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R. A. Jameson

ABSTRACT

This report, covers major projects in the Accelera-
tor Technology (AT) Division of the Los Alamos National
Lafcr-atory. The first sections highlight activities
related to beam dynamics, inertial fusion, structure
development, the racetrack microtron, and the CERN
high-enerqy Dhysics experiment NA-12.

Discussed next is the the Fusion Materials Irradia-
tion Test facility, followed by a summary of progress on
the Proton Storage Ring and activities of the Theory and
Simulation Group. The report concludes with a discus-
sion of the H" accelerator program and a listing of
Dapers published by AT-Division personnel during this
reporting period.



BEAM DYNAMICS

MAGNETIC INSULATION FOR RFQ LINACS

We have investigated the idea that breakdown mechanisms, which require

electrons to be transported across the qaD, can be inhibited by applying a

transverse magnetic field of sufficient strength.1 In reviewing the currently

accepted breakdown mechanisms for the dc case, we have concluded that the most

likely rf breakdown mechanisms probably involve both electrons and ions, but

need not require that electrons be transported across the gap. Therefore, a

transverse magnetic field may or may not play a useful inhibiting role.

Although the gains to be made for the rf case ultimately must be deter-

mined by an rf experiment, we have found that a dc experiment reported in the

literature2 demonstrates that (for small gaps) a transverse magnetic field can

increase the breakdown field in a way that is qualitatively similar to what

would be expected if electron transport across the gap were an important part

of the breakdown mechanism. When we apply these dc results to the radio-

frequency quadrupole (RFO), we a*-e able to predict how much electric-field gain

is possible for a qiven magnetic field, and we see the possibility for signifi-

cant gains in electric field for high-frequency RFQs. These gains translate

into ar increased current limit for high-frequency RFQs.

We conclude that an rf breakdown experiment should be performed on copper

electrodes in a magnetic field. Such an experiment would be important because

we do not know how rppresentative the dc results are for the rf application.

We have also concluded that a magnetic field parallel to the RFQ axis is the

most attractive configuration.

REFERENCES

1. T. P. Wangler, "Magnetic Insulation For RFQ Linacs - An Idea With Sig-
nificant Potential Eains," Los Alamos National Laboratory memorandum
AT-l:83-336, November R, 1983.

?.. V. A. Petrosov and N. V. Cherkasskii, "Effect of a Transverse Magnetic
Field on the Breakdown in a High-Vacuum Discharqe Gap," Sov. Phys.-Tech.
Phys. ?_Z, 565 (1977).



ACCELERATOR INERTIA*. FUSION

DESIGN CONSTRAINTS FOR A RADIO-FREQUENCY-LINAC/STORAGE-RING DRIVER
Since work on heavy-ion fusion began in the middle 1970s, a number of spe-

cific rf-linac/storage-ring accelerator designs have been presented in various

reports. In most cases, less empi.asis has been given to presenting methods for

generating designs that satisfy the most important physics constraints. We

have reviewed the equations that must be satisfied when generating rf-linac/

storage-ring systems for heavy-ion fusion, including current amplification and

space-charge limits. To treat the phase-space constraints, we have derived new

formulas for separate transverse and longitudinal available dilution factors

in terms of parameters of the rf-linac/storage-ring system. These formulas

allow a more complete specification of the phase-space constraints. We used

the results of a published systematic tarqet study and expressed the results

in a form that allows a more convenient selection of parameters at fixed target

nain. We outlined a method for generating accelerator designs that satisfy the

target, current amplification, phase-space, and space-charge constraints—and
208as an example, we applied this method to generate and compare designs for Pb

with charge state q = +1.

We conclude that, in principle, the phase-space constraints can always be

met by proper design to provide adequate available dilution factors. The dilu-

tion factors can be increased at the expense of reduced target gain; at fixed

gain, they can be increased within certain limits, either at the expense of

additional components or at the expense of larger total beam energy E. The

penalty in both cases Drobably is cost.

REFERENCE

1. T. P. Wanqler, "Some Design Constraints For An RF-Linac/Storage-Ring
Driver," submitted to INS International Study on Heavy Ion Accelerators
and Their Applications to Inertial Fusion, January 23-27, 1984, Univer-
sity of Tokyo, Japan, Los Alamos National Laboratory document
LA-UR-84-177.



ACCELERATOR STRUCTURE DEVELOPMENT

RFQ ANALYSIS
Work has begun on a mu 11iport network solver (MPNS) that will have the

capability of determining stored-energy distributions and tuning-error sensi-

tivities for complex networks of transmission lines and lumped-circuit

elements. This program will be very useful for studying the properties of

resonantly coupled manifold-RFQ systems as well as for determining the effec-

tiveness of RFQ shorting rings versus structure parameters. By the end of

March, the data-manipulation algorithm was completed, and much progress .'as

made on understanding the mathematical details of Qmbedding arbitrary combina-

tions of lumped and distributed circuits in 2N-port networks. The problem of

calculating the properties of embedded systems has been solved.

RFQ SHORTING RINGS

Experience with tuning an RFQ with (nearly) periodic shorting rings has

improved our qualitative understanding of the effects and side effects of

shorting rings. Figure 1 shows the dipole modes of the RFQ pushed up by short-

ing rings with nonzero inductance. This can be compared to Fig. 2, which shows

the modes for an RFQ with no shorting rings.

The ease with which tuning errors mix dipole modes into the field distri-

bution depends inversely on the mode spacing. If the shorting rings have

sufficiently low induct?,ice, the dipole modes can be raised hiqh enouqh in fre-

quency to significantly reduce the effect of tuning errors on the dipole mix-

ing. Thus, the symmetry of the azimuthal field will be preserved.

The rings have a side effect that makes it unprofitable to arbitrarily add

many rings to the RFO. These rings add a periodic capacitive loading to the

RFQ quadrupole mode that results in a distortion of the mode spectrum and the

longitudinal field distribution.

Figures 3a-3d show the effect of various tuning conditions on the longitu-

dinal field distribution and show the "clothespinninq" effect that occurs be-

cause of the capacitive loading. The field level is reduced quadratically away

from the shorting rings.
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Fig. 1.
Mode spectrum for RFQ with short-
ing rings. The upper curve shows
the dipole-mode passband; the
lower curve shows the quadrupole
mode passband.
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Fig. 2.
Mode spectrum for RFQ wiJh no
shorting rings. The upper curve
shows the quadrupole passband;
the lower curve shows the dipole
passband.
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Fig. 3a.
Field amplitude versus longitu-
dinal position for frequency
abov° unloaded cutoff frequency.

Fig.
Field amplitude
dinal position
slightly above
frequency.
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Fig. 3c.
Field amplitude versus longitu-
dinal position for frequency
below loaded cutoff frequency.

LONGITUDINAL POSITION

Fig, 3d.
Field amplitude versus longitu-
dinal position st cutoff fre-
quency of loaded system.



LUMPED-CIRCUIT MODEL OF THE FOUR-VANE RFQ RESONATOR
We make use of the result that larqe capacitive vane loading in the four-

vane RFQ resonator allows a convenient representation of this resonator by a

simple lumped-circuit model.1 Formulas are derived for magnetic field B, power

per unit length P stored energy per unit length W and quality factor Q,

which depend on frequency, intervane voltage, and a single unknown parameter,

the vane capacitance per unit length Cp. The computer program SUPERFISH was

used to calculate the electromagnetic properties of the RFQ cavity. These cal-

culations were used to determine Co versus the dimensionless parameter r A ,

where r is the radial aperture and X is the free-space wavelength. For the

cases studied, we have found that the P., values agree to better than 10%;

whereas, the B, W«, and Q values agree to better than 5%.

The model can be useful for estimating cavity properties in the early

stages of an RFQ design and for showing the dependence of the cavity properties

on oj, C-, and V.

REFERENCE

1 . T. P. Wangler, "Lumped-Circuit Model of 4-Vane RFQ Resonator," Los Alamos
National Laboratory memorandum AT-1:83-348, November 15, 1983.



RACETRACK MICROTRON

ACCELERATING SYSTEM
Following a decision in September 1982, to abandon the disk-and-washer rf

structure for the racetrack microtron project, a water-cooled side-coupled

structure (SCS) was designed and modeled. A 2.7-m SCS was later built as part

of the 5-MeV injector. This preaccelerator section was designed to accelerate

the electron beam from 1.3 to 5 MeV with an accelerating gradient of 1.5 MeV/m.

Fabrication of this section was completed in February 1983 and was tested at

cw power levels that exceeded the design operating level by 60%. The SCS has

proved to be highly successful in all respects. It exceeds its design specifi-

cations on shunt impedance (82.5 Mft/m observed versus 80 Mf2/m goal), voltage

gradient (2.0 MV/m observed versus 1.5 MV/m goal), and power-dissipation capa-

bility (49 kW/m observed versus 2R kW/m goal). Following the successful test

of the preaccelerator, we proceeded with the fabrication of the remaining rf

structures.

The capture section was completed in FY 84. This section was designed to

accelerate the electron beam from 100 keV to 1.3 MeV. The structure, 0.8 m

long, consists of 14 individual side-coupled cells whose lengths are programmed

for electron velocities increasing from 0.55 to 0.97 times the speed of light.

The capture section was operated at nower levels 20% in excess of the design

operating point.

