consists of a chain of five accelerator and storage
rings to accelerate the 440 MeV beam injected from the TRIUMF cyclotron to 30
GeV. The small rings, the Accumulator and the 50 Hz 3 GeV Booster synchrotron,
have a circumference of 214 m, 4.5 times the cyclotron extraction radius. The 10 Hz
30 GeV Driver synchrotron and the associated Collector and Extender rings have a
circumference of 1071 m.

Over the last year and a half new separated-function racetrack lattices have de-
signed for the KAON Factory accelerator and storage rings. For the large rings this
development was driven mainly by the requirements for slow extraction. It was found
that efficient slow extraction of 100 fiA from the Extender ring needed a straight
section over 100 m long in order to be able to use a three-septum extraction system
and retain some space for collimation. This straight section should have controllable
dispersion for chromatic extraction. In the Driver ring, dispersion-free straight sec-
tions are desirable for rf cavities and fast injection and extraction. In addition, j t

should be well above the acceleration range, about 30i in the Driver, while the Ex-
tender should be able to run in two different modes with j t either imaginary or ~10,
depending on whether the beam is to be extracted bunched or debunched. Finally
the Driver lattice should have as few depolarizing resonances as possible.

*Also at Saskatchewan Accelerator Laboratory.
' On leave from Physics Department, Univ. of British Columbia, Vancouver.
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After the successful development of lattices that met our objectives for the large
rings, racetrack lattices were pursued for the small rings as well. The feature sought for
the Accumulator ring was an insertion with a double waist and controlled dispersion
for H~ stripping injection and phase-space painting. For the Booster dispersion-free
straight sections are desirable for rf, injection, and extraction. In the original circular
design the absence of dispersion-free sections meant that synchrobetatron coupling
could be avoided only by arranging the cavities with sixfold symmetry and ensuring
that they were all always operational. However, designing the new lattices turned out
to be a much more difficult task since space is at a premium in the small rings. This
limits the number of cells available and makes raising yt more difficult. Also it was
found that the dynamic aperture of the Booster was significantly reduced when chro-
maticity correction was attempted. Nevertheless, it was possible to develop Booster
lattices fulfilling the requirements and allowing for limited chromaticity correction.

2. Lattices for the Large Rings

The 180° arcs for the C and D rings have a regular FODO structure with 24
cells. With an integer tune of 5, each arc composes a seconci-order achromat and
the dispersion is suppressed at the ends. Transition is pushed to an imaginary value
by harmonic modulation of the dispersion function.3 This is achieved by imposing a
modulation on the focusing, giving the arcs a sixfold symmetry, i.e. slightly above
the tune of 5.

The straight sections are about 150 m long and consist of a two-cell transforming
section and five regular FODO cells. With this arrangement peak values of the beta
functions in the regular cells can be chosen within a certain range without changing
the tune. In general the two straight sections are identical and give the machine its
fractional tune. Figure 1 shows the lattice functions of the racetrack Driver. The tune

-20
ISO 200

7, - IIE+W
250 300 350 400

DISTANCE (m)
450 500

Fig. 1. Lattice functions of the racetrack Driver.
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for the machine is (ux,vy) = (13.18,14.22).
The lattice for the Extender ring has the same basic structure. However, it is

desirable to separate the extraction region from the remainder of the accelerator
complex and provide extra shielding in order to be able to handle the extraction
losses (estimated at 0.2%). To achieve this separation the extraction section is offset
from the Driver ring by providing extra one-cell short straight sections with 90° phase
advance in the arcs of the Extender ring 30° before and after the extraction straight
section. The remaining 30° arcs are unit sections, while the 20 cells of each regular arc
are tuned to 4 x 2 7r phase advance. As in the Driver, the regular arcs are modulated
- here with 4-fold symmetry - to increase *yt to imaginary values. The tunes for the
Extender are (vx,Vy) = (14.18,14.22). Figure 2 shows the lattice functions of the
Extender ring.

(m )

150 200
y, - imog

250 300 350 400

DISTANCE (m)
450 500

Fig. 2. Lattice functions of the racetrack Extender.

3. Lattices for the Small Rings

Initially the lattices for the Booster were designed much like a scaled-down version
of the Driver. However, due to the Booster's faster cycling rate and consequently
lower magnetic field its lattice is much more densely packed and there is not enough
space for the 12 or more FODO cells per arc needed to raise *yt. A hybrid lattice
with defocusing dipoles and 16 ceils per arc eased the space problem and required
only a small beam aperture, but was eventually rejected for lack of flexibility, lack
of chromaticity correction, and anticipated problems in tracking. A doublet focusing
(DFO) structure for the arcs is more promising and allows a common ceramic pipe to
be passed through both quadrupoles. With ten cells and a phase advance of 3 x 2n
per arc, ~/t = 7.24. The 30 m long straight sections are designed as FODO sections,
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matched to the arcs by special transforming sections. Figure 3 shows the lattice
functions for the racetrack Booster. The overall tunes are (j/x, vy) = (7.79,7.74),

fir—i fir 1 fit 1 Di—i fir—I ftr—i fli 1 tli 1 n. 1. .Pr*"] tl I 1 fl

"i—Tpi—»rjr«—tjT—qp—TP>—TP—qpi—>fj~i—rjj-i—ri| rj i )
25

2 0 -

(m)

0 20
•,, - 7.2*0

40 60
DISTANCE (m)

120

Fig. 3. Lattice functions of the racetrack Booster.

A matching lattice for the Accumulator ring has 5 FODO cells in each arc with
the dipoles placed above the corresponding Booster dipoles for ease of construction.
Each quadrupole goes above a Booster doublet. The tunes in the arcs are reduced
to just above 1. They are not tuned to an integer value since dispersion is necessary
for H~ injection and painting. However, the second straight section is dispersion-free
to accommodate rf and fast extraction. The injection straight section has a double
waist at the central point to accommodate the H~ stripping and phase-space painting
mechanism. At this point, the beta function has a value of 5 and *]•>/$ is about 1.5.
Both values can be modified if needed by retuning the straight section. Due to the
low tune in the arcs, dispersion reaches quite large values (> 10m). This increases
the aperture of the magnets in the arcs but since the Accumulator has the smallest
magnets of all rings this is felt to be tolerable. The tunes for the full machine are
(vx, vy) = (4.79,3.74) and yt is 2.8. The lattice functions are given in Fig. 4.

Alternative lattices have been designed using a regular triplet focusing structure4,
automatically providing a double waist for injection. The use of only one family of
F and one family of D quadrupoles gives less flexibility in tuning but minimizes
potential tracking problems. Missing magnet cells are used to provide both zero and
finite-dispersion straight sections. The lattices are similar, with A magnets mounted
above B magnets; however, the phase advances differ, being ~ 90°/cell in A, for
tunes {vx,vy) = (4.79,6.74), but ~ 120°/cell in B to raise yt to 7.9, with (vx,vy) =
(6.79,6.74) (Fig. 5). Nevertheless the chromaticity in B can be corrected, with pairs
of sextupoles of opposite polarity 360° apart. One of the sextupoles is always in a

185



I ! I ' I [ I ' I I I ' I ! I ' l , < ' I i I ' I ! I ' I [ I ' ! ' [ ' L p 1 -

r
100

120

DISTANCE (m)

Fig. 4. Lattice functions of the racetrack Accumulator.

30

40 60 80

DISTANCE (m)
WO 120

Fig. 5. Lattice functions of the triplet focusing Booster.

region with zero dispersion, so that the geometric aberrations are cancelled without
cancelling the chromatic terms.

4. Tracking Studies

Tracking has been used extensively in order to determine the dynamic apertures
of the rings. Our model for the Driver includes misalignment and orbit correction,
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chromaticity-correcting sextupoles if desired, field inhomogeneities obtained from
POISSON data for the ring magnets, synchrotron oscillations, and the effect of space-
charge tune shift. The sextupoles, indicated in Fig. 1 by long up/down dashes, are
arranged in interleaved 180° pairs to cancel second-order geometric aberrations. The
stability limit was then scanned as a function of the particle's momentum deviation.
Fig. 6 shows the dynamic aperture of the Driver without chromaticity correction;
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Fig. 6. Dynamic aperture in the Driver.

the chromaticity-corrected machine has similar acceptance curves. The dip in accep-
tance at about 0.5% off momentum is believed to arise from a particular resonance
(so far unidentified) in which particles spend a long time due to tune variations. In
Fig. 7, a spectrum of betatron resonances is plotted for the Driver in the absence of
synchrotron oscillations or space-charge tune shift. Several resonances are visible and
identified. While most resonances are structural and expected, the strong appearance
of the 4 vx resonance peak is puzzling, as the nearest 4 vx line is not structural.

In the Booster, sextupoles were again placed so as to cancel all second-order
geometric terms. However, due to cumulative higher-order terms the chromaticity
cannot be corrected to zero in both planes simultaneously without an unacceptable
reduction in dynamic aperture. The chromaticity can be corrected in either plane
individually or in both planes partially (Fig. 8). This limitation is acceptable since
the machine, which always operates below transition, is most stable against coupled
bunch instability at natural chromaticity. Limited chromaticity control is felt to be
sufficient for diagnostic and operating purposes.

187



•o
—i

)i
it
i

Ml

s

.0000004

.0000003

.0000002

.0000001

•UUUUUUU

.a

-

CM

Jr

-

.i,
.2

norizoint

- - Vertical

al Invari
Invarian

snt
t

-

2?

2

Li .,li
.3

tune

i 1 i j

.4

-

.5

Fig. 7. Spectrum of betatron resonances in the Driver.

0.0 0.2 0.4 0.6 0.8
Rrliil.ivi- Cliroirmtii-ily (t/f.o)

1.0

Fig. 8. Dynamic aperture vs. relative chromaticity in the
Booster ring.

References

1. M.K. Craddock et al., IEEE Trans. Nucl. Sci., NS-32, 1707 (1985).
2. J.I.M. Botman et al., ibid., p 1701.
3. R.C. Gupta et al., IEEE Trans. Nucl. Sci., NS-32, 2308 (1985).
4. G.H. Rees, TRI-DN-88-K7, TRIUMF, Vancouver, (1988) (unpublished)

188



The Resonant Theory of Longitudinal Emittance Blow-up

by Phase-modulated Hiqh Harmonic Cavities.

Balandin V.A., Dyachkov M.B., Shaposhnikova E.N.

Institute for Nuclear Keseach of the Academy of Sciences
of the USSR, Moscow 117312, USSS

1.Introduction

The essential specification of Kaon Factory projects is high

average intensity of accelerated beam. This is attained by having

a high circulating current and rapid cycling. Therefore

considerable collective effects are expected. One of the most

dangerous among them could be longitudinal microwave instability.

It can occur in a beam of given intensity with a longitudinal

emittance that is too small [13- In the TRIUMF and Moscow Kaon

Factory projects the upper bound on the longitudinal impedance of

main ring synchrotron Z»/n is about 1 - 2 Ohm [2,3], without

anartificial increase of bunch area.

It is clear that this value is difficult-to-attain. Therefore

in all the above projects it is proposed to perform controlled

blow-up before acceleration in the main ring. The longitudinal

emittance has to be increased by a factor of 3 during 10 - 20 ms.

It can be achieved by using extra high frequency cavities (HFC)

with phase modulation. These cavities were successfully designed

and constructed in order to reduce particle loss during transition

crossing at the CERN PS machine f 43. At the Brookhaven AGS

machine, a project to build a high frequency cavity is in progress

[5].

From the RF noise theory it follows that emittance grows

linearly with time due to particle diffusion [6,7]. Boussard

applied [8] the RF noise theory for explain the longitudinal

controlled blow-up in which HFC with a sine-modulated phase was

used. This model correctly predicted some qualitative features

observed during. PS experiments and numerical simulations L4,8].

According to this theory the dilution rate should be independent
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of phase modulation frequency. As it has been shown by numerical

simulations [9], the dilution rate however strongly depends on the

phase modulation frequency. The author attempts to explain this

dependence considering the role of a parametric resonance area

near the centre of the bunch.

In this paper we consider some new aspects of controlled

bunch dilution theory. The dependence of blow-up rate on

parameters of HFC is theoretically accounted for. We have found

that the dilution rate has a resonant dependence on phase

modulation frequency. It has also been shown that the dilution

rate is strongly dependent on phase modulation amplitude and the

relative phase of HFC voltage to the fundamental one. It is

possible to affect different parts of the bunch and modify

particle distributions. All theoretical conclusions have been

confirmed by numerical simulation.

S.Basic equations.

The longitudinal motion of particles is governed by the

following equations:

(1)

o
\f = - — V-

Here ^ denotes the deviation of a particle from the synchronous

phase «> = 0 , W - E - E * where E is "the synchronous particle
S S S

energy, ft is the harmonic number {f - fof ) ft c and « =
rf O S O

2nf are the velocity and revolution frequency of the synchronous
o

particle; r} - \/y\ - 1/V
2, where y, is gamma transition. The

resulting voltage V affecting the particles can be presented as

the sum of the main RF system voltage ]/ sine and secondary
o

vo I t.age

V (p.V - V sin(N<> + $(£)) (2)
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where ]/ and fif are the voltage and frequency applied to
1 rf

HFC, and §(t) is a phase modulation function. Here Uh should be

integer, Af is not necessarily integer.

Equations (1) are equivalent to one phase equation

<P + <»* s i n i> - e o>z s i n i N v + $ ( t ) > . C 3 )
SO SO

where the parameter ^ is the ratio of the secondary and primary

voltage amplitudes, and w = } I is the synchrotron
SO

frequency of small phase oscillations.

Now let us introduce new variables r and tp, corresponding

to energy and phase of synchrotron oscillations, in Eq.(3) with &

- 0.

<p - 2 arcsinir
(4)

So
Here <*>(r) = T̂i77—v is r~dependent synchrotron frequency, /f(r)

isthe elliptic integral of the first kind

IT/2

de

0 •/ l - r
zsinze

STi(u>r)> Cn(ll,r) are Jacobian elliptic functions.

The variable r• given by

r - _ [l - cosp +
V2 L 2W

 z

So

is the constant of motion of the nonperturbed system {^ - 0). Here

r varies from zero in the center of the bucket to 1 on the

separatrix.
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Using the coordinate transformation (4) we can rewrite the

phase Equation (3) in the form

r - ~~J3° sin(2N arcsin(r snCo^
2 S o

so
(5 )

arcsinir sn(c»>_

- (arcsin(r

To simplify Eqs.(5) let us neglect the terms of order ^ z in

theright-hand sides of these expressions. For this purpose we use

the Fourier series for elliptic functions. The analysis of their

Fourier coefficients shows that for s in a range {0.1-0.3) and

for r < 2/3 it is sufficient to take into account only the first

Fourier harmonic. This is a good approximation when the dimension

of the bunch does not exceed 120°. Then Eqs.(5) can be written

as

r =

(6 )

{ J (2Nr)cos*lt) + o 2 J C2«r)-J (2^r)

[cos(fey + *<t).) + f - D k v

Here J (x) is the Bessel function of order fc.
k

For HFC with harmonic phase modulation we can write

*(t) = « sin(ot + e ) + e , (7)
1 Z

where A and Q are phase modulation amplitude and frequency
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respectively , and & and Q are constants.
i z

Expanding again the right sides of Eqs.(6) in a Fourier

series- with respect to phase (Icy/ - lat) and neglecting high

ordes oscillation terms we get

= ~Ziwr" ) ) (-1) fc J4 (a sine cosy +b cose sin* ">-
* m *« *< k.l kl z kl kl z kl

k I
( 8 )

v - w(r) - "~^;— /I cos © - TrT ) ) ( - D 1 </4 -A >
^r 1,0 2 ^ r *-> « k*i,l k-i.t

k I

(a s in © sin * + £> cos a cos * J.
k , l Z k l k . l a kl

where A - J (2Nr)J ( a ) ,
k > I k I

a = n - ( - i ) k + l ] , b = i . i+ ( -n k *h ,
k . l k . l

* - kt» ~ lot - le
kl 1o

If one or more resonant conditions for >p
kl

ktair ) = 1 a (&)
o

are satisfied then we obtain nonoscil]ating terms in the

right-hand sides of Eqs.(8), which lead to systematic changes of

r and %ff with time. It can be easily shown that at. a given point.
r only integer multiple resonances can exist
o

k k
- = -°, or k - mk , 1 = ml , where m - 1, 2 ...
1 ] ° °'

o

Since the frequency a>(r) changes slightly in the relevant,

range we can use a one-resonance model:

£<o(r) „ ml
r = ~A*j'~ ) mk ( - 1 ) ° / , [a,... . cose sinim* * +

OO OO

Mo >
+ b

o
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r O O

where qi ~ {•;. <? - I &t ~ 1 B is +-he resonant phase. The terms of
r o o e» 1

order 0(e) in Eq.(11) can be obtain from Eqs.(8).

The number of terras in series (10) which contribute

significantly inside the bunch 0 < r < r depends on value ft.
max

For Bessel functions of high order, J (x ) the first maximum
k 1

position can be roughly expressed in the form
x = k + 0.8 k1'3.
i

Therefore the ffi-th harmonic is significant if the condition

mk + 0.8(mk )*'3 < 2Nr (12)
o O ->, max

is satisfied.

Kqs. (1U), (11.) have an integral of motion, which is accurate

to 0U-Z) :

r CO

Wfr.* ) = J(/c w(r)-2ft )cfr + « J C (j
r O o " m r

° m=1 (13)

•f 2? (r)sin(mf )H
m r

where

( ) f c mi

mk ,ml TPK , ml 2
o o o o

w(r)k mi

^ ( r ) = ' I ' N T 0 A „ , ( " 1 } ° fc k , s i n e
m tvtf mir. ,ml m K , m l 2

o o o o

In what follows we shall suppose that Eqs.(10), (11) are canonical

with Harrii 1 ton.i an H(r.* )• This assumption is correct up to terms ~
r

& in Eq.(ll) for resonant phase. Let us consider a distribution
function f(.j/ r»£)- The equation that rules the time evolution of

1"'
the local density distribution is

af a f ati •>. a r aH -,

- I f] " " 1 f (14)
at ar &*> J a* ar
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Now we assume that the initial distribution is a distribution

that depends on r solely f(r.*'<J) = F (r)- 'I'hen we can
r O

represent the solution of Eq.(14) in the form

fir,if ,t) s f (r,t) +
r O

( 1 !"<)

* T IP (r,t) sin(m*.) + Q (r.t) cosCm*))

Using Eq.(14) and Rq.(15) we get

aP at (W
—m - - m C ~° + m a Q. .
at m ar

aQm _ af

at

P (r,0) = Q (r,0) = o, m = \, ?. ... o«)

— ° = - V m — (Q /) - p C \ (19)

where £ = k wCr)-l Q . FoJ* simplicity we choose the centre of the
o o

resonance at the point r = 0. If we take into acorn int. that
o
sin(mst) aF r z z-*

Q D - C P * -,- —° \C + D \
mm mm o I m m.t

ar
then Eq.(19) can be reduced to

f (r,t) ^ F (r) + p } mz — Cz+Pz ~ ° } (20)

Using Eq.(20) we get from Eq.(IS) the description of the

time evolution of the initial distribution. It has been obtained

in the chaotic phase approximation. Since the coefficients P and
m

Q change linearly with time, we can see from Kq.(lb) that, phase
m
inhomogeneity also increases linearly with time proportional to
s. However, the phase averaged distribution function f (fit)

o
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defined by Eq.(20) changes proportional to

3. The dependence of the dilution rate on the HFC parameters.

Computer simulation.

From the analysis of Eqs.(lO), (11) one can conclude about

the dependence of the longitudinal emittance blow-up rate on

different HFC parameters: £, &, a, N, & and e (see expression
1 2

(7)). Let us consider the consequences of the Eqs.(lO), (11) in

detail.

1.Blow-up rate does not depend on phase & .
i

2. There is also no dependence of the dilution rate on the
sign of the phase modulation amplitude « (one can consider Q +

i

,r) . However it foJlows from Eq.(lG) that a strong dependence on

the value of a exists. The value « = n, which was used in

papers [9,10], is close to positions of maxima of the orders (jft

= 1, 2. . . ) of the functions J («) with ] = 1 . So this choice
ml o
o

of o, is very convenient for resonances of the form Q = fctoCr ) •
o

On the other hand the resonances with I > 1 are less effective
o

because it is impossible to obtain a significant contribution from

different J («) simultaneously. In practice for resonances with
ml.
O

I > 1 it is necessary to use cavities with low quality factor
o

Q-
3.If the phase e - 0 then for resonances with odd value of

2

(/c+j) the first term («j = 1) of the series in Eq.(10) equals

zero. However for even values of (k+l) > harmonics with m - 1

give significant contributions. So for e = 0 resonances with I
2 O

= J and even k (/c = 2, 4 . . . ) are suppressed. In the case Q =
2

n/2, 1 - 1 we have the opposite situation. There the resonances
o

with odd }•• - 1 , 3 ... are suppressed.

To see the influence of different parameters on the dilution

speed numeri cal \.y a computer program based on Eqs. (1) was

developed. To characterize the beam dilution we choose [9] a

parameter
1 r,

R = £ r2

n - :



size of the bunch in phase space. Figure 1 shows the dependence of

the relative change in £ during the first 2.5 ms on normalized

phase modulation frequency Q/ W for e = 0 (Fig.la) and e.-. ~
sO 2 *•

n/2 (Fig.lb). Other parameters of HFC are set to &: - 0.2, fl =
10.5, « - TT • ^or 0 < Q < n/2 we have intermediate cases (see

z
Fig.2) which can occur for different bunches at the orbit if // is
not integer: ?j = Int[/V3 + A- Indeed if e - 0 for a certain bunch

2
then for the next one e - 2nA and so on. Hence for the choice fi ~

2
22 + 1/3 of ref.[9] phase © for sequence of bunches looks like 0,

2

n/3, rr/3, 0... Therefore for two bunches among three the resonance

is reduced. So the dilution rates for different bunches are not

identical. Note that numerical simulation in [9] deals with the

case 0-0 only. The choice & - 1/4 is the worst from that case
2

because half of the bunches are in the suppressed resonance

region. In order to raise the microwave instability threshold it

is necessary to increase the emittance of every bunch on the

orbit. This requirement is satisfied for A = 0 • 1/2. To provide

the stability of the coupled bunch modes (at frequency Mhf )
o

during dilution we should put also A - 0, 1/2.
4. The resonances of the form

1 a = «(r) Ik = l).
O o

are not parametric and give only linear growth of r- with time in

the vicinity of p - 0. Hence they should reveal themselves as

weaker than the resonances of lower orders of the form
1 a - k w<r). k > 1.
o o ©

This fact as well as the conclusion on the inefficiency of the use
of the resonances with \ > 1 can be seen in Fig.1.

o
5. Let us consider the dependence of the dilution rate on #.

From Eg. (10) it follows that r is proportional t.o l/#. On the

other hand for bunches with a given size the number of harmonic?

affecting the particles rises with the increase of ft (see

inequality (12)). Therefore the dilution rate is maximal for some

magnitude of tf. For example, for bunch dilution using the phase

modulation frequency Q - 3 W (r) the quantity N is of order in.

With the increasing of the resonance number /f this nnmher A/ (ir̂ ws
o

too.
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As follows from Eq.flO) we can influence different parts of

the bunch by varying the parameters « and ft. On Fig. 3a and 3b the

distributions of particles placed initially at circle with p = 0.3

and p - 0.5 are presented. They correspond to the resonance Q =

3w(r)« N ~ 10.5 and are described approximately by the following

equation

4 N r

*° [3.7
a

9 3 r J

In the first case (Fig.3a) the second term in this expression is

dominant while in the second one (Fig. 3b) the third term is the

largest. As it follows from (12) it is desirable to use large // to

obtain a more smooth distribution of particles in the longitudinal

phase space.

6. To investigate the influence of the location of the
resonance centre p (k Q - 1 w(r )) 1 s t u s consider the

c> o o o
Hamiltonian H (see expression (13)). Using an expansion of the
resonance frequency in the vicinity of point p we obtain

o
w k
SO O L (r_r }2 + - (r_r )3l

L O O -3 O J
(19)

+ e- Y tC cosimy ) + D sinimy )1
" m r TTI r

m
At, smal 1 £ the resonance capture region has width &p
(s/p )%'z?tn<i centre in p . The size of the capture region

o o
decreases with an increase in p , The curves M = const are

o
presented in Fig.4 a,b,c for p ~ 0, 0.25, 0.5 respectively.

o
B'rom analysis of Fig. 4 it follows that the regime of dilution
when p varies from 0 to boundary of the bunch r is the

o max

most effective.

In Fig.5 we show distribution functions which are obtained

from initially uniform distributions after dilution during 10

ms.in two cases: a) Q = 3 W (p = 0 ) and b) ci - 2.8W . So we
SO O SO

can make a transformation of the particle distribution in



desirable way.

4. Conclusions.

We have show that for effective bunch dilution it is

desirable to choose modulation frequency

a - k w(r )
o o

where k = 3,5 for © = 0 and k = 2, 4 for # r n./2. Tn this
o z o z

case it is convenient to use a " 3. With variing of r inside
o

bunch more particles are captured to resonance.
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Rubakov V.A., Paramonov V.V., Senichev Yu.V., Shaposhnikova E.N.
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Glukhikh V.A., Severgin Yu.P., Titov V.A., Shukejio I.A..

Malitsky N.D.

Scientific-Research Institute for Electro-Physical Equipment,

Leningrad

Introduction.

The tuning of the linear accelerator at t.he Moscow Meson

Factory is nearing completion. We expect to get 600 MeV protons

(H ) at the ~ 100 fjk current level starting in 1990 year.

In accordance with the resolution on the Physics High Energy

of the USSR Government we have been preparing the Proposal of the

Moscow Kaon Factory (MKF) since the middle of 1987. This work is a

collaboration among four institutes which will contribute to the

development of the Kaon Factory Project.

In the Proposal of MKF the linear accelerator of the Meson

Factory is to be used as the injector for the Booster which is the

first step of the MKF Accelerator Complex. After the charge

exchange injection from the linac, the H beam is accelerated in

the Booster from 0.6 GeV to 7.5 GeV and in the Main Ring from 7.5

GeV to 45 GeV. The Main Ring is filled at injection with four
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Booster pulses which are then accelerated together. At the end of

the acceleration the 45 GeV beam is transferred from the Main Ring

in a single turn into the final ring, the Stretcher, and then

slowly extracted from it with 100% duty cycle. The proposed

program of physics research to be carried out with the 45 GeV

high-intensity proton beam was discussed at "The 5 All Union

Seminar" [1].

The Time Structure of the Accelerator Complex.

Figure 1 shows three modes of the time structure of the

Accelerators Complex [2]. In each mode the third ring is used for

a different purpose. The requirement to have slow extraction over

a large range of energies from 7.5 GeV to 45 GeV is met by making

a Strecher with large aperture. On the other hand, this feature

allows the use of the third ring as a Collector in the second mode

and an Accumulator with multi-turn injection in the third mode.

In all modes every second macropulse of 600 Mev H~ ions from

the linac is injected into the 50-Hz rapid-cycling Booster and is

accelerated to 7.5 GeV. Then every four out of eight pulses, each

wit?i 4*3 • 1013protons, are transferred to the Main Ring in the

first and the third modes. The other half of the beam is used in

the experimental area of the Booster. The Main Ring is filled

during 60 ros and the next 20 ras are used to blow up the

longitudinal phase space while the magnetic field is constant. The

Main Ring accelerates I.??-10** protons pe.r a pulse { four Booster

pulses ) from 7.5 GeV to 45 GeV at 6.25 Hz during 40 ins. The drop
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of the field in the Main Ring also takes over 40 ms. All cycles

take 160 ms.

In the second mode the pulses from the Booster -are directed

to the Stretcher which is used as a 12.5 Hr. Col.lector and then

transferred to the Main Ring by a single turn injection. In this

mode the average current increases up to 250 ^A.

In the third mode the peak current can be increased by six

times due to a six turn injection.

The first mode has a slow extraction with 10U% duty cycle.

The Table 1 shows the main parameters of the synchrotrons.

This accelerator complex produces an average current of 125 uA

during slow extraction given that the average current from J inac

is 500 fjh.

Injection from th^ Mnac.

At injection from the linac to the Booster, bunches owur B.

