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Organization of the Working Groups of the
Accelerator Design Workshop

February 22-27, 1988

We will have nine working groups. Each group will have a chairman
and a local scientific secretary. A specific charge will be given to each
group and the chairman is expected to see that a written report of the
group's findings is presented at the end of the workshop. Each working
group will hear contributed papers at the discretion of the chairman.

The working groups, including chairman, secretary, and charge are as
follows:

1.) Kaon Factory Architecture
Chairman: Fred Mills
Scientific Secretary: Arch Thiessen

Charge - "Recommend for detailed study an AHF architecture
which will meet the requirements for current, energy,
polarized beam, and staging at minimum lifetime cost".

2.) Compressor
Chairman: Grahame Rees
Scientific Secretary: George Lawrence

Charge - "Recommend a compressor design for further
study which will meet the requirements for intensity,
pulse length, and repetition rate - at minimum lifetime cost.
Make an informal critique of the proposed PSR upgrade.
Recommend problems which need further study".

3.) Beam Dynamics
Chairman: Rick Baartman
Scientific Secretary: Dave Ncuffer

Charge - "Survey the status of stability calculations for
the existing kaon factory proposals including rf related
instabilities. Consider the Los Alamos proposal for a
ceramic vacuum chamber. Apply this information to the



architecture suggested by the Los Alamos staff and
recommend problems which need further study".

Polarized Beam Subgroup
Chairman: Peter Blum
Scientific Secretary: Olin van Dyck

Charge - "Review the status of plans for polarized beam
in the existing kaon factory proposals. Recommend a
resonance jumping or snake scheme for AHF for further
study".

4.) H." Injection and Painting
Chairman: Horst Schoenauer
Scientific Secretary: Eugene Colton

Charge - "Consider a H~ injection and painting scheme for
combined kaon/neutron factory compressor and booster
rings. Using information from the PSR commissioning,
recommend a painting technique, a space charge tane shift,
and an aperture clearance factor required to limit injection
and stripper foil related beam losses to the 0.1 ji.A
level. Recommend topics which must be studied further".

5.) Slow Extraction and Collimation
Chairman: Chris Tschalar
Scientific Secretary: Harold Butler

Charge - "Review the TRIUMF and Los Alamos proposals for
efficient slow extraction systems. Define the necessary
collimation systems and show how they will reduce
losses elsewhere in the ring to allow "hands-on" maintenance.
Suggest a design for a limiting aperture collimator for use in
all rings. Review possibilities for internal targets. Recommend
topics for further study".

6.) Hardware
Chairman: Roger Poirier
Scientific Secretary: George Swain

XI



Charge - "Review the status of the parallel and perpendicular-
bias ferrite cavities. Report on progress on a joint
Los Alamos/TRIUMF main ring cavity for test in PSR.
Discuss r&d on ac magnets and power supplies, control
systems, diagnostics, and software. Recommend topics
for further study".

7.) LINAC
Chairman: Stan Schriber
Scientific Secretary: Andy Browman
Charge - "Consider the requirements of current, microstructure,
polarized beam, and chopping for the kaon factory and
compressors proposed. Consider an afterburner linac to get the
LAMPF energy up to 1.6 GeV. Determine whether a single
50 MHz front end design can be found which will meet the
needs of SSC, EHF, JHF, and an advanced hadron facility.
Consider changes in LAMPF DTL or SCL required by RFQ
injector. Discuss differences between LAMPF case with existing
hardware and more general SSC, EHF, JHF case. Design Linac for
SSC and EHF case (200/600 MHz). Consider problem of
200/600 MHz rf source. Recommend problems which need
further study".

XII
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PROCEEDINGS OF THE

ADVANCED HADRON FACILITY ACCELER \TOR DESIGN WORKSHOP
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Compiled by

Henry A. Thiessen

ABSTRACT

The International Workshop on Hadron Facility Technology was
held February 22-27, 1988, at the Study Center at Los Alamos
National Laboratory. The program included papers on facility plans,
beam dynamics, and accelerator hardware. The parallel sessions
were particularly lively with discussions of all facets of kaon factory
design. The workshop provided an opportunity for communication
among the staff involved in hadron facility planning from all the
study groups presently active.