Fabrication of the main accelerator sections is well under way. This pair

of 4-m-long tanks is designed to accelerate the relativistic electron beam

12 MeV per pass. The first 2 m of this accelerator is now complete.

CHOPPER/BUNCHER SYSTEM

Before injection into the capture section, the electron beam will be both

chopped and bunched into 10° bunches containing one-sixth the total gun cur-

rent. To accomplish the chopping, the 100-keV beam passes through a deflection

cavity excited in two equal-amplitude, orthogonal transverse modes with a 90°

phase shift between them. The cavity fields deflect the beam in a conical fig-

ure, forming a circle on an aperture plate. The aperture in th^ plate is sized

to pass a total of fiO° of the arc, or one-sixth the cw beam. A split solenoid

lens then images the "chopped" beam emerging from the aperture at the second



chopping cavity. The transverse modes in the second cavity are adjusted so

that the transverse momentum irr.parted to the beam by the first cavity is

exactly cancelled.

The beam then passes through a buncher cavity where longitudinal fields

compress the 60° beam spread into ±5° at the entrance to the accelerator.

All of this beam later will be captured and accelerated by the capture section.

The design for this entire system was completed and modeled in FY 84, and

fabrication of components was begun. The complete chopper/buncher system (in-

cluding three beamline rf cavities, five rf power amplifiers and their associ-

ated fast-phase and analog control loops, plus a computer control system) has

since been completed and tested. This turnkey system was accepted and deliv-

ered to the NBS in the spring of FY 84.

RADIO-FREQUENCY POWER SYSTEM

The 500-kW main rf power stand for the microtron was completed in FY 83

and was used in power tests of the capture section. Earlier tests were pre-

cluded by an ^10% ripple at full power, which originated in a 65-kV, 16.5-A

klystron power supply. The problem was diagnosed as an imbalance of the three-

phase line caused by the variable transformer. The vendor has since built and

installed new sets of compensation coils at both Los Alamos and the National

Bureau of Standards (NBS), The Los Alamos power supply now meets its 1% ripple

specification; unfortunately, the vendor's modification to reduce the ripple

also reduced the input impedance by a factor of 2. The resulting surge cur-

rents during turn-on and crowbar exceeded the stress rating of some components,

and the supply has now failed. The NBS suppiy presumably has the same weak-

ness. It will be first tested under load when the accelerator structurps are

delivered in the summer of FY 84.

A new, space-saving, spark-gap crowbar was designed and built in FY 83.

During power tests of the capture section, the spark gf^s themselves were found

to be unreliable. This design has now been abandoned and a compact, but con-

ventional, ignition crowbar is now under construction.

CONTROL SYSTEM

This reporting period resulted in continued development of the distributed

intelligence approach. The rf secondary station was used to control the



chopper/buncher system, and the primary station was further developed to

provide more convenient operator interface with the system devices.

At the secondary station level, the old control oanel was redesigned to

permit multiple interrupts, thus allowing for better operator response. Hard-

ware and software changes were made to improve remote operation. As prepara-

tions were made to deliver the chopper/buncher system to NBS, final testing and

preparations were made to the rf secondary control station's physical rack and

documentation. The m=c:rist power rur^ i ! 1;., -hich f.-"ir 4 if.sjur tertiary station

subsystem, were cabled.

In the primary station, software and hardware improvements were made in

the link system to improve the reliability. The high-resolution color terminal

was also received and checked out for the primary station. Much software re-

mains to be written to support this unit. Several operator-convenience fea-

tures were added to the primary-station software per requests from NB5. An

applications program subsystem was installed, and progress was made toward its

complete implementation. The system is now working in the primary station.

No applications programs have yet been written that use the system, however.

STRUCTURE STUDIES

We have studied the effect of cutting-tool type and cutting speed on the

0 of seven test accelerating cavities at 2380 MHz. Carbide, polycrystal dia-

mond, and single-crystal diamond tools were used in this test. With each tool,

a cavity was finish machined on a lathe at 625 and 2000 rpm. An additional

cavity was machined with the single-crystal diamond at 1125 rpm. A sulfur-free

cutting fluid was used in all cases.

The Q was measured on the seven cavities by fastening each cavity in a

clamping fixture. All measured Qs were within-95% (±1%) of the value predicted

by SUPERFISH. The cavities then were brazed in a hydrogen brazing furnace at

1550°F with CuSil. The resulting measured Q values were all within 98.7%

(±0.4%) of SUPERFISH value.

A conclusion reached after these tests was that no improvement in Q can

be obtained by using diamond tooling instead of carbide. However, the diamond

did give a smoother finish as observed under a microscope.

After completing the individual cavity tests, two seven-cell accelerating

structures were built tc compare the effective shunt impedance of the coaxial

structure and the SCS at 2450 MHz. The coaxial structure was designed by the



University of Illinois, and the side-coupled model was designed by Los Alamos.
The resulting measurements are summarized in Table I. The measurements of
ZT /Q will be further refined, but the Q measurements are believed to be
accurate to within 0.5%.

TABLE I
MEASURED RESULTS FROM COAXIAL AND SIDE-COUPLED MODELS

Q percentage of SUPERFISH value
ZT2/Q

Per cent of theoretical ZT /Q
Coupling ptr cent

ZT2 (MD/m)

Coaxial Model

16410
91

5393

103
3.4

88-5

Side-Coupled Model

16400

91

5650

102
2.7

92.7

10



CERN EXPERIMENT NA-12

This collaboration, NA-12, at the CERN Super Proton Synchrotron (SPS) with

groups from France, Belgium, and the USSR was initiated in 1981 for an experi-

mental st'.:dy of n-p interactions at 300 GeV/c. The initial contribution of the

Los Alamos group was to provide fast-analog-trigger circuitry for the experi-

mental apparatus that allows an entirely new area of physics to be investigated

with the existing GAMS photon detector. This system is just now being put to

use, and preliminary results are encouraging.

The fast-trigger circuits have been installed in one-quarter of the GAMS

detector. Cabling from the GAMS detector to the counting house for all the

fast-trigger circuits was also installed. Tests have been mad'? regarding the

effect of the circuits en the existing data-acquisition hardware of the GAMS

detector. No visible effect has been observed. Progress has been delayed on

installation of the circuits in the remaining three-quarters of- the detector

because of problems with the detector.

The modular electronics that fan out the fast-trigger signals has been

installed in the counting house and has been tested for linearity, noise

levels, and gain variations between channels. We found that channel-to-channel

gain variations were, in most cases, less than ~\t. No channel had a gain that

varied more than 5% from the mean. Discovered in the system were minor prob-

lems concerning the linearity for signal levels that were somewhat smaller than

nominal. For these problems, corrections that involve minor alterations to the

circuits are in progress.

During the data-taking run in September 1983, some preliminary data were

taken with the Los Alamos trigger system. The principal aim of the exercise

was to get some idea of the rates to be expected when triggering for the pro-

duction of 3- to 4-GeV/c particles that decay into two photons- The rates were

small enough that the data-acquisition system was not swamped with events. The

trigger rate for an incident pion beam of 1 x 10 particles/s is estimated to

be between 10 and 100 events/s.

A total-absorption cellular hadron calorimeter recently has been added to

the experimental setup. This calorimeter is placed directly downstream of the

GAMS detector and covers a slightly larger area. The calorimeter consists of

a central section, which is a 10 by 10 matrix of 10- by 10-cm counters. The.

central section is surrounded by four layers of 20- by 20-cm counters. Each
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cell is a sandwich of thirty-five 2.5-cm iron converter plates interleaved with

thirty-five 0.5-cm-thick sampling scintillators. This sandwich represents ^50

radiation lengths and VI6 nuclear-absorption lengths of material. The light

from each cell is collected through wavelength shifter bars and is monitored

by a photomultiplier tube and electronics identical to that used in the GAMS

detector. The 240 calorimeter cells were calibrated and the entire unit was

assembled.

A prototype of the calorimeter qave a spatial resolution of 0.7 cm for

the 10-cm cells and 1.5 cm for the 20-cm cells with ?00-GeV/c hadrons. Energy

resolution of the calorimeter corresponds to a resolution of %4.6% for

200-GeV/c hadrons.

Most net i.'-al kaons escape detection in the guard system, but they are

detected in the GAMS d£-.ector, appearing to be low-energy photons. All K.
0mesons will be detected in the hadron calorimeter. The pions from K<- mesons

decaying into two neutral pions also will be detected in the GAMS detector.

The pions from K? decaying into two charged pions will be detected by the

hadron calorimeter while simultaneously being measured by proportional cham-

bers placed upstream of the calorimeter. Identification of these components

as hadrons and the measurement of their position and energy by the hadron

calorimeter improve the background rejection for rare multiphoton events and

allow the full exploitation of the exclusive neutral trigger, including those

processes that contain neutral kaons. The calorimeter will also be useful in

conjunction with inclusively triggered events. The analysis of the first

usable data, taken during the summer of 19R2, is now in progress.

12



FUSION MATERIALS IRRADIATION TEST FACILITY

International funding by the member nations of the International Energy

Agency is still being negotiated. The present expectations are that the agree-

ments will support an FY 86 restart of final design and construction activities

for the Fusion Materials Irradiation (FMIT) Facility. In the interim, the de-

velopment of the accelerator, lithium target, and support facilities is being

continued as funding permits.