198.2 MHz ( the frequency of accelerating field of the last part

of the linac is 991 MHz ). Every bucket of the Booster ir> filled

by six bunches from the linac ( accelerating field frequency of

the Booster is 33.03 MHz ). The length of the bunch from linac is

about 1° at 33.03 MHz. The volume of the beam in six dimensional

phase space is increased by a thousand times at. the r-h^rpx-

exchange injection. Since H ions are injected into the Hoost.er by

stripping them to protons as they pass through s thin foil, the

Liouvill's theorem on phase space may be circumvented and beam

injection ov^r many tens of turns is required. The nef-ri t.o
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increase the transverse ernittance stems from Laslette's shift.

The longitudinal ernittance is determined by a microwave

instability. Its threshold depends on the magnitude of the

broadband longitudinal impedance 2 /n :

Z
II

4-E ft,z r\r,\ r AP V

I I P J< 0.6 °. j 1 (1)

where I is circulating current, q - y~z- y z, y - Lorentz's

factor of transition energy. By the way, increasing the

longitudinal emittanoe raises the threshold. On the other hand,

the possible losses constraint the ratio bucket-to-bunch area.

Usually it is close to 1.5 or 2.0. As the coefficient of bucket

filling is realised, the ratio of frequency between the buncher of

iinac and the Booster equals to 1:6 or 1:5. There is another

method of a single bunch painting in the longitudinal phase space

f3]. At injection from the linac the phase of the bunch is scanned

relatively to the separatrix phase. However, in our case the time

of injection equals to the time of three small synchrotron

osci 1 Lationr; . It is not enough to give better form factor.

Be.<. ides, the decrease of the bunch frequency results in the

increase of a charge of the bunch and causes great difficulties in

minimisation of Jop.es along the first part and in the transition

to the second part. Nevertheless we will study the potential for

beam chopping and rejecting every sixth bunch before the input of

the linac and the blow-up during the accelerating cycle.
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Lattice Design.

The MKF lattice design was chosen on the basis of the

following requirements:

1. To achive slow extraction in the Extender, it is necessary

to have one dispersionless long straight section of 1 h(J m;

2. Straight sections are necessary for Hh' stations and thn

insertion of Siberian snakes;

3. The Main King and the Stretcher shouJd have the same

geometrical forms so they c-an be placed in a single tunneJ ;

4. tfor linearisation of radial motion it is necessary to have

natural chromaticity n - y~z- y~z < 0;

5. For increasing of the threshold of microwave instability

in the main ring especially near the end of acceJeratin^ cycle,

one needs to increase r> = y~z~ y~z •

All requirements are met in the racetrack lattice with 9.

superperiods, imaginary y and the dispersion suprf-ssors at ends

of the arcs. To design the lattice with imaginary r , one n^cdr-

to construct the optics with the negative momentum compaction

factor ex '•

CT - z 0 •' • ( F ) "*
t

where C - circumference of synchrotron, Jj(s), (.As) ~ di r.perr.i on

and radius of curvature depending on s.

It is achieved by including of sup<^rporiodic i ty G in arr-r^

such value that S > u , where ,., - the frequency d^rivod from tiv?

same superperiods [4J. Two dispersion suppressors are appended to

each end of the two arcs. This condition consi.raints » . for any
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number of arc superperiods S and any number of dispersion
<3.

suppressor superperiods n there is the discrete set of betatron

frequencies in the horizontal plane, then the condition of the

aero-dispersion to end of arcs is practicable { D = D'= 0 )

v - So(2k-1) ( 3 }
a 2n

where k = 1, 2, 3 ...

These superperiods of the dispersion suppressor have the

same horizontal and vertical phase advances as the arc

superperiod but only a half of the total bend. It is convenient

fivetry half of nro is the dispersion suppressor S = 4n, since in

this case the total bends are the same and the length of arc is

minimal . Table JI shows the whole set of studied S, n, v

combinations. The superperiod lattice is derived from aregular

FODO lattice with the variation of ft-function by three families of

the focusing quadrupoles and a family of the defocusing

quadrupol.es. The choice of S, n, v combination depends on t.he
a

energy of synchrotron. The Main Ring superperiodicity equals to

2*8*4. The achromatic arc contains 32 cells and is tuned to 7 • 2n

in horizontal piane and 6.5 • 2n in vertical one to give a total

tune variation for the ring of +1 in each plane independently.

Kach 178 m straight section of the Main Ring is symmetric

about its center and has a phase advance 2.125-2^ in both planes.

The transition energy for this lattice is 20i. The dispersion

maximum is 6.6 m. To decrease this value in the beginning of the

accelerating cycle one needs to decrease the modulation of
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ft-function. As the energy increases the erni ttanee decreases and

the dispersion can grow to raise the threshold of the microwave

instabilities.

The Stretcher lattice is the same. The difference lies onJy

in the straight section lattice.

As for the Booster lattice there is an alternative. Two types

of lattices --• circular and racetrack --were studied. Blaoh type

has its advantages. However we chose a racetrack which is more

convinient for RF-stations. The ideology of the lattice design is

the same. The Booster arc superperiodicity equals to 2*4*4. The

phase advance in the arcs is 6*2n in the horizontal plane and

6.8*2^ in the vertical plane. Each 41 m dispersion less straight

section is tuned to have a phase advance of 0.631*2ff in horizontal

plane and 0.750*2n in vertical plane. The transition r of the

Booster lattice is 25 ( 22.5 GeV ). RF-stations, the injection and

extraction systems are placed on the straight sections.

The slow extraction is supposed to be carried out from 7.5

GeV to 45 GeV at the constant unnormaliaed emittance. If we manage

to change the average current from the linac and the input,

emittance of the beam in the Booster, it would be real. Figure 2

shows schematically the section of the slow extraction and the

beam phase transformation along it.

The third-integer resonance extraction will be used to spill

out protons during 160 ms. The required hardware consists of two

perturbing quadrupoles, two perturbing sextupoies, two massless

magnetic pre-septums [51, one electrostatic septum arid one iron

septum. This combination allows one to reduce the losses up to
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1U"3.

Beam stability

If synchrotrons operate below transition energy the

Jong.i tudinal instability is expected to cause serious problems.

Indeed for large y the upper bound on the Main Ring broad-band

impedance Z»/ri due to microwave instability is about 2 Ohm. The

same restriction applies to the narrow band impedances. Those

impedances arise as parasitics of the RF-cavity and kicker

modules. To improve the situation we propose to achieve the

longitudinal emittance blow-up factor of 3 by phase modulated high

harmonic cavities. To provide the stability of the coupled bunch

modes during dilution, the ratio of high frequency f to RF

frequency was choosen to be integer and half. In this case we have

the identical conditions for all bunches. Cavities should be

detuned sligtly with respect to the frequency f.

Landau damping of longitudinal modes is present in the

Rooster and the Main Ring only in the first half of the

accelerating cycles. Later on it is lost because the coherent

frequency shift becomes larger than the spread in incoherent

frequencies.

For RF cavities we expect the appearance of the instability

of {/•;•• 1) coupled bunch mode with the worst growth time of 0.15 ms

in the Booster.

Conclusion.

We have outlined the Project of the Accelerator Complex

Lattice of the Moscow Kaon Factory. Tt. allows to have simultaneous
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beams of the following parameters:

1. I = 250 uA, W = 7.5 GeV, f - 50 Hz. t. = 1 . 1 M P .
ov

2. I = 250 juA, W = 45 GeV, f ='12.& Hz. t - 4.4 5̂3.
ov

3.1 = 125 fjA, W = 45 GeV, continuously,
ov

Taking account of the possitaii i.ti.eF, of the linac and the HOO

MeV - Accumulator - Stretcher, one can consider that it wi I J be

the powerful Accelerator and Accumulator Complex for nuclear

research in the field of high intensity physics.
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Table 1.

Energy ( GeV )

Average Current ( A )

Rep. Hate (Hz)

Protons per Pulse(*10 J

Circulatiui Current (A)

Circumference (m)

Uuisber of juperperiods

f :cnax <«>

Dispersion \ :cmax (m)

3ooster

0.600 - 7.50

250

50

3.1

4.0

331.075

2 x 4 x 4

7.26

3. 25

26.

23.20(24.91)*

15.30(25.15)*

3.93

Main Ring

7.50 - 45.00

125

6.23

12.+

-r «u
I

1324.30

2 x 3 x 4

13.26

17.26

201

40.32(49.755

33.39(50.00)*

6.60

Dipole3

I.'uniber

Length (ra)

Field v'J )

Quadrupoles

lluaber

Max. strengths
(iVm)

Length

64

£.19

0.132-1.250

on the arcs

64

13.27

128

5.0

0.274-1.504

123

13.14

on the arc3 three families of focu-
sing quadrupoles and one family of
dafocusing quadrupoles
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Table 2.

8

12

16

20

6

10

H

18

Cell numbers
on superperiod

3

4

5

3

4

5

3

4

5

3

4

5

Dipole num-
bers on the
arcs

48

64

00

72

96

120

96

123

160

120

160

200

Dipole
length
(mT

13.4

10.0

' 8.0

3.9

6.7

5.35

6.68

5.00

4.01

5.35

4.00

3.23

Length of
arcs
(m)

772

814

358

836

901

966

901

937

1074

966

1074

1182

A

f
54.9

42.3

38.5

41.6

31.3

27.9

34.S

25.7

22.9

30.6

22.4

20.10

A

L
5.70

5.20

5.10

2.33

2.16

2.10

1.37

1.24

1.22

0.30

0.83

0.82
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KAON FACTORY ARCHITECTURE SUMMARY

F. Mills, Chairman

Charge to the Architecture Group

1. Review Developments in Lattices and Slow Extraction.

2. Review AHF Single-Ring Plan.

- Any major flaws?

3. Consider Possible Cost-Effective Compressor.

4. Review 1.4 Tesla vs 2.2 Tesla Magnets.
- And implications for site layout and costs.

5. Is Booster Needed for 1.4 Tesla or 100 GeV Versions?

6. Recommend Topics for Further Study.

Our interpretation of the charge is that we should comment on (1) the

use of a linac extension to 2.2 GeV instead of a booster, (2) no extender ring,

but rather debunched slow extraction from the single ring, and (4) the use of

high (2.2 T) field magnets as opposed to lower field magnets. We do not feel

sufficiently informed to comment on the 100 GeV options. (Item 3 in the

charge is clearly in the wrong place.)

Linac Extension vs. Booster
Since the optimum booster energy would be 2-3 GeV, a 2.2 GeV linac

clearly will serve as an adequate injector without greatly modifying the main

ring cost or its performance. Although the injector cost is greater,
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presumably this is justified in order to carry out the other physics missions

planned for it. Careful attention should be paid to the effects of phase and

amplitude errors in the linac extension and their influence on the

performance of the Kaon Factory. Los Alamos seems to be the natural place

to tackle such problems.

No Extender Ring

Extraction:

What is needed is to blow up the longitudinal phase space prior to

extraction as is done at Fermilab and Brookhaven. On the other hand there is

insufficient time to use the same methods in the briefer accelerator cycles.

Promising new methods utilizing high frequency cavities, described in

papers from DSfR Moscow and Brookhaven, appear to offer a solution to this

problem and deserve further study. In particular the question of rebunching

due to cavity impedance should be studied to see if cavity shorting switches

similar to those at the AGS are needed. The question of power supply settling

times and the necessary delay before extraction commences remains

unresolved. It is suggested that high frequency (~10 kHz) supplies for

extraction control be investigated.

Other:

Since more things must be accomplished in the same lattice in the

single-ring design, the lattice problem is more difficult. Studies of the type

presented by G. Guignard should be continued to keep improving the design.

It appears that experiments with a polarized gas target may not be possible

without an extender ring.
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High Field Magnets
Sextupole Corrections:

The work presented by Butler offers hope of correcting the saturation

field errors sufficiently to allow extraction. This work should be followed

up with tracking studies to confirm its predictions.

The improved magnet design presented seems to predict that 2.2 T

magnets can be built with small field errors. The magnet in question is rather

large. Further study of the pole geometry should be carried out to see if the

size of the magnet can be reduced.

In general, the group felt that the 2.2 T design is at the border of

feasibility, and that lower field options would be more conservative. If the

high magnetic field remains part of the design, a prototype magnet program

should be started soon.
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AHF Workshop Report presented at Los Alamos, Feb. 24, 1989

TRIUMF-IASL P.S.R. Diagnostics Collaboration

G.H. Mackenzie, W.R. Rawnsley
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

Introduction

The existing beam position monitor processing system on the
proton storage ring at Los Alamos consists of equipment operating
at the linac injector frequency of 201.24 MHz. This structure
begins to disappear 20 or 30 turns after a particular batch of
beam has been injected. It was agreed that TRIUMF should develop
and build electronic modules to process the low frequency
component of beam pick up monitor signals to provide information
on the mean position of the accumulating beam. This would be one
element of the general overall TRIUMF-LASL collaboration. The
previous report1 describes the initial ideas and gives the
results of measurements made of the beam pickup signal strength.
The present report briefly describes the prototype modules
assembled for two different types of processing and experimental
tests of their use with three different types of pick up at the
proton storage ring. A comparison is made of the desirability of
wide band signal processing and processing of a single low
frequency component. The results of some beam simulation studies
are also presented.

P.S.R. Beam Pick Ups Used for the Experiment

Stripline SRPM 4.3

A 400 MHz stripline is mounted in a section of 4" beam pipe
8" long. It is located just upstream of toroids CM 4.2 and 4.1
(it was labeled SRWM 4.1 in the actual tunnel). It was directly
connected to RG-213 cables running to the central equipment room.
Note that the regular stripline in each of the 10 superperiods
operate at 200 MHz.

SRPM 5.3

This monitor consists of a pair of 5" diameter diagonally
split cylinders mounted in a 16" long housing. A 3 ' run of
coaxial cable leads to a high impedance (100k, 680 pF) amplifier
(sketch 131Y-275514 Vincent Fischer) and from there to the
central equipment room. This combination is intended to form a
wide band capacitive pick up.
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CERN Capacitive Pick Up.

This monitor^ consists of a ceramic cylinder with copper and
gold plated electrodes on the inner and outer surfaces. The
dielectric gives the device a high capacitance per unit length
and this lowers both the cut off frequency and also avoids
producing signals of very high voltage. The high capacitance is
acceptable in the proton storage ring because of the very intense
circulating beams. The pick-up electrodes have a capacitance of
530 picofarads. Coaxial cables, approximately 5', run to a high
impedance, 1 megohm, input impedance amplifier located in the
beam line tunnel. The cables contribute an additional 120
picofarads of capacitance. A series resistor raises the time
constant of the system in order to damp reflections which are
worst when the cable length is a quarter wavelength.

The amplifier situated below the PSR ring takes the signal
from the left, right, up and down plates and forms three signals
corresponding to the sum of all the plates and the difference
left-right and up-down. Each amplifier produces a positive and
negative signal of equal amplitude, both of which are carried
individually to the control room where the difference between
positive and negative are formed for common mode rejection.

Processing

The Existing System

The beam is injected in a train of sub-nanosecond pulses at
the linac frequency of 201.24 MHz. This frequency component is
sensed by 20 pairs of 200 mHz striplines and multiplexed to an
autocorrelation position processor. Figure 1, ref. 3 shows the
amplitude of the 200 MHz component of the sum signal from one
pair. The amplitude is constant during the fill and indicates
that the strength of the most recently injected beam does not
drift during the fill. The analog position information is
sampled, digitized and stored under the control of timing
circuits. Beam position histograms from sets of monitors are
displayed in the control room.

Anzac K-9 Transformer

This device, known as a magic "T", formed the sum and
difference of two input signals. The bandwidth runs from 2 MHz
to 2 GHz.

NIM Modules Constructed at TRIUMF (see appendix 2 for diagrams)

AM/PM Converters

- bandpass filters select the first harmonic at 2.8 MHz
- phase shift is created in one channel by an all pass filter
- Mini-Circuit splitters and combiners add and subtract the
signals vectorially to convert the amplitude information to
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phase information
- phase = 2 * arctan (A/B)

Limiters and Detector Module

- dual channel limiter amplifiers with a gain of about 400 are
used

- allows processing of signals from a few millivolts to
hundreds of millivolts as the beam accumulates

- each channel uses three emitter coupled logic chips
connected as differential amplifiers

- a double balanced phase detector IC consisting of transistor
switches is used

- the detector output is low pass filtered to remove the 2.8
MHz and its harmonics

- a DC amplifier boosts the output level

Synchronous Detector Module

- bandpass filters select the first harmonic at 2.8 MHz
- a reference signal is required to be provided externally to
the module

- the reference signal required is 2.8 MHz at +10 dBm
- the phase must be locked to the machine phase and must be
adjusted for each monitor position in the ring

- the inputs signals and reference signal are combined in
Mini-Circuit high efficiency hot carrier mixers

- the mixer outputs are filtered to remove the 2.8 MHz and its
harmonics

- DC coupled amplifiers boost the output signals

Beam Position Circuit

- performs the function 5*(A-B)/(A+B)
- converts the output of the synchronous detector to position
- the amplitude information is normalized out
- the denominator is clamped at low level to prevent the
output from saturating before and after beam accumulation

- the DC accuracy is about 2% and the bandwidth about 400 KHz

Beam Dynamics and Computer Simulation

The program ACCSIM was used to simulate PSR accumulation for
both the regular continuous fill operation and for a short fill
followed by storage. Figure 2 shows the assumed injection
distribution.

The PSR was designed to fill vertical phase space by slowly
lowering the position of the synchronous closed orbit during the
beam accumulation. Typically the position would be lowered from
just on the edge of the stripping foil to the machine axis. At
the time of these experiments the sweep magnets were not
operational. Consequently the ring accumulated a beam which was
hollow in vertical phase space. This means that the beam pickups



saw a charge distribution that, if projected into a vertical
plane through the beam pipe center, consists of two bands of
relatively high charge density above and below the beam axis
separated by a region of relatively low density on the axis. The
more common condition is a density peak in the vicinity of the
axis. Figure 3 shows the distribution 300 us after the start of
accumulation for a 100 us injection.

The period of a synchrotron oscillation is comparable to the
accumulation time; omegas = about 10~. Extraction normally
occurs immediately after completion of a fill, however, for
diagnostics purposes beam may be injected for a short time and
stored for times on the order of 1 ms. The injected momentum
spread is around 15% of the bucket height and the maximum typical
phase spread is approximately 120 degrees. At any given time the
longitudinal phase space is populated by a horizontal band of the
most recently injected beam together with the previous bands
rotated through a continuous distribution of angles depending on
their time of injection. The ring has a dispersion of around 2 m
in the vicinity of the beam pick ups. Consequently the mean
horizontal position of the beam within the bucket has a strong
dependence on phase angle (head to tail displacement). The
dependence of position on phase within the bucket is strongest
for the stored beam example.

The horizontal distibution of the particles is shown as a
function of the longitudinal phase in figure 4 at 100 us
intervals for continuous injection. The mean position of all
particles in the bunch was calculated together with the mean
position, Xjjggjj(phase) of these particles occupying a narrow
phase interval. Figures 5 and 6 illustate ^g-(phase) for the
two modes. The harmonic content of the beams of figures 5 and 6
are given in tables 1 and 2.

We would like an eventual precision of less than 1/2 mm for
the position of the projected mean of the particle distribution.
From figures 5 and 6 one can see that the particle ensemble has a
position, x(phase), with an anti-symmetric or sinusoidal first
harmonic component whose amplitude is much larger than the
required precision. One is concerned that this large sine like
signal, which should average to zero, should not affect the
validity of inferring the average beam position from only a low
frequency component. Note also that the beam bunch for regular
high intensity operation occupies most of the bucket? it occupies
250/350 of the circumference of the ring. It is by no means a
delta function located at a phase of 0 deg. The bunch may,
however, be easily shortened for beam dynamics experiments.

Experimental Program

Aim

The experimental program had two aims. The first was to
commission the electronic modules in situ and to confirm their



design characteristics. The second was to compare different
modes of operation of the PSR and its equipment to see whether
processing only the low frequency component of the beam pick up
signals gives a reliable measure of beam behaviour during
accumulation of the entire ensemble of particles.

Signal"Sources

Figures 7a, 7b, and 7c are photographs of oscilloscope traces
of the diagnostics pickups discussed above.

Sensitivity

Orbit correction magnets may be adjusted to provide a closed
orbit displacement (bump) in any sector. The magnitude of the
change was assumed to be the same as that shown by the 200 MHz
stripline BPM display for the most recently injected beam. The
change in reading of the beam loss monitors was less than or
equal to 0.5% for the magnitude of displacements made, typically
+-7 mm and so it was assumed that no significant change in beam
distribution due to scraping had occurred. The sensitivity of
the various beam pickup and processing combinations is shown in
table 3. The calculation of the anticipated sensitivity is given
in appendix 1.

Setup Procedures

The synchronous detector mixes the BPU signal with a cosine
wave phase locked to the buncher frequency of 2.795 MHz. This
produces a quasi dc output. The phase of the reference signal
was adjusted to maximize the strength of the output from the sum
channel at the same point during accumulation, usually the end of
accumulation. Note that the prior conditioning of the CERN
signals within the PSR tunnel prevents the use of AM to PM
processing as implemented and only synchronous processing was
used.

Validity of First Harmonic Processing

It is possible in the control room to have access to the
original pickup plate signals conditioned only by the amplifiers,
if any, located in the PSR tunnel. An example was given in
figure 7. The difference over sum was formed as a function of
phase within the bucket and compared with the first harmonic of
the difference signal normalized by the first harmonic of the
beam intensity signal. This was done at several times during the
accumulation process. In addition, measurements were made with
the buncher voltage off, a stored beam, and for injected beams
with a reduced phase width. Unfortunately a cabling error
rendered a portion of the latter results invalid.



Experimenta1 Results

Stripline Data

Raw data of the stripline SRPM 4.3 signals usii.g a 10-bit
signal channel digitizer was acquired by George Swain. This
device samples a signal for a short, sub-nanosecond interval
every 5 nanoseconds. In addition, the sampling window is
displaced with respect to the buncher rf by 5 nanoseconds. A
complete set of data was taken for one of the four plates and
then the device was assigned to another plate. Consequently, we
do not have data for all the plates at the same instant of time,
although the machine's condition was fairly stable, being regular
operation at 30 microamps. The 64 K digitizer did not permit
accumulation right to the end of the fill time with this 5
nanosecond resolution. The 5 nanosecond data acquisition
interval means that reliable information was obtained only at
frequencies of less than or equal to 100 MHz (Nyquist Theorem).
The digitized data for the right plate is shown in figure 8.

A Fourier analysis of the data, shown in figure 10, revealed
unexpected frequency components at less than 2.8 MHz. The data
was integrated (for reasons explained below) and a running
average over 288 samples subtracted. The time between peaks was
plotted in figure 9 and shows beating with the subharmonics,
greatest early in the accumulation. The running mean width of
288 channels was chosen to average two cycles of the odd-turn,
even-turn effect.

The output of the 400 MHz stripline is the difference between
the beam signal at some point in time minus that signal 1.25
nanoseconds earlier: in other words, a strongly differentiated
output. The original beam intensity I(t) or line density was
restored by integrating this signal digitally. The intensity, in
absence of significant loss, would be expected to increase by
0.358 us/taec each turn during the fill. Over a short period of
time it will be relatively constant. One may notice, however,
that the integrated shape varies on alternate turns. There is
also some long-term, with respect to the revolution time, base
line drift. These effects were removed by a manual straight line
subtraction over the period of a few turns. A second digital
integration gives the total charge induced on the plate. This
rises stepwise between turns as the beam accumulates. The jitter
in the difference between steps of the doubly integrated signal
gives a measure of the precision of this process. An example of
the stages of this integration procedure is shown in figure 11.

This offline procedure to find the total charge induced on
the electrode per turn is a wideband technique, utilizing all
frequency components of the beam from about 1 MHz to 100 MHz.
Inorder to obtain beam position, the difference over sum of
charge per turn was calculated and is shown in figure 12. The
results are consistent with no stored beam position drift during
the accumulation.
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Next, the amplitude of only the 2.8 MHz component of the
signals was used to calculate the difference over sum, and is
shown in figure 13. This is a narrowband technique and the
results agree with the wideband technique to within about 1/2 mm.

So far, only off-line position measurements have been shown.
The AM/PM electronic processor system was used with SRPM 4.3 to
yield real-time position measurement. The horizontal position
and intensity signals from the electronic modules with the
buncher on are shown in figure 14. The results must be compared
with caution with the previous calculations as the measurements
were taken the next day with modified beam conditions (buncher
on). The intensity signal does not rise linearily during the
accumulation as it has been filtered to pass only the 2.8 MHz
component. The 400 KHz bandwidth of the electronic modules is
equivalent to a response time of constant of 1 microsecond, i.e.
several turns. Some 5.6 MHz generated by the phase detector
remains in the position signal due to incomplete filtering. The
position signal does not become accurate until about 50 us into
the accumulation due to lack of signal. This may be improved
substantially by the use of preamps or by using more modern
limiter amplifiers. The horizontal position signal indicates
less than 0.25 mm drift during accumulation.

CERN Capacitive Pick-up

The difference and sum signals were recorded simultaneously
using a LeCroy 9400 digital oscilloscope and screen dumps were
made to a plotter. The plots were redigitized at TRIUMF using a
Hewlett Packard optical page scanner. The data could have been
digitized directly at Los Alamos, however, we were not able to
learn the system in the short time available. An example plot is
shown in figure 15.

Measurements were made with buncher on and off. In the
latter case there is no synchrotron focusing and there should be
no lateral movement horizontally due to dispersion except for
effects due to energy loss due to foil traversals or for a
mismatched beam injection energy. The following calibrations
were made with the buncher off.

Off-line wideband processing was accomplished by dividing the
difference signal by the sum signal on a sample by sample basis,
i.e. as a function of longitudinal phase. An arbitrary threshold
of 10 mV was set on the sum below which the dividend was set to
zero, see figure 16. The horizontal mean of the difference over
sum is plotted for three values of beam bump in figure 17. The
calculated beam position is linear and in good agreement with
predicted sensitivity when compared with the 200 MHz BPM system.

Off-line narrowband processing utilized a Fourier analysis to
obtain the amplitude of the 2.8 MHz component. The horizontal
amplitude difference over sum is plotted in figure 18 and agrees
well with the previous wideband result.
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Data was taken at 5 times during the accumulation for a
centered beam with the buncher still off. The off-line
processing was repeated with the wideband result shown in figure
19 and the narrowband result shown in figure 20. The two
techniques agree in absolute position and indicate no stored beam
position drift during accumulation.

Mike Plum obtained some data from the CERN monitor by
digitizing an oscilloscope trace with a Tektronix CCD camera. A
production beam (buncher on) with conditions 15 Hz, 380 us, 260
ns and 37 uA in LDN was used. The two off-line processing
techniques were applied to this data and the results are compared
in figure 21 for the horizontal plane. The offset between the
two sets of points corresponds to about 1.2 mm and the position
change from 300 to 350 us to about 0.6 mm. The results for the
vertical plane are shown in figure 22.

The synchronous detector system was used with the CERN
monitor to obtain real-time position measurement. The vertical
position signal (divided by 5) and an intensity signal are shown
in figures 23 and 24 for buncher off and on. The position drift
from 100 to 370 us is equivalent to less than 1 mm and may be due
to electronic processing errors.

Figure 25 shows the horizontal position signal from the
synchronous detector system (divided by 5) for 3 values of beam
bump. The position drift from 100 us to 370 us is equivalent to
about 2.5 mm. The position signal at 250 us is plotted against
the beam bump to allow comparison of the sensitivity calibration
with the off-line results in figures 17 and 18.

The apparent position drift during accumulation in figure 25
may have been due to electronic processing errors. The
synchronous detector system was designed to use a pair of signals
of similar amplitude and phase. The CERN monitor signals,
however, were available only as a difference and sum. Figure 27
shows that for a well centered beam the sum signal may be 30
times greater than the difference signal. In this case,
electronic errors due to dc offsets and compression do not cancel
out as they would for more balanced signals. Figure 28 shows a
phase difference between the diffence and sum signals which
varies through the accumulation. A small phase difference
between two signals of similar amplitude results in a large phase
angle when they are subtracted. Unfortunately, the synchronous
detector system is particularly sensitive to this kind of error.
The off-line narrowband processing of the horizontal signals
(figure 20) did not show any position drift. This suggests that
an electronic system which relied only on the amplitudes of the
2.8 MHz signals, independent of their phases, would be more
accurate. Alternatively, the raw monitor signals could be made
available to the processors.