The recommendations of the workshop include: 1) the need to
use h=l RF in the compressor ring; 2) the need to minimize foil hits
in painting schemes for all rings; 3) the need to consider single
Coulomb scattering in injection beam loss calculations; 4) the need to
study the effect of field inhomogeneity in the magnets on slow
extraction for the 2.2 Tesla main ring of AHF; and 5) agreement in
principle with the design proposed for a joint Los Alamos/TRIUMF
prototype main ring RF cavity.
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Present Status of the Japanese Hadron Facility

Motohiro Kihara

KEK, National Laboratory for High Energy Physics
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan

Abstract

The Japanese Hadron Facility is a new research facility which is
proposed for intermediate-energy nuclear physics and interdisciplinary
science. The conceptual design study has been continued, and an R&D
program on a 1-GeV proton linac started in 1987. In this report, the
basic idea of the JHF accelerator system and the present status of the
R&D program will be reported.

1. Introduction

The Japanese Hadron Facility is an accelerator-based facility
which is proposed to expand the experimental opportunities in the field
of intermediate-energy nuclear physics and interdisciplinary science.
The scientific domains to be involved in the JHF project spread over
nuclear physics, particle physics, neutron scattering,, and muon sci-
ence. In the paper presented in the last AHF Workshop, we designated
these research fields as the four arenas presented in Table 1.

Table 1 Science arenas to be involved in the JHF

"Kaon" Rare decay experiments of kaons
Hyper-nuclei experiments with kaons

"Neutron" Condensed matter physics with pulsed
spallation neutrons

"Meson" ySR with muons
Nuclear physics with GeV-pions

"Exotic nuclei" Properties of exotic nuclei
Acceleration of exotic nuclei

The following is a brief history of the JHF project during the
past two years. The Project Group started in April 1986 with T.
Yamazaki of INS as the chairman. After one-year conceptual design
study, we published the first design report on the JHF project, the
principal idea of which was presented in the last AHF Workshop . In
April 1987, INS-KEK Joint Steering Committee was organized to discuss
the general aspect of the project and the institutional problems, and
at the same time, Proton Linac Working Group was formed in Accelerator
Department of KEK in collaboration with INS. The proposal was sub-
mitted for inspection to Japan Science Council, Physics Committee.
After half-year review, a recommendation in favor of the project was
issued, and was finally indorsed by Japan Science Council in January
1988. In the next step we will issue the proposal of the preparatory
study on the project to the Ministry of Education and Science of the
Government.



2. Basic idea of the accelerator scheme

The accelerator scheme proposed in the first design report envis-
ages a 1-GeV proton linac, a separate linac for heavy ions, a 2-CeV
rapid-cycling synchrotron and a stretcher/accelerator hybrid ring. The
schematic layout of the facility is shown in Fig. 1. A high-intensity
proton beam is injected from the linac into the rapid-cycling synchro-
tron in which 2 bunches of protons are accelerated up to 2 GeV. The
synchrotron acts as a compressor for pulsed neutrons and pulsed muons.
In every cycle one bunch is delivered to the neutron scattering facili-
ty and another is to the meson science laboratory. When a stretched
beam is needed for nuclear physics, one of bunches is re-injected into
the stretcher ring and extracted in the slow-extraction mode to the
meson laboratory.

With a 2-GeV proton beam a high-intensity pion beam with an energy
less than 1.5 GeV can be obtained, and we call this facility as the
"GeV-pion facility". The meson arena then concentrates its research
activity on nuclear physics with GeV-pions.

As for the exotic nuclei arena, the accelerator scheme is the
heavy ion linac with the maximum energy of 8 MeV/u, followed by the
slow-cycling synchrotron with an energy capability of around 1 GeV/u.
In addition to the role as the injector, the heavy ion linac acts as
the low-energy exotic nuclei facility. The high-Intensity proton bean
is also used to produce unstable nuclei beam in the ISOL (Isotope
Separator On-line) ion source through nuclear spaHation.