We were forced to conclude the initial operation of the 2-MeV accelerator

because of an rf-induced failure of one of the 0-rings on the vacuum end clo-

sure of the RFQ manifold, Before the vacuum failure occurred, we were abla to

operate cw at power levels of 160 kW for short periods (the design power level

is 350 k'W). Outgassing continued to be the major limiting factor in attempts

to operate at higher power levels. External-temperature maps indicated the

possibility of some thermal anomalies in the RFQ, associated with cooling-water

access boxes between the core and manifold tanks. Because the RFQ had to be

removed from the beamline to repair the vacuum seal, the structure was disas-

sembled, and the source of both the outgassing and thermal difficulties was

revealed. Therefore, most of this reporting period was devoted to the design

and implementation of those changes required to eliminate all the anomalous

effects observed during initial operation. In spite of the difficulties, we

were satisfied that the basic design and engineering of the RFQ was sound; only

a modest redesign of a few components was necessary to correct all the

problems.

ACCELERATOR

Operation

The 2-MeV accelerator program was suspended in October 1983 because of the

failure of a vacuum 0-ring seal. At that time, rf conditioning of the RFQ wac

taking place with the qoal of achieving cw operation at the design power level.

Repair of the vacuum seal required disassembly of the RFO; therefore, an exten-

sive study was begun, not only to solve the overheating problems but also to

improve the mechanical assembly. Improvement of the vane-adjusting mechanism

allowed the RFQ to be adequately tuned by simple vane movement, hence elimi-

nating the troublesome tuning straps on the vane ends. At the same time, the

13



profile of the boxes covering the vane cooling lines was reduced to eliminate

the heating problem that led to the failure of the vacuum seal. Finally, the

complicated capacitor plate assembly was replaced with a coaxial design, there-

by eliminating four gold-wire rf seals ^n^ considerably simplifying the as-

sembly procedure.

We had noticed that the resonant frequency of the RFQ sometimes changed

by several kilohertz over several milliseconds during pulsed operation. This

effect was traced to mechanical vibration of the parallel-plate capacitor ring.

The new coaxial capacitor is considerably more rigid than the parallel-plate

design and is expected to eliminate the rapid frequency response of the

structure.

During the rf conditioning, the primary limitation to increasing the drive

power was insufficient vacuum in the RFQ. Residual gas analyzer (RGA) measure-

ments determined the dominant gas component to be molecular hydrogen. The

source of this gas load is several RFQ components that were hydrogen-furnace

brazed. At low duty factors (typical of most accelerators), the hydrogen ab-

sorbed in the metals during the brazing poses no problem because of the low

average power dissipated in the structure. We find excessive hydrogen evolu-

tion for duty factors greater than 15%.

Another adverse effect of the outgassing was the inability of the ion

pumps to pump the large hydrogen-gas load without overheating. We found not

only that the heated ion pumps had a greatly reduced pumping speed, but also

that, at times, the pumps evolved more gas than they were pumping. Replacement

of the ion pumps with cryopumps allowed us to maintain an acceptable vacuum.

To solve the hydrogen outgassing problem, the hydrogen-furnace brazed com-

ponents were vacuum-furnace baked at 400°C for 24 h to eliminate any remaining

hydrogen. In addition, we know that titanium plating of copper surfaces is

effective in reducing outgassing rates by a factor of 10 or more. Furthermore,

the t'tanium coating is also beneficial in the reduction of multipactoring;

therefore, we i|eveloped techniques to coat all internal surfaces of the RFQ

with a thin layer of titanium (10 to 20 urn). The standard technique of vapor

deposition from a hot wire (followed by venting to dry nitrogen) deposits,

primarily, a layer of titanium oxide because the heat formation of titanium

nitride is insufficient to break the triple bond of the nitrogent molecules.

Hence, the layer is not very durable and wipes off easily. We, therefore,

developed a technique to form a titanium nitride layer over the thin metallic

14



coating. This layer is very durable and resists wiping. The technique in-

volves the evaporation of the titanium with a partial pressure of 1 um of ammo-

nia gas in the structure.

After the RFQ was reassembled and reinstalled, the loaded Q of the im-

proved structure was 6600, an increase from the previous value of 5500. The

higher Q will reduce the rf power losses in the cavity and, simultaneously,

will reduce the drive power and cooling requirements. While we were measuring

the Q of the RFQ, we found the manifold slug tuners were resonating at frequen-

cies near those of the RFQ operating frequency. By lengthening the straps used

to shunt the rf current that normally wouid be conducted by the stainless steel

bellows, we drastically lowered the resor .it frequency of the slug tuners—thus

solving the problem. Electrical measurements on the individual slug tuners

confirmed that the problem was resolved.

The rf operation was resumed on March 27, 1984, and initial indications

are very good. The frequency is stable and does not change monj than a few

kilohertz during rf operations; most of this change is due to fluctuations in

the cooling-water temperature. No rapid frequency changes have been observed.

Hence, the coaxial capacitor design has eliminated the mechanical vibrations

of the old capacitor design. After a few initial excursions into the 10

range, the vacuum pressure has stabilized in the low 10~i range. The RGA

indicates the primary gas component is still molecular hydrogen, but the pres-

sure is much improved over previous operation. At this time we have no indi-

cation of the nature of titanium-coating effects on multipactoring. However,

if substantial multipactoring were occurring in the RFQ, the voltage standing

wave ratio (VSWR) likely would be worse than the presently measured value of

1.10.

Linac

In the past, the fields in a drift-tube linac (DTL) were stabilized with

posts one-quarter-wavelength long that were resonantly coupled to the drift

tubes. In the FMIT DTL, the ratio of the drift-tube diameter to the tank diam-

eter is so low that the end of a post (one-quarter-wavelength long) is too far

from the drift tube for adequate coupling. We have been investigating the

feasibility of using the next highest oscillation mode of the post, namely the

three-quarter-wavelength (3/4) mode. Because the 3/4 mode has too high a fre-

quency unless the post is excessively long, a relatively short extension of the

15



post outside the tank is capacitively loaded at a point some distance from its

shorted end to lower the resonant frequency of the 3/4 mode.

Seven post couplers are required in the sixteen-cell DTL if every other

drift tube couples to a post. In the first attempt to test 3/4 post couplers,

we built seven aluminum stubs extending the 1,1-cm-diam posts 6.35 cm beyond

the inside wall of the tank. The stub had the geometry of a short piece of

coaxial transmission lir,̂  with a characteristic impedance of 49 ft. Provision

was made to install a variable' shunt capacitor about 3.5 cm from the shorted

end of the stub. Unfortunately, we were unable to lower the 3/4 frequency to

the dasired 368-MHz frequency with this arrangement. Calculations for a

transmission-line model of these slightly extended and capacitively loaded post

couplers suggested that we were unable to tune the 3/4 mod? to the desired fre-

quency because the stub was simply too short and would require far more loading

capacitance than we could reasonably supply.

'.'.' then constructed another set of seven cold-model couplers for the 4.6:1

model. The original posts for this model were not scaled correctly from the

DTL prototype. For the new post couplers, the post diameter was scaled from

the prototype post couplers and the stub's inside diameter was scaled from the

diameter of holes already in the side of the DTL full-sized ta,,<. The charac-

teristic impedance for stubs scaled in this manner is 28 ft. The stub lengths

are continuously variable between 5 and 20 cm, and the loading capacitor may

be installed anywhere along the length of the stub.

We succeeded in tuning the 3/4 mode of these post couplers to a wide range

of frequencies covering the operating range for various combinations of stub

length and loading capacitance. We also identified the band of seven post

modes with the seven couplers installed in the DTL model. Now we are working

on the next step, namely, to tune all of the posts for resonant coupling to the

drift tubes.

Instrumentation and Control System

The beam diagnostics effort has been integrated into the Instrumentation

and Controls (I&C) Section. During disassembly of the RFQ, we had time for

some additions and improvements to the Facility Control Systems (FCS). Addi-

tional temperature channels were added to the RFQ structure as an aid in map-

ping the temperature distribution. The beam emittance codes, originally writ-

ten by EG&G, were modified to work within the framework of the FCS; now, an
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operator at the control console can obtain emittance plots from real-time data

by using the touch panel control. A code to monitor the beam position has been

modified to speed up the response of the bull's eye display. As the reticon

detectors become available, this code will be fast enough to give real-time

response (three to four updates/second).

The I&C effort to support the rf system from the FCS has been completed,

and testing will berin as the rf control chassis are completed. The Pearson

transformer has been installed and connected to the FCS.

The RGA has been connected to the FCS. A local node display of the RGA

output is operational. The data logging system is recording the RGA output

onto the disk.

The temporary withdrawal cf funds from the EG&G effort resulted in a re-

scheduling of that effort. The reticon hardware being developed by EG&G should

be available in November.

The Local Control Program (LCP) has been updated to support, the require-

ments of each node. The resulting LCP is operational in all nodes9 is consis-

tent from node to node, is smaller, and runs faster.

The alarm code resides in the primary control computer and receives data

messages from a surveillance code residing in each node. The data messages

notify the operator of any alarm condition and prompt him to store the data

onto the disk. These codes have been rewritten to add some desirable features.

The operator can suspend the surveillance code in any or all nodes, as re-

quired. The new version of the code supports changing some parameters in the

node databases during accelerator operation. A database editor has been writ-

ten to interface with the operator and accomplish the required database

changes. A user-friendly method of presenting and plotting any recorded ac-

celerator data has been installed and is operational.

The data communications system being used between the FCS computers is the

DECNET package supplied by Digital Equipment Corporation (DEC). This package

is adequate to use on the 2-MeV prototype but has the disadvantage of using a

large amount of computer memory in each computer on the network. An alternate

data communications system (ethernet) is reaching maturity; standards have been

adopted and several vendors have marketed hardware for it. An investigation

of ethernet has been started and preliminary tests show an order-of-magnitude

increase in message transfers. Equipment has been ordered to permit a testing

of four microcomputers on an ethernet link. Software drivers for message
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transfer have been written. If this investigation indicates a significant im-

provement in message transfer rates and a decrease in the amount of required

computer memory, testing of ethernet on the 5-MeV prototype will be proposed.