The off-line wideband processing technique used on the CERN
monitor data gives equal emphasis to the position of the beam at
the low intensity phases of the bunch as well as the peak of the
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bunch intensity. The mean of the difference signal would be
expected to be the projected mean of the entire ensemble of
particles. An improved off-line technique might divide the mean
of the difference signal over several turns by that of the sum.

Conclusions

At the time of writing (Feb. 1989) these must be regarded as
tentative as some parts of the analysis discussed above remain t<
be completed.

Principles

- The off-line wideband and narrowband processing techniques
gave no indication of stored beam position drift during
accumulation. The small drifts in horizontal position seen
in the module outputs can be explained by imperfect
processing schemes and electronic error.

- Off-line wideband and first harmonic processing techniques
yielded the same absolute beam position within 1/2 mm.

- The striplines, or other high frequency devices, may not be
the ideal general purpose position detector for a low
frequency machine such as the PSR. The output signal has
extended portions close to zero at the time when the
intensity is at a peak. The maximum output occurs at the end
of the bunch where the line density is falling or rising.
They may be very useful devices for beam dynamics studies.

- The existing striplines, though designed for maximum signal
pick up at 200 MHz, provide sufficient signal at 2.8 MHz for
processing at 50 us into an accumulation or earlier.

- Wideband processing of the stripline signals is possible, but
difficult due to sensitivity to baseline error. The restored
baseline zero alternates from turn to turn and has long term
drift.

- There may be an artifact or a real beam phenomenon which
alters the position distribution of a portion of the beam at
a sub-harmonic of the rotation frequency.

- Operational requirements may differ from beam dynamics. 7.'he
former are probably more concerned with beam loss and may
prefer an indicator proportional to the mean difference
signal over a bunch. This is automatically weighted by beam
intensity. Beam dynamics may prefer a signal normalized by
I(phase) which gives equal weight to all phase intervals in a
bunch, no matter what their charge population. Processing at
the first harmonic gives a signal proportional to the former.

232



Technical

- It was possible to calibrate both narrowband electronic
systems against the 200 MHz BPM system by using programmed
beam bumps.

- The synchronous detector system was accurate to only 2 mm in
the horizontal plane. The system was designed to operate
with input signals of similar amplitude and phase. While the
quasi dc Beam Position Circuit has good resolution, the rf
(mixer) section does not. Hence any further work with
difference signals pre-formed in the PSR tunnel should at
least use an rf amplifier to boost their amplitude to a value
similar to the sum signal. Preferably, the raw signals could
be brought out.

- A narrowband system which relies on amplitude information
only would be less subject to phase errors caused by head to
tail displacement.

- The AM/PM system is less sensitive to the phases of the raw
signals and seems to have an accuracy of better than 1 mm,
though the tests done were insufficient to have confidence in
this figure.

- A button should be provided in the control room to
momentarily reverse left and right or up and down input
signals in order to check display zero.

- A capacitor should be provided at the input to block the
approximately 500 microamp dc current from the CERN monitor.
This is thought to arise from stray charge in the beam pipe.

- There is some evidence that the broadband CERN monitor system
still differentiates fast signals.

- The electrical center of some of the devices used by us, the
SRPM 4.3 and CERN monitor, may be off center by 1 or 2 mm.
The center being defined by the beam tune and the 200 MHz
stripline.

Future Experiments

- Repeat the abortive experiment which compared the position of
coasting beams and bunched beams of various phase widths.

- Amplify pre-formed difference signals to improve signal to
noise or use raw signals.

- Endeavor to observe the loss (beam intercepted) signal from
the adjustable scrapers as a function of phase. A Cerenkov
monitor should give the required resolution and be less
affected by background particles.
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- Digitize the SRPM 4.3 signals again, using interleaved
sampling of each pair of striplines so that the phase
dependent effects can be studied further.

- Investigate the 2.8 MHz signals available from the various
monitors very early in the accumulation with regard to noise
levels. Determine how many turns are necessary for beam
position measurement with this frequency.
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Fig. / SRPM 4.3 intensity of L+R from injection to
extraction 350 us later, showing that the amplitude of the
200 MHz component is independent of time. A similar photo
of L-R would show that the position of the injected beam did
not drift.
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Fig. 7 Signals in Control Room

a) Stripline SRPM 4.3 sum
and difference using
Anzac T

b) Capacitive pickup SRPM
5.3 (20 pF loaded 5 Kohm
input amplifier)

c) CERN dielectric loaded
capacitive pickup into
CERN electronics modules
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Fig. 10 Fast Fourier analysis of raw signal from SRPM 4.3
left stripline (7200 samples 5 ns apart beginning at sample #
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g ' a Digitised
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Fig. 1$ The SRPM 4.3 signals vere Fourier analyzed at 6
places during the accumulation. Since the four plate
signals were digitized several minutes apart, intensity
drift may have affected the measurements.
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Fig. 14. The top trace is the output from the AM/PM processor
and represents horizontal beam position. The processor does not
measure accurately until 50 us into the accumulation. The bottom
trace is the 2.8 MHz component of the signal from the right
stripline of SRPM 4.3.
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Fig. AT Coasting beam
(buncher off). Difference and
sum signals from left and
right plates of the CERN
monitor over three turns
at a tine 300 us after
the start of injection.
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Fig. 16. The horizontal difference over sum from the CERN
monitor with buncher off for three beam bumps. The division was
done on a sample by sample basis, i.e. as a function of
longitudinal phase. The phase from run to run is arbitrary.
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Fig. '7 Offline processing of the digitized signals using
a wideband technique tc determine charge per cycle is shown
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Fig, / 8> Another offline technique used Fast Fourier
analysis to find the amplitudes of the 2.8 MHz frequency
component.

250



0. 10

0.05 -

0.00 -

-O<, OS -

-0.10
0 50 100 1S0 200 250 300 350 400

/ /•?«. (-«* S /

Fig. 19. Offline wideband processing.
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Fig. HO The offline data processing methods indicated no
horizontal beam position drift during the accumulation,
using the CERN monitor with buncher off.
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Fig. <?<£ The CERN monitor signal, taken with the buncher
on, gives a small offset between the two types of
processing for horizontal position but not for the vertical,
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FIG. p~4i The position output from the synchronous detector
system is a continous function during the accumulation, with
buncher off. The beam was shifted between runs by using
magnets to create a beam "bump".
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at 250 us into the accumulation, is plotted against the
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OPDATA:
*
1 2.15460-02
2 2.18S7D+00

6.69B4D-01
3.3258D-01
3.2307D-01
4.6486D-01
3.6901D-01
1..930D-01
05460-01

3
4
5
6
7
6
S
10
11

OPDATA
#
1
2
3
4
S
6
7
8
9 2

4

/LISUHOFF AMP100,PHA100,ACOS100,ASIN100/1,11
AMP100 PHA100 ACOS100 ASIK100

O.O000D+00 2.1546D-02 O.DODOD+00
2.6286D+02 -2.7201D-01 -2.1727D+00
6.9*120+01 3.0588D-01 8.14290-01
1.29430+02 -2.1124D-01 2.5689D-01
5.4763D+01 1.8640D-01 2.63B80-01
3.0770D+02 2.8428D-01 -3.6781D-01
1.5212D+02 -3.2619D-01 1.72S3D-01
2.627BD+01 1.314BD-01 7.0730D-02
1.9192D+02 -4.94S5D-01 -1.04*30-01

1048D-01 3.4B70D+02 4.02530-01 -8.0397D-02
8.41660-02 2.B115D+02 1.6282D-02 -8.2576D-02
/LIST8N0FF AMP200,FHA200,ACOS200,ASIN200/1,11
AMF200 PHA200 ACOS200 ASIH200

O.OOOOD+00 3.S137D-01 O.OOOOD+00
2.7475D+02 2.2147D-01 -2.6625D+00
9.1548D+01 -6.S768D-02 2.4321D+00
1.6004D+02 -5.8314D-01 2.1179D-01
2.1002D+02 -S.1763D-01 -2.99090-01
2.fl679D+02 2.2541D-01 -7.47130-01

3.5137D-01
2.6717D+00
2.4330D+00
6.2041D-01
5.9782D-01
7.8040D-O1
2.1136D-01
4.3443D-01
3296D-01
2663D-01

3.16690+02
1.8882D+01
3.5686D+02
B.4077D+01

1.5877D-01 -1.3952D-01
4.1105D-01 1.4059D-01
2.32630-01 -1.2768D-02
4.4025D-02 4.2435D-0110

11 5.96680-01 1.3437D+02 -4.1728D-01 4.2650D-01
OFOATA: /LIST6N0FF AMP300,FHA300,ACOS300,ASIN300/1,11

* AMP300 PHA300 ACOS30U ASIN300
1 1.6182D-01 O.OOOOD+00 1.E182D-01 O.OOOOD+00
2 2.3826D+00 2.6211D+02 -3.2704D-01 -2.3601D+00
3 7.9642D-01 8.2533D+01 1.0350D-01 7.8966D-01
4 6.1670D-01 6.2091D+01 2.8866D-01 5.4496D-01
5 2.9663D-01 1.7487D+02 -2.9544D-01 2.6536D-02
6 2.0375D-01 8.03130+01 3.4283D-02 2.0084D-01
7 2.7337D-01 2.B431D+02 6.7561D-02 -2.6489D-01
8 4.0137D-01 2.5595D+02 -9.7446D-02 -3.B936D-01
9 4.3630D-02 3.0384D+02 2.4296D-02 -3.6239D-02

10 3.0210D-01 7.2327D+01 9.1713D-02 2.B78SD-01
11 2.58730-Oi 1.1384D+02 -1.0458D-01 2.3665D-01

OPDATA: /LIST6N0FF AHF400,FBA400,ACOS400,ASIN400/1,11
* AMP400 FBA400 ACOS400 ASIN400

O.OOOOD+00 -2.178SD-01 O.OOOOD+00
2.6534D+02 -9.9176D-02 -1.2165D+00
2.6567D+02 -4.8961D-02 -6.4735D-01
2.6356D+01 3.4686D-01 1.71B5D-01
6.4846D+01 3.30960-01 7.0482D-01
3.514BD+01 9.69S1D-02 6.8260D-02
1.4348D+02 -2.26160-01 1.6747D-01
1.46260+02 -4.0044D-01 2.6743D-01
2.3143D+02 -1.6519D-01 -2.0714D-01
2.8949D+02 2.36B0D-01 -6.6699D-01
2.8915D+02 1.99850-01 -5.7S63D-01

/LISTINOFF AHP500,PHA500,ACOS500.ASIN500/1,11
AMF500 PHA500 ACOSJOO A5ZM500

O.OOOOD+00 -7.6159D-02 O.OOOOD+00
2.1765D+02 -2.6629D-01 -2.0541D-01
3.5558D+02 2.58910-01 -2.00010-02
3.3098D+02 1.8007D-01 -9.9904D-02
6.6904D+01 1.1470D-01 2.6896D-01

1 -2.1785D-01
2 1.220SD+00

6.49200-01
3.8709D-01
7.78670-01
1.1857D-01
2.6142D-01
4.81530-01
2.6494D-01
7.09670-01
6.0934D-01

3
4
5
6
7
8
9
10
11

OPDAIA:
*
1 -7.6159D-02
2 3.36310-01
3 2.S9690-01
4 2.05930-01
5 2.92400-01
E 1.B917D-01
7 3.B421D-01
8 1.5108D-01
9 1.12960-01
10 2.40050-01
11

.1975D+02 -9.3874D-02 1.6423D-01
2.5291D+02 -1.1292D-01 -3.6724D-01
1.6051D+02 -1.4242D-01 5.0412D-02
1.37910+02 -6.3629D-02 7.S718D-02
3.43730+02 2.30430-01 -6.72710-02

1.3S01D-01 8.4S54D+01 1.2B13D-02 1.34400-01

Heo
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OPDATA:
*
1
2
3
4
S
6
7
8
9
10
11

OFDATA
*
1 -5.8768D-02
2
3

/LISTINOFF AMP600,PHA600,ACOS600.ASIN600/1,11
AMP600 FBA600 ACOS600 ASINEOO

O.OOOOD+00 8.9E29D-03 O.OOOOD+00
2.8344D+02 2.2B1SD-01 -9.5497D-01
1.3406D+02 -2.0506D-01 2.1195D-01
1.6SS8D+02 -2.6389D-01 6.7831D-02
5.5514D+01 1.5B36D-O1 2.3055D-01
5.2511D+01 9.89710-02 1.2903D-01
2.9392D+02 7.7341D-02 -1.74*00-01
2.5905D+02 -2.80B7D-02 -1.4511D-01
3.5264D+02 3.3S24D-02 -4.3296D-03
1.2731D+02 -1.1934D-01 1.5661D-01
1.8206D+02 -2.5785D-01 -9.2713D-03

/LISTINOFF AMF700,FHA700,ACOS700,ASIN700/1I11
AMP700 FBA700 ACOS700 ASIN700

O.OOOOD+00 -S.B76BD-02 O.OOOOD+00
1.0014D+00 2.673SD+02 -4.6328D-02 -1.0003D+00
S.2739D-01 7.3716D+01 1.47B7D-01 5.062*0-01
S.0410D-01 9.2207D+01 -1.9410D-02 5.03730-01
2.7672D-01 2.6727D+02 -1.3187D-02 -2.7641D-01
2.2559D-01 2.7357D+02 1.4033D-02 -2.2515D-01

2.4630D+02 -3.8143D-02 -9.SB31D-02
1.7569D+02 -1.4226D-02 1.0723D-03
4BE2D+01 1.0083D-01 3.7273D-O1
8177D+02 -1.3351D-O1 -4.1237D-03

B.9629D-03
9.6164D-01
2.9492D-01
2.7247D-01
2.7970D-01
1.6262D-01
1.9078D-01
1.4780D-01
3.3802D-02
1.9690D-01
2.S802D-01

S
6
7
8
9
10
11 1.723BD-01 2.3911D+02 -8.B486D-02 -1.4791D-01

OFDATA: /LISTINOFF AMP600,FBA800,ACOS800,ASINB00/l,ll

031*0-01
4267D-02
8613D-01
3357D-01

AMF800
1.7778D-01
3.58100-01
3.3B49D-01
5.6906D-01
3.9596D-01
3.3499D-01
2.E59ED-01
3.9032D-01
2.1309D-01
3.954ED-01
2.1730D-01

3
4
5
6
7
8
9
10
11

OFDATA:

FHA800 ACOS800 ASIN800
O.0000D+00 1.7778D-01 0.0000D+00
3.0702D+02 2.1561D-01 -2.B592D-01
1.0107D+02 -6.4627D-02 3.3022D-01
1.3002D+02 -3.6592D-01 4.3582D-01
2.0775D+02 -3.5042D-01 -1.B436D-01
2.9122D+02 1.2127D-01 -3.1227D-01
2.8943D+02 8.6472D-02 -2.5082D-01
3.S978D+02 3.9032D-01 -1.4962D-03
4.9149D+01 1.3938D-01 1.6119D-01
1.1196D+02 -1.4791D-01 3.6676D-01
1.6742D+02 -2.1206D-01 4.7328D-02

/LISTINOFF AMF900.FBA900,ACOS900.ASIN900/1,11
AHP900 PHA900 ACOS900 ASIN900

O.OOOOD+00 7.6717D-04 O.OOOOD+00
1.97B9D+02 -1.O233D-01 -3.3027D-02
9.9570D+01 -2.1034D-02 1.247SD-01
3.521SD+02 2.8843D-01 -3.9779D-02
2.4564D+02 -6.E898D-02 -1.4772D-01
1.5405D+02 -8.6744D-02 4.2207D-02
1.3B92D+02 -1.S8S4D-01 1.643SD-01
3.2302D+02 8.220BD-02 -6.1913D-02
3.5145D+D2 2.4577D-01 -3.69S3D-02
2.2804D+02 -7.3708D-02 -B.19BSD-02
1.0194D+02 -1.1233D-02 5.3117D-02

/LISTINOFF AMF1000,FBA1000,ACOS1000,ASIN1000/1,11
AHP1000 PHA1000 ACOS1000 ASIH1000

O.OOOOD+00 -1.4S9ED-0Z O.OOOOD+00
2.6961D+02 -1.7016D-03 -2.4757B-01
7.1S94D+01 8.2568D-02 2.4812D-01
1.1729D+02 -3.S292D-02 6.8410D-02
1.4S67D+02 -8.3202D-02 S.6823D-02
2.7830D+02 3.2232D-02 -2.2091D-01
2.9608D+02 2.8612D-02 -S.362SD-02
1.8013D+02 -6.2579D-02 -1.4250D-0*
1.641SD+01 9.4174D-02 2.7744D-02
1.1715D+02 -5.3273D-02 1.O390D-O1
7.0502D+01 6.03S0D-02 1.7044D-01

#
1
2
3
4
5
6
7
8
9
10
11

OFDATA
#
1
2
3
4
5
6
7
8
9
10
11

OFDATA:
•
1 -1.4S9ED-02
2 2.4758D-01

2.6149D-01
7.B977D-02
1.0075D-01
2.232SD-01
6.0781D-02
6.2579D-02
9.8175D-02
1.167ED-01
1.80B1D-01
/STOP

67170-04
1.0752D-01
1.2ES2D-01
2.9116D-01
1.E21ED-01
9.E467D-02
2.S012D-01
1.02910-01
2.4853D-01
1.1O25D-01
S.4291D-02
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0PDA7A:

1 -1 .4136D-02
88670+00
.73190-01
.2595D-01
.6940D-01
9040D-01
,9902D-01
7380D-02
271SD-01

2.B676D-01
1.56990-01

2
3
4
5
6
7
8
9

10
11

OFDATA
t
1
2
3
4
5
6
7
8
9

10
11

OFDATA:
t
1 -6 .0232D-01

/LISTINOFF AMF100,FBA100,ACOS100,ASIN100/1,11
AMP100 FHA100 ACOS100 ASIN100

O.OOOOD+00 - 1 . 4 1 3 8 0 - 0 2 O.OOOOD+00
2.61680+02 - 2 . 7 3 0 3 0 - 0 1 -1.B669D+00
7.66400+01 2.2467D-01 9.4685D-01
4.57230+01 2.9737D-01 3.0497D-01
1.56690+02 -1.SS60D-01 6 .6*950-02
2.5326D+02 -B.3E61D-02 -2 .7809D-01
2.4328D+02 - 8 . 9 4 9 0 0 - 0 2 -1 .7776D-01

63100+01 5 .42960-02 3.9899D-02
9.6642D+01 -1.4708D-02
7.06740+01

91*20-01
7603D+00
0298D+00
8027D-01

2
3
4
5
6
7
8
9

1.2630D-01
9.4B98D-02 2.7060D-01

3.06160+02 9.8229D-02 -1.2501D-01
/LIST8N0FF AMP200,PHA200,ACOS200,ASIU200/1,11
AMF200 FHA200 ACOS200 ASIN200

O.OOOOD+00 2.9142D-01 O.OOOOD+00
2.7045D+02 3.7621D-02 -4.7602D+00
0.42580+01 -2.2497D-01 3.0215D+00
1.30450+02 -3.78490-01 4.4156D-D1
2.79950+02 2.79620-02 -1.S941D-01
2.93580+02 2.8989D-01 -6.6419D-01
2.6043D+02 6.4218D-02 -3.4894D-01
9.13460+01 -1.2249D-02 5.2143D-01
0.41490+01 -3.8946D-03 5.36930-02
1.21300+02 -4.3BS3P-02 7.21310-02
1.6068D+02 -4.1162D-01 1.442BD-01

/LISIiNOFF AHF300,FBA300,ACOS300,ASIH300/1,11
AMP300 PBA300 ACOS300 ASIH300

O.OOOOO+OO -6.0232D-01 0.00000+00
2.74990+02 1.21140-01 -1.3662D+00
3.53500+02 X.1553D+00 -1.3168D-01
9.76610+01 -3.1095D-01 2.3117D+D0
2.34950+02 -1.1225D+00 -1.S999D+00
3.04130+02 6.03320-01 -8.90000-01
5.77830+01 9.1298D-01 1.4489D+00
1.65990+02 -B.88440-01 2.2173D-01
2.54550+02 -3.36740-01 -1.2183D+00

6443D+01 S.5912D-01 4.1287D-01

1.6184D-01
7.2470D-01
3.5480D-01
5.2158D-01
5.36340-02
8.4407D-02
4.36170-01

3915D+00
162BO+00
3325D+00
9544D+00
0752D+00
7125D+00

9.15690-01
2640D+00
9504D-0110

11 6.1384D-01 6.2B76D+01 2.79660-01 5.4633D-01
OFDATA: /LISTtNOFF AMF400.PHA400,ACOS400,ASIH*00/1,11

AMP400 FBA«OO ACOS400 ASIN400
-2.06830-01 0.00000+00 -2.0BB3D-01 O.OOOOD+00
2.4725D+00 9.17010+01 -7.34070-02 2.4714D+00

4
1
2
3
4
5
6
7
8
9

10
11

OFOATA
*
1
2
3
4
5
6
7
B
9

10
11

2.49990+00 2,73380+02 1.47200-01 -2.4S56D+00
4.4051D-01 1.71650+01 4.20890-01 1.30010-01
9.51200-01 8.3149D+01 1.13460-01 9.4441D-01
6.89B8D-01 1.4260D+02 -5.48080-01 4.1B98D-01
6.41260-01 2.4944D+02 -2.2S24D-01 -6.0040D-01
6.3334D-01 2.7721D+02 7.9537O-02 -6.28320-01
7.44830-01 B.9131D+00 7.35B4D-01 1.1540D-01
7.2008D-01 9.6278D+01 -7.87470-02 7.1S76D-01
5.3116D-01 1.55600+02 -4.8373D-01 2.1940D-01
/J.ISTWOFF AHF500,PBA500,ACOS500.ASIN500/1,11
AHP500 FHA500 ACOS500 ASIHSOO

2.28*90-02 O.OOOOD+00 2.28*9D-02 O.OOOOD+00
2.2871D-01 2.5677D+02 -5.2350D-02 -2.2264D-01
1.313*0+00 7.8726D+01 2.5677D-01 1.28BOD+00
1.23110+00 2.53B1D+02 -3.4334D-01 -1.1823D+00
6.38500-02 2.5207D+02 -1.9661D-02 -6.07470-02
2.9602D-01 6.24B0D+01 1.3678D-01 2.62520-01
2.2826D-01 8.82150+01 7.11160-03 2.2817D-01
?..5339D-01 3.0696D+02 1.5237D-01 -2.02470-01
1.7421D-01 1.50020+02 -1.5091D-01 8.7045D-02
1.480SD-01 2.2633D+02 -1.02230-01 -1.0710D-01
7.6183D-02

lav

"Ztrv

for*

3.1627D+02 5.S046D-02 -5.26670-02

'h/

K
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OPDATA:
*
1 - 2 . 5 0 0 7 D - 0 2
2 3.BA42D+00
3 2.5505D+00

3.5776D-01
2.7532D-01

3815D-01
1241D-01
3293D-01

/LISTtNOFF AMP60O,PHA60D,ACOS600,ASIN6D0/1.11
AMF600 PHA600 ACOS60D ASINEOO

O.OOOOD+00 -2.5007D-D2 O.OOOOD+00
2.6949D+02 -3.3S55D-02 -3.B440D+0D
8.5392D+01 2.0492D-01 2.5423D+00
1.B163D+02 -3.S762D-01 -1.01520-02
3.0854D+02 1.71520-01 -2.1536D-01
3.4315D+02 3.2364D-01 -8.80030-02
1.8528D+02 -3.1109D-01 -2.87270-02
1.1977D+02 -6.5997D-02 1.1539D-01
2.7423D+02 1.6280D-D2 -2.2021D-01
6.21S3D+01 1.2430D-01 2.35700-01
2.3135D+02 -6.8*860-02 -8.5636D-02

/LISTBKOFF AMP700,PHA700,ACOS70D,ASIH700/1,11
AMP700 FHA700 ACOS700 ASIH7D0

O.OOOOD+00 -2.6939D-D1 O.OOOOD+00
2.6885D+02 -6.4303D-02 -3.2135D+00
6.8*180+01 3.7787D-01 9.5527B-01
8.S441D+01 1.37390-01 2.209DD+00
2.7105D+02 3.0261D-02 -1.65650+00
1.5991D+02 -2.06930-01 7.56770-02
1.2729D+02 -1.5123D-01 1.9B58D-01
2.*070D+02 -1.8107D-01 -3.22660-01
266BD+01 3.036SD-01 3.SB14D-01

2081D-01
66470-01

5
6
7
8
9

10
11

OPDATA
*
1 -2.6939D-01

3.2U3D+00
1.0273D+00
2.2133D+00

1.O965D-01

656BD+00
2.2033D-01
2.4961D-01
3.7000D-01
0072D-01
B779D-01 5.2681D+00 4.8573D-01 4.4787D-0210

11 2.8443D-D1 2.2481D+02 -2.01B0D-01 -2.0D44D-01
OPDATA: /LISTBNOFF AHPB00,FHA800,ACOS800.ASIN800/l,ll

*
1
2
3
4
5
6
7
8
9
10
11

OFDATA
#
1 -1.6039D-01
2 1.14540+00

AMPBOO
7.6741D-02
1.8085D+00
1.6061D+00
9.B847D-02
7.7338D-01
2.3580D-01
4.0097D-01
2.2107D-01
4.5349D-01
5.5356D-02
5.2252D-01

FHA800 ACOS800 ASIN800
O.OOOOD+00 7.67410-02 O.OOOOD+00
8.6833D+01 9.99210-02 1.8057D+0D
2.5911D+02 -3.0355D-01 -1.5771D+00
1.4125D+02 -7.7089D-02 6.1B71D-02
5.B719D+01 4.0157D-01 6.60950-01
2.6267D+02 -3.00890-02 -2.33B70-01
1.S189D+02 -3.9236D-01 -8.26470-02
2.96B2D+02 9.9747D-02 -1.9728D-01
+.4076D+01 3.2579D-01

2
3
4
5
6
7
8
9

10
11

OPDATA:

3.15450-01
1.2208D+02 -2.93970-02 4.6905D-02
2.0774D+02 -4.624BD-01 -2 .43200-01

/LISTCNOFF AMPS00, PBA900, ACOS900,ASIN900/1,11
AMP900 PHA900 ACOS900 ASIN900

O.OOOOO+OO -1.6039D-D1 O.OOOOD+00
8.5593D+01 8.B004D-02 1.14200+00
B.6013D+01 7.054SD-02 1.0122D+00
2.6639D+02 -4.81050-02 -1.7134D+00
3.21060+02 2.6748D-01 -2.1595D-01
1.0306D+02 -7.7338D-02 3.3340D-01
1.36630+02 -4.3217D-01 4.0B23D-01
7.6696D+01 9.77780-02 4.1351D-01
3.25340+02 3.4908D-01 -2.41320-01
2.7334D+02 4.9260D-02 -B.4381D-01
1.7010D+02 -3.95090-02 6.8976D-03

/USTtNOFF AMF1000.PHA1000,ACOS1000.ASIN1000/1.11
AMP1000 PBA1000 ACOSIOOO ASIN1000

O.OOOOD+00 -5.5253D-02 O.OOOOD+00
2.62340+02 -3.82070-01 -2.83950+00
7.68410+01 6.2028D-01 2.6S30D+00
2.7599D+02 8.66040-02 -8.25400-01
2.2962D+02 -4.3217D-01 -5.0807D-01
7.3144D+01 2.4667D-01 8.1415D-01
2.3724D+02 -2.4295D-01 -3.7756D-01
4.43310+01 2.50780-01 2.4499D-01
2.6491D+02 -3.9446D-02 -4.42810-01
1.508BD+02 -2.730BD-01 1.5212D-01
3.5799D+02 3.9156D-01 -1.3714D-02

01460+00
1.7141D+00
3.4377D-01
3.42260-01
5.9449D-01
4.24910-01
4.24370-01
8.4525D-01
4.0106D-02

5
6
7
B
9

10
11

OPDATA:
*
1 -5.5253D-02

2.8651D+00
2.7246D+00
8.2993D-01
6.6702D-01
6.5069D-01
4.4697D-01
3.5059D-01
4.4456D-01
3.1259D-01
3.9180D-01

/STOP

7CT>
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Table 3

Sensitivity a£ end of fill (30 A)

Transducer Processor Sensitivitv fmm/V)

SRPM

SRPM

CERN

4.3 stripline

4.3 stripline

dielectric

AM/PM

Synchronous

Synchronous

Measured

3.45

6.45

11.5

Expected

2.53

4.93

11.6
loaded capacitor
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Appendix 1 Sensitivity Calculation

1) Synchronous Detector System

(A,B)
BEAM > MONITOR --—> MIXERS > 5 * DIVIDER > (V)

= 5 * (A-B) / (A+B) = 5 * (1+2 X/r) - (1 - ,

(1+2 X/r)+ (1-2 X/r)
= 5*

= 10

X/V =

=

4 X/r

2

X/r

r /10

49.3 i

4.93

volts

mm /10 volts

mm / volt

where X = beam displacement
r = electrode radius

A,B,V are voltages
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2) AM/PM System Sensitivity

(R) (P)
BEAM > MONITOR > AM/PM > PHASE DETECTOR —-> (V)

where R = left signal / right signal
P = phase difference
V = voltage

R = (1 + 2 X/r)

(1 -2 X/r)

~ 1 +4 X/r for X / r « 1

dR / dX = 4/r = 4 / 49.3 mm = 0.08114 /mm

P = 2 arctan R

dP/dR = 2 / ( 1 + R " 2 ) =1 rad f o r R = 1

dV / dP = 2 mA * 3830 ohms - (-2 mA * 3830 ohms )

pi radians

= 4.88 volts / rad

dV/dX = dV/dP * dP/dR * dR/dX

= 4.88*1 * 0.08114 volts/mm

= 0.395 volts / mm

dX/dV = 2.53 mm/volt
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CERN Monitor Sensitivity

The sensitivity of the synchronous detector system when used with a stripline
monitor was calculated to be 4.93 mm / volt. The CERN monitor, however, uses
split plates shaped as curved triangles in order to give a linear position signal.
Bob Shafer has found a sensitivity of 0.28 dB / mm for a similar type of monitor
(SRPM 5.3) and a sensitivity of 0.66 dB / mm for a stripline. The overall CERN
monitor sensitivity when used with the synchronous detector is then:

0.66 / 0.28 * 4.93 = 11.6 mm / volt
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Appendix 2

Electronics Block Diagrams, Schematics, and Drawing Lists
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Time and Frequency Response of Beam Position Monitors
at the Los Alamos Proton Storage Ring

George R. Swain

Los Alamos National Laboratory, MS H847
Los Alamos, New Mexico 87545

Abstract

A number of beam position monitor (BPM) signals were digitized and
recorded for stable and unstable beams in the proton storage ring (PSR) at Los
Alamos at the end of the running cycle in October, 1988. This paper describes
how this was done and presents some examples of the time and frequency
responses obtained.