During the past one year, discussion has been continued especially
in the domain of nuclear physics on the facility design, and alterna-
tive option on the JHF accelerator scheme has been proposed. The
essence of this option is, in a word, to separate the domains of
nuclear physics and interdisciplinary science. The main point of argu-
ment is that an energy of 2 GeV is too low for a booster synchrotron
when the future extension to the kaon factory originally conceived in
the nuclear physics community will be considered, and also that the
energy of the rapid-cycling synchrotron should be high enough to
produce a plenty of low energy kaons. As is well known, the optimum
energy for the spallation neutron source is around 1 GeV, or 1.5 GeV at
the most. If two domains of nuclear physics and interdisciplinary
science is separated, we can determine the energy independent of each
other. In the new option, therefore, the accelerator scheme is divided
into a compressor ring of 1 GeV for interdisciplinary science and a
rapid-cycling synchrotron of higher energy for nuclear physics.

Studies so far have favored the new option over the original plan,
and so the 2-GeV option has been discarded as being not attractive. In
the new option, the JHF project will be advanced in two steps. In the
first step, the 1-GeV proton lianc, the heavy ion linac and the com-
pressor ring will be constructed. The high energy synchrotron will be
pursued in the succeeding phase.

The schematic layout of the accelerator system in the new option
is shown in Fig. 2. Since a 1-GeV proton beam can produce a high
intensity pion beam with energies up to 700 MeV, which is attractive
for intermediate-energy nuclear physics, the compressor ring is expect-
ed to act also as a stretcher ring of a 1-GeV proton beam. The energy
of the high energy ring is still to be determined.



3. i-GeV proton linac

Table 2 is the list of the basic design parameters of the proton
linac. When the Proton Linac Working Groups was fonaed in April 1987,
we discussed the general design principle of the proton linac, and we
changed the rf frequency as well as the structure of the high-B sec-
tion. The linear accelerator chain is composed of four different type
of sections as shown in Table 3. Although these parameters have not
been finilized, we have progressed an R&D program on each component
along this line in the past one year.

Table 2 Design parameters of the proton linac

Energy 1 GeV
Average current > 200 uA
Repetition rate 50 Hz
Peak current 20 mA
Pulse length 400 uA

Table 3 The accelerator chain of the proton linac

Ion source 50 keV
RFQ 2i-3 MeV, 432 MHz
DTL 150 MeV, 432 MHz
CCL 1 GeV, 1296 MHz

Ion source

The ion source is a volume production type H ion source, since
this type of ion source is expected to have a high brightness. It is
also an advantage of this ion source that it does not use cesium like
a surface-plasma type ion source, which is thought to be dangerous in
the viewpoint of breakdown voltage in the following RFQ.

The model of the volume production ion source has been fabricated
and tested. Although preliminary, the measured current density is 1.5
A/cm2 at the present moment. The design goal of the ion source is a
normalized emittance of 1.5 mm«mrad at a peak current greater than 20
mA.

RFQ

A four-vane type RFQ has been designed under the following condi-
tions:

Frequency 432 MHz
Energy 0.05 - 3 MHz
Norm, emittance 1.5 mm*mrad
Peak current 20 mA

Table 4 shows the main parameters of the 432-MHz RFQ linac. Trans-
mission of 94 % is obtained in the calculation. Computed beam
properties of the RFQ are shown in Table 5.



Comparison will be continued on the frequency between 432 MHz an
216 MHz, and on the structure between the four-vane type and the four-
rod type.

Table 4 Main parameters of the 432-MHz four-vane type RFQ

Energy 0.05 - 3 MeV
Vane length 269 cm
Intervane voltage 90 kV
Kilpatrick factor 1.8
Minimum bore radius 0.236 cm
Transmission (10 mA) 98 X

(20 mA) 94 %
(30 mA) 84 Z

Cavity diameter 15.4 CB
Cavity wall loss 980 kW

Table 5 Computed beam properties of the 432-MHz four-vane type RFQ

Normalized emlttance (100 2)
in 1.5 mm>mrad
out 2.5 mm*nrad

Energy spread (full) 90 keV
Phase width (full) 30°
Transmission > 90 %
(Required input energy variation < ± 1 X)

DTL

Table 6 shows the main parameters of the 432-MHz drift-tube lianc,
and Table 7 shows the computed beam characteristics. A matching pro-
blem between RFQ and DTL is expected to be serious in conjunction with
installation of the beam chopper. Further study will be needed on this
subject.-

An R&£? program on the fabrication of drift-tube linac will start
from JFY 1988. A prototype full scale model with reduced length will
be fabricated to check the manufacturing procedures.