The software structure of the FCS would permit this change rather easily.

An agreement has been reached that Hanford Engineering and Development

Laboratory (HEDL) will provide facility wiring documentation for FMIT, using an

existing computer program. The facility wiring documentation for the prototype

accelerator will be done using the DEC-supplied query language (Datatrieve)

that is being used for the data channel main database. The input format has

been designed, and the several required output reports have been completed.

Accumulation of data for input to the system has been started.

A microcomputer system with supporting software has been assembled to

assist in tuning the RFQ, which made the RFQ tuning proceed much F,"to; .

An instrumentation committee has been formed to propose standards for

accelerator instrumentation. A charter has been adopted anci subcommittees have

been appointed to study various aspects of the standardization problem.

Vacuum System

A special high-capacity hydrogen cryopump from Varian Associates, Inc.,

Palo Alto, California, was evaluated on the low-energy beam transport (LEBT).

Punp performance has been excellent, and the capacity exceeds the manufac-

turer's specification of 39 JL/s at STP for hydrogen. This should provide

well over 100 h of LEBT beam-on service with the present ion source before

regeneration is required.

The problem of high hydrogen pressure in the RFQ has been addressed by

switching from ion pumps to cryopumps and by vacuum bakeout of RFQ components

that were brazed in a hydrogen furnace. Ion pumps regurgitate hydrogen from

their titanium plates as the plates heat. Because heating increases with

operational pressure, this hydrogen evolution causes thermal runaway in the low
-5 %

10 torr range. There is now on
having been replaced by ^ryopumps.

-5 %
10 torr range. There is now only one ion pump on the RFQ, the other two

The rf System

As a result of the damage to the RFQ structure reported above, rf oper-

ations were suspended for most of this reporting period while repairs and
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modifications were made. During this time, the rf system controls were con-

solidated, and numerous monitors were added to allow better supervision of

operation, ultimately from the computer control center. No changes were made

to the rf system itself because operation before shutdown had been entirely

adequate in spite of the difficulties with the RFQ.

The question of frequency control, raised during initial operation, can-

not be addr-essea until the thermal behavior of the structure under high power

is more fully understood. (This is the main reason for all the additional

monitors.) In the meantime, a frequency synthesizer is being used under oper-

ator control.

Rapid frequency modulation is no longer required to track cavity frequency

because the oscillation mentioned in the previous report has been eliminated

by redesign of the manifold tuning capacitors. However, the slug tuner still

cannot be used to hold the RFQ on a fixed frequency without disturbing the

power balance between core and manifold and at high power, disturbing the tem-

perature distribution in the tank, causing both VSWR and power balance changes.

To study this behavior, rf monitor loops and probes have been added in the

RFQ as follows.

• Three loops (located along both sides of the top and bottom vanes, one

near each end and one near the center) have been mounted in the vane

base near the tank wall. All 12 signals are brought out the upstream

end wall through coaxial ceramic bushings, 6 at the top and 6 at the

bottom. Solid sheath coaxial cables of equal length connect the loops

to two six-position electrically actuated coaxial switches so that any

of the signals may be monitored at the rf control rack through two

calibrated RG R/U cables.

• One additional loop in the top-port quadrant is opposite the center-

port loop on the top vane. This signal is also brought out the end

wall, but is not switched. It is transmitted through foam-flex cable

directly to the low-power rf racks and is used as the feedback signal

for phase and amplitude control.
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• Four E-field probes in the manifold are located midway between the

ends, opposite the vane bases (between the slug tuners). These probes

are monitored through a third coaxial switch, together with the two

manifold loops incorporated originally. (The latter are located on the

port side near the tuning capacitors at each end.)

• Two probes are located under the port and starboard vanes where there

should be no field. These probes are monitored through a fourth coax-

ial switch, together with the core end-wall loops used previously.

A control panel has been added to allow selecting any of these signals,

either manually or from the computer control center, to measure amplitude and/

or phase relative to the feedback signal. Some data have been logged by the

control system, but to date they have not been helpful in analyzing the prob-

lem. It is expected that when somewhat more stable operation is obtained,

systematic data logging and subsequent plotting may help to analyze gradual

changes in the field patterns in the tank.

All other controls necessary for operation of the rf system during proc-

essing of the RFQ have been consolidated into two chassis, located near the

center of the low-power rf complex. One of these, called the Ch^in Control

Panel, allows ON/OFF control and monitoring of the high-power amplifier and

other equipment associated with one amplifier chain. The other, called the

System Control Panel (SCP), allows adjustment of all phase and amplitude set

points, selection of one of two rf amplifier chains for operating either the

RFQ or DTL, and selection of manual or computer control. The SCP also indi-

cates the status of system interlocks, such as tank vacuum and water cooling,

and resettable fault-protection circuits, VSWR and optical arc detector,on all

four chains. Provision is made for resetting the VSWR circuits remotely,

either manually or by the computer, and for removing high voltage from all four

chains simultaneously. Both panels incorporate "Emergency Off" buttons.

Flashing warning lights, signifying high-power rf operation, are controlled

through these panels. Also, the Vac-Ion per"*- upply used for tetrode and

window pumps is interlocked for safety and rr Section against loss of tank

vacuum.
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PROTON STORAGE RING (PSR)

PSR CONSTRUCTION
An important PSR milestone was achieved when building construction was

completed in December 1983. The contractor, Davis and Associates of Santa Fe,

did an excellent job and actually finished 2 months ahead of schedule. All

mechanical equipment associated with the buildings is now operating properly.

Installation of PSR equipment began in January 1984, immediately after

building completion.

The 7 dipole magnets and 12 quadrupole magnets needed in the PSR injection

and extraction lines have been installed and rough aligned, The magnets are

being connected, and the vacuum pipes are being placed. Installation of the

equiDment in the sloping portions of injection and extraction lines will be

completed during the spring 1984 shutdown of LAMPF (before June 15).

Installation of wiring and electronic racks in the PSR equipment building

also is proceeding rapidly. The vacuum control racks and 2.8-MHz-buncher power

supplies are in place. At the end of the report period, we were slightly ahead

of schedule on equipment installation.

Listed below are some other highlights, reflecting the status of PSR

equipment procurement and development, and plans for first beam tests.

• A comprehensive tune-up plan has been developed for the long-bunch

mode. It calls for reaching 20 uA by October, 1985 (with some beam

for users), and TOP yA in the fall of 1986.

• The LAMPF switchyard-kicker prototype has operated at full power,

meeting all performance specifications for pulse rise time, flat-top

.. regulation, and repetition rate.

• The 2.8-MHz buncher has operated at up to 15 kV with one-half of the

power amplifier. Satisfactory functioning of the common-anode-

configured amplifier (with no oscillations) at design power levels has

thereby been demonstrated.

• The injection-chopper traveling-wave deflection structures ^nd high-

power-pulse amplifiers have been completed.

• All injection- and extraction-line magnets have been received, and

check-out has been completed.
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• The magnetic field mapper for measuring the ring dipoles has been

brought up to a satisfactory operational state and is ready to begin

mapping at a precision of one part in 10 .

• Data acquistion and display programs have been written and demon-

strated for the beam-position-monitor (BPM) system and for the run-

permit system.

PSR LONG-BUNCH-MODE TUNE-UP PLAN

During this reporting period we have developed, collaboratively with the

staff of the Physics and Meson-Physics Divisions, a detailed plan for commis-

sioning the PSR in the long-bunch mode through the end of 1985. Elements of

the plan and the schedule for their implementation are shown in Table II. We

assume a start on the detailed tuning program by mid-June, and also assume that

first beam in PSR will have been achieved in April, with some very preliminary

studies carried out at that time (including a first correction of the closed

orbit).

As soon as beam is available in 1986, high peak-current tuning will con-

tinue. As losses are understood and controlled, average beam current will be

gradually increased, with the objective of reaching 100 pA in routine opera-

tion by the end of 1986.

We assume that the following equipment will not be available at the begin-

ning of the 1985 tune-up program:

• Line-D bunch rotator

• 503.125-MHz buncher

• Injection-line programmed steerers

• Octupoles and sextupoles

• Fast transverse damper

• Sophisticated stored-beam Hrofile diagnostics
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TABLE II

SUMMARY OF LONG-BUNCH MODE TUNE-UP PLAN (1985)

Time Start
Activity (Months) Date

• Measure LAMPF beam properties

• Set injection trajectories and tune-stripping

process 0.50 6/15

• Re-establish closed orbit

• Learn how to use orbit bumpers

• Learn how to use 2.8-MHz buncher

• Learn how to use extraction system 1.00 7/1

• Tune extraction line to target 0.25 8/1

• Bunching studies at low beam intensities 0.50 8/8

• Tuning at intermediate current (20 yA) 1.50 8/22

• Beam on target for users (20 uA)

• Initial high peak-current tests

Scheduled time: 70% - users 2.75 10/8

30% - machine studies

The bunch rotator is needed primarily for the short-bunch mode that is to be

implemented on a lower priority. The 503.125-MHz buncher is not needed at all

for long-bunch operation. Programmed injection steerers, nonlinear correction

magnets, and a damper may be needed for achieving reliable low-loss operation

at the 100-yA level and will be implemented, if required, by the end of 1986.