Introduction

Signals from two types of BPM's were recorded. A BPM using a CERN
design used electric pickup elements consisting of helical segments. Signals
from the individual segments are amplified and combined to give beam position
information. This system has a frequency bandwidth of about 30 MHz. The
other type of BPM used stripline pickups, which have a bandwidth of about 800
M H z . 1 Signals from a pair of stripline pickups are fed to a 180-degree power
combiner to yield beam position information.

The signals were converted from analog to digital form using a
Tektronix RTD 710 Digitizer, and then were shipped using an IOtech MacSCSI488
controller to a Macintosh II computer for recording and processing. The RTD
710 has a maximum sampling rate of once every 5 nanoseconds, which
corresponds to a maximum frequency bandwidth of 100 MHz. Other equipment
allowed bandpass selection and down conversion in frequency to the zero to 75
MHz band, and a comb filter to suppress multiples of the PSR revolution
frequency, as shown in Fig. 1. (In the revised version of the system being
implemented in 1989, a MicroVAX-III computer and GPIB interface will be used
in place of the Macintosh II and IOtech controller. The MicroVAX will be used
for other instrumentation tasks as well.)

Time and Frequency Response

The low-frequency response of the CERN BPM for a stable beam
(production conditions) when the comb filter was not used is shown in Fig. 2,
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SRPM43 CERNBPM

9

Bandpass
filter

.owpass.
filter

75 MHz

1 O
J ry—

Tektronix
RTD 710
digitizer

lOtech
GPIB

interface

Macintosh
II

computer

Fig. 1. Schematic diagram of equipment used to process and record BPM
signals.

and the response with the comb filter is shown in Fig. 3. Only the PSR
revolution frequency, 2.795 MHz, is prominent in Fig. 2, but in Fig. 3, betatron
sidebands are clearly seen. The spacing of these sidebands indicates that the
fractional tune for the ring was about 0.2.

The signal envelope for the vertical difference signal from a stripline
pickup (SRPM43) is shown in Fig. 4. The time range shown, 327.7 us, is the
maximum that the RTD 710 digitizer can record when running at its fastest
sample rate, one sample each 5 ns. The data are for the time period near the
peak of the instability of an unstable beam, and following the peak. (Time zero
on the plot is well after the start of injection of beam into the ring.)

The position signal for a short interval before the peak of the
instability is shown in Fig. 5. The pattern is similar enough from turn to turn
that one can distinguish three turns of the beam bunch in the 1.1 jis shown.
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Data from "#e-f3"

I

Fig. 2. Power spectrum for CERN BPM horizontal position signal with no comb
filter for a stable beam. Vertical scale is in arbitrary units.

CM

Data from "#f-f2"
CERN hor. BPM w. comb filter, amp.; 20 ns

1 2 3 4 5

Fr«q.(MHz)

Fig. 3. Power spectrum for CERN BPM with comb filter for a stable beam.
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Data from "#17-tf
400

S.
o

0»

55

50 100 150 200 250 300 350

-200-

-400

Fig. 4. Signal envelope vs time for stripiine pickup SRPM43 vertical difference
signal near and following the peak for an unstable beam.

Data from "#17-t3"
400

200

-200-

-400
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 5. Time signal for 1.2 microseconds, which is about 3 turns around the
ring.
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The frequency spectrum for the signal of Fig. 4 is shown in Fig. 6. The
comb filter and a low-pass filter were used in the measurement. The comb filter
may not have been set correctly for this measurement, as the harmonics of the
revolution frequency seem less suppressed at high frequency than they do at
low frequency. The cutoff of the low-pass filter can be seen at 80 MHz.

Data from '^17-fi1
SRPM43 v diff. band 1, peak of instab.

20 80 1004 0 - 60

Fr»q. (MHz)

Fig. 6. Power spectrum for the signal shown in Fig. 4.

Data for two higher frequency bands were also measured (for
different, but similar beam pulses). The results of combining the frequency
spectra for these data are shown in Fig. 7. In addition to the lines at the
harmonics of the revolution frequency, there is a prominent set of betatron
lines interspersed with these near 160 MHz. The local oscillator was not set
correctly for the higher bands, which meant that the harmonics of the
revolution frequency did not fall on the notches of the comb filter. Hence some
of the betatron lines near 160 MHz are quite strong. These betatron lines
suggest that perhaps the instability is of the e-p type.
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Data from
"#17-f1" I Data from

"#18-f1"

Data from
"#19-f1"

20 40 60 80 100 110 130 150 170 190 210

Freq. (MHz)

Fig. 7. Composite power spectrum made by combining the results for
measurements for three frequency bands.

Data from "#17-f2"

O)

Fig. 8. Low-frequency segment of power spectra for the signal shown in Fig. 4
(unstable beam).
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Examination of the portion of the frequency spectrum near the
revolution frequency, 2.795 MHz (see Fig. 8), reveals not only betatron lines
(indicating a fractional tune of about 0.2), but a set of quadrupole lines.
(Compare Fig. 8 with Fig. 3.)

It was desired to see if the quadrupole lines grew in strength as the
instability developed. The signal for the time region before the peak of the
instability (obtained in a different measurement) is shown in Fig. 9. (Injection
starts near time zero on this plot.)

Data from "#16a-tr

600

I

-200-

-400-

-600
350

Fig. 9. Signal envelope before the peak for an unstable beam using SRPM43
vertical difference output.

The frequency spectra for different time ranges within the time range shown
in Fig. 9 are plotted in Fig. 10. Only a peak at the revolution frequency is
evident for the first interval. In the next interval, 50-90 us , betatron lines
appear, and in the last two intervals, there is at least the suggestion of
quadrupole lines as well.
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Data from
"#16a-f8-11"

10

(b-28000, c-4096:140.00 to 160.48 us)

(b-20000, c-8192: 100.00 to 140.96 us)

(b-10000, c«8192: 50.00 to 90.96 us)

(b-0, c.8192: 0.00 to 40.96 us)

SRPM43 vertical diff., band 1

Fig. 10. A series of power spectra for different time intervals for the signal of
an unstable beam shown in Fig: 9. The spectrum for the earliest time
interval is at the bottom of the figure, and for the latest, at the top.

References

[1] R. E. Shafer, G. Swain, H. A. Thiessen, R. Macek, G. Mackenzie, and W.
Rawnsley, "Beam Position Monitor Upgrade for the Los Alamos Proton
Storage Ring," submitted for publication in the Proceedings of the 1989
Particle Accelerator Conference, Chicago IL, March 20-23, 1989. (Los Alamos
National Laboratory preprint LA-UR-89-1406.)

200



BEAM POSITION MONITOR UPGRADE
FOR THE LOS ALAMOS PROTON STORAGE RING

R. E. Shafer, G. Swain, H. A. Thiessen, and R. Macek
Los Alamos National Laboratory

G. Mackenzie and W. Rawnsley
TRIUMF

INTRCX3UCTION

The beam diagnostics for the Los Alamos Proton Storage
Ring (PSR) are being upgraded in several areas, including the
closed-orbit beam position system, the high-frequency
longitudinal and transverse beam diagnostics, and the extraction-
line beam-position monitoring system. This paper describes the
basic design of these new systems.

The PSR is a separated-function proton storage ring1

designed to accumulate up to 2800 turns of injected 800-MeV
protons from LAMPF, producing an average circulating current
exceeding 20 A. This stored beam, up to 5 x 1 0 1 3 protons, is
then extracted in a single turn for pulsed neutron research. The
PSR revolution frequency, 2.795 MHz, is the 7 2 n d subharmonic
of the LAMPF beam-bunching frequency, 201.25 MHz.

The PSR rf system is a single cavity operating at the
revolution frequency. The injected beam is chopped so that there
are about 18 empty 201-MHz rf buckets out of 72, leaving a gap
of about 90 nsec in the circulating beam. The rf system serves
the purpose of maintaining this gap so that beam losses can be
minimized during the single-turn extraction.

Since the longitudinal emittance ellipse of the injected beam
is not matched to the rf bucket, the injected beam undergoes a
bunch rotation during the storage cycle (synchrotron period
about 1200 usec). This causes a coherent head-to-tail variation
in the beam momentum, which in turn becomes a head-to-tail
displacement in the high dispersion areas (about 2.4 cm
per % Ap/p). This head-to-tail displacement is estimated to
be about ± 0.3 cm, to be compared to the total measured dynamic
aperture of ± 4 cm.

The present closed-orbit beam-position measuring
system2 is based on detecting the 201-MHz modulation on the
injected beam, which disappears in about 10 usec, due primarily
to the momentum spread of the beam {about ± 0.1%), and the
consequent spread in the revolution frequencies. Thus, although
the first few turns of injected beam is monitored with the

. present system, the main body of the stored beam, which has
lost its 201 -MHz component, is not. In order to monitor the
position of the stored beam, the ring beam-position system is
being re-designed to operate at the revolution frequency,
2.8 MHz.

Like the PSR, the extraction line beam diagnostics also are
based on detecting the 201-MHz component. Since the bunch
shape is only roughly controlled by the PSR rf system, there is
no well-defined 201-MHz structure present. The new design for
the extracted beam-line diagnostics incorporates ballistic
integration of the beam-bunch current signals prior to signal
processing, leading to a position centroid which is a current-
weighted average rather than being a time-averaged position.

The 20 beam position monitors in the PSR ring 2 are four-
electrode 50-ohm striplines, each 34 cm long and 40° wide. The
sensitivity of the pickup to beam displacement is about 0.66 dB
per mm of beam displacement from the center. The downstream
ends are back-terminated, and the signals taken off the upstream
end. The beam signals are proportional to the derivative of the
circulating beam current. Use of impedance-matched striplines
is necessary to assure allowable longitudinal and transverse

coupling impedances at all frequencies likely to lead to beam
instabilities. The large stored-beam currents, up to 60 A peak,
produce substantial beam signals in the siripline electrodes at all
harmonics of the revolution frequency.

Circuits using two signal processing techniques were
constructed and tested on the PSR. Synchronous detection of the
signals from the electrodes requires mixing each electrode signal
with a local oscillator, which is phase-locked to the rf buncher
cavity. The two detected signals are then low-pass filtered,
followed by difference-over-sum processing to produce an analog
signal representing the beam position.

Amplitude-to-phase modulation conversion (AM/PM),
based on a system designed at Fermilab3. was also evaluated. In
this method, the amplitude ratio is converted to a phase
difference at 2.8 MHz, end the phase difference is measured.
In this technique, no local-oscillator signal is required.

The AM/PM circuit tested used bandpass diplexer filters to
remove all but the 2.8-MHz fundamental harmonic, as shown in
Figure 1 . A 90-degree phase shift is created by a bridged T " all-
pass filter. The signals were then split and recombined in
quadrature to convert the input-signal amplitude ratio to a phase
difference with a conversion gain of about 6.6 degrees per dB of
input amplitude difference. Specifically, the phase variation &e
at the output is related to the input amplitudes V + and V. by the
relation

A8 - 2 tan"1 (V+/V-) - jt/2.

The limiter circuit design used in the tests on the PSR
consisted of three stages of emitter-coupled-logic differential
amplifiers with a gain of about 400. Trie limiter outputs were
processed with a double-balanced-mixer linear phase detector,
followed by a 400-KHz low-pass filter. Since the final limiter
design must have a higher gain, the li.niter design win probably
be based on available fast high-speed amplitude comparators such
as the Plessey SP9685.

FIGURE 1. Block diagram of the amplitude-to-phase conversion
circuit being considered for the new ring closed-orbit system.

In both the difference-over-sum and AM/PM signal
processing techniques, the head-to-tail radial beam displacement
mentioned above creates some signal phase shifts which need to be
considered. Specifically, since the beam intensity signal and the
head-to-tail signal are both at 2.8 Mhz and in quadrature, there
is a small offset in the processed position signal.

Both circuits were built and tested on the PSR using either
stripline or capacitrve type pickups. The analog position signals
were filtered to remove the 5.6-MHz signal {AM/PM circuit) or
the 2.8-MHz (synchronous detector circuit) signal. Bold
circuits yielded the same absolute position to about ±0.5 mm.
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Some motion in the horizontal position (less than 1 mm) was
observed during the storage cycle. This may have been due to
electronic processing errors, synchrotron oscillations, or dE/dx
losses in the stripper foil.

QTHER FUNG DIAGNOSTICS

Other beam-position pickups in the ring diagnostics
upgrade include a four-electrode, wide-band stripline
pickup with a 0- to 800-MHz response, and two dual-axis
capacitive-type pickup electrode structures separated by
about 90 degrees of betatron phase advance. The stripline
pickup, which produces a highly differentiated signal, will be
used for investigation of high frequency effects, such as
longitudinal and transverse beam microwave instabilities. The
four capacitive pickups, which are diagonally-cut cylinders to
provide a signal highly linear in beam displacement from the
centerline, are shunted with sufficient capacitance to provide
signals that are representative of the circulating current. They
will be used for measuring injection steering and direction
errors by observation of betatron oscillations, energy- and
phase-injection errors by observation of synchrotron
oscillations, turn-by-turn position measurements, evolution of
transverse-phase-space ellipses, fractional-tune measurement
using fast Fourier transforms, and other low-frequency
measurements.

The capacitive pickup electrodes, with shunt capacitance in
the range of 2 nF in parallel with a 1 Megohm resistor, need to be
impedance-matched to a 50-ohm transmission line by a rad-
hard active amplifier circuit within about 30 cm of the pickup
electrodes. The present plan is to use an Amperex 7788 tetrode,
which has a transconductance in the range of 50,000 umhos, as a
cathode follower. The cathode-follower frequency response is
expected to be flat up to about 100 MHz. The stripline electrodes
drive 50-ohm cables directly.

In order to minimize electron-trapping and possible
secondary-electron emission by trapped electrons hitting the
beam pipe wall during the gap in the beam, the present closed-
orbit stripline electrodes will be modified so they can be biased
with a clearing field voltage up to about 1 kV, and maintain the
50-ohm back termination. At present, there is no clearing
electrode system installed in the ring. In addition, since the
present aperture limitation seems to be in the electrodes
themselves, the plan is to increase the pickup aperture.

The wide-band signal processing system used with these
pickups is shown in Figure 2. High-frequency bands are down-
converted to a 0- to 75-MHz baseband with a local oscillator
phase-locked to the 201 -MHz injection modulation. A comb
filter, with 30 to 40 dB deep notches at every harmonic of 2.795
MHz, attenuates the revolution harmonics to allow better
measurement of the betatron sideband structure. These signals
are digitized in a 10-bit, 200-MHz-sample-rate transient
waveform digitizer with a 64k buffer memory 4 . An 8-pote
75-MHz low-pass filter is included to prevent signal aliasing.
The large buffer memory allows digitizing up to 320 (isec of
beam storage time in the PSR. After the data are digitized and
stored, they are transferred to a Micro VAX computer for FFT
analysis.
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FILTER

LOCAL
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1
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MIXER
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INTERFACE •

MACINTOSH I !
COMPUTER

FIGURE 2. Block diagram of the high-frequency signal
processing circuit used with the transient-waveform digitizer
and the fast-Fourier transform analysis.

EXTRACTION LINE

The exiracted-beam pulse is a single 270-nsec-long beam
bunch containing up tp S x 1 0 1 3 protons with no well-defined
rnicrostructure. The present beam position system, based on
detecting the 201-MHz component, will be replaced with a new
system that uses ballistic integration to derive signals
proportional to the total charge in the beam bunch. The ballistic
integration is followed by log-ratio processing to provide a signal
nearly linear in beam displacement from the center. A block
diagram is shown in Figure 3.

LOG sun

FIGURE 3. Block diagram of the ballistic integrator, log-ratio
beam position circuit being designed for the extraction line.

Ballistic integration is basically shock-excitation of a
passive, tow-frequency, high-Q resonant circuit. If the period of
the resonant circuit is of the order of 50 times the duration of
the excitation signal (here about 270 nsec). the maximum
voltage developed across the circuit is independent of the detailed
temporal waveshape of the instantaneous current, and dependent
only on the total charge. For the above case, with a beam bunch
about 270 nsec long, an LC circuit with C - 2 nF, L - 1.26 mH,
and O -35 provides a damped resonant signal with a period T -
10 usec. A quarter of a period after passage of the beam pulse,
the voltage on the capacitor is

where x is the beam displacement from the center, the constant is
a parameter depending on the electrode geometry and the beam
velocity, and l(x,t)-l(o,t)'(1 ± kx) is the excitation current.
The integrated individual electrode signals are then held in a
samp/e-and-hold circuit and processed by two log-ratio circuits
with large amplitude dynamic ranges.

One of the features of the ballistic integration of the
individual electrode signals prior to the log-ratio processing is
that the resultant position signal is a current-weighted value
rather thai, the normal time-average value. Specifically, the
position signal is approximately of the form

<*> = •

, t)dt

\l{o,t )dt

In accelerators where beam currents are very high and
minimization of beam losses are important, current-weighted
position averages are important considerations.

Commercial single-chip log-ratio circuits with three-
decade, 0.5% linearity and with bandwidths in the 100s of KHz
are available commercially. Four-decade dynamic range can be
obtained using discrete matched-transistor pairs in feedback
loops of precision operational amplifiers, followed by a
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difference-amplifier circuit with the proper temperature-
dependent gain to cancel the temperature dependence of the log
transistors.

The advantage of the log-ratio circuit in the position
channt I is that it provides a signal proportional io the ratio of the
two signals, and therefore independent of the extracted beam
charge. In addition, it is nearly linear in the displacement of the
beam from the centerline. To linearize the displacement, a
computer-based lookup table will be used. The log-sum circuit
for the beam intensity signal is basically a dynamic range
compressor, which can compress a three-decade dynamic range
of beam intensity into a voltage range that can be digitized by a
10- or 12-bit ADC.
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Low Frequency Processing for PSR Beam Position Monitors

AHF Workshop Report presented at Los Alamos, Feb. 24,1989, revised May 17,1989
W.R. Rawnsley and G.H. Mackenzie
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Introduction

The beam is injected into the Proton Storage Ring (PSR) as a train of sub-nanosecond pulses at the linac
frequency of 201.25 MHz. This frequency component is sensed by 20 pairs of 200 MHz stripline beam position
monitors and multiplexed to an autocorrelation position processor. The analog position information is sampled,
digitized and stored under the control of tuning circuits. Beam position histograms from sets of monitors are
displayed in the control room. Measurements show that the amplitude of the 200 MHz component is constant
during the fill indicating that the strength of the most recently injected beam does not drift during the fill. This
structure begins to disappear 20 to 30 turns after a particular batch of beam has been injected. The low frequency
components, however, persist and might be used to measure the position of the accumulated beam. We report
calculations and experimental results for some low frequency processing systems.

Beam Dynamics and Computer Simulation

The PSR was designed to fill vertical phase space by slowly lowering the position of the synchronous closed orbit
during the beam accumulation with sweep magnets. These were not operational at the time of die experinent,
consequently the ring accumulated a beam which was hollow in vertical phase space and the beam pick ups saw a
charge distribution that, if projected into a vertical plane through the beam pipe center, consists of two bands of
relatively high charge density above and below the beam axis separated by a region of relatively low density on the
axis. Fig. 1 shows an ACCSIMx simulation of the injection distribution.

The period of a synchrotron oscillation is comparable to the accumulation time; Qg = ~ 10"3. Extraction
normally occurs immediately after completion of a fill, however, for diagnostics purposes beam may be injected for
a short time, eg. 0.1 ms, and stored for times on the order of 1 ms. At any given time the longitudinal phase space
is populated by a horizontal band of the most recently injected beam together with the previous bands rotated
through a continuous distribution of angles depending on their time of injection, fig. 2. The ring has a dispersion of
around 2 m in the vicinity of the beam pick ups. Consequently the mean horizontal position of the beam within the
bucket has a strong dependence on phase angle (head to tail displacement). The dependence of mean position on
phase within the bucket is strongest for the stored beam example, fig. 3.

We would like an eventual precision of less than 1/2 mm for the position of the projected mean of the particle
distribution. The particle ensemble has a mean position, x(fl), with an anti-symmetric or sinusoidal first harmonic
component whose amplitude is much larger than the required precision. One is concerned that this large sine like
signal, which should average to zero, should not affect the validity of inferring the average beam position from only
a low frequency component. While the beam bunch occupies most (250/350) of the circumference in the
operational mode, it may be easily shortened for beam dynamics experiments.

P.S.R. Beam Pick Ups Used for the Experiment

SRPM 4.3 The left, right, down and up signals of this 400 MHz stripline lead directly to the control room without
intermediate conditioning.

CERN Capacitive Pick Up This monitor 2 consists of a ceramic cylinder with copper and gold plated electrodes on
the inner and outer surfaces. The dielectric gives the device a high capacitance per unit length and this lowers the
cut off frequency and avoids producing signals of very high voltage. The high capacitance is acceptable in die proton
storage ring because of the very intense circulating beams. The pick-up electrodes have a capacitance of 530
picofarads and cables add 120 pF. One megohm input impedance amplifiers situated below the PSR ring take the
signals from the left, right, up and down plates and form three signals corresponding to die sum of all die plates and
the difference left-right and up-down. Each amplifier produces a positive and negative signal of equal amplitude,
both of which are carried individually to the control room where the difference between positive and negative are

_ _ . formed for common mode rejection.



NIM Modules Constructed at TRIUMF (see appendix 2 for block diagrams)

AM/PM Converters

- diplcxer bandpass filters select the first harmonic at 2.8 MHz

- a 90 degree phase shift is created in one channel by a bridged "T" all pass filter
- Mini-Circuit splitters and combiners add and subtract the signals vectorially to convert the amplitude information
to phase information

- phase = 2 * arctan (A/B)

Limiters and Detector Module

- dual channel limiter amplifiers with a gain of about 400 are used
- allows processing of signals from a few millivolts to hundreds of millivolts as the beam accumulates
- each channel uses three emitter coupled logic chips connected as differential amplifiers
- a linear double balanced phase detector IC consisting of transistor switches is used
- the detector output is low pass filtered to remove the 2.8 MHz and its harmonics
- a DC amplifier boosts the output level

Synchronous Detector Module

- diplexer bandpass filters select the first harmonic at 2.8 MHz
- a reference signal is required to be provided externally to the module
- the reference signal required is 2.8 MHz at +10 dBm
- the phase must be locked to the machine phase and must be adjusted for each monitor position in the ring
- the inputs signals and reference signal are combined in Mini-Circuit high efficiency hot carrier mixers
- the mixer outputs are filtered to remove the 2.8 MHz and its harmonics
- DC coupled amplifiers boost the output signals

Beam Position Circuit

- performs the function 5*(A-B)/(A+B)
- converts the output of the synchronous detector to position
- the amplitude information is normalized out
- the denominator is clamped at low level to prevent the output from saturating before and after beam accumulation
- the DC accuracy is about 2% and the bandwidth about 400 KHz

Experimental Program

The experimental program had two aims. The first was to commission the electronic modules in situ and to
confirm their design characteristics. The second was to compare different modes of operation of the PSR and its
equipment to see whether processing only the low frequency component of the beam pick up signals gives a reliable
measure of beam behaviour during accumulation of the entire ensemble of particles.

Experimental Results
Sensitivity

Sensitivity was measured by displacing the closed orbit at the pick ups and assuming that the displacement of the
accumulated beam was the same as that measured by the 200 MHz striplines, ie. that of the most recently injected
beam. The following table shows the sensitivities at the end of a 30 uA fill. Details of the calculations are given in
appendix 1.
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Pick Up

SRPM 43 stripline
SRPM 4.3 stripline
CERN capacitive

Stripline Data

Processor

AM/PM
Synchronous
Synchronous

Sensitivity
Measured Exoected

3.45
6.45
11.5

253
4.93
11.6
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Raw data from the SRPM 4.3 stripline was digitized to 10 bits resolution with 5 ns between samples 3. A complete
set of data was taken for one of the four electrodes and then the digitizer was assigned to another electrode.
Consequently, we do not have data for all the electrodes at the same instant of time, although the machine's
condition was fairly stable, being regular operation at 30 microamps. The 64 K digitizer did not permit
accumulation right to the end of the fill time with this 5 nanosecond resolution. The 5 nanosecond data acquisition
interval means that reliable information was obtained only at frequencies of less than or equal to 100 MHz (Nyquist
Theorem). The digitized data for the right plate is shown in figure 4.,

The output of the 400 MHz stripline is the difference between the beam signal at some point in time minus that
signal 1.25 nanoseconds earlier: in other words, a strongly differentiated output. The original beam intensity I(t) or
line density was restored by integrating this signal digitally. The intensity, in absence of significant loss, would be
expected to increase by 358 ns/tacc each turn during the fill. Over a short period of time it will be relatively
constant. One may notice, however, that the integrated shape varies on alternate turns. There is also some long-
term, with respect to the revolution time, base line drift. These effects were removed by a manual straight line
subtraction over the period of a few turns. A second digital integration gives the total charge induced on the plate.
This rises stepwise between turns as the beam accumulates. The jitter in the difference between steps of the doubly
integrated signal gives a measure of the precision of this process. An example of the stages of this integration
procedure is shown in figure 5.

This offline procedure to find the total charge induced on the electrode per turn is a wideband technique, utilizing
all frequency components of the beam from about 1 MHz to 100 MHz. In order to obtain beam position, the
difference over sum of charge per turn was calculated and is shown in figure 6. The results are consistent with no
stored beam position drift during the accumulation.

Next, the amplitude of the 2.8 MHz component only was used to calculate the difference over sum, in fig. 7. This
is a narrowband technique and the results agree with the wideband technique to within about 1/2 mm.