Table 6 Principal parameters of the 432-MHz drift-tube linac

Energy
Acceleration field
Synchronous phase

Total length
Number of cells
Number of tanks
Cavity power (* 1.3)
Beam power
Total power

3
3
-
-
83

— 148.3 MeV
MW/m
10
26
.3

342
13
9.
2.
11

0
9
.9

° (first tank)
0 (others)
m

MW
MW (20 mA)
MW



Table 7 Computed beam properties of the 432-MHz drift tube linac

Transverse acceptance (normalized)
A
Ax,n
A

Energy^acceptance (full)
AW,
AWoCtPhase acceptance (full)

out

10 at
10 m

0,30
1.44

88°
24°

••mrad
n-nrad

MeV
MeV

CCL

In the present design the high-fi section is the coupled-cell linac
instead of the single-cell structure which was described in the last
AHF Workshop. The side-coupled structure (SCS) and the alternating-
periodic structure (APS) have been considered as the candidates of the
coupled-cell structure. In principle, SCS has higher shunt impedance
than APS. A required power is expected to be lower by 50 Z for SCS
than APS. The reason that we take APS as one of candidates is that we
have had fabrication and operation experiences on APS in the TRISTAN
e e collider project in KEK. Therefore, we will continue comparison
between APS and SCS in further details. As an example, we show the
main parameters of the 1296-MHz side-coupled linac in Table 8, and the
computed bean properties are shown in Table 9.

Table 8 Principal parameters of the 1296-MHz coupled-cell linac

Energy
Acceleration field
Synchronous phase
Total length
Nuaber of cells
Number of tanks
Cavity power (* 1.2)
Beam power
Total power

Table 9 Computed beam properties of the coupled-cell linac

Transverse acceptance (normalized)
A 36 am«mrad
AXfT1 34 mm«arad

148.
3.6 -
- 30
411 i
3568
152
81.7
17.3
99.0

3 -
- 4.
o

•

MW
MW
MW

1017 MeV
4 MV/m

(I « 20 aA)

A

Energy Icceptance (full)
AWAW 3.0 MeV

out 8*8 HeV

Phase acceptance (full)
A* 87°
A*." 32°out



rf power source

The peak power required for the drift-tube linac and the coupled-
cell linac is approximately 12 MW and 100 MW, respectively. In 1987
we started the development of a prototype model of the rf power source
for the 1296-MHz coupled-cell linac. This model aims at disclosing
technical problems of the high power rf source as well as completing a
set of actually operating rf source to make high-power test on CCL
cavities.

The peak power per klystron has been actually an important design
consideration. We have set a tentative set of ultimate design para-
meters of the L-band klystron as shown in Table 10.

Table 10 Tentative parameters of the L-band klystron

Frequency
Peak power
Pulse length
Repetition rate
Average power iuu ^ .
Perveance 2 * 10~6 A/V3'2

Voltage
Current
Efficiency
Gain
Input power

A line-type modulator has been designed, which accommodate this
klystron. The line-type modulator was chosen mainly because of the
long-term practical experience on the line-type modulator which had
accumulated in KEK in the development of the power sources for the
40-HeV proton linac and the 2.5-GeV electron linac. The basic parame-
ters of the modulator are shown in Table 11.

Table 11 Overall specifications of the prototype line-type
modulator (including pulse transformer)

Peak power output
Average power output
Output pulse voltage (max)
Output pulse current (max)
Load impedance
Pulse length, flat-top

rise time
fall time

Pulse repetition rate

1296
6
600
50
180
2 *
140
108
40
40
600

MHz
MW
us
Hz
kW