Some additional assumptions underlying the tuning plan are that

• all other PSR equipment will have been checked out and will be opera-

tional at full design specifications;

• there will have been early "first beam" tests (April) that allowed

attainment of an initial closed orbit;
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the H~ beam transport to the ring will have been tuned and optimized;

• Line-D to Weapons Neutron Research facility (WNR) target operations

will have been restored;

• multiplexed operation between Line-D and the PSR injection-line will

have been achieved;

• beam currents below 100 nA can be safely dumped in the ring, but above

this level, extraction to the tune-up beamstop is necessary;

• tune-up runs will be scheduled as several-day intensive study periods,

staffed around the clock by PSR design staff and a WNR operations crew.

SETTING THE CORRECT B-FIELD AND INJECTED MOMENTUM

A particular problem during initial setup of the ring is the correct de-

termination of the average ring radius (R), the beam momentum (p), rf buncher

frequency (f), and the ring bending magnetic field (B). At this time, the

momentum of the LAMPF beam is not normally controlled to better than a few MeV

in 800 (0.5%). However, correct operation of the PSR bunching systems will

require that momentum be set to within ±0.1%. Taking note of the dynamic

relations between the four quantities (R, p, f, and B) and assuming R and f to

be primary standards (or constants), we have derived a simple scheme for pro-

ducing correct settings for B and then p during initial beam tests. The scheme

calls for temporary adjustment of the ring quadrupole strengths to set the

lattice transition energy at the beam energy.

After inital setup, B will be held to the desired value by a nuclear mag-

netic resonance (NMR) probe in a PSR dipole and, secondarily, by regulation of

the dipole energizing current. Injected beam momentum will be actively regu-

lated by a feedback signal that adjusts the phase of the last accelerator rf

module (48). The signal is derived from a high precision time-of-flight (TOF)

measurement based on phase comparison of the 201.25-MHz reference and micro-

pulses detected at two stations in Line-D, separated by 100 m.

THE TUNING PLAN

Following establishment of the correct B and p, the ring closed orbit will

be measured and corrected using the 17 BPMs located inside the quadrupoles, a

computer program that calculates the necessary quadupole offsets and dipole

rotations, and th^n appropriate manual adjustment of these elements will be

done. The procedure may require two or three iterations to converge. Two of
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the quadruples are to be motor driven to allow "on-demand" distortion of the

normal closed orbit for diagnostic purposes.

After these inital steps, we envisage a program of progressive steps in

which the PSR injection, bunching, and extraction operations will be carefully

studied and brought up to specification. Average beam currents will at first

be kept low (<100 nA), using short accumulation times and low repetition

rates, to allow beam to be dumped in the ring without inducing serious activa-

tion levels. After we have brought the extraction system into operation, the

tune-up beamstop located beneath the extraction channel will be used, and tun-

ing beam currents can increase. By late August, we expect to be able to raise

peak current levels into the region where space-charge effects are significant,

and to begin studying tune spreads and beam dynamics under these conditions.

By October, about 20-uA (average) beam currents should be available for WNR

experimenters. We imagine a schedule in the last quarter of 1985 in which the

PSR runs 7CWS of the time at this level for users and the remaining 30% for con-

tinuing commissioning studies.

During the fall of 1985, as peak-current levels are raised toward the PSR

design goals, various difficulties related to space charge can be expected to

appear (between 5 x 10 and 5 x 10 protons accumulated). We then hop°

to evaluate the need for implementing passive and/or active correction elements

(sextupoles, octupoles, fast transverse damper) whose construction has been

deferred because of funding limitations.

The final target for the long-bunch mode is to have a reliable 100-yA

beam on the neutron-production target by the end of 1986.

The short-bunch mode, assigned lower priority during PSR construction,

will begin tuning in 1986. Installation of all equipment needed for this mode

is expected by April 1986, with earlier inclusion (September 1985) of one set

of the 500-MHz cavities in the ring to allow evaluation of their effect on the

longitudinal charge distribution in the long bunch. Initial operation of the

ring in short-bunch mode is planned by May 1986, with tune-up to full current

by September 1986.
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MAGNET MAPPER
A precision magnet mapper was constructed as an AT-Division facility for

measuring the field distributions of dipole magnets. The mapper's first appli-

cation was to determine the quality of the PSR ring dipole magnets. These 36°

bending magnets confine the stored beam in PSR to a definite trajectory for up

to ""5 000 turns. Imperfections in their fields tend to destabilize particle

motion with a subsequent undesirable increase in beam size and beam spill. We

developed criteria that are sufficient to reduce such destabilization to a

negligible amount. These criteria require

• the effective magnetic lengths to be the same for all 10 dipoles to

within 1 part in 104,

• the integrated sextupole field of each magnet to be less than 10" of

the dipole field, and

• the magnet-to-magnet variation in the end-configurational lens

strength to be less than 10" of the ring quadrupole strengths.

These quantities can be adjusted by appropriate machining of removable pole end

blocks and are determined from the field map. For this application, measure-

ment accuracy of a few parts in 10 are required.

INITIAL PERFORMANCE

The mapper performs measurements by monitoring the voltage induced in a

small-diameter coil passed longitudinally through the aperture of the magnet

with its axis parallel to the dipole field direction. The coil voltage is con-

verted to a frequency that is counted, integrated, and calibrated against an

NMR standard. Corrections are made by a data-acquisition computer (LSI-11) for

voltage/frequency conversion nonlinearity and drift. Because the mapper both

counts and integrates using the same (precise) time standard, high precision

in coil velocity is not required. Rather, precision in coil tracking, careful

calibration, and good system alignment, as well as temperature stability, de-

termine the accuracy obtained. A great deal of care was taken in mechanical

design, bench calibration, and software processing to effect the desired high

accuracy.

Nevertheless, the initial application of the mapper to PSR dipole measure-

ments (its first task) indicated that it was not adequate to produce maps with

an accuracy of better than one part in 10 . Consequently, a concentrated and
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dedicated effort was mounted to identify and correct the problems and to in-

crease the mapper measurement accuracy to the required level. A four-man team

drawn from the Division's storage-ring- and magnet-technology groups imple-

mented the improvement programs, and the effort applied was intense.

Several effects were found that influence the measurement accuracy, and

changes were made to obtain improvements. The highlights are listed below.

• Temperature sensitivity: After extensive investigation, several tem-

perature effects were isolated and measures were taken for their

elimination. A constant-temperature oven now houses the analog elec-

tronics that processes the sensing-coil signal, and the effects of

varying coil resistance and size have been balanced out. A residual

combination of complex temperature effects remains, which is corrected

in software and has been minimized by enclosing and air-conditioning

the entire mapping area. Removal of these temperature dependencies

constitutes the greatest single improvement in mapper accuracy.

• Analog electronics: A new measuring-head electronics package was con-

structed with improved line isolation, circuit configuration, and

decreased microphonic sensitivity. Improved linearity and stability

is desirable but may only be achievable by rather elaborate reworking

of the inherently noisy voltage-to-frequency conversion process.

• Diagnostic and procedural software: Several generations of computer

programs have been written to help in our diagnosis of mapper prob-

lems. A series of complex programs has been written that transforms

results from the linear mapper scans to the curved magnet coordinates

and performs harmonic analysis. Additionally, a DECNET link from the

mapper control computer to the PSR VAX controls computer has been set

up. This link will facilitate data transfer and provide rapid feed-

back on mapper performance to the operator.

• Coil alignment: The electrical and mechanical axes of the mapper coil

apparently do not coincide. Large contributions to the measurement

error are thereby made by sensing field components orthogonal to the

desired direction. An electronic alignment fixture was constructed

that has microradian resolution and permits coil alignment to within

the milliradian required.
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Internal correlations: For a particular mapper probe trajectory (one
pass in and out), the measured fields are not exactly the same enter-
ing a magnet as exiting. The magnitude of this difference (^1/10 )

varies randomly for successive scans and demonstrates a complex de-
pendence on the (x-, y-) position within the magnet. The effect ap-
pears to be caused, in part, by mechanical tracking errors of the
probe carriage and, in part, by small imprecisions in the amplifier-
gain calibration. For a particular scan trajectory, we can obtain and
empirically correct the data to a reproducibility of 1/10 . The
appropriate procedure is now being established for matching scans of
the multiple trajectories required to produce a complete multiplane
map.

• Power supply: The PEI power supply purchased to energize the 10 ring
dipoles in series has been used with a secondary tap to map single
magnets. The magnet current contains substantial ripple in this con-
figuration. To remedy this, we have obtained and installed a high-
current low-pass filter on the power-supply output. We have also im-
plemented a computer-controlled schedule for cycling magnets to en-
hance field reproducibility.

RESULTS

As an example of a mapper scan, Fig. 4 shows a plot of magnetic field (in
the PSR dipole prototype) versus distance along a scan. The peak at z = 100 cm
seen in the magnified view is spatially associated with the locations of the
magnet support posts, and the ri • in field at the end corresponds to passage
of the probe above the magnet shims. The magnet center near z = 170 cm shows
a local minimum.
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Fig. 4.
Plots of magnetic field versus distance along a
linear mapper scan through the PSR prototype
dipole. The scan extends from outside the magnet
to past the longitudinal center. The tcp plot is
a magnified (X 560) view of the "constant" field
region in the lower plot.