A Fourier analysis of the raw data, fig. 8, revealed unexpected frequency components at less than 2.8 MHz. The
data was integrated and a running average over 288 samples subtracted. The time between peaks was plotted in
figure 9 and shows beating with the subharmonics, greatest early in the accumulation. The running mean width of
288 channels was chosen to average two cycles of the odd-turn, even-turn effect

The AM/PM electronic processor system was used with SRPM 4.3 to yield real-time position measurement
The horizontal position and intensity signals from the electronic modules with the buncher on are shown in figure
10. The intensity signal does not rise linearity during the accumulation as it has been filtered to pass only the 2.8
MHz component. The 400 KHz bandwidth of the electronic modules is equivalent to a response time of constant of
1 microsecond, i.e. several turns. Some 5.6 MHz generated by the phase detector remains in the position signal due
to incomplete filtering. The position signal does not become accurate until about 50 us into the accumulatioo due to
lack of signal. This may be improved substantially by the use of preamps or by using more modern limber
amplifiers. The horizontal position signal indicates less than 0.25 mm drift during accumulation. Appendix 3 is an
analysis of the error caused by the head to tail displacemnt.

CERN Capacitive Pick-up

The difference and sum signals were recorded simultaneously using a LeCroy 9400 digital oscilloscope and screen
dumps were made to a plotter. The plots were redigitized at TRIUMF using a Hewlett Packard optical page
scanner, fig. 11. Off-line wideband processing was accomplished by dividing the difference signal by the sum signal
on a sample by sample basis, i.e. as a function of longitudinal phase. An arbitrary threshold of 10 m V was set on the



sum below which the dividend was set to zero. Off-line narrowband processing utilized a Fourier analysis to obtain
the amplitude of the 2.8 MHz component.

Data were taken 5 times during the accumulation of a centered beam with the buncher off. The off-line
processing was repeated with the wideband result shown in figure 12 and the narrowband result shown in figure 13.
The two techniques agree in absolute position and indicate no stored beam position drift during accumulation. Data
taken with buncher on were digitized 4 and the two off-line procedures applied, figs. 14 and 15.

The off-line wideband processing technique used on the CERN monitor data gave equal emphasis to the position
of the beam at the low intensity phases of the bunch as well as the peak of the bunch intensity. The mean of the
difference signal should be the projected mean of the entire ensemble of particles. An improved off-line technique
might divide the mean of the difference signal over several turns by that of the sum.

The synchronous detector system was used with the CERN monitor to obtain real-time position measurement.
The BPU signal is mixed with a cosine wave phase locked to the buncher frequency of 2.795 MHz. This produces a
quasi dc output. The phase of the reference signal was adjusted to maximize the strength of the output from the
sum channel at the same point during accumulation, usually the end of accumulation. Note that the prior
conditioning of the CERN signals within the PSR tunnel prevented the use of the AM/FM processor as
implemented and only the synchronous processor was used with this monitor.

The vertical position signal and an intensity signal are shown in figures 16 and 17 for buncher off and on. The
position drift from 100 to 370 us is equivalent to less than 1 mm and may be due to electronic processing errors.
Figure 18 shows the horizontal position signal from the synchronous detector system (divided by 5) for 3 values of
beam bump. The position drift from 100 us to 370 us is equivalent to about 2.5 mm. The apparent position drift
during accumulation may have been due to electronic processing errors. The synchronous detector system was
designed to use a pair of signals of similar amplitude and phase. The CERN monitor signals, however, were
available only as a difference and sum. Figure 19 shows that for a well centered beam .the sum signal may be 30
times greater than the difference signal. In this case, electronic errors due to dc offsets and compression do not
cancel out as they would for more balanced signals. Figure 20 shows a phase difference between the diffence and
sum signals which varies through the accumulation. A small phase difference between two signals of similar
amplitude results in a large phase angle when they are subtracted. Systems using the plate signals directly may be
less sensitive to this type of error. The off-line narrowband processing of the horizontal signals (figure 13) did not
show any position drift.

Conclusions

Principles

- The existing striplines, though designed for maximum signal pick up at 200 MHz, provide sufficient signal at 2.8
MHz for processing at 50 us (150 turns) or earlier from the start of accumulation.
- The off-line wideband and narrowband processing techniques gave no indication of stored beam position drift
during accumulation. The small drifts in horizontal position seen in the module outputs can be explained by
imperfect processing schemes and electronic error.
- Off- line wideband and first harmonic processing techniques gave the same absolute beam position within 1/2 mm.
- Wideband processing of the stripline signals is possible, but difficult due to sensitivity to baseline error. The
restored baseline zero alternates from turn to turn and has long term drift.
- The striplines, or other high frequency devices, may not be the ideal general purpose position detector for a low
frequency machine such as the PSR. The output signal has extended portions close to zero at the time when the
intensity is at a peak. The maximum output occurs at the end of the bunch where the line density is falling or rising.
They may be very useful devices for beam dynamics studies.
- There may be an artifact or a real beam phenomenon which alters the position distribution of a portion of the
beam at a sub-harmonic of the rotation frequency.
- Operational requirements may differ from beam dynamics. The former are probably more concerned with beam
loss and may prefer an indicator proportional to the mean difference signal over a bunch. This is automatically
weighted by beam intensity. Beam dynamics may prefer a signal normalized by 1(9) which gives equal weight to all
phase intervals in a bunch, no matter what their charge population. Processing at the first harmonic gives a signal
proportional to the former.
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Technical

- It was possible to calibrate both narrowband electronic systems against the 200 MHz BPM system by »*sing
programmed beam bumps.
- The AM/PM system seems to have an accuracy of better than 1 mm, though the tests done were insufficient to
have confidence in this figure.
- The synchronous detector system was accurate to only 2 mm in the horizontal plane. The system was designed to
operate with input signals of similar amplitude and phase. While the quasi dc Beam Position Circuit has good
resolution, the rf (mixer) section does not. Hence any further work with difference signals pre-formed in the PSR
tunnel should at least use an rf amplifier to boost their amplitude to a value similar to the sum signal. Preferably,
the raw signals could be brought out.

- A capacitor should be provided at the input to block the approximately 500 microamp dc current from the CERN
monitor. This is thought to arise from stray charge in the beam pipe.
- There is some evidence that the broadband CERN monitor system still differentiates fast signals.
- The electrical center of some of the devices (SRPM 43 and CERN monitor) may be off center by 1 or 2 mm. The
center being defined by the usual machine tune and the 200 MHz striplines.
- A button should be provided in the control room to momentarily reverse left and right or up and down input
signals in order to check display zero.

Future Experiments

- Repeat an abortive experiment which compared the position of coasting beams and bunched beams of various
phase widths.
- Amplify pre-formed difference signals to improve signal to noise or use raw signals.
- Endeavor to observe the loss (beam intercepted) signal from the adjustable scrapers as a function of phase. A
Cerenkov monitor should give the required resolution and be less affected by background particles.
- Digitize the SRPM 4.3 signals again, using interleaved sampling of each pair of striplincs so that phase dependent
effects can be studied further.
- Investigate the 2.8 MHz signals early in the accumulation process in order to determine the point in the
accumulation at which signal/noise yields an accurate position measurement.
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Fig. 1. The injection distribution assumed for the ACCSIM simulation.
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Fig. 2. The beam distribution in the PSR 300 us after the start of accumulation. Note the two bands in the
projected X-Y real space and that, while the projected intensity distribution is symmetric about 0=0, the
distribution in energy is not.
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Fig. 3. The mean horizontal position of the beam (mm) as a function of 0 (deg.) at 200 us and 400 us after the start
of accumulation for a beam accumulated between 0 and 100 us, (ACCSIM simulation).
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Fig 4. The raw signal from the right stripline of SRPM A3 digitized as 64K samples 5 ns apart with 10 bit
resolution.
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Fig. S. Three stages in the off-line wideband processing
method.

a) The digitized signal from the stripline at 150 us into
the accumulation. Data is shown for ten turns.

b) The integral of a). The "baseline" is at ~ -1000, the
bunch length is 3 times wider than the kicker gap.

c) Th-. integral of b). The steps correspond to the total
charge induced on the stripline each turn.
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Fig. 6. The results of applying the off-line wideband processing of the stripline data at 6 times during the
accumulation, where beam displacement « 493 / 2 mm * diff / sum. The technique is subject to large errors due
to the variation in the computed beam off voltage from cycle to cycle.
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Fig. 7. The stripline signals were Fourier analyzed at 6 times during the accumulation and the diff / sum of the
amplitudes of the 2.8 MHz component formed (narrow band processing). Since the four stripline signals were
digitized several minutes apart, intensity drift may have affected the measurements.

Fig. 8. Fourier analysis of the raw signal from the
SRPM 4 3 left stripline at 100 us into the accumulation
(7200 samples 5 ns apart beginning at sample 20,000).
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Fig. 9. The position of a portion of beam varies as a
subharmonic of the rotation frequency. Delta t is the
time difference (in 5 ns bins) between succcsive peaks.
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Fig. 10. The SRPM 4 3 stripline horizontal signals
processed by the AM/PM electronic system. The
upper trace is the position output (05 V/div) with a
sensitivity of 3.45 mm/V. The baseline of the upper
trace is two divisions from the top of the screen. The
processor does not measure accurately until 50 us into
the accumulation. The lower trace (50 mV/div) is the
filtered 2.8 MHz component of the right stripline signal
from a test point (-5 dB). The machine tune was for
normal operation (buncher on) at ~ 95 uA.
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Fig. 11. The CERN monitor signals at 300 us after the
start of continuous injection, with buncher off. The
upper trace is the horizontal difference signal (5
mV/div) over three turns. The baseline of the
difference signal is two divisions from the top of the
screen. The lower trace is the sum signal (50 mV/div)
with a baseline about 1/2 division from the bottom of
the screen. The unnormalized position signal drifts
about 15 mV along the bunch.
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Fig. 12. The off-line wideband processing method
applied to the CERN monitor horizontal signals with
buncher off. No horizontal beam position drift is
indicated.

Fig.13. The off-line narrowband processing method
applied to the same signals used for the previous figure.
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Fig. 14. The two off-line processing methods applied to
the CERN monitor horizontal signals with buncher on.
The two methods yield positions which differ by about
0.5 mm.

Fig. 15. Same as the previous figure, but applied to the
vertical signals. The two methods yield the same
results.
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Fig. 16. The synchronous detection electronic
processor with the CERN monitor vertical signals,
buncher off. The upper trace is the position output (0.5
V/div) with a sensitivity of 11.5 mm/V. The baseline is
one division from the top of the screen. The lower
trace is the intensity output from the processor (0.1
V/div) and is proportional to the amplitude of the 2.8
MHz component. The baseline is about 1.1 divisions
from the bottom of the screen.

TIME(50us/div)

Fig. 17. Same as the previous figure, except for
buncher on (long bunch mode ~ 150 ns).
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Fig. 18. The horizontal position output of the synchronous detector sytem using the CERN montor, buncher off.
The vertical scale is the output voltage divided by 5 giving a sensitivity of 57.5 mm/ V. Three runs are shown
superimposed. The beam position was shifted between runs by using a set of 4 steering magnets to create a beam
"bump".
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Fig. 19. The amplitude of the 2.8 MHz component is
much greater than that of the difference for a well
centered beam. Preamplification of the difference
signal would allow more accurate processing.

Fig. 20. The phase relation between the 2 £ MHz
component difference and sum signals varies during the
accumulation.
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Appendix 1 Sensitivity Calculations

1) Synchronous Detector System with Stripline Monitor

A,B
beam — > monitor — > mixers > 5 * divider — > V

x = beam position
r = electrode radius = 49.3 mm
A,3,V are voltages

V = 5 &H3 = 5 (1+2 x/rl - (1-2 x/r) = 10 X
A+B (1+2 x/r) + (1-2 x/r) r

X = 4.93 mm/volt
V

2) Synchronous Detector System with CERN Monitor

The CERN monitor split plates are shaped for a linear position
response of 0.28 dB/mm whereas the stripline response is 0.66
dB/mm.

0.66 /0.28 * 4.93 = 11.6 mm/volt

31 AM/PM System Sensitivity

R P
beam — > monitor > AM/PM > phase detector — > V

R = left signal amplitude / right signal amplitude
P = phase difference

R = 1+2 x/r 1+4 x for x « 1
1-2 x/r r r

dR = 4_ = 0.08114 /mm
dx r

P = 2 arctan R

dP = _2_ = 1 rad for R = 1
dR 1+R2

dV = 2 mA * 3830 ohms - ( -2 mA * 3830 ohms! =4.88 volts/rad
dP pi radians

d V = d V * d P * d R = 0.395 volts/mm
dx dP dR dx

dx = 2.53 mm/volt
dV
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APPENDIX 2 ELECTRONICS BLOCK DIAGRAMS
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Appendix 3 - AM/PM Processor Error Due to Beam Head to Tail Displacement

Assume that the beam has a cosine-like line intensity and a sine-like head to
tail displacement (mean horizontal position variation), fig. 1.

where 0 - longitudinal phase
Q(j») - beam charge
x(0) - beam mean horizontal displacement
d - average beam displacement
b - head to tail displacement amplitude

- 1 + cos 0
X(BT) - d + b sin 0

The charge induced on the left stripline electrode is

Q L ( * O " Q 0 O I 1 + Z ^ 0 0 ] where Q L ( 0 ) - charge on left plate

r Q R ( * ) ~ charge on right plate

r - radius of striplines
- 2k sin 0 + (1 + 2£) cos 0

r r

and the dc and 2nd harmonic terms (1 + 2<2 + b_ sin 2#) have been dropped.
r r

Similarily - -2k sin * + (1 - 2£) cos 0
r r

These signals are applied to the AM/PM processor (see diagram in appendix 2).
The two resulting signals, u and v, which are fed to the phase detector are

u - C cos(0 - <*) where

v - D cos (I -4 )

- arcsin r + 2b - 2d

(2)V2[(r + 2b)2 H

and a - arcsin -r + 2b + 2d

r - 2b)2

The phase detector output can be converted to a position signal p, where

p - £ . 1 - tanTf*-A )/21 would be the measured average beam displacement.
2 1

This yields the corrrect average position d only when b - 0. Figure 2 shows p
versus b for d - -10, -5, 0, 5 and 10 mm. The error (p - d) corresponds to an
increase in sensitivity as the head to tail displacement amplitude increases.
For b - 5 mm the increase in sensitivity is about 4 t.

15

-15

Cd) 10

5

o

-s

- 1 0

10

s. 1 Fij. 2
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Thoughts on

H- Injection
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a presentation for
AHF ACCELERATOR WORKSHOP
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The Problem

Given a Fixed Laslett Tune Shift

Find a Painting Algorithm

To Minimize Apertures (losses)

Oi
O

lainm*
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Use Proposed AHF Compressor!

•(3 = 3 meter double waist at stripper

• no dispersion at stripper

• 1600 MeV proton beam

• linac "rms phase space" = 0.30 % mm-mrad

rms momentum spread = 0.025%

h = 1 "barrier bucket" rf

U
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Injected Beam Distribution |

use 3x2 dimensional gaussian distribution
- (x,x'),(y,y'),(dp/p,t)

80% of beam in Gaussian with "rms" distribution

20% of beam in a 4x larger Gaussian

Injected beam at injection point is waist
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Title
LAMPF Transverse Beam Model

o
3
S

B Gaussian

• Norm Integral

B Rev Integral
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Some Numerology

LAMPF Beam Projected to 1.6 GeV

- 0.3 n mm-mrad (geometric)

-15 n mm-mrad (at "7 sigma" point)

Space Charge Emittance of Compressor

- 26 K mm-mrad

Acceptance of Compressor

-100 7i mm-mrad
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Injection |

• Three Possible Matching Schemes

- mismatch with no offset (PSR)

- mismatch plus fixed offset

- match plus variable offsets

• gomparison runs

- same central density

- waist in linac beam at stripper
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Mismatch with No Offset |

Beta(linac)/Beta(ring) = 14.8

RMS Ring Phase Space =33 K mm-mrad

• Loss = 35%

Hits = 100%
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o
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Fixed Injection Offset j

• Injected Beam rms size = 1.95 mm

Beta(linac)/Beta(ring) = 4.1

• Injected Beam Offset = 5.6 mm

• Foil edge at y = 0

• Losses = 1.7%

H- Missing Foil = 1.6%

• Hits = 52.5 %
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Optimized Match |

Optimum Injection Matching
(1-Dimensional Offset)

1.8

1.6

1.4

0.6

y = 0.99931 + 0.59316x + 0.11577xA2 RA2 = 1.000

y = 0.99832 - 0.53297X + 0.18731 xA2 RA2 = T.00& -i

0.0 0.2 0.4 0.6 0.8
Offset as Fraction of Matched Size in Ring

1.0

— • — Ring Phase Spac
— • - - Beta Inj / Beta Ri

o
to
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Sqrt(t) Painting |

• Beam Maximum Offset = 8.0 mm

• Beta(linac)/Beta(ring) = 0.67

rms linac spot = 0.79 mm

• Foil Edge 2mm from beam center

• H- miss foil = 2.5%

• Lost = 0.04%

• Hits = 13.2% (x1/2 if corner foil ?)
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Painting Algorithm |
Relative Paint Offset vs Turn Number
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Calculated Distributions |

10'

I
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10 -1

10"'

10

Three Injection Strategies
for AHF Compressor

fr *

D
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+ •
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-15 0
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15 30

B SQRT(t)

+ Fixed Offset

• Mismatch
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AHF Compressor Compared to Gaussian

AHF Compressor Injection

10

• Norm Counts
• Norm Integral
• Rev Integral
• Gaussian
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Basewidthj

Best technique identified so far -
- sqrt(t) painting

at 1 part in 10000 (integral)
- 2.8 x space charge phase space

additional factors for
- x 1.33-2 for imperfect collimation
- closed orbit distortion
• vacuum chamber wall thickness
- clearance to pole tip

101
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Compare PSR X with AHF Mismatch

10

n Mismatch

• PSR Prod X

0
X(mm)
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A Compare PSR Y with AHF Fixed Offset |

10
-20

• Fixed Offset
• PSR Prod Y
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Momentum Distribution |

10000

Data from "dp/p paint.dat"
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Time Distribution |
Data from "time paint.dat"
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Conclusions for AHF Compressor!

• Extension of E. Colton Study

- including tails of injected beam

• Most significant difference in dp/p

- use triangle to avoid 'double hump1

• 100 n mm-mrad acceptance sufficient iff

- sqrt(t) painting

- and 3x 60 degree collimation

- otherwise, need 200 n mm-mrad

• To this must be added allowances for

- closed orbit

- vacuum chamber wall and clearance
to



JHP Compressor / Stretcher Ring and Its Injection Scheme

Isao Yamane

National Laboratory For High Energy Physics

1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305 Japan

Abstract

For the JHP compressor / stretcher ring, a higher symmetric FODB lattice was

proposed with an HO injection scheme, which adopted some new ideas on the stripper

magnet and the stripping foil to make both the mismatch of the injected beam to the ring

optics and the foil hitting probability small. This paper describes the H° injection scheme

after a brief outlook at the ring. The scheme is also analyzed in terms of the Los Alamos

PSR. Some considerations are also given to formation of the ring beam halo from the

distribution tail of the injected beam.

1. Introduction

The ring which we called the JHFI-A ring is now more often called as the JHP

( Japan Hadron Project) compressor/ stretcher ring, so I use the latter name in this paper.

We started a program of design study for the JHP compressor / stretcher ring in January

1988. The first three months were devoted to reviewing relevant important items and

several meetings were held to discuss those reviews. In April, seven subgroups were

organized to work the following items:

1. Orbit analysis and total arrangement,

2. Ring magnet,

3. RF system,

4. Injection and fast extraction system,

5. Slow extraction system,

6. Vacuum system,

7. Beam loss collecter.
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Then the first design work was undertaken untill July to clarify important ring parameters

to meet requirements for the JHP compressor / stretcher ring, problems to be tackled, and

financial estimates to realize them. On 7 and 8 July, a workshop was held and the results

of the design work were presented and discussed. A report of the design work [1] was

published in September. A brief summary of the report is given in the next section.

During this period, there were two impacts to the study. One was the '88 AHF

workshop held at Los Alamos in February. Especially the analysis of beam losses at PSR

[2], that was passed on to us by attenders of the workshop, let us know that how to inject

the 1 GeV H" beam into the ring was one of the central issues of the design study. Since,

we carefully studied to understand causes of beam losses at the PSR and searched for the

method to avoid such beam losses in the framework of a FODO lattice. The H° injection

method described in the section 3 is a result of these efforts.

Another impact was the design report by G. Rees [3] for the 1 GeV proton

compressor ring. It proposed a three sided ring with an H" direct injection method.

Although G. Rees's ring was a carefully designed ring, it seemed to be a little too small.

Of course, it was one of choices. However, it was desired for us to fully understand

about the compressor / stretcher ring and to experience designing it by ourselves.

2. Outlook of the JHP compressor / stretcher ring

The JHP compressor / stretcher ring is planned to supply 1 GeV proton beam with

an average current of 100 (lA to both N (Neutron science) and M (Meson science) arenas.

According to the requirements of both arenas, the function of the ring was settled as

follows. The ring forms in its circumference two beam bunches 200 nsec long from a

beam pulse which is supplied by a 1 GeV linac at a repetition rate of 50 Hz. The beam

pulse from the linac is assumed to be 400 jisec long and 10 mA high, and also to consist

of about 1200 micropulses 200 nsec long. One of the two beam bunches is extracted from

the ring just after injection and supplied to N arena. The remaining one which is destined

to M arena is further changed in the bunch length depending on the operation mode. In the

short bunch mode, it is further compressed to 20 nsec at the shortest and extracted by a

fast extraction method. In the continuous beam mode, it is stored in the ring for a period

as long as IS msec at the most and extracted little by litde with a slow extraction method.

There were many issues to be tackled in the design work, such as beam loss,

space charge effects, the H~ charge-exchange injection, the slow extraction, generation of

the extremely short beam pulse and so on. Because the proton number which this ring
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will supply to experimental arena is about 1015 every second, 0.1 % beam loss is almost

equivalent to loss of the full beam which is now accelerated in the KEK 12 GeV Proton

Synchrotron. Such a beam loss would produce a serious radioactivity around the ring and

introduce serious obstacles to operation and maintenance. Therefore, in the design work

not only many efforts are made to eliminate possibilities for the beam loss, but also

careful discussions are devoted to the remote hadling system which makes maintenance

services safe in areas with very high radioactivity.

With respect to the H" charge-exchange injection, we made a close inspection on

the injection condition of the PSE. after the '88 AHF workshop and we found that the H°

injection method might work well if we choose methods that are described in the next

section. On the other hand, the lattice of the ring which was closely connected with the

injection method was discussed also taking into account the following requirements. It

should have the longest drift space for the same circumference. It should have a

sufficiently large aperture. The beam energy 1 GeV should be below the transition

energy. The number of super periodicity should be sufficiently large. And so on. As a

result, a FODB type lattice with 16 cells was chosen. Then, it was considered whether

the H° injection method was applicable, since the short straight section of the lattice could

not contain the H~ injection system with a beam transport for the H~ beam which missed

the foil.

The main parameters of the ring as presently designed are shown in Table 1 and a

plan view is shown in Fig. 1. Optical parameters for one cell are also shown in Fig.2.

The ring looks very similar to the Los Alamos PSR. But it has a few important

differencies besides those based on the machine functions. At first, the circumference is

about twice as long as the Los Alamos PSR. By this fact, the turn number during

injection time to acumulate same amount of protons is reduce to a half. This is important

because the foil hitting number is reduced to a half. Secondly, the bending magnet is of

the C type instead of the H type of the Los Alamos PSR. This makes selection of the

injection condition more flexible, because the path of the H° beam is not restricted by the

hole in the yoke of the bending magnet.
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3. Injection scheme of the JHP compressor / stretcher ring

3.1 The HQ injection method

The H° injection method of the JHP compressor / stretcher ring has been

described in detail in a report [4]. Here I give only a brief description which will be

necessary for the later argument of this paper. The H° injection method is based on a two

step stripping using a stripper magnet and a stripping foil. In order to make the distance

between the stripper magnet and the stripping foil as short as possible, the stripper magnet

is placed just in front of the ring bending magnet and the stripping foil is inserted between

the bending magnet and the ring quadrupole magnet, as is shown in Fig 3. The polarity of

this quadupole magnet is selected as focussing in the horizontal plane so that the injection

plane is horizontal. The stripping foil is placed just outside the ring acceptance and a

bump orbit is formed in the horizontal plane during the injection so that the proton beam

formed by the stripping foil comes into the required emittance of the ring beam. The bump

orbit is variable in both horizontal and vertical planes to form a uniform beam by a proper

phase space painting.

As the experience of the Los Alamos PSR suggested, it is essential to take proper

care not only to make the mismatch small between the H° beam and the ring optics, but

also to make the foil hitting probability as low as possible. Thus some new ideas are

adopted. One is the above mentioned arrangement of the stripping foil. Besides, the

median plane of the stripper magnet is set in the vertical plane, and a comer foil is planned

to be used for the stripping foil. When the stripper magnet is set in that direction, the

mismatch is easily made small by forming the injected H" beam in the stripper magnet as a

waist in the horizontal plane and convergent in the vertical plane. As is described in the

next section, it is very favorable to the tolerance for momentum dispersion that not only

the mismatch is sufficiently small but also the HO beam emittance is not enlarged by the

stripping process in the horizontal plane. Furthermore it is also favorable for the foil

hitting probability that the size of the H° beam on the foil is small in the plane where the

beta function cf the ring beam is almost the maximum. The corner foil is a new element

and needs some new technical developements to be practical. The corner foil which we

are now developing is a double layer foil made by folding an annealed carbon foil. We

have made an irradiation experiment with 3 MeV nitrogen beam. The foil was given a 5

hour irradiation with the same energy dissipation rate as the JHP compressor / stretcher

ring. Although slight deformation took place, such a serious deformation or breakage that
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would make the foil useless did not occur. It would appear that the foil would last much

longer without serious damage; We think it is very promising.

Fig. 4 shows the H° beam injection into the emittance ellipse of the ring beam.

Also, Table 2 shows the main parameters of the 1 GeV H" beam and Table 3 shows the

beam parameters at the stripper magnet and the stripping foil location. The value 1.44

Trmmmrad for the 100 % emittance of the 1 GeV H" beam is the value we received from

the design group of the 1 GeV linac. The envelopes of the H° beam which are written in

Fig. 4 are those of the 100 % beam on the foil after deformation due to the stripper

magnet and drift between the stripper magnet and the stripping foil. For the phase space

painting the bump orbit is varied in a proper way between (17.786,2.085) and (0,0) in the

horizontal and also between (7.965,-1.972) and (0,0) in the vertical plane. To

characterize the bump orbit variation, we estimated the foil hitting probability as the mean

ratio of the beam area intercepted by the foil to the beam cross sectional area weighted by

the instantaneous proton number. With a comer foil these values are about 10 %. Because

the injected beam usually has a distribution in which particle density is high at the center

and gradually decreases toward the periphery, these values are usually a little over

estimated.

3.2 Application to the Los Alamos PSR

It seems helpful for making features of our injection method clear to compare the

case where our method is applied to the Los Alamos PSR with the injection method

currently used there. The Los Alamos PSR [5] has a FODB type lattice with 10 cells and

variation of the optical parameters in one cell is very similar to that of die JHP compressor

/ stretcher ring shown in Fig.2. In the present arrangement of the injection system, the

stripping foil is inserted in a place of the injection straight section with the foil edge

horizontal and across the ring central orbit. The stripper magnet is placed just in front of

the ring bending magnet with the median plane horizontal. The distance between the

stripper magnet and the stripping foil is 4.793 m. At the foil location the ring beam is

convergent in the horizontal plane and divergent in the vertical plane. A 800 MeV H~

beam from the LAMPF linac has an r.m.s. emittance of 0.5 mnmmrad in both planes and

the r.m.s. enlargement of the beam angular divergence in the stripper magnet is 0.37

mrad. Acceptance of the ring is 120 iimmmrad in both planes. Then beam injection in the

phase space at the foil location is as shown in Fig. 5, where the H~ beam is formed to be

waists in both planes in the stripper magnet and injected with a slight inclination in the

vertical plane so that the H° beam sufficiently hits the foil. In this case, mismatch of the
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injected beam to the ring optics is very large and emittance of the H° is enlarged in the

horizontal plane, so particles in the 2a emittance envelope form a beam with an emittance

of 43 Ttmmmrad and those in 3a of 97 Tcmmmrad in the horizontal plane. This large beam

is formed just after injection before the injected particles experience such serious effects as

the emittance growth due to many foil traversals, scattering by foil nuclei, space charge

effects and so on. In the vertical plane, because the mismatch is small and the H° beam

emittance is small as well, we can form a 30 7cmmmrad ring beam from particles in the 2a

emittance of the injected beam with a proper offset. Then particles in the 3a emittance

form a 44 7tmmmrad ring beam. It seems clear that a slight beam loss can not be avoided

and also the phase space painting has no meaning.

The beam emerging from a linac usually has a distribution different from a

gaussian and has a little longer tail [6]. If the injected beam of the PSR has a halo larger

than 4a, it will be lost at the horizontal aperture as the first turn loss. Furthermore, as the

foil hitting probability is as high as 0.S, protons which are distributed fully in the

horizontal ring aperture are gradually lost by the emittance growth due to foil traversal. In

this situation, the ring aperture has no room for die momentum dispersion. Even when

mismatch of the H° beam to the ring optics is reduced by making the H~ beam convergent

in the horizontal plane in the stripper magnet, the situation is basically not improved

because emittance enlargement in the stripper magnet is increased instead of mismatch

reduction.

Fig 6 shows the H° beam injection in the phase space at the foil location in a case

where our injection method is applied to the PSR. In this case, the stripping foil is

inserted between the quadrupole and the bending magnet, and the stripper magnet is

placed just in front of the bending magnet. The distance between the stripper magnet and

the stripping foil is 3.275 m. The stripper magnet is set so that the median plane is

vertical. The H~ beam is formed to be a waist in the horizontal plane and convergent in the

vertical plane in the stripper magnet. Horizontal emittance of the H° beam is not changed

from that of the H" beam, but vertical emittance is enlarged by 2.5 times. The H° beam is

injected in such a manner that the 2a emittance ellipse is tangent from inside to the 30

jtmmmrad ellipse of the ring beam with a proper offset from die ring central orbit By this

method a beam body with an emittance of one quarter acceptance is formed. In order to

make the foil hitting probability smallest, it is desireable to inject in the outermost point.

But if the beam is injected into the outermost point in the horizontal phase space, the H°

beam will come too near the vacuum chamber wall in the H° hole of the bending magnet

yoke down stream of the injection straight section. This is an important restriction of the

H type bending magnet that does not occur for the C type bending magnet. And when the
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beam is injected into the outermost point in the vertical phase space, the H~ beam may
come near the vacuum chamber wall in the quadrupole magnet upstream of the stripper
magnet Therefore, moderate injection points are selected in the case of Fig.6. When the
beam is injected in these points with a comer foil and the bump orbit is not varied, the foil
hitting probability calculated by ARCHSIM[7] is about 0.15.

One important feature of this method is that the halo part of the ring beam just
after injection is considerably small. As is shown in Fig. 6, some particles in the 3a
emittance of the injected beam form a 38 Ttmmmrad area in the horizontal plane. Thus
some particles between 2a and 3a form part of a halo between 30 and 38 jcmmmrad or
2.4 mm wide outside the beam body. Particles between 2a and 4a may form a larger halo

and it reaches to 4.8 mm from the beam body. When the injected beam has a larger tail,
the width of the ring beam halo is widened by 2.4 mm per la . For the vertical plane it is
3.7 mm per la . Because 120 Ttmmmrad ring acceptance is equal to 38 mm in the
horizontal plane and 22.4 mm in the vertical plane at the injection point, 10a and 5a tails
are contained in the horizontal and vertical acceptance respectively. The dispersion
function of the PSR is about 2.2 m near the quadrupole magnet focussing in the
horizontal plane and the momentum spread of the ring beam reaches to 0.3 %. Even when
6.6 mm is spared from the acceptance as the room for the momentum spread, 7a tail of

the injected beam are contained in the ring acceptance. These arguments concern only the

halo which is formed directly from the tail part of the injected beam, but seem to be very

useful to suppress the first turn loss.

4. Beam halo formed from the distribution tail of the injected beam

Suppose that we form a 30 nmmmrad beam from an injected beam with a

sufficiently small emittance in a ring with an acceptance of 120 7tmmmrad by a charge-

exchange injection method. Let the l a emittance and Twiss parameters of the injected

beam be £o, Po, ao, Yo and also Twiss parameters of the ring beam at the injection point

be J3, a, y. It seems standard to inject in such a manner that the 2a emittance ellipse of the

injected beam is tangent from inside to the 30 Tcmmmrad ellipse of the ring beam. This

situation is shown in Fig. 7. Then, if the particle distribution of the injected beam were

gaussian, about 90 % of the particles would be accumulated in the 30 Ttmmmrad ellipse.

When a certain particle distribution is necessary, a proper painting inside the ellipse may

be used. Thus a beam body is formed. However, it is the halo part outside the beam body

that must be taken care of in the case of a high energy and high intensity machine like the
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JHP compressor / stretcher ring. Although a beam halo may be produced by various

causes, a part of it may be directly formed through the injection process from the

distribution tail of the injected beam. If the injected beam has a long tail, it is necessary to

know how large a halo will be formed around the beam body and to choose such an

injection condition that makes the halo as small as possible. Otherwise, a serious

activation of the ring may occur. As is shown in Fig. 7, the width of the ring beam halo

which is transformed from the l a spacing of the injecting beam distribution is nearly

constant and is given by the following formula.

d = sqrt{p8o[D + s q r t ( D 2 - l ) ] } ,

where

D = (PoY + YoP - 2otoa)/2

is the mismatch factor quoted in the ref.[2].

5. Summary

A higher symmetric FODB type lattice was proposed for the JHP compressor/

stretcher ring. An H° injection scheme was adopted with some new ideas, because the

short straight section of the lattice could not contain an H- injection system with a beam

transport for the H- beam which missed the foil.

In the scheme, cares are taken to make both the mismatch of the injected beam to

the ring optics and the foil hitting probability small. The stripping foil location is selected

between a ring bending magnet and the next quadrupole magnet focussing in the

horizontal plane, and the stripper magnet is placed just in front of the bending magnet.

The stripper magnet is set so that its median plane is vertical. A corner foil is adopted for

the stripping foil. The injected H~ beam is a waist in the horizontal and convergent in the

vertical plane. The HO beam is injected to be tangent from inside to an emittance ellipse

with a quarter of the ring acceptance in the phase space of each plane, and a uniform beam

is formed by phase space painting using bump orbit variation.

The ring beam halo formed from the distribution tail of the injected H<> beam is

small, because both the H<> beam emittance and its mismatch to the ring optics are small.

Especially, it is considerably favorable for tolerance to momentum dispersion that the ring

beam halo is smaller in the horizontal plane because the horizontal emittance remains as it
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was after the stripper magnet. These measures are expected to be very effective to

eliminate the first turn loss. Furthermore, slow losses due to the foil multi-traversal are

also expected to be considerably reduced by the sufficiently small foil hitting probability.

This HO injection scheme is applicable to the Los Alamos PSR and a considerable

improvement is expected for its injection condition.
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Figure captions

Fig. 1 Plan view of the JHP compressor / stretcher ring

Fig. 2 Beta functions and dispersion function for a single cell

Fig. 3 HO injection scheme for JHP compressor / stretcher ring
Fig. 4 H° beam injection into the emittance ellipse of the ring beam. Ayx, A\jry are

betatron phase advance necessary from the first bump magnet to the stripping foil

[4].
Fig. S Beam injection in the phase space for the present PSR configuration. Beam

parameters of the H- beam at the stripper magnet are £x = £y = 0.5 7cmmmrad, p*x

= Py = 4.793 m, ocx = ay = 0, yx = yy - 0.209 m-i. Horizontal offset is ( 0 mm,

-1.17 mrad) and vertical offset is ( 0 mm, 1.46 mrad).
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Fig. 6 Beam injection in the phase space for a proposed configuration which is an

application of the method in the JHP ring to the PSR. Beam parameters of the H-

beam at the stripper magnet are £x = 0.5 Jimmmrad, px = 2.500 m, Ox = 0,

Yx = 0.400 m-i, and Ey = 0.5 7cmmmrad, Py = 20.0 m, oty = 3.5, yy = 0.663 m-i.

Horizontal offset is (5.35 mm, 1.42 mrad ) and vertical offset is (8.03 mm,

Omrad).

Fig. 7 Formation of the ring beam halo from the distribution tail of the injected beam.
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Table 1 Main parameters of the JHP compressor /stretcher ring

Energy
Circulating current (I»v)
Revolution frequency (frev.)
Harmonic number (h)
RF frequency (fm?)
Circumference (C)
Average radius (R)
Repetition rate
Average current

Lattice type
Cell number
Long straight section

Horizontal tune (vx)

Vertical tune (vy)

Bending magnet ( C type)
Bending angle
Magnetic field
Length
Bending radius
Magnetic gap

Quadrupole magnet
strength (B'l/Bp)F

strength (B'l/Bp)o
Length
Bore radius

Beam

Emittance (Ex)
Emittance (&y)

Acceptance (Ax)

Acceptance (Ay)
Energy spread
Max. momentum spread
Max. momentum acceptance
Pulse length (at injection)

GeV
A
MHz

MHz
m
m
Hz
HA

m

deg.
T
m
m
mm

1/m
1/m
m
mm

Jtmm-mrad

7tnmvmrad

7tmmmrad

Tcmm-mrad
%
%
%
ns

1.0
6 (max. 12)
1.5
2
3.0
174.88
27.83
50
200(400)

FODB
16
5.653
4.25
3.25

22.5
0.8
2.777
7.072
132

0.2447
-0.2315
0.5
116

30
30
120
120
~±0.2
-1.0
-1.5
-200
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Table 2 Main parameters of the 1 GeV H* beam

Energy
Repetition rate
Pulse length of beam
Duty factor
Peak current

Average current

Emittance (e)
Energy spread

GeV
Hz

%
mA
jiA

jc-mm-mrad
%

i.O
50
400
3
10 (20)
200(400)

1.44(100%)
±3.1

335



Table 3 Summary of the H" beam and the H° beam

Stripping magnet

Location
Gap direction
Gap height

m

nun

3.812 (upstream of foil)
Horizontal

i1 i
S.Ii

t
Vertical

1Horizontal
•

2.3mm

H" beam at the center of the stripping magnet

p
a
Y
e
Half width
Half angle

H° beam on the foil

Half width
Half angle

m

1/m
ji-mm-mrad
mm
mrad

mm
mrad

Horizontal
3.674

0
0.272

1.44
2.30
0.63

(waist)

Horizontal
3.31
0.63

Vertical
17.798

2.325

0.360
1.44
5.06
-0.72

(convergent)

Vertical
4.45
1.22
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stripping magnet stripping foil

H" beam H°dump

injection bump magnet

Plan view of the JHP compressor / stretcher ring

Fig. 1
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0

beam direction

D
0.5 5.653

B F
0.5 0.75 2.777 0.750.5

Betatron functions and dispersion function for a single cell

Fig. 2
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Fig. 3

H

H° injection scheme for JHP compressor / stretcher ring

Stripping
Mag.
ft

Stripping
Foil

l\

H(

(scale along the beam orbit)

0 1 2 3 ( m )
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P beam to be formed
x'(mrad)

H° beam

£ x = 30 jrmmmrod
ft = 14.841 m
ax = -1.783
rx = 0.282 m"

OO, 2.536)

(17.786, 2.085)

t—+• x(mm)
20

A X ' = 0.0527 mrad

= 87.48°

(a ) Horizontal plane

yMmrad)
Ay' =-0.628 mrad

= 112.04°

P beam to be formed
£y = 30 rmm-mrad
/9y = 5.16 m
ay = 0.867
ry = 0.341 m- i

(12.413,-2.0951

(7.965,-1.972)

(b ) Vertical plane

H° beam injection into the emittance ellipse of the ring beam

Fig. 4
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PSR present configurafion
S(rnrad)

7

6

\ x

\ \
\ \

\ \ t

\3
2

-30 -20 \ i < > /

2a (3.047rmm-mrad)

3a(6.84Ffnm-mrod)

H° beam

XP = O(mrad) -6-1

-1\

Horizontal

)9X = 9.384 m
ax = 1.976
/ x = 0.523 m"1

i)t = 2.176m
7JX' =-0.259

\
\

\ \ 2b 3b '
\ \

\ \ 43.OFmm-fnrod

^ \ 97.5rmnrmrad

\ \ \

Vertical

j8y = 4.322 m
ay =-0.689
ry = 0.341m"1

</>(mrad)

-10 / / -5
43.77rmm-mrad ./ /

3O7rmm-mrad

H° beam
Y=7(mmJ

= 1.46(mrad)

5\A:A 15
1cr (0.5Fmm-mrod)

2<r{2.0Fmm-mrad)

3cr(4.57rmm-mrod)

Fig. 5
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PSR proposed configuration
0(mrad)

Horizontal
£x = i2.074 m
ax = -2.557
Tt = 0.624 m"1

7]% = 2.190m

77'=0.6649

38.1i7rmm-mrad

3O.O7rmm-mrod

H° beam
X = 10.0 mm
XP=1.42mrad

0 20 30

2a (2.OFmmmrod)

3o~ (4.57rmm- mrod)

^(mrad)

53.327rmmmrod

Vertical

J9y = 4.185m
a y = 1.235
Ty = 0.604 m"1

2<7(5.09Fmm-mrad)

3a(t1.457rmm-mrod)

y(mm)

H beam
Y= 4.75 mm
YP=-1.0mrad

Fig. 6
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x' (mrad)

injected beom

0O= 2.796 m

ao= 0.171

rQ- 0.368m"1

1a emittance (£0) 4a
= 1.2737rmm-mrad

'20-15Vt\\jjj

ring beam
£ = 3O7rmm-mrad

= 4.185m
a= 1.235

1/= 0.604 m"1

tail part
(aprrture) •

transformed la spacing : d

d » \Jft £ 0 (
where

0 « 4 - i

x{mm)

Fig. 7
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Summary of Compressor Group Discussions

Chairman C. Planner

The participants in the group were R. Baartman, E. Colton, M. Craddock, D. Fitzger-
ald, G. Guignard, M. Harold, R. Hutson, S. Koscielniak, A. Lombard!, R. Macek,
G. Mackenzie, D. Neuffer, M. Plum (Secretary), V. Sandberg, R. Smythe, L. Teng,
H. Thiessen, W. Van Asselt, and I. Yamane.

E. Colton presented the LANL Compressor ring proposal in which there are two rings to
time compress bunches of 1.6 GeV protons, producing 1.5 x 1014ppp at 48 Hz repetition
rate. The beam would be divided equally between a spoliation neutron target and a
neutrino target.

Each ring is filled using direct H" charge exchange injection to inject 7.5 x 1013 protons
from the 1 msec LAMPF macropulse. The PSR has already stored 4 x 1013, but it was
source limited. The LAMPF linac would therefore need a factor 2 upgrade in both energy
and intensity for H~ ions. An extraction kicker gap is maintained using a "barrier bucket"
generated by a 5 harmonic rf system operating at harmonic number one, resulting in 750
nsec bunches in each ring.

The proposal for the JHF compressor/stretcher was presented by I. Yamane in a plenary
session.

The group confined its deliberation to the important areas of injection, foil development,
proton pulse time structure for neutrino targets, and cost.

Injection

The minimization of losses during the multiturn charge exchange injection process was
considered to be of paramount importance for such a machine.

The stability of the source must be high and the source should produce beam phase-
space distributions with short tails. Tails on the distribution have a large effect on the
subsequent number of foil traversals and hence scattering of the beam after injection.
Improvements in LINAC performance should be sought where possible.
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Direct H injection was considered to be the best way to inject to keep foil scattering
to a minimum. Injection with H° should only be considered if a sufficiently long injection
straight could not be provided.

Studies of injection dynamics were considered to be one of the most important areas for
further study. Much work had been done but further work was necessary if losses in the
region of 0.1-0.01% are to be predicted with confidence. The studies need to consider; a)
input distributions in six dimensional phase space including the tails of the distribution
(with the present LAMPF beam it is necessary to go to la i.e., 15 TT mm mrad for injected
emittance), b) foil scattering processes and c) space-charge effects.

As well as optimizing to minimize foil traversals care should be taken to try to obtain
final distributions which are best for beam stability. Hollow longitudinal phase-space
distributions should be avoided, but hollow transverse distributions are probably O.K.
Phase-space distributions which produce a sharp edged line density distribution or high
peak density in the line distribution should be avoided. Thiessen showed that by using a
Vtime variation of the localized closed orbit bumps at the injection foil it was possible to
inject into the 100 TT mm mrad acceptance of the compressor even with the long taib of
the LAMPF beam. Without such a time variation the compressor aperture would need
to be increased by a factor y/2.

The development of numerical and analytic approaches to optimizing injection should
continue in parallel. The analytic approach was extremely helpful in initial optimization
of lattice parame*ei<j required at the injection point.

Improved descriptions are now available for the angular scattering produced by travers-
ing the foil and they should be included in the computer codes.

The machine superperiodicity of one resulting Irom the localized closed orbit displace-
ment at the injection foil was not considered to be a problem.

Stripping Foils

A significant reduction in the number of foil traversals, made by the protons circulating
in the compressor ring, caii be obtained by reducing the area of foil covering the machine
acceptance.

Several possibilities for achieving this were presented.
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a. small area foils supported on 5 /t carbon filaments (LANL)

b. two free-edge foils (KEK, TRIUMF, RAL)

c. three free edge "finger" foils (TRIUMF)

d. small area "thick" foil supported on an ultra-thin substrate foil (LANL, RAL)

Some two free edge foils have been made at KEK and TRIUMF and some tests have
been made. A method of counterbalancing induced stress in the foil by folding a half
thickness foil back on itself is showing promise in tests at KEK. The carbon-filament
supported foil should be available for testing this year. The irradiation life-time of foil
material is not a problem, but the useful life of two-edged and three-edged foils may be
limited by curling due to stress induced by the beam. The PSR forms an ideal test bed
for the foils. This work is extremely important for tests of injection into the compressor
and AHF and should continue.

Collimators and Beam Loss Collectors

Little work has been done on these devices even though they are extremely important
to control beam loss in the compressor and AHF. Their design interacts quite strongly
with the lattice parameters. This subject requires more detailed studies.

Proton Pulse Time Structure For Neutrino Targets

V. Sandberg gave a clear description of the proton pulse time structure required to do
good neutrino physics. Two types of sources were possible: a) Decay in flight and b)
stopped pion. For decay in flight pulse lengths of less than 20 nsecs were required. For a
stopped pion target (which is the proposed target for the compressor), a pulse of 100-300
nsecs is required. The different neutrino decay rates dictate the upper time limit and so
it is not possible to accept longer pulse lengths.

The present proposal could not achieve 300 nsec. Operating at harmonic number
two should be possible but the bunches then need to be extracted separately, with the
consequential problem of rf beam loading and extraction kicker fall time. Alternatively
both bunches could be extracted and then switched to separate targets. Bunch rotation of
the 750 nsec bunch may be another possible solution. This requirement has not received
much study and should be integrated into the compressor study.
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Cost

It was not possible to deal with this in any detail but two possibilities were discussed.
A single ring compressor possibly with twice the circumference. The acceptance would
need to be larger to leave the Q-shift unchanged. The larger circumference would reduce
the foil traversals by a factor 2.

Although a 4tr detector is ideal for neutrinos, a world class facility would still be obtained
with a detector parasiting on the spallation neutron target. This choice would be lower
in cost and should be given further consideration.
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SOURCES OF AND CURES
FOR LINAC BEAM HALOS—

A PERSPECTIVE

Accelerator Design Workshop

February 20-25,1989

Linac Injector Working Group

Stan Schriber

AT Division

Los Alamos National Laboratory

Los Alamos, NM

L
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Accelerator design and examples

Halo formation

Concerns

Particles per bunch

Summary



ACCELERATOR DESIGN

Better understanding of beam dynamics and

physics of beams

— initial beam formation

— matching-transverse and longitudinal

— mixing of emittances

— nonlinear effects

— adiabatic bunching and frequency

Much improved dynamics codes

Needed improvements

— image charges

— wakefields, etc.
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WHY WORRY ABOUT HALO?

• Extra power into lost beam

• Activation and heating of structure

• Possible damage to structure

• Oscillations and instabilities

• Design constraints

• Aperture and coilimator

AT ILo
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BEAM HALO FORMATION

Initial beam distribution and redistribution

Nonlinear fields

- aberrations and magnet edges

- radial rf forces

- space charge

- rf stability region

- off-axis and tolerances

- wakefields

AT
363



Scattering from background gas

Intraparticle scattering

ion/electron plasma traps (rf initiated)

Scraping

Attempts to remove halo and monitor

J AT ,o
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RADIAL RF FIELDS

Design cavity to make rf radial fields linear

Employed in photoelectric injectors for

electron high-power devices

Loss in structure efficiency

J AT
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BEAM HALO STUDIES IN IDEALIZED
LINEAR CONTINUOUS FOCUSING

CHANNELS

T. Wangler, R. Mills, and K. Crandall (1987)

• Studied initial parabolic density and laminar

flow using numerical simulations.

• Initial total field (external plus space

charge) is nonlinear.

• Charge redistributes rapidly (1/4 plasma

period).

• Particles at large radii do not remain

laminar. They accelerate through core of

beam creating halo.

• Halo is result of nonlinear forces-in this case

from space charge.

• Nonlinear external forces can create halo.
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For initial parabolic charge density

— halo particles about 6%

— most inside beam at given time

(instantaneous halo has about 0.4%)

Halo particles make enormous contribution

to rms emittance

Truncation of 25% of parabolic beam

reduces halo by two orders of magnitude

Halo removal requires long collimators

j AT y»
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DESIGN CONCERNS

Beam aperture

— Seven times rms beam size

(eleven for storage rings)

Nonlinear forces

— magnet edges

— radial rf fields

— space charge

— rf field stability

— off-axis a/id tolerances

— wakefields

— aberrations

AT
• • — — — — — *
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MINIMIZE BEAM LOSS

• Control and understand halos

• Large aperture (7 to 11 times rms beam size)

• Careful dynamics analysis
(space charge/aberrations)

• Focusing and transport elements

• Matching between structures

• Beam formation—initial distributions

• Noninterruptive/noninterfering/non-
perturbing diagnostics with feed forward
to control

• Emittance growth control

• Control of wakefield effects

• Control of beam breakup

J
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A FEW EXAMPLES

LAMPF
— Maximum 20 mA peak

200 MHz signature (800 MHz)
0.6* 109p per bunch

SLAC
— 80 mA for 1.6 us pulse at 180 pps

2856 MHz signature
0.2 * 109e per bunch

AHF INJECTOR
— Maximum 13 mA peak

50 MHz signature (800 or 1200 MHz)
1.6* 109p per bunch (

APT (250 mA at 1.6 GeV)
— 250 mA peak

700 MHz signature (1400 MHz)
2.2 * 109p per bunch

ATS (100 mA from 2 to 7 MeV)
— 100mA peak

425 MHz signature (425 MHz)
1.5* 109 per bunch

AT
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SUMMARY

Initial beam formation

Extremely careful design

Eliminate or compensate for nonlinear fields

Clean-up regions — location and design

Improved performance and control

More work required

7 AT
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K L Y S T R Q D E T E S T R E S U L T S

Date

11/10/88

12/16/88

Power
Output
KW

294

305

250

350

440

500

535

550

637

Efficiency
Percent

63

67

66

67

68

68.5

65

71

68

Beam
Voltage

60

65

65

70

75

75

76

85

85

Gain
dB

18.5

18.6

19.2

19.0

19.6

21.0

19.9

20.9

20.5

g
Co

MBS
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Tentative Design of Beam Focusing
for the AHF Linac and Transport Systems

George R. Swain

Los Alamos National Laboratory, MS H847
Los Alamos, New Mexico 87545

Abstract

Proposals for an advanced badron facility include building
afterburner linacs for LAMPF. A first afterburner, Add-on Linac number 1, is
proposed to accelerate the beam from 0.8 to 1.6 GeV. The output beam would then
be fed to a compressor ring and to another afterburner, Add-on Linac number 2.
We make a rough estimate of the transverse focusing strength needed in these
linacs, and consider the transport line from the end of the LAMPF 805-MHz linac
to the start of Add-on Linac number 1. A rebuncher is needed in this transport
line for proper acceptance of the beam into the add-on linac.

Add-On Linac No. 1

We have calculated some preliminary design possibilities for Add-on
Linac No. 1. We assume the beam is accelerated from 0.8 to 1.6 GeV in stepped-
beta linac structures with a design phase of -30 degrees (30 degrees earlier than
the peak of the rf wave), and operating at 1207.5 MHz. The emittance of the
beam from the 805-MHz linac is assumed to be 25n mm-mrad, which allows for
tails (halo) as well as the core of the beam. (An explanation of the codes used is
given in Appendix A.)

The rough estimate of quadrupole strength uses formulas based on
thin lenses and drifts (with no consideration of the defocusing due to the rf),
and then finds the approximate gradients for quadrupoles whose effective
length is 10 or 12 cm. (See Appendix B for the derivation of the formulas
estimating quadrupole strength.) We consider either singlets or doublets
between tanks. In the case of the doublets, the center-to-center quad spacing is
assumed to be 20 cm, as for the doublets used in the present 805-MHz linac. The
results are shown in Table I. The aperture radius listed is the minimum which
can contain the beam everywhere in the add-on linac.

Tanks
per

module

2
2
4

Cells
per

tank

71
71
37

TABLE I
ADD-ON LINAC 1 POSSIBILITIES

Quadrupole
type

Doublet
Singlet
Singlet

Quadrupole
gradient
(kG/cm)

3.9-5.9
0.7-1.1
1.3-1.9

Beam
aperture

(cm radius)

1.6
2.6
2.0

Linac
length

(m)

352.
352.
405.

Accelerating
gradient

(MeVAn)

2.48
2.48
2.42
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We find that if doublets are used, the gradients are fairly high. (The
doublets for the 805-MHz linac are only designed to go to gradients as high as 3.0
kG/cm.)

Add-On Linac No. 2

For Add-on Linac No. 2, for acceleration from 1.6 to 2.2 GeV, we also
assume the design phase is -30 degrees and the rf frequency is 1207.5 MHz. Two
of the possibilities that we have calculated for this linac are given in Table II.

Tanks
per

module

2
4

Cells
per

tank

71
35

TABLE II
ADD-ON LINAC 2 POSSIBILITIES

Quadrupole
type

Doublet
Singlet

Quadrupole
gradient
(kG/cm)

6.6-8.3
1.9-2.5

Beam
aperture

(cm radius)

1.3
1.6

Linac
length

(m)

278.
305.

Accelerating
gradient

(MeV/m)

2.38
2.44

Again, we find that if doublets are used, the gradients are fairly high.

Transport Between Linacs

The sort of beam expected at the exit of the 805-MHz linac is shown as
the set of points (1) forming an upright ellipse in Fig. 1. The distance from the
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Fig. 1. Extent of beam in longitudinal phase space. (1) Original beam at the
exit of the existing 805-MHz linac. (2) Beam after drifting 80 m (Phase
for 805.0 MHz). (3) Beam after drifting 80 m (1207.5 MHz).
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end of the 805-MHz linac to the start of Add-on Linac No. 1 is about 80 meters.
The sets of points forming tilted ellipses in Fig. 1 indicate the longitudinal
extent of the beam at the start of the linac for linac rf frequencies of (2) 805
MHz and (3) 1207.5 Mhz if no rebunching is done. Clearly the phase spread is
excessive for the case without rebunching.

The longitudinal behavior if a 402.5 MHz rebuncher is used midway
between the linacs is shown in Fig. 2. The set of points (1) indicates the extent
of the beam at the entrance to the rebuncher. Set (2) indicates the extent at the
end of the rebuncher, and (3), at the entrance of the Add-on Linac. The phase
values for (1) and (2) are in degrees for 402.5 MHz; for (3), in degrees for 1207.5
MHz. If a modest 1.0 MeV/m peak gradient is used in the rebuncher, 61 cells are
needed.
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Fig. 2. Energy - phase space occupied by the beam: (1) at the entrance to a
402.5-MHz rebuncher, (2) at the exit of the rebuncher, and (3) at the
entrance to Add-on Linac No. 1 (for phase at 1207.5 MHz).

The relation of the longitudinal space occupied by the beam to the
acceptance of Add-on Linac No. 1 is shown in Fig. 3. We find that there is ample
acceptance for a beam with an energy spread of ±3 MeV. By the end of Add-on
Linac No. 1, such a beam will have an energy spread of about ±8 MeV, and a
phase spread of about ±25 degrees. This is well within the acceptance of Add-on
Linac No. 2, as can be seen in Fig. 4. At the end of Add-on Linac No. 2, the
energy spread is about ±12 MeV, and the phase spread is still about ±25 degrees.
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Fig. 3. Space occupied by the beam in relation to the acceptance of Add-on
Linac No. 1.
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APPENDIX A
Computer Codes Used

The computer codes LIND, GROPE, SIMALAC, and LINDETS are a family
written such as to ease the burden of setting up input files. A number of the
output files are either input files for another member, or are templates
containing most of the data needed to set up an input file for another member.