The form of a final map is shown in Fig. 5 as a list of harmonic coeffi-
cients and a plot of the effective field lengths for half the magnet, calcu-
lated along trajectories that are parallel to the nominal particle orbit
through the magnet center. In this plot, the linear dependence (representing
a configurational end lens or quadrupole term) has been subtracted from the
results so that the symmetry of residual harmonics may be seen.
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Fig. 5.
Listing of the harmonic decomposition for a half-magnet map
and a plot of the integrated field (normalized to the mid-
plane field and, hence, representing an effective length)
parallel to the central particle orbit (x = 0, y = 0) through
the magnet. The linear (quadrupole) part of the decomposi-
tion has been subtracted. The asymmetry about x = 0 is con-
figurational and not an error in mapper coordinate assignment.
The y-values for each of the five separate plane scans are
indicated on the right.

PSR MAGNETS AND POWER SUPPLIES

Significant progress toward procurement of these major PSR components was

made during the reporting period. We now have on hand at Los Alamos 6 (of 11)

ring dipoles, 13 (of 21) ring quadrupoles, all but 2 of the injection- and

extraction-line quadrupoles, and all but 1 of the injection- and extraction-

line dipoles. All the magnets in the injection line and the quadrupoles in

the extraction line have been mounted in position. All other magnets are on

order, with the exception of the two ring extraction septa, the H° stripper

magnet, and the injection- and extraction-line steering magnets (Fig. 6).
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Fig. 6.
Proton storage-ring layout highlighting magnet status,

D = Dipole magnet
S = Septum magnet
No label = Quadrupoles

Power supplies for the ring dipoles, all injection-line magnets, and ex-

traction-line quadrupoles are on hand. All others are on order, with the same

exceptions as noted for magnets above.

Some effort was put into adding a filter to the main ring dipole power

supply (a 12-phase 6O5-kW SCR unit) to eliminate 720-Hz ripple. The power

supply was also interfaced to an LSI/11-CAMAC control unit to provide automated

cycling of the dipole current on the measurement test stand—an operation that

requires an hour to complete. Addition of the filter also has permitted satis-

factory operation of the NMR field reference that is used as the flux standard

during mapping.
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Harmonic field-component measurements on the four unsatisfactory 4-i

extraction-line quadrupoles showed that three units had a coil with one tur

less than normal and one unit had a coil with one extra turn. We removed two

turns from the latter and, together with the other three, produced a balanced

coil set with acceptable characteristics for one quadrupole. All four quad-

rupoles now meet the specifications; Table III shows the field-harmonic meas-

urement results before and after correction. The prototype 7-in. quadrupole

for the rinq was measured and shimmed; Table III also shows the results after

shimmering. The quality of all the quadrupoles is now satisfactorily high.

The septum magnet for the LAMPF switchyard has been prototyped and meas-

ured in a 1-ft-loncj, full cross-section model. The results are satisfactory.

Final drawings have been made, and the full-length production magnet is being

fabricated. Drawings for the first ring extraction septum are complete except

for some vacuum pipe and support details.

Magnets provided for Line-D portions of the PSR extracted beam path in-

clude eight 6-in.-bore and four 4-in.-bore quadrupoles. On order for the

upgrade of the north end of Line D are four quadrupoles and three 4-in.-gap

dipoles. Preliminary design work has been done on the transport-line steering

magnets and 4-in.-bore, radiation-hardened quadrupoles to be installed above

the upgraded WNR target.

TABLE III

QUADRUPOLE HARMONIC MEASUREMENTS

Extraction Line, 4-in. Quadrupoles Ring, 7-in. Quadrupoles

Harmonic % Harmonic % Harmonic
Type Before Repair After Repair t Harmonic

Sextupole 0.14 0.046 0.076

Octupole 0.03Q 0.025 0.05

Decapole 0.01 0.007 0.02

Duodecapole 0.027 0.045 0.027
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The 503.125-MHz BUNCHER

The buncher system for the PSR short-bunch mode consists of four pairs of

LAMPF-style side-coupled cavities operating at 503.125 MHz. Fast tuning to

compensate for variable beam loading is accomplished by a ferrite-loaded rec-

tangular TEn-| cavity that is resonantly coupled to one of each pair of bunching

cells.1 The ferrite is biased perpendicular to the rf magnetic field in the

tuner, enabling high-Q operation over the required 200-kHz tuning range. An

aluminum cold model of a complete buncher unit (two bunching cells, side-

coupling cell, tuner, and tuner coupling cell) was built to determine coupling

constants, mode behavior, and tuning operation. Detailed measurements were

made.

The data were used in a computer program developed to determine the cavity

mode frequencies as a function of tuning-cavity frequency. Changes in the

model parameters are necessary to achieve the desired tuning range without

having any mode of the five-cavity system approach too closely to a PSR beam-

harmonic frequency. A computer program was developed to determine the effec-

tive shunt impedance of the cavity modes as a function of frequency.

The geometries of +he ferrite tuning cavity and the adjacent coupling

cavity were changed to obtain a sufficiently large coupling constant (7.4%) at

the proper frequency.

Posts were introduced into the buncher cavities to test a scheme for re-

ducing the Q of the cavity deflecting modes while leaving the Q and frequency

of the bunching mode unaffected. Results of these tests showed that (1) the

posts would have to be oval in cross section in order not to affect the bunch-

ing mode frequency, and (2) because of the oval cross section, the Q of the

bunching mode would be significantly lowered.

PSR EXTRACTION KICKERS

The PSR extraction kickers are designed to operate in two modes, corre-

sponding to the two operating modes of the ring. In the long-bunch mode, a

single 270-ns bunch is extracted every 83 ms. In the short-bunch mode, six

1-ns bunches are extracted at 1.4-ms intervals every 8.3 ms. (This corresponds

to a continuous rate of 720/s.) The two kicker magnets, which are located in

Ring Sections 7 and 8. must coherently deflect individual bunches into the ex-

traction line without disturbing remaining circulating bunches. This deflec-

tion imposes extreme requirements on the rise time, fall time, and after-pulse
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ring out of the kicker field\, which has led to a system design using strip

transmission-line deflectors.2 The two transmission-line electrodes in each

kicker are driven with pulses of opposite polarity, generated by high-voltage

modulators that are thyratron-switched, ferrite-isolated, Blumlein pulse-

forming networks (PFN).2'3 These PFNs are charged through an intermedi-

ate storage capacitor and a 1:10 step-up transformer. The required pulses have

voltages of +45 kV, with strict tolerances on flat top and jitter.

The design and development of the kicker modulators has been a challenging

several-year project that now is essentially completed to specifications. A

typical PFN output pulse for the long-bunch mode is shown in Fig. 7. The pic-

ture was taken with a sampling scope. There is very little time jitter from

pulse to pulse. The rise time is sufficiently short and the pulse is suffi-

ciently long and flat for long-bunch operation.

Fig. 7.
Long-bunch mode kicker-
modulator output. Pulse-
height is 50 kV; time
scale is 50 ns per
division.

The desiqn of the two pairs of kicker electrodes recently has been final-

ized. Each pair of plates is 3.95 m long; a typical cross section is shown in

Fiq. R. The distance D is tapered alonq the electrodes to minimize the re-

quired pulse voltage. The exact shape of the plates is dictated by field

quality requirements and impedance considerations. With a constant angle a,

a height H that is tapered alonq the electrodes, and an edge lenqth L that

varies with position along the electrodes, deflection fields having sextupole

components of less than It of the dipole field can be obtained. The bare
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Fig. R.
Cross section through kicker electrodes and vacuum pipe. The
critical dimensions in fabrication are the shim angle a, shim
length L, and plate center-section height H.

transmission-line impedances along the plates vary between 52 and 60 fi; these

will be adjusted to a uniform value of 50 ft by impedance-lowering structures

attached to the rear of the plates.

Plate manufacture will proceed in two steps: bending of the plates to the

correct angle a will be done by a commercial machine shop with a long sheet-

metal break, and milling of the edges will be done on a numerically controlled

milling machine (Mazak) in AT Division. The data files for this machining

operation have been producer).

The electrodes of the first kicker (Ring Section 7) are inside an 8-in.-

diam pipe; those of the second kicker (Ring Section 8) are inside a 10.5-in.-

diam pipe. Both are on hand and inspected. Flanges and bellows ar-_ ordered

or are on hand. Because of the horizontal separation between the stored beam

(unperturbed) and the kicked beam, oversized vacuum pipes are needed through

the dipoles and quadrupoles Ring of Sections 7 and R. The diamond-shaped vac-

uum pipes needed for beam clearance in the two focusing quadrupoles in these

sections are on hand and leak checked.
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The drafting effort is largely completed, including an approved design of

the adjustable supports for the kicker electrodes (Fig. 9).

MACOR SUPPORT POST

iMPEDANCE-LOWERING STRUCTURE

Fig. 9.
Cross section of the kicker-plate supports and
impedance-lowering structures.

The electrodes are scheduled to be completed by mid-July 1984; installa-

tion of the kicker components in the ring tunnel and the PSR equipment building

will take place from June to November. The period from the end of November to

mid-February 1985 is reserved for testing of the entire system.

BEAM-POSITION MONITOR SYSTEM

The Beam Position Monitors (BPMs) are the primary diagnostic devices for

steering beam through Line D and PSR transport lines and for determining posi-

tional errors of the circulating beam in the ring. The system has been de-

scribed previously in PSR Technical Note 36, in Ref. 4, and in previous

AT-Division progress reports.