The preliminary linac designs were generated by the computer code
LIND. This code has the following input parameters:

Beginning and ending beam energy Particle rest mass
Design beam phases for each tank Particle decay length
Cells per tank and tanks per module RF frequency
Tank spacing pattern Emittance over pi
Focusing system and quadrupole lengths Number of tanks

When LIND is executed, a number of output files are generated:

LIND. OUT lists the input data and has any general output
information.

LIND.TVF has transverse focusing data, including apertures and
estimated quad strengths.

LIND.SIM is a template for SIMALAC.DAT.
LIND.GRO is a template for GROPE.DAT.

The code GROPE uses the linac tank length and spacing data to find a
compromise delta-t design. The design specifies the input beam energies for
each module in the linac. Input is taken from the file GROPE.DAT. Again, a
number of output files are generated:

GROPE.OUT is the general output listing.
GROPE.DIM has module length and spacing information, and

delta-t pickup loop positions for the linac. These data are
needed by the accelerator control system to do delta-t
measurements, and may be used as input for the LINDETS code.

GROPE.PAR has information for a particular delta-t design
solution, including design energies, offsets from the peak of
the energy-out-vs-phase-in curve, and matrix parameters.
These data are needed by the accelerator control system to do
delta-t measurements, and may be used as input for the
LINDETS code.

GROPE.SIM has module-to-module phase information which may
be added to SIMALAC.DAT.

The code SIMALAC traces up to 500 particles through a linac. The
main input file is SIMALAC.DAT. Longitudinal and transverse coordinates, or
just longitudinal coordinates may be used.
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The code LINDETS estimates the energy errors for a given error size
for the delta-t measurements for two delta-t methods.1 The code gets its input
from files GROPE.DIM and GROPE.PAR, and from the keyboard (for beam and rf
frequencies). All output is written to the file LINDETS.OUT.

APPENDIX B
Formula for Estimating Quadrupole Focusing Strength

The r-matrix relates the transverse offset and its derivative for the
beam at the output of some section of beam line to the corresponding quantities
at the input:

(B-l)

In the following, we assume the energy of the beam is constant, and for this
condition, the determinant of the r-matrix is unity. The r-matrix for a FODO
thin-lens-drift-thin-lens-drift combination is

\ + d/f d y i - s/f s

(\ - s/f -sd/f2 s + d + sd/f^
= . (B-2)

1, -s/f2 1 + s/f )

where s is the length of the first drift, d is the length of the second drift, and f is
the focal length of the thin lenses. (If the thin lenses form a doublet, s is the
spacing between the lenses forming the doublet, and d is the spacing between
doublets.) The r matrix for any constant-energy beam line segment may also be
represented in the form

(cos n + a sin \i |3 sin \i \

(B-3)
-7 sin \i cos n - a sin u. )

where P y - a 2 = 1 (which makes the determinant of R equal to unity). The
quantities a, p, and y are known as the Twiss parameters. We see that

r n = cos ]i + a sin n (B-4)

r12 = P sin n (B-5)
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*2i = -Y s m V (B-6)

and r22 = cos u, - ot sin | i . (B-7)

From Eqs. (B-4) and (B-7), we see that

1
cos H = j ( r u +r2 2) , (B-8)

sin2 i|- = j (1 - cos

= jtt-j(Tn +T22)] , (B-9)

From Eqs. (B-5) and (B-6), we find

3=412— , (B-ll)
p sin n '

and T - s V
For our FODO combination of thin lenses, we see from Eqs. (B-9) and (B-2) that

_ 1 sd ,
= 4 f 2 (

and f"1 = ± -7=- sin ^ . (B-14)
Vsd ^

From Eq. (B-ll), we obtain

B =
s + d ± 2V sd sin Jr

sin u.

If we use the plus sign for the radical in Eq. (B-1S), the P obtained
corresponds to the largest transverse extent of the beam. We wish to choose u.
such as to minimize this largest extent. If we are representing singlets, s = d =
D/2, where D is the length of the FODO segment, the largest extent is minimized
if |x is about 76 degrees.2 If we are representing doublets (s < d), the optimum u.



shifts to something closer to 90 degrees. (For the doublet esses that we have
considered, it came out about 85 degrees.)

We now find the thin-lens equivalent of a quadrupole. The elements
of the r-matrix for a quadrupole are given in terms of a strength factor k and
an effective length L. The factor k is related to the field gradient G in the
quadrupole:

and G = P y i S £ K , ( B )

where c is the velocity of light, m and q are the mass and charge of particles in
the beam, and J3 and y are relativistic parameters for the beam velocity and
energy (not Twiss parameters). If the quadrupole has a field Bo at a radius ao
from the beam axis, G=B0/a0. For the plane in which the quad is focusing (K > 0),

f cos(kL) k"1 s i n ( k L n
R= , (B-18)

V-k s in(kL) cos(kL) )

and for the plane in which the quad is defocusing (K < 0),

f cosh(kL) k"1 s i n h ( k L ) \
R= . (B-19)

U s inh(kL) cosh(kL) )
The r-matrix for a drift-thin-lens-drift combination is

-c x- x:)
(I - d/f 2d - d 2 / n

(B-20)
^ - 1 / f 1 - d/f J

where d is the length of each of the drifts, and f is the focal length of the thin
lens. We can make the drift-thin-lens-drift equivalent to the quad if we set

f - ! = u K L , (B-21)

and compare corresponding elements in Eqs. (B-20) and (B-19), or (B-20) and
(B-18). For the focusing plane (K > 0), we find u and d values of

(11-22)

. . _ 1 - cos(kL)
a n d df = L kL «ln(kL)
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and for the defocusing plane (K < 0), we find

sinh(kL)
ud j-£—fc (B-24)

cosh(kL) - 1
d d = L k L s i n h ( k L ) * ( B ' 2 5 )

The d's and u's are different for the focusing and defocusing planes, and are
functions of the quad strength k. However, in either plane, the d's and u's are
slowly-varying functions of k, and for small k,

d= L/2

and u » 1 .

We conclude that we can approximate a quadrupole by putting a thin lens
between a pair of drifts of length L/2, and choosing the focal length f of the
thin lens such that the gradient

<B-26>

has the correct value.

We may combine the thin-lens focusing estimate, Eq. (B-14), with the
equivalent gradient formula, Eq. (B-26), to obtain an estimate of quadrupole
gradient in terms of the phase advance p.:

ft^sia2 • <B"2 7>
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Use of the Delta-t Method for Setting RF Phase and
Amplitude for the AHF Linac

George R. Swain

Los Alamos National Laboratory, MS H847
Los Alamos, New Mexico 87545

Abstract

The delta-t procedure is a time-of-flight method of finding set points
for the rf phase and amplitude for each module of a linac. Expected errors for
LAMPF afterburner linacs which might be used for an advanced hadron facility
(AHF) are calculated. The modified delta-t procedure used on modules 13
through 48 of the present linac appears adequate to set up the proposed AHF
linacs.

Introduction

The delta-t procedure is a time-of-flight method of finding set points
for the rf phase and amplitude of each module of a linac for proper
acceleration. The procedure is used on the initial start-up of a linac, and after
long shutdowns as a part of the turn-on sequence. In this paper we give a brief
history of the delta-t procedure, and outline the basic theory. Then we indicate
the derivation of the formulas for estimating error effects, and consider the
way an energy error is propagated along a linac. Finally, we apply these results
to the linac sections which might be added to LAMPF to raise the beam energy
from 0.8 to 1.6 GeV and from 1.6 to 2.2 GeV for an AHF.

A Brief History

A chronological listing of the delta-t literature is given in the
re fe rences . 1 ' 2 ^ The initial formulation of the delta-t procedure was given in
1970 by Crandall and Swenson1 in planning for the start up for the LAMPF 805-
MHz linac, a side-coupled cavity structure for acceleration from 100 to 800 MeV.
The procedure was successfully demonstrated on module 5 (the first module of
the 805-MHz linac) in March of 1972.2 The delta-t procedure to be used for
modules 5 through 12 and the measured results at module 5 were described at the
1972 Proton Linear Accelerator Conference.3 Early in 1974, Crandall outlined a
modified delta-t procedure appropriate for modules 13 - 48, and discussed the
expected errors for the different methods.4

By mid 1974, it became clear that the lengths of the linac tanks and
their spacings differed significantly from the design values in some cases , 5 ' 1 3

and that the acceptance of the linac was less than was desirable.5 In order to
increase the acceptance, the design phase at the start of the linac was increased



slightly, a way to find an optimized theoretical delta-t design was found,5'6 and
(based on emittance growth calculations7) the module 13 bridge coupler was
replaced.13 The method of finding an optimized theoretical design involved
determining design values for the input beam phase and energy for each
module, using the measured tank lengths and spacings. These values of phase
and energy were chosen such that a reasonable compromise was achieved for
matching the output conditions for each tank with the input conditions for the
following tank.5 This procedure was implemented in a computer code named
GROPE.

The delta-t hardware was described by Morris8 in 1975. The following
year, Crandall finished automating the delta-t procedure on the LAMPF control
computer9 and wrote a detailed report on the theory and described the data
structure for the delta-t computer programs. *0 Crandall also considered the
application of the delta-t procedure to the 201.25-MHz linac, which is of the
drift-tube type.11-12 The original LAMPF control computer, an SEL 840, was
eventually retired, and Swain completed rewriting the delta-t codes for the new
operating system using DEC VAX computers in 1986. The documentation for
these gives details of the algorithms used,14 the user interface,15 and the
organization of the code.1 **

In the Soviet Union, Senichev and Shaposhnikova at the Institute of
Nuclear Research, Moscow, have further examined various aspects of the delta-t
procedure in connection with the linac for the Moscow Meson ^Factory (MMF)
under construction there.1 7 '2 2 They have related the effects of errors in the
tank lengths and spacings to a quasi-equilibrium phase velocity, and studied the
effect on linac acceptance.17'18 They have also used perturbation theory to
investigate the effects of non-ideal field distributions along a module. ̂  Since
the ratio of rf frequencies in going from the drift-tube section to the disk-and-
washer section of the MMF is 5:1 (as compared with 4:1 for going from drift-tube
to side-coupled structures at LAMPF), adequate acceptance is very important.
The large beam emittances involved here get the particles into nonlinear
regions of the acceptance stable area, and the details of the longitudinal bunch
shape have a significant effect.21

Recently workers at Fermilab have been studying the delta-t
procedure for possible use on the upgraded linac proposed for that facility.2 3
The proposal calls for replacing part of their linac and raising the output
energy from 200 to 400 MeV.

Basic Theory of the Delta-t Procedure

The way the time-of-flight is measured for the delta-t procedure used
for the 805-MHz linac at LAMPF is indicated in Fig. 1. Two electric pickup loops
detect the 201.25-MHz structure of the beam at two points downstream of the
module whose rf phase and amplitude are to be adjusted. These signals are
compared in phase with signals from the 201.25 MHz reference line, and the
resulting phases are converted to time values. Suppose we designate the start of
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the module being adjusted as point A, and the positions of the pickup loops as B
and C. At point B, we will see some change in time-of-flight as the rf for the
module is switched from undelayed (beam accelerated in the module) to delayed
(beam not accelerated). Let us designate this change in time-of-flight as t%.
This change in time-of-flight is also something that we can calculate for the
desired beam through the module. Let us designate the calculated change in
time-of-flight as tflcaic- The quantity that we call AtB, the delta-t signal for point
B, is then

Similarly, we have a delta-t signal for point C,

Ate = tc - tctaic.

which is the difference between the measured and calculated change in time-
of-flight to point C as the rf for the module being set is switched from undelayed
to delayed.

RF on RF on /
A delayed

Module
being set

201.25 MHz Reference Line

RF delayed

Fig. 1. Simplified diagram of equipment used to make a delta-t measurement.

Now let us consider how the delta-t signals give us information about
how to set the rf phase and amplitude. The quantities AtB and Ate, may be
e x p r e s s e d 1 0 in terms of the beam phase and energy displacements at the
entrance and exit of the module and the distances involved:

Di /AWA AWiDAB , „ , (A4>B-A<|»A)
AtB = - n^W A W A - ~ ^ ~ ' moc3UA3

mocJ I 11A

(1)

(2)

Here n=Py, where P is the beam velocity with respect to light, and y is the particle
energy with respect to the rest energy moc2 . For generality, we allow the first
delta-t pickup loop to be a distance D] from the downstream end of the module,
and the second loop to be at a distance D2 from the end of the module. This lets
us treat the cases in which the loops may be farther downstream than just after



the module being set and just after the following module. From calculations, we
can find the beam phase and energy at the exit of the module, A$B and AWB, in
terms of the phase and energy at the entrance, A$A and AW A , and we may
express this (to first order) as a matrix:

y (WA \ (ran

= M . withM= . (3)
^AWBJ ( A W A J (m2i

where m n = d(Aij>B)/d(A<|iA), etc., evaluated at the desired operating point. This
allows us to express AtB and Ate in terms of A$A and AWA only:

f
= T . (4)

1-mn Dini2i
where t n . - y - + — _ . (5)

n ^ _D^ J W ^ m ^
« m c 3 T i 3 m c 3 \ j i 3 I \ 3 J

m 12 DAO D2 / I ^ ^..

and t22 = " © " n T c 3 ^ " " m'c3"! 3 " ~ ^ J ' ( 8 )

When we use the delta-t method, we wish to find A<|>A and AW A in terms of AtB and
Ate. If we invert the matrix in Eq. (4), we have

- A . (9)

where A= T'^ . The amount that we need to adjust the if phase is -A$A> and when
we have gotten to the condition where our measured A$A is zero (within a
specified tolerance), our rf phase is set correctly.

For some of the error analysis to follow, we need to relate the beam
phase and energy at the output of the module to the delta-t signals. We can use
Eqs. (9) and (3) to get the output phase and energy in terms of AtB and Ate,:

= B . (10)

where B = M A .
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For the 805-MHz linac at LAMPF, there are two different delta-t
methods used. Method 1 is used for the first eight modules of the linac, modules
S through 12 (100 to 212 MeV). In Method 1, the rf phase is set to make A<J>A=O in
Eq. (9), and the rf amplitude is adjusted until the measured value for
3 ( A W B ) / 3 ( A ^ A ) matches the calculated value of m2i. Method 2 is used for the
remainder of the linac, modules 13 through 48 (212 to 800 MeV). In Method 2,
the phase is adjusted until the point (Ata.Atc) falls on a target line

a22 AtB - a2i Ate = 0 ,

and the amplitude is adjusted until the energy offset from the operating point to
the peak of the energy out vs phase in (A W B vs A $ A ) curve matches the
calculated value. Changes in energy out needed to find this curve may be
measured just by looking at the changes in the time-of-flight signals with the
module undelayed only. If the time-of-flight at B changes from tBi to tB2, and at
C, from tci to tc2 for some rf phase change -A<frA. then the change in output
energy is given by

-i i (tc2~tCl)'0B2'tBl) , , , .
-m0cV D2-Di ' ( 1 1 )

Method 2 is used for the higher-numbered modules because it is less sensitive to
errors in AtB and Atc-, as we will see in the sections to follow.

We wish to determine if Method 2 would also be satisfactory for setting
the rf phase and amplitude of the proposed add-on linacs for LAMPF (0.8 to 1.6
GeV, and 1.6 to 2.2 GeV). In the derivation of formulas for the effects of errors
in the section to follow, we generally follow Crandall's report,10 but fill in some
of the details.

Effect of Errors in the Delta-t Signals
Method 1:

Suppose we have errors in AtB and A t c which we may designate 5tB and
- Then there will be some corresponding errors introduced in A<((A and AWA,

etc. The error in A<|>A is

5<>A = a n 8tB + a,2 5tc . (12)

We may define O ^ A . the uncertainty in A<t»A, as the square root of the mean
squared error value:

(13)

Then 8<)>A2 = a n
2 8tB

2 + 2 an aI2 8tB 8tc + a]2
2 8tc

2 ,

<8<|)A2> = a , j 2 <8tB
2) + 2 a n a,2 <8tB 8tc> + a,2

2 <8tc
2>,
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<8tB2> + 2 an a12 <8tB 8tc> + a12
2 <8tc

2) . (14)

If the expected uncertainties in ta and tc are the same, and if there is no
correlation between the uncertainties in tB and tc,

<8tB
2> = <8tc2> = c t2 and <StB 8tc> = 0 ,

t h e n a<|,A = 'Vaii2 + ai22 a t .

In a similar fashion, we can find

O\VA = Va2 ,2+ a22
2 <rt,

and b 2 2
2

<yt

(15)

(16)

(17)

(18)

(19)
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Fig. 2. Energy uncertainty a w A VS module number for modules 10 to 48 of the
LAMPF 805-MHz linac for an uncertainty in the delta-t signals of 13.8
picoseconds.

The energy uncertainty for AW A is plotted in Fig. 2. An uncertainty in the
delta-t signals of 13.8 picoseconds corresponds to 1 degree in phase at 201.25
MHz. (The uncertainty alternately increases and decreases due to the fact that
there are delta-t signal pickup loops only after every other module following
module 14, and the uncertainty is sensitive to the distances to the loops.) We see
that the uncertainty for Method 1 rises rapidly as the module number increases.
The uncertainty for A$A rises rapidly as well. One of the physical factors
causing this effect is that as the energy increases, the increase in relativistic
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velocity P per increase in particle energy gets smaller, and hence the time-of-
flight changes also get smaller.

We can also describe one type of contribution to the uncertainty
behavior in geometric terms. Equation (9) represents the two equations

and AWA = a2i AtB

Ate .

Atc •

(20)

(21)

For a given value of AWA, Eq. (21) describes a line of constant AWA on the AtB,Atc

plane. As we adjust the rf phase, we will move along this line. Similarly, Eq.
(20) describes a line in the Atg.Atc plane. When A<|>A is zero, it is a target line,
since to make A$A equal zero is our objective, and this line passes through the
origin on the AtB,Atc plane. The slope of this target line is

(22)

(23)

Si = -

and the slope of our line of constant AWA from Eq. (21) is

s2 = - a2i/a22 •

When we use the delta-t procedure, we move along a line of constant AW A by
adjusting the rf phase until we come to the intersection of that line with the

Target line

V B

Energy in
= constant

Fig. 3. Line of constant AW A and target line in the AtB ,At c plane with
uncertainties in the measurement of AtB and Ate.
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target line. If the previous modules have been set correctly, dWA will be zero,
and our lines will intersect at the origin.

Now we consider what happens if there are uncertainties in the
measurement of AtB and Ate. If w c plot the two lines discussed above in the
AtB,Atc plane as shown in Fig. 3, and include a band of uncertainty atB about the
constant AWA line, and a band of uncertainty otc about the target line, the
apparent point of intersection with uncertainties could be anywhere in the
diamond region where these bands overlap. As the slopes get closer and closer
together, the diamond region gets larger and larger. Table I lists these slopes
for some of the LAMPF 805-MHz linac modules.

TABLE I
a-Matrix Parameters and Slopes for Selected Modules

LAMPF 805-MHz Linac

Mod. # an a i 2

5
6
7
8
9
10
11
12

13
14
15
16
17
18
19
20

25
30
35
40
45
47
48

108
121
140
149
195
206
246
284

480.
396.
668.
418.
663.
533.
935.
619.

1409.
1356.
2419.
2191.
3924.
5791.
3512.

.59

.56

.77

.36

.11

.25

.74

.14

.31

.16

.33
,92
78
24
01
26

89
58
19
42
88
12
80

-60
-49
-60
-61
-75
-71
-83

-104

-131.
-67.

-270,
-69.

-274.
-87.

-379.
-98.

-568.
-203.
-980.
-338.

-1583.
-3400.
-955.

.13

.00

.36

.53

.77

.93

.98

.35

.80

.13
• 6 1

.11

.69
,59
,97
16

94
70
51
22
99
98
83

-0
-0
-0
-0
0
1
1
2

6
5
9,
6.

10.
9.

17.
12.

34.
38.
80.
85.

169.
2C3.
169.

.9528

.6762
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Generalization for Arbitrary Target-Line Slope:

In Method 1, we move along a line of constant AW A in the AtB,Atc plane
until we intersect a target line, in this case, the line of zero A<(>A. For Method 2,
we we also move along a line of constant AWA, but we suppose our target line has
some slope Si, which we will later optimize to get the smallest uncertainties. Our
line of constant AWA has a slope S2 = -821/322. as we saw in Eq. (23). If we have
no errors in the measurement of AtB and Ate, our lines will intersect at the
origin of the AtB,Atc plane. If we have errors 8tB and Stc, the line of constant AWA

through the point (StB)8tc) may not pass through the origin, and its intersection
with the target line may be shifted. The line of slope s2 through the point
(StB,Stc) is

(Atc - Stc) = s2 (AtB - 8tB) , (24)

and our target line is

Ate = si AtB . (25)

Therefore to find AtB and Ate at the point of intersection, we have

8tc - Ŝ Stn
s, AtB - Stc = s2 (AtB - 8tB) , or AtB = ~Z f • (26)

Also, Atc = s , AtB = si **SftB • (27)
Si - S2

With errors 8ts and 8t c , the apparent distances from (8tB,8tc) to the intersection
point are then

8tc - s25tB Stc - Si8tB
A t B = s, - s 2 - S t B = s , - s 2 ' ( 2 8 )

8tc - s28tB Stc - Si8tB
M c S l 11 - 1 2 " 5 t c S 2 s , - s 2 • ( 2 9 )

If we use these results in Eq. (10), we have

Stc S]StB Stc - S]StB= bn AtB + bi2 Atc = bn ————— + b ! 2 s2— , (30)
Sl - S2 Sj - S2

Str - StStn Str - SiStn
SWB = bn AtB + b22 Ate = b2, £ . ^ g + b22 s2 ^ _ ^ g . (31)

These may be rewritten as

b i i +

_
(Stc - S!StB) , (32)
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SWB = I '_ S2 (Stc - S!8tB) . (33)

Then

ii + b22 s2\2 /< g t c2) . 2si<StB 5tc> + S I 2 <&B 2 >) . (34)
1 ™ ̂ 2 J

and if we again assume that the expected uncertainties in tB and tc are the same,
and there is no correlation between the uncertainties in tB and tc,

(StB
2> = <5tc2) = <rt2 and <8tB 5tc> = 0 ,

t h e n <8WB2> = (b2i + b22 s2)2 Sr at2 .
(Si - S2)z

and orWB = A/('J2i + b 2 2 s2) , i at- (35)
V (si - s2)

z

The presence of the term (si - s2) in the denominator of these expressions again
shows that the uncertainties get very large if the slope s> is close to the slope s2.

Method 2:

For Method 2, we now wish to choose the slope of the target line sj
such as to obtain the smallest uncertainty in output energy O~WB- If we minimize
the uncertainty in output energy O"WB in Eq. (35) with respect to the slope of the
target line S], we find

si = - J - , (36)

which indicates the target line is perpendicular to the line of constant AWA , as
we might expect. Then from Eqs. (23) and (36),

si = a22/a2] , (37)

and the equation of the line passing through the origin and perpendicular to
the lines defined by AWA = constant, in other words, the equation of the target
line, is

a22 AtB - a2J Ate = 0 . (38)

We may then use Eqs. ( 23), (37), and (35) to find the uncertainty in the output
energy O*WB due to an uncertainty at in the delta-t measurements.
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The energy uncertainty calculated for Method 2 for the existing
LAMPF 805-MHz linac is also plotted in Fig. 2.

Stability Factor for Method 2

We are also concerned about how a beam energy error propagates
down the linac when we use Method 2. When we use this method, we are just
trying to get the point (AtB, Ate) to fall on the target line of Eq. (38), and AWA

will not be necessarily zero. We will be in trouble if we have a situation where
an energy error AW A at the input of a module results in an energy error AW B

considerably larger than AWA for some series of modules. In such a situation,
the energy error would just get larger and larger. We define the stability factor
as

Stability Factor = ^ / w l . (39)

If this stability factor is less than or equal to unity, the percentage energy
displacement will remain constant or will decrease as we go down the linac. We
will now proceed to find a formula for the stability factor.

When we use Method 2, the point (AtB, Ate ) foils on the target line
given by Eq. (38), and hence

a22 AtB = a2i Atc • (40)

If this is satisfied, we can solve for A$A in terms of AWA using the relations
implied by Eq. (4):

tn A«|>A + t12 AWA = AtB

= (a2i/a22) Atc

= (a2i/a22) O21 A*A + t22 AWA) ,

Then from Eq. (3), we have

AWB = m2j A<t>A + m^ AWA . (42)

If we now substitute A<f>A from Eq. (41) in Eq. (42), we obtain
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Hence the stability factor for Method 2 is

AWB/WB WAf -t,2 + ( a 2 i / a 2 2 ) t 2 2

AWA/WA - W B T 2 1 t , , - ( a 2 1 / a 2 2 ) t 2 1
(44)

One might ask if having the stability factor less than or equal to unity
is adequate in practice. For the LAMPF 805-MHz linac, the stability factor is
close to unity for at least the downstream half of the linac. After using the
delta-t procedure, the operators look at the residual AtB, Ate values. If these
values appear random, they assume they have a good result from delta-t. If the
values oscillate back and forth with something like the synchrotron frequency,
they assume the result is not a good one, and apply delta-t again, after
rechecking the incoming beam to the 805-MHz linac. This has worked
reasonably well, and thus we conclude that having stability factors close to
unity is reasonable in practice, as well as in theory.

Add-on Linac No. 1

The first add-on linac proposed for AHF accelerates the beam from 0.8
to 1.6 GeV kinetic energy. We have used the computer codes LIND and GROPE to
find the parameters needed for delta-t analysis.24 We then put these values in
another code named LINDETS, which calculates the expected errors and stability
factors for all the modules. For Add-on Linac No. 1, we assumed the linac used
four tanks per module, each tank having 37 cells with a design accelerating
gradient of 2.42 MeV/m and an rf frequency of 1207.5 MHz. We assumed the
beam structure was at 201.25 MHz, and that delta-t pickup loops were placed after
every, other module. The calculated energy uncertainty at the entrance of each
module is shown in Fig. 4 for an assumed uncertainty in the measurements of
and of 13.8 picoseconds (one degree at 201.25 MHz). The energy uncertainty for
the last module is larger than the rest primarily because the spacing of the
delta-t loops following the last module was assumed to be smaller than for the
others. This spacing could be increased if necessary.

The stability factors computed for this linac are shown in Fig. 5. They
are all fairly close to unity.

Add-on Linac No. 2

For Add-on Linac No. 2, we assumed the linac used four tanks per
module, each tank having 35 cells with a design accelerating gradient of 2.44
MeV/m and an rf frequency of 1207.5 MHz. Again we assumed the beam
structure was at 201.25 MHz, and that delta-t pickup loops were placed after
every other module. The calculated energy uncertainty at the entrance of each
module is shown in Fig. 6. The calculated stability factors are shown in Fig. 7.

The stability factors computed for Add-on Linac No. 2 are all close to
unity.
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Conc lus ions

The expected energy uncertainties of the proposed add-on Jinacs for
AHF are of the same order of magnitude as those for the existing LAMPF 805-MHz
linac. Method 2, the modified delta-t procedure used on modules 13 through 48
of the present linac, appears adequate to set up the rf phase and amplitude for
the proposed AHF linacs.

This analysis assumed the beam structure is at 201.25 MHz. If the front
end of the LAMPF linacs is rebuilt to work at 402.5 MHz, the question of delta-t
uncertainties should be reexamined, and the delta-t system may need to be
redesigned.
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The EHF linac: past, present and future

M.Vrctcnar

CERN, PS Division, CHI211 Geneve 23

1. The "standard" layout

The difficult task of the proposed Huropcan Iladron Facility, to accelerate 100/tA of protons up
to 30 GeV, reflects itself in very stringent requirements on the design of its linear injector, mainly de-
termined by the space charge problem.

Multi—turn injection into the booster (with the additional feature of a 'painting* process) re-
quires at the output of the linac a beam modulated with the frequency of the booster, 50 MHz; more-
over, in order to achieve the required proton density in the booster with a relatively low emittance, its
injection energy must be at least 1.2 GeV.

The idea proposed to achieve the required time structure for the beam at 1.2 GeV has been to
compress the DC beam out of the source by means of an arrangement of two RFQs, a first one,
working at 50 MHz, which determines the repetition rate of full buckets throughout the linac, followed
by another one operating at 400 MHz, which compresses the 50 MHz bunch into two 400 MHz
bunches, finally obtaining the so called "2 out of 8" time structure, where only two out of eight buckets
are filled with particles. The beam is then accelerated in a 400 MHz Drift Tube Linac and finally in a
1200 MHz Side Coupled Linac up to 1.2 GcV. The well known Figure 1 summarizes this scheme, the
related currents and the transfer energies.

This scheme has been analizcd in detail; beam dynamics simulation have been carried out through
all the elements and through the transfer lines, bringing the calculated output emittanccs well below
the values required for injection into the booster; the RF structures have been also analyzed in detail
and optimized shunt impedance designs have been worked out for both the DTL and the SCL. All
those studies converged into the Hill' proposal (May 87).'

2. Problems and solutions

Since the publication of the F,HF proposal, two dements of the standard scheme turned out to need
further investigation: on one side, the transfer between the two RFQs turned out to be very far from
being lossless; simulations showed that due to the unavoidable imperfect matching, one could lose up
to 50% of the beam. Increase of the source current would allow to compensate for the losses (the cur-
rents at the beginning of the chain are very far from their limits), but nevertheless an alternative solu-
tion minimizing beam losses needed to be studied. Moreover, the Side Coupled I.inac'on the high
energy side appeared to be a huge and complex accelerator, with its 64 required tanks for a length of
284 meters, and its cost being a relevant part of the HI IF (exstimated in 70 MDM, nearly 50% of the
whole linac section, 8% of all I'illF).
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The Side Coupled structure has been chosen, among the different options for high energy proton
linacs, for its inherent freedom from parasitic modes, high shunt impedance and good operating ex-
perience. The design of the SCL is based, for costs reasons, on the use of high power klystrons, giving
10 MW peak power, at the frequency of 1200 Mllz, close enough to the frequency of power sources
already exsisting on the market. The low duty cycle required (1 %) allows the mean power per klystron
to be only 100 kW. In our design, each klystron feeds a module constitucd by 4 tanks (Fig.2), con-
nected together via bridge couplers of a five-cell disk —loaded type (Fig.3); quadrupole doublets
beetwen the tanks provide the focusing. The number of cells per tank (38 accelerating) is constant
through all the linac, to keep nearly constant an accelerating gradient of 5 MV/m, calculated to mini-
mize investment costs. The focusing system allows to have an aperture of only 2 cm, and around that
the cells have been designed to achieve the maximum shunt impedance. Beam dynamics simulations
show a 100% transmission and an emittance growth of less than 30%; no particular effort has been
devoted to reduce it, since the overall emittanccs (0.6JT mm mrad transverse and 4* deg MeV longitu-
dinal, normalized RMS) are satisfactory for injection and painting into the booster.2 From these ele-
ments it is clear that the SCL layout corresponds already to a minimum cost design, with a good de-
gree of reliability, and that no major developments can be expected to reduce its cost. For example, a
possible layout based on the Disk and Washer structure, has been also analizcd, but it soon turned out
that to find a cavity design guaranteeing enough freedom from parasitic modes would require a long
development work, which was out of consideration for the Fill7 team.

At the same way, also the other problem, to obtain a satisfactory matching between the RFQs,
simultaneously in transverse and longitudinal planes, revealed itself as a tricky business, mainly due to
the not clean splitting of the 50 MHz bunch out of the first RFQ into two 400 MHz bunches; to
overcome this problem a totally new injection scheme has been proposed, based on a "1 out of 4" ap-
proach, which allows to reduce all the frequency jumps, ending up with a 600 MHz SCI..3 This
scheme is summarized in Fig.4. Clear advantage is the reduced jump between the RFQs, wich allows a
direct bunch to bucket transfer, and makes possible a good matching.

In the frame of these studies, an experiment of direct coupling of two RFQs operating in the 1
out of 4 mode has been realized by the group of the Frankfurt University; a 200 MHz Four Rod RFQ
has been placed immediately after a 50 MHz Split Coaxial RFQ, and a 32 in A peak current has been
transported up to 320 kcV out of the second RFQ.4

An additional problem of this scheme can only be to have a Side Coupled Linac at a relatively
low frequency, 600 MHz, but it can be seen that in such structures the shunt impedance is more sensi-
tive to the aperture, and therefore to the focusing system, than to the dimensions of the cells; so keep-
ing the beam small would allow to mantain a good shunt impedance. Moreover a 600 MHz structure
compared to a 1200 MHz one can provide the same nccclcraling gradient with a lower number of cells
(remaining always in a region of safe peak field), therefore reducing the structure cost (machining of
the cells is always more expensive than the material itself), •'•nd allowing released tolcrancics and an
easier tuning. The only remaining problem of this option is that 600 MHz is a frequency where power
supplies arc not available on the market, and this would require 1o add to the costs the development of
high power klystrons at that frequency.5

From the beginning the idea of obtaining the microbunch structure of the beam by using only
one RFQ and a chopping device was disliked, this due to Ihc challenging technical problems of realiz-
ing a very fast chopping system.
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3. At PI and the new perspectives

As discussed elsewhere at this workshop *, a new phase for the KMF development has been
opened, on one side, by the negative answers given by the Italian and German committees to the
funding of the full scale lillF, and, on the other side, by the interest shown by the Laboratori Nazio-
nali di l^gnaro of the INF;N (the Italian fstituto Nazionalc di Fisica Nucleare) regarding a matching of
the EFIF with its heavy ions program.

At Ix:gnaro, work is going on in building a superconducting linac (ALP1) as a post - accelerator
for the heavy ions coming from Iheir tandem; the same circular accelerators could then be used to ac-
celerate together heavy ions from the superconducting linac and protons from a dedicated injector. Ba-
sic criteria arc that the design of the hadron facility should be left unmodified as much as possible and
that the project should be suitable to a staged development. First consideration is that the standard
HI IF injector is of course not good for heavy ions, therefore the only solution is to introduce in the
design, before the standard FilJF booster, a prc - booster and a first holding ring, to accelerate and
store both protons and heavy ions, before transfer to the El IF booster at 1.2 GcV. For what concerns
the injection energy into the pre - booster, which is the interesting figure for the design of the injector,
it turned out that the prc-booster can accelerate the full 100 //A current only injecting at an energy of
at least 650 McV. With lower injection energies space charge limits allow only reduced intensities, as
indicated in the first part of Fig.5. What has therefore been proposed for the proton injector7 is a sys-
tem of accelerators which can be upgraded from a starting energy of 175 MeV (3."tyiA in the p re -
boostcr) up to the 650 MeV corresponding to full current, as described in the table below and in Fig.5.
The starting frequency of the booster RF fixes the RFQ1 frequency, which has to be changed for each
upgrade, but the frequencies of the subsequent accelerators arc such that they can operate in the first
stage in the 1 out of 6 mode, to end up with a 363 MHz DTI. at 175 McV; then the same system,
adding a first section of SCf, up to 290 McV and changing the first RFQ, can operate in 1 out of 5
mode; finally adding another SCL section and changing again the RFQ1 the system can reach the full
650 MeV in the I out of 4 mode.

Pre — booster paranu-lcrs IJnac parameters

Injection Maximum RF Mode of RFQ I
F'nirgy Current Frequency operation Frequency
[McV] [//A] [MM/.] [MHz]

175 33 30.2-50.5 1/6 30.2 RFQ1 + RFQ2+ DTI.I + DTI .2

290 50 36.3-50.5 1/5 36.3 " +SCLI

650 100 45.4-50.5 1/4 45.4 " +SCI.2
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Fig. 5 : The layout of the H~ injector for the EIIF/AI,PI case

This new design of the El IF injector retains the basic idea of beam structure formation by means
of two RFQs, and in addition offers the feature of un upgrading approach up to the full linac energy,
but has still to be analized in detail.
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COST PROJECTION FOR A SUPERCONDUCTING
LINAC STRUCTURE

Georg Schaffer
Los Alamos National Laboratory

Abstract
The increase of energy of the present 800 MeV proton linac at LAMPF to

1.6 or 2.2 GeV is of primary importance for the proposed future experimental
program of this Laboratory. Layout and cost studies have been performed for a)
normalconducting and b) superconducting accelerating structures. A more recent
cost analysis for a superconducting structure is given in this report.

1 Reconsidering a Superconducting Struc-
ture
In March 1987, a special workshop at Los Alamos was organized to investigate the
feasibility and cost of a superconducting extension of LAMPF (see Proceedings LA-
UR-87-1160). At that time and as a conclusion, it was felt that the fabrication
cost of superconducting cavities was prohibitively high.

Today, the rapid progress of the technique and the widening of applications
justify a review of this option for LAMPF.

In particular, the limited available length on the mesa (not more than 500 in)
calls for a high-gradient structure.

A gradient of 5 MV/m is used in most, of the known cases, at. relatively low
operating frequencies. For LAMPF, the cavity frequency to be considered would
be 402.5 MHz, a value between the 350 MHz LEP and the 500 MHz DESY/HERA
cavities.

Other relevant factors to be considered are:
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• Cavity losses (RF losses), heat conduction losses.

• The conversion factor for the cryosystem. This determines essentially the
cost of energy consumption, which should be estimated for a 25-year opera-
tion period.

• Voltage/phase stability.

H. Lengeler's cost estimate of 300 kSF/m for the CERN structure has been
taken as one of the main references for calculating the necessary capital investment
for the structure. We added 20% installation cost and 35% contingency.

2 Information and Statements
Information and statements on the state of the technique (for high /? beams).

Documents from the following Laboratories or authors were taken into account
for the study:

• Los Alamos Workshop, March 1987

• CEBAF Design Report

• CERN Reports (Lengeler, Stierlin)

• Wuppertal (H. Piel) Lectures

• DESY/HERA Reports (D. Proch, LAC 88)

• Test Reports on the CERN-LEP Structure

• KEK

• LANL (G. Lawrence, J. McGill)

3 Important Statements
1. CEBAF 5 MeV/m, 1 GeV total.

(Rode, Phillips, Sundelin)
CORNELL

2. H. Piel: 400 MHz, Q=3 x 109 "conservative", calculate with conversion
400-500, rf losses at 5 MV/m a 20 watts/m.
On heat conduction losses: lowest achieved at Darmstadt (1 watt/m).

409



On the CERN/LEP cryostat, ask H. Lengler for precise information on
rf losses and heat conduction losses.
The rf losses of the 352 MHz 4 cell-unit are 30 watts.
4 pieces built, values measured.

For heat conduction consider rf input coupler size. The rf input power
per meter, in our case, would be 35 ma x 12 % duty = 4.2 ina average
current, x 5 MV/m = 21 kW/m. For a 1.5 m structure 7.5 MV X 4.2
ma « 30 kW. This would be the same as for the CERN/LEP structure.
Conclusion: = «a.ma design as at CERN.
Interatom considers the CERN crvostat the least expensive. Seamless
connection tank/tank.

CERN tender opening for 32 structures, 4 cell, by Feb. 24.

3. CERN SPS LEP longterm test.
D. Boussard et al. (to be presented at the Chicago Conference) 4-cell
350 MHz Nb, installed August 1987 in SPS for test.
Operation at 7 MV/m.
Design field 5 MV/m, measured Q=2...3 x 109.
4000 hours operation at 4.5 E.

4. DESY (D. Proch).
500 MHz, HERA 5 MV/m, Q = 2 x 109.
rf losses 10 watts/cell, 30 cm/cell -> 33 W/m.
Cost 400 kDM/m active, without mounting, without cryotest. Cryo-
plant at HERA operates with conversion 300.

5. KEK
16 single resonators 500 MHz.
5.5 - 8.4 MV/m with tuners.

6. LAMPF (G. Lawrence) rf loss estimate 20 Watts/in, the heat conduction
loss should be about 20 Watts/m (for the CERN structure).

Cavity and Cryostat Design
A few examples (Figs. 1 to 4) should illustrate the various solutions applied at

CERN, CEBAF and DESY.

4 Conclusion for Cost Projection
In order to establish cost spreadsheets and charts for a superconducting extension
of LAMPF, most of the comments mentioned above were taken into account.
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It was decided to:

• take RF losses of 20 Watt/m at 5 MV/m

• take the heat conduction loss as 20 Watt/m

• take a conversion factor 500

• take the structure cost of CERN and DESY

• follow CERN tender results (for confirmation or updating of the structure cost).

5 Results for 800 MeV and 600 MeV Exten-
sions
Charts 1 and 2 show the dependence of

• Linac Equipment Cost

• 25 year lifetime cryo-cost and

• the total cost including 25 year rf power consumption cost.

For reasons of simplicity, these values were shown for only four different gradi-
ents, namely 1 MeV/m, 2 MeV/in, 5 MeV/m, and 10 MeV/m.

A few other values are contained in the corresponding Tables 1 and 2.

Not included in the estimates are internal personnel costs.

800 MeV High-Dutv-Factor Extension:
The necessary capital investment for the structure - including associated equip-

ment - is 48 MS. and about 13 MS for the rf power sources. These values apply
for a gradient of 5 MeV/in.

We have based the capital investment for rf power amplifiers on the best known
value of 0.5 MS per 1.2 MW module, which is valid for the current 805 MHz modules
and should not change much for a 402.5 MHz frequency.

In fact, a promising candidate for rf power amplification at 400 MHz should be
the klvstrode (see separate progress report by M. B. Shrader).
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600 MeV Low-Duty-Factor Extension:
We also show the cost of a subsequent linac section of 600 MeV, which would be

of interest for injection into the AHF synchrotron. This section would operate with
a relatively low duty factor. We have assumed a 1% duty cycle, and tentatively,
a low rf efficiency.

The capital investment for the structure would be 36 MS plus about 10 MS for
rf power amplifiers.

Lifetime Operating Cost:
In a normalconducting structure with modest beam current the lifetime oper-

ating cost is mainly determined by the copper loss in the structure. In comparison
to this, the lifetime-cryo-cost for a superconducting structure can be expected to
be much lower, typically by a factor 3 to 5. An even better result may be possible
with improved cryo-systems (with conversion factors below 500). As to the ratio
of rf lifetime power cost to cryo-cost, this ratio would be approximately 3:2 or 1:3,
respectively, in our two examples.

Required Length of Buildings:
The structure length in the worksheets is active length. To include space re-

quired for focusing quadrupoles and other elements, the total length of the sections
will increase by about 85%, based on a packing factor of 54%.

This would lead to about 300 m for the 800 MeV extension, and about 225 m
for the 600 MeV extension.

6 Remarks on Implementation
Superconducting rf structures have so far been applied to CW electron and positron
beams.

Application results for pulsed proton beams are not known (at least not to the
author).

The excitation of rf cavities of extremely high Q-values with high-current beam
pulses needs particular attention.
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In order to make a "low risk investment" with a "high risk technique" (if this
qualification is justified), the following steps are recommended:

• tentative replacement of one or two 805 MHz linac sections by 402.5 MHz
superconducting sections in the existing LAMPF linac;

• further steps only after beam tests and acceleration tests hare been convinc-
ing;

• operation of several superconducting sections with proper *pipljtude and phase
tolerances. For this, it will be necessary to carefully

1. study transients
2. study higher-order modes
3. study feedback and feedforward.

The proper solution of these problems is mandatory and represents a big chal-
lenge for good if engineers. A success would be an important step forward in
accelerator technique.
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Chart 1

M$

350

300

250

200

T
-Total Cost-

(incl. RF Lifetime Power)

150
Linac Equipment
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ibeam 0.035 Amps
duty 0.12

Pmax 1.2 MW
"RFcost 0.5 M$/module"

RF Losses 20 W/m at 5 MV/m.
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Table 1

Hi Duty Factor Superc. Linac Cost Spreadsheet 2/15/89 (Sc)
Headroon
Pmax
Pava
eff
RFcost
Life
Str
Zshunt
cE
ibeam
duty

Grad
(MeV/m

1
2
5

10

1.6
3.2

8

1.1
1.2

0.144
0.5
0.5
25

0.3
1000

800
0.035

0.12

Length
(meters)

800
400
160

80

500
250
100

MW
MW

M$/module
Years
M$/meter
GOhm/meter
MeV
Amps

PeakRF
Power
(MW)

28
28
28
28

28
28
28

RF
Cost
(M$)
12.8
12.8
12.8
12.8

12.8
12.8
12.8

hrspyear
kwh
Power

Loss
Conversio

Struct.
Cost
(M$)

240
120

48
24

150
75
30

4000
0.05

0.2

0.02
500

hrs/yr
$/kW-hr
M$/MWvear

kW/m at 5 MV/m+20 W/m

Lifetime
Power
(M$)
33.6
33.6
33.6
33.6

33.6
33.6
33.6

Totah
(M$)

286
166

94.4
70.4

196
121

76.4

Linac
Equipm.
Cost
(M$)

252.8
132.8
60.83
36.83

162.8
87.83
42.83

Lifetime
Cryo
Cost
(M$)

46.82
26.97
20.75
28.16

31.57
21.48
24.53

Total2
(M$)

333
193
115
98.6

228
143
101
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Chart 2

M$
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I
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-duty 0.01-
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Conduction 20 W/m
-Conversion 500-

4-
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Table 2

Lo Duty Factor Superc. Linac Cost Spreadsheet 2/17/89 (Sc)
Headroom
Pmax
Pavq
eff
RFcost
Life
Str
Zshunt
cE
ibeam
duty

Grad
(MeV/m)

1
2
5

10

1.6
3.2

8

1.1
1.2

0.144
0.2
0.5
25
0.3

1000
600

0.035
0.01

Length
(meters

600
3 0 0
120

6 0

375
187.5

75

MW
MW

M$/module
Years
M$/meter
GOhm/meter
MeV
Amps

Peak
Power
(MW)

21
21
21
21

21
21
21

RF
Cost
(M$)
9.63
9.63
9.63
9.63

9.63
9.63
9.63

hrspyear
kwh
Power

Loss
Conversion

Struct.
Cost
(M$)

180
90
36
18

112.5
56.25

22.5

4000
0.05

0.2

0.02
500

Lifetime
Power Cost
(M$>

5.25
5.25
5.25
5.25

5.25
5.25
5.25

hrs/yr
$/kW-hr
M$/MWyear

kW/m at 5 MV/m+20 W/m

TotaH
(M$)

195
105

50.9
32.9

127
71.1
37.4

Linac
Equipm.
Cost
(M$)

189.6
99.63
45.63
27.63

122.1
65.88
32.13

Lifetime
Cryo
Cost
(M$)

35.11
20.22
15.56
21.12

23.68
16.11

18.4

Total2
(M$)

230
125

66.4
54

151
87.2
55.8
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Superconducting rf-module for HERA
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T « t . ? K
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Fig. 2 (D. Proch 88)
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CRYOSTAT AND CAVITY PAIR CEBAF

Vacuum
Vessel 7

AJ
-Higher Order
Mode Damping

50-k
Shield

•Helium
Vessel

30 Inch
Diameter

• Tuning
Mechanism Feed

Cavity

Fig. 3 (R. Sundelin, L. Phillips, CORNELL/CEBAF 87)
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LEP cryostat with
He-vessel, beam tubes and
tuning system

Fig. 4 (H. Lengeler, GERN 87)
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COST OF A NORMALCONDUCTING LINAC STRUCTURE

Georg S chaffer
Los Alamos National Laboratory

By the attached Chart 800.In and Worksheet 800.1 n, we would like to illustrate the
cost variation for different gradients of a possible LAMPF linac extension, assuming a
normalconducting structure.

The calculation is based on 800 MeV additional energy gain with an 805 MHz
sidecoupled structure. The rf power units would be identical in performance with
those presently used except that we have specified a higher overall efficiency of 50%
instead of 30% (rf output vs mains input). The minimum of the linac equipment cost
(without internal personnel cost) is situated between 2 and 3 MeV/m.

The 25 year lifetime power costs are of the order of S100M for this minimum. With
a gradient of 1 MeV/m, the lifetime power cost would drop by about $40M, and the
liuac equipment cost would rise by about 20 M$.

All assumptions made are subject to change by more detailed studies planned for
the near future.
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Chart 800.1 n

ibeam 0.035 Amps
duty 0.12

RFcost 0.5 M$/module

Linac Equipment Cost

1 MeV/m 2 MeV/m 3 MeV/m 5 MeV/m

800 MeV High-Duty-Factor Normalconducting
Linac,

Required Capital Investment for Different
Gradients

10 MeV/m
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Worksheet 800.1 n

Hi Duty Factor Linac Cost Spreadsheet HAT 1/11/89+GSC 2/17/89
Headroorr
Pmax
Pavg
eff
RFcost
Life
Str
Zshunt
CE
ibeam
duty

Grad
(MeV/m!

1
2
3
5

10

2.5

1 .
1.2

0.144
0.5
0.5
25

0.075
48

800
0.035
0.12

Structure
Lenqth
(meters)

800.00
400.00
266.67
160.00

80.00

320.00

MW
MW

M$/modul€
Years
M$/meter

hrspyear
kwh
Power

MOhm/meter (LAMPF SCL)
MeV
Amps Pulse

PeakRF
3ower
(MW)

50.23
72.47
94.70

139.16
250.33

83.58

RFCost
(M$)

23.02
33.21
43.40
63.78

114.73

38.31

ibeam averaqe

Structure
Cost
(M$)

60.00
30.00
20.00
12.00
6.00

24.00

4000
0.05

0.2

4.2

Lifetime
Power
Cost
(M$)

60.28
86.96

113.64
167.00
300.39

100.30

hrs/yr
$/kW-hr
MS/MWvear

mA

Totah
(M$>
143.30
150.17
177.04
242.78
421.12

162.61

Linac
Eduipm.
Cost
(M$)

83.02
63.21
63.40
75.78

120.73

62.31
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SUMMARY OF LINAC GROUP DISCUSSIONS

Georg Schaffer
Los Alamos National Laboratory

Twenty-four participants were registered in our Linac Session on Tuesday, Febru-
ary 21. The specified charge to the Linac Group was discussed in 10 contributions
presented by

• S. O. Schriber (Chairman)

• G. Neuschaefer

• M. B. Shrader

• F. W. Guy

• G. R. Swain

• M. Vretenar

• M. T. Wilson

• H. A. Thiessen

• G. P. Lawrence

• G. Schaffer

Our task was to consider the eventual upgrading of the LAMPF I linac to higher
energy and improved beam quality for use as an injector linac for AHF.

In particular, we had to

1. Identify Sources of and Cures for Linac Beam Halos
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2. Discuss Ion Source & RFQ

• 2 H-, 1 Polarized H- Ion Sources

• 200 MHz vs 400 MHz

3. Review Ideas for Chopper to 50 MHz (~6Hz)

4. Discuss Drift-Tube Linac

• Matching to Existing 200 MHz?

• Advantages of 400 MHz?

5. Recommend Minimum-Lifetime-Cost Coupled-Cavity Afterburner

• 800 MHz vs 1200 MHz room temp?
• Superconducting?

6. Define Requirements for Transport System from LAMPF to Afterburner

7. Discuss Lifetime Cost Algorithms (R&D+Constr+Ops+Maintenance+Power)

8. Recommend Topics for Further Study

1 Sources of and Cures for Linac Beam Halos
In his perspective, S. Schriber outlined that the stringent demand to minimize beam loss
and, thus, activation and possible damage to structures, requires a good understanding
of initial beam formation and of nonlinear field effects. Particles of large radii do not
remain laminar. They accelerate through the core of the beam creating halo as a
result of nonlinear forces (space charge and nonlinear external forces from magnets
and accelerating cavities). Halo particles make an enormous contribution to rins
emittance. Beam loss minimization requires large apertures (7 to 11 times rins beam
size). A possible cause is truncation of beam at an early stage. This may reduce
the halo by two orders of magnitude. Halo removal requires long colliiuators and
non-interruptive/noniuterfering/nonperturbing diagnostics with feed-forward controls.
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2 Ion Source, RFQ, Chopper and Drift-Tube Linac

These subjects were investigated by F. Guy and G. Neuschaefer. The AHF linac
injector would consist of 3 RFQ injectors (one of them with a polarized ion source),
a merging section at 2.5 MeV, and a new drift-tube linac operating at 402.5 MHz.
The beam would then be injected into the existing cavity-coupled 805 MHz linac and
subsequently be accelerated from 800 MeV to 1600 MeV by a (new) 1207.5 MHz COL
section (see figure 1).

The merging section has to transport beams from the three 400 MHz RFQ's into a
common line, to modulate the 400 MHz beam structure with 50 MHz and to match the
beam into the 400 MHz DTL. The matching throughout the line aims for smooth and
regular flutter, no abrupt changes in average beam envelope. Chopping at 50 MHz is
achieved by two subsequent rf deflectors, one of them operating at 200 MHz and the
other at 150 MHz.

The new 402.5 MHz drift tube linac (length 45 m, output energy 100 MeV) requires
3 MW rf power to be transmitted to the 30 mA beam and 6 MW to cover cavity losses.

The normalized rins emittances of the beam after passing through the DTL are
0.19 IT mm mrad (transverse) and 0.36 mm mrad (longitudinal). These figures would
have to be multiplied by (7)2 fa 50, as suggested by S. Schriber, to include beam halos.
Based on actually measured rms emittances of 0.5 IT mm mrad (not normalized) at
LAMPF I, R. Macek proposes to use a figure of 25 ir mm mrad (transverse emittance,
not normalized) for linac extensions and beam transport channels. An analysis made
by G. Swain: "Tentative Design of Beam Focusing for AHF-Liuac and Transport
System" takes this enlarged emittance value into account.

3 Cavity-Coupled Linac (CCL)

The proposed gradient for acceleration to 1600 MeV is 3 MV/m. Further design
parameters proposed by G. Neuschaefer are 50 cells per tank, 51 tanks, FDO transverse
focusing by quadrupoles with 19 T/m over 20 cm length, synchronous phase -20 degree,
operating frequency 1207.5 MHz.
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G. Swain has investigated various other possibilities for the layout of add-on linac
1 (to reach 1.6 GeV): for instance, 71 cells per tank, 2 tanks per module, 20 modules,
singlet- or doublet-quadrupole focusing with gradients between 0.7 and 5.9 T/M, beam
radii 1.6 or 2.6 cm, frequency 1207.5 MHz, synchronous phase -30 degree.

For add-on linac 2 (from 1.6 to 2.2 GeV), he proposes 15 modules same frequency,
beam radius either 1.3 cm (with doublet focusing) or 1.6 cm (singlets).

Setting of rf phase and amplitude: A modified "delta-t" procedure described by G.
Swain appears adequate to set up the proposed AHF linacs if the beam structure is at
201.25 MHz. If the front end of the LAMPF I linac is rebuilt to work at 402.5 MHz,
the method may need to be redesigned.

4 Superconducting Linac Structure

The use of a superconducting structure (as already discussed in March 1987) was
considered again and found attractive from the point of view of lifetime power cost and
possibly shorter length of the required add-on linacs.

A low-risk investment proposed by G. Schaffer foresees the tentative replacement of
one or two 805 MHz linac sections by 402.5 MHz superconducting sections in LAMPF
I, in order to learn how to handle rf amplitude and phase controls under pulsed beam
operation.

G. Lawrence reported on cavity development results at LANL (805 MHz).

5 New RF Power Sources

A promising new UHF power source for high-efficiency operation seems to be the
klystrode described by M. Shrader. Efficiencies up to 71% were measured on a 425
MHz/500kW prototype which is under development at Eimac. Tests with full pulse
length (10 ms) will be carried out as a next step. The klystrode has a gain of about
20 db, is shorter and lighter in comparison with a klystron for the same frequency.
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6 EHF Linac Design
M. Vretenar reported on latest design ideas for the injector linac of the proposed
European Hadron Facility.

7 Cost Projections
Coarse estimates on the cost of possible LAMPF linac improvement programs and of
add-on Unac sections for 1.6 GeV and 2.2 GeV output energy were presented by M.
Wilson and G. Schaffer.

For a normalconducting structure, there is a minimum of the linac equipment cost
for a gradient between 2 and 3 MeV/m. The 25 year lifetime power cost of an 800
MeV extension is of the order of $100 M for this minimum, the linac equipment cost
about $65M. For a longer linac structure with a gradient of 1 MeV/m, the lifetime
power cost would drop by about $40 M, and the linac equipment cost would rise by
about $20 M.

In comparison to this, the lifetime power cost for a superconducting structure comes
out much lower (about half the value of a normalconducting linac) while the equipment
cost is about equal.
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