During this reporting period, several major parts of the BPM system have

been completed and are being installed. Final integration of the system is

proceeding with a goal of actually monitoring beam through three sensors in

Line D during the upcoming LAMPF run cycle. This will provide an outstanding

opportunity to test the system and to work out problems nearly a year before

PSR turn-on. Each major design area and its status is described briefly below.
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Beam Sensors

There are about 60 beam sensors being installed at strategic "locations in

the LAMPF switchyard, along Line D, in the PSR injection and extraction lines,

and in the ring itself. Each unit consists of four strip-line electrodes ar-

ranged in quadrature and spaced from the wall to give 5042 characteristic

impedance. The vacuum housing, electrodes, and ceramic feedthroughs must be

carefully shaped to achieve good impedance matching and smooth transitions in

the inner wall seen by the beam. This requirement led to a rather complicated

structure in which the electrodes are placed in longitudinal recesses on the

inside of the vacuum housing. Because of the large number of sensors required,

the cost of fabricating these structures became a major concern. After machin-

ing an expensive prototype, we found an explosive-forming technique whereby the

vacuum housings could be manufactured at a considerable cost savings ($440/unit

compared to about $3500). Including the die cost, terminators, and other man-

ufacturing costs, the sensor fabrication costs ranged from $2400-$2800 each,

depending on the type. Guiding the BPM sensor production through explosive

forming of housings, welding of flanges and feedthroughs, accurate positioning

of electrodes, cleaning, leak checking, and calibration of the electrical cen-

ter line to within ±0.2 mm has been an extensive process, now nearing comple-

tion. About half of the units are ready for installation and the remainder

will be finished within 2 months. The electrical-center calibration data have

been inscribed on the flanges so that the monitors can be installed with zero

offset from the desired beam trajectory. PSR Technical Note 126 has '.-een

drafted to document the calibration procedure.

Beam-Position Processor

The signals coming from the BPM sensors are detected and analyzed in two

processors (vertical position and horizontal position) using a phase-type dif-

ferential correlation technique. The dynamic range of 26 dB (factor of Z0 it.

beam intensity) allows for tracking position within the storage ring as in-

tensity increases during an injection cycle. Switchable gain extends the over-

all range to 46 dB (factor of 200). Thus, the system is capable of determining

beam position for a single LAMPF micropulse (3 x 10 protons) up to the full

intensity in a PSR short bunch (1 x 10 protons). For the PSR long-bunch

mode, the processors look in the injection transport system at the 200-MHz com-

ponent of the H~ pulse string from the linac. In the ring, they examine the
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200-MHz component of the complex signal that develops as the accumulation proc-

ess advances. In the extraction channel they look at high-intensity noise-like

signals. The system dynamic range, switchable gain, and programmable attenu-

ators are designed to handle this variety of signal inputs. The processors

have bee1" completed and tested using both simulated signals and beam-induced

signals from a prototype sensor installed in the LAMPF switchyard. Using a

nearby wire scanner as a standard, the prototype system was found to be ac-

curate to about 0.25 mm in measurement of beam position, with comparable sta-

bility over a 6-day period.

Multiplexers

To keep system costs down, we decided to use multiplexers to couple the

filtered beam signals from selected sensors to single processors for each

measurement plane. The multiplexers are digitally driven rf switches that are

arranged in two groups. The first group (10 channels) consists of high-power

low-loss relay switches that select 1 of 10 transport-line or storage-ring

zones. Individual sensors within each zone are then selected by groups of 8

relay switches or groups of 12 solid-state switches. The solid-state switches

are used with the injection transport sensors, where signal levels are low and

dynamic-range requirements are not large. The three racks of multiplexer units

have been completed and are ready for installation.

Cables

The cable plant for the BPM system consists of about 240 high-quality low-

dispersion coaxial cables to carry signals from sensors to the multiplexer

units. Pha^e matching of ê ich pair is required so that the detected signals

will arrive simultaneously at the analog processing equipment. The specifica-

tion is that each cable pair will be phase matched to within 2° at 200 MHz af-

ter the connectors have been installed. Two separate operations are required.

First, a propagation time measurement is made that enables the operator to cut

the two cables so that they are electrical^ within the same wave period.

Second, the phase is matched exactly using an oscillator and vector voltmeter.

PSR Technical '-[•:• ze 124 has been written to document the phase-matching proce-

dure. About half of the cables have now been installed and terminated, with

the remainder (primarily the shorter cables going to the ring sensors) to be

completed in August, 1984.
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Digital Control and Interfacing

The analog-position signal selected by the multiplexer unit is applied to

a track-and-hold gate and an eight-bit analog-to-digital converter (ADC).

Timing information to trigger the sample circuit can be selected from four

sources: (1) a beam-present signal coming from the analog processor, a so-

called "self trigger"; (2) ci beam-trigger receiver that detects beam bursts

entering the PSR injection line; (3) the 2.8-MHz synchronization signal for

beam circulating in the ring; or (4) the extraction trigger used for kicking

beam out of the ring. In addition, an overall timing delay can be applied to

start data acquisition at some point after the beginning of an injection cycle.

A microprocessor system controls the timing and sequencing of data acquisition

and communicates to the VAX control computer with CAMAC I/O units. This part

of the system was described in the previous AT-Division status report and is

now being completed. Initial communication tests with the VAX have proved the

control and data transmission procedures. Final timing and integration tests

are currently under way.

Computer Program

The VAX computer program for control and display of the BPM system has

been completed and tested. The program is menu driven from a color touch-

panel control screen, and overlay screens are provided to display the data in

several formats. We believe that a high degree of flexibility is built into

the program for display of information from selected sets of monitors. It can

also be operated very simply to acquire and display a single monitor output.

Figures 10-13 illustrate several of the display screens.



Fig. 10.
The BPM system main menu. The first
three columns allow detector area
selection with choice of start and end
channel or an arbitrary list of up to
20 channels. The other columns set
up general parameters, cycle control,
type of data display, and timing
functions. The numeric keypad appears
when certain parameters are chanaed.

Fig. 11.
Alphanumeric data display for the
channels and parameters selected on
the main n.^nu. Tourh panels at the
bottom allow selection of other dis-
plays or freezing the display during
continuous data acquisition.

Fig. 12.
Position data display for selected
channels as a function of BPM loca-
tion. This line display connects ad-
jacent locations to qive a representa-
tion of beam trajectory. Use of color
and broken-line segments flags chan-
nels where no data are present. SAVE
and RECALL touch buttons allow overlay
of different trajectories.

Fig. 13.
The data can be displayed in a histo-
gram mode that includes the last five
readings at each BPM channel position.
Scale factors can be changed by touch
buttons on the screen. The EXIT but-
ton on any display screen returns to
the main menu.
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H~ ACCELERATOR PROGRAM

ION SOURCE DEVELOPMENTS

Small-Angle Source

The H~ small-angle source (SAS) was installed on the accelerator test

stand (ATS) during this period. Tests of the 100-keV beam occupied much of the

ATS running time. On the ion source test stand (ISTS), the SAS had produced

as much as 180-mA H". Emittances measured at 20 keV on the ISTS were 0.004

•n*cm»mrad in the x-plane and 0.027 ir*cm*mrad in the y- or bend-plane, both nor-

malized rms values. On ATS, a maximum of 130 mA has been transported to the

RFQ match point with measured emittances at 100 keV of 0.011 ir*cm«mrad in x and

0.024 ifcm'mrad in y.

Beam neutralization appears to exercise a dominant effect upon emittance

growth experienced on ATS. On the ISTS, variations in neutralizing gas density

appeared to have little or no effect on measured emittance areas. On the other

hand, measurements on ATS at 100 keV show a marked sensitivity to beam neu-

tralization. A partial answer to this effect can be found in the observed

coupling to third-order aberrations in the accelerating column, which is mini-

mized by proper neutralizing gas (xenon) flow. Noisy arc conditions (as occur

during source conditioning), which produce beam-current fluctuations, render

stable neutralization difficult and lead to strong emittance growth.

Routine, quiet arc operation (noise = <_ 5%) of the source has been at-

tained on ATS and, with the flow of neutralizing gas adjusted properly, the

SAS is a more-than-adequate ATS injector.

Scaled Circular-Aperture Ion Source

Circularly symmetric beams could be matched more easily into the RFQ ac-

ceptance than the output from the SAS with its highly asymmetric slit (0.5- by

10.0-mm) geometry. In addition, the cathode power loading of the SAS (7-16,

kW/cm ) r_iders dc operation unfeasible. A circular-aperture Penning surface-

plasma source, scaled to reduce cathode power loading, has been constructed.

This source eventually could replace the SAS on ATS, and a study of its oper-

ating characteristics will test our understanding of the scaling laws applica-

ble to these ion sources.



Initial tests have been performed on the ISTS. The source has been oper-

ated in two mod^s. A mode with noisy arc conditions (±45%) has produced 90 mA

H" within an emittance of 0.017 ir*cm»mrad x 0.022 n»cm«mrad. Quiescent arc

operation (noise = <_ 1.5%) has produced 40 mA with an emittance of 0.007 x

0.008 TT#cm*mrad. Studies' of methods of producing quiescent arc operation at

increased current are continuing.

ATS LOW-ENERGY BEAM TRANSPORT

Beam-transport studies of a relatively long (1.7-m) LEBT section revealed

unacceptable errnttance growth in the 100-keV region. The beam-transport region

before the RFQ has been reduced to less than 0.875 m, including the 20-keV re-

gion and the accelerating column. This reduction in length dictated the de-

velopment of a compact lens system capable of matching the ion source output

into the RFQ acceptance. Such a system has been constructed using compact

rare-earth cobalt (REC) quadrupole elements.

The transport and matching elements consist of four quadrupole-magnet

singlets. Match parameters were measured approximately 7.5 cm before the RFQ

match point, using an emittance miniscanner developed in AT Division. Required

variations in focal strength of the system were obtained by physically re-

positioning the elements. Figure 14 is a TRACE output showing the beam enve-

lope through the system and a comparison between the match obtained and the RFQ

acceptance. This is probably the most compact system ever used to transport

the beam and obtain required RFQ match parameters.

ATS RFQ

Tuning Procedures and Results

The ATS RFQ was reassembled after vane remachining, during which it was

retrofitted with vane coupling rings (VCRs), an innovation of Lawrence Berkeley

National Laboratory. Originally it was fitted with seven complete VCR pairs

located at the X/2 points in the structure. Because the shift in operating

frequency (caused by the capacity )ading that is due to the rings) was con-

sidered excessive, a configurat consisting of alternating horizontal and

vertical VCRs was investigated. When vane misalignments were held to ±0.05 mm,

relatively easily obtained mechanically, this arrangement reduced dipole
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Fig. 14.
TRACE output showing the beam envelope through
the system and a comparison between the match
obtained and the RFQ acceptance.

components in the RFQ field to less than <\%. Final tuning was accomplished

using the alternate ring concept.

In tuning the longitudinal field distribution, it was fojnd necessary to

increase the capacitive loading of the ends (beyond the point possible with a

standard end-tuner arrangement) without an unacceptable increase in the spark-

ing probability. A redesigned end tuner in which copper slugs are inserted in-

to the quadrants between the vanes provided the necessary end capacitance.

Figure 15 shows the final longitudinal distribution of the quadrupole

field in the RFQ and also shows the total dipole content of the field. This

field was used as input to a modified version of PARMTEQ (see Theory and Simu-

lation below). Little difference in performance from that predicted for an

ideal field distribution resulted.
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Final longitudinal distribution of RFQ quadrupole
field and total dipole field.

RFQ Operating Results

The RFQ was installed on ATS and went through a normal rf conditioning

process. On February 22, 1984, beam was first accelerated to full energy and

on March 20, 1984, 95-mA of H~ was accelerated after revising the input-

matching lens system. Figure 16 shows the observed transmission as a function

of vane voltage for the initial input match compared with that calculated with

PARMTEQ—the agreement is good. In Fig. 17 are shown preliminary measurements

of the output energy distributions, again compared with PARMTEQ predictions.

Investigation of RFQ operating parameters and experiments to fully charac-

terize the output beam are just beginning. In addition to the output spectrom-

eter and standard emittance-measuring stations, a 25-ps pulsed laser has been

installed to aid in measuring longitudinal emittence characteristics.

45



60

50

£ 40

w 30
CO

§ 20
a:
I-

10

Vo=lll.34kV
• MEASURED

— CALCULATED

0.5 0.6 0.7 0.8 0.9 1.0 I.I 1.2
V/Vo

Fig. 16.
Observed transmissions as a function of vane
voltage for initial input match compared with
PARMTEQ calculations.

CO

<cr
CO

V=0.937Vo V=0.9l2Vo flV=0.893Vo V=0.844Vo V=0.827Vo

CO

a:
<

ma:<

n i
1.7 1.8 1.9 2.0 2.1

BEAM ENERGY (MeV)

I

= lll.34kV

1.7 1.8 1.9 20 2.1
BEAM ENERGY (MeV)

Fig. 17.
Preliminary measurements of the output enercy distributions
compared with PARMTEQ predictions.
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THEORY AND SIMULATION

Beam Dynamics

PARMTEQ. This code has been modified to incorporate the parameters of

the measured RFQ field distributions and geometry. The version in current use

is restricted to fixed-frequency (that is, design-frequency) simulations but

agrees quite well with measured results. A further refinement, allowing time-

dependent calculations, is being modified to accept both measured RFQ param-

eters and measured input particle distributions. This modification will allow

even more precise comparison with experimental measurements to test the ac-

curacy of the simulation.

RFQ Design Codes. The Division has continued work upon a generalized

RFQ design code based upon structured programming techniques. This work is

based upon a program library, RFQLIB,1 which makes it relatively easy to

generate new design codes with their necessary documentation. The standard

version of the simulation code in RFQLIB is RFQRZP, which is a pa^ticle-in-cell

code using an r-z Poisson solver to perform the space-charge calculations.

Current results, where tested, are very similar to those obtained from PARMTEQ.
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ACCELERATOR THEORY AND SIMULATION

CODES

SUPERFISH

The present VAX version of SUPERFISH has been brought up on CTSS. The

code has been partially reconfigured to allow very larqe problems (greater than

40 000 mesh points) to be run. All changes have been made in such a way that

the code can be transferred back to the VAX system by minimal use of a text

editor. Complementary versions of the output routines TEKPLOT and SF01 have

also been brought up under CTSS.

ULTRAFISH

R. L. Gluckstern, Laboratory consultant, has provided equations for a

second version of ULTRAFISH. The dependent variables in this formulation are E2

and rE . The new system does not suffer from the r singularity to which the

original version was subject.1 During this period, work with the new code has

shown that one of the metal boundary equations produces a numerical instability

that prevents the root finder from working properly. The offending equation

has been replaced and the code reprogrammed, but still requires further

testinq.

Two other programs have been completed and debugged. One, named COST,

calculates the cost of synchrotron magnets, chokes, power supplies, and

condensers. The instructions for using this program are written. The cost

program requires beam size, etc., for input. These sizes are calculated by a

program named SIZE. This program will limit the Laslett tune shift if this is

required. The program is debugged and the instructions are being written.

Additional codes during this reporting period have been updated and imple-

mented on our computers are discussed below.

TRANSPORT
The latest FTN modified version of A. Paul's TRANSPORT, a code for the

evaluation of charqed particle beam-transport system, is now available on LTSS.

Modifications have been made to correct a number of errors that A. Jason (AT-3)

found and that A. Paul concurred were oversights. This version has also been

augmented to qenerate an additional file, TAPE3, of output and plots that are
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readable, without wrap-around, at a terminal; A. Paul's old output file,

OUTPUT, is unchanged and is still available for output to a line printer.

URMEL

Two versions of T. Wei land's (Desy Laboratory, Germany) new URMEL (model

analysis of rf cavities) are on CRAY. This latest URMEL incorporates a new

eigenvalue-finding routine that calculates all the specified frequencies at

once and is much faster. On the CRAY, the single-precision version of the

code, URMELF, calculates 13 frequencies in 17 s compared to ̂ 2.5 min for 2 fre-

quencies from Weiland's earlier version. The double-precision version,

URMELFD, takes 5 min to compute the same 13 frequencies. Because the code

prints out the relative error of each frequency found, URMELF should be used

for general computation; URMELFD should only be used in those cases where

better accuracy is desired for the higher modes.

TBCI

All the updates that T. Wei land has forwarded have been incorporated into

Weiland's existing TBCI (time domain analysis of beam-cavity interaction) code

on the CRAY. In addition, some time was expended in trying to optimize the

subroutines that call the plotting routines in order to cut down the running

time needed to produce a movie. However, these changes only produced a minimal

decrease in runninq time. It now seems that the DISPLAY plot routines will

have to be replaced by much faster 40?0 plot routines if there is to be a sig-

nificant decrease in CPU time.

M3

T. Weiland sent M3 the first part of a code he is developing to do

three-dimensional rf cavity analysis. M3 is the input section that generates

a three-dimensional mesh and material distribution, and produces three-

dimensional plots. We have M3 somewhat running on the CRAY, but Weiland admits

there are a number of errors that he is correcting and will be forwarding ai a

new tape.

POISSON Group Codes

AT-6 has been designated to coordinate the POISSON group codes and to

write a new user's guide. During the period, we have established guidelines
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to expedite this project. The VAX POISSON group codes, which are

R. Holsinger's, (Lab consultant) latest version, have been transferred to the

CRAY computer, and these will be the standard versions that will be maintained

and updated on the CRAY. However, we have tagged "CRAY" to all instructions

added to make the codes operable on the CRAY and commented all constructions

that are unique to VAX and/or 7600 by CVAX and C7600, respectively. This makes

the codes portable to any of the above machines; the only thing a transferee

will have to do is to comment out all "CRAY" instructions and activate the in-

structions for the particular machine on which the codes will be used. The

only changes we are making in these codes at this time are to correct any

errors found, such as two errors in LATTICE and one error in SUPERFISH (found

by G. Boicourt) and three errors in FORCE (found by M. Menzel). As of now, we

have transferred, and have running, the codes for AUTOMESH, LATTICE, POISSON

LIBRARY, POISSON, SUPERFISH, and TEKPLOT. These codes have been checked out

on all three machines and have produced identical results.

RF STRUCTURES

Cold Models. An 80°/ scale cold model of the ATS DTL, now under final

design, has been constructed and turned over to the structures tuning labora-

tory. Tests have confirmed the basic design of the DTL to be constructed for

ATS. The cold model will be used for studies i > voltage ramping techniques.

A 2.5-m-long 600-MHz RFQ cold model has been designed and is now in

process of manufacture. This electrically long RFQ model will allow investi-

gation of field stabilization techniques, which would be of advantage in the

design of very long RFQs, as well as to help answer other questions concerning

RFQ tuning and design.
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RFQ Modeling Code. An RFQ modeling code developed by R. M. Hutcheon of
Chalk River has been implemented on AT-Division computers. This code is based
on a distributed parameter network theory developed at Chalk River by Hutcheon
and allows relatively convenient prediction of effects to be expected from
modification of such parameters as VCR design, end-tuner variations, and vane
modifications. It should prove a valuable adjunct to the RFQ cold-model work.
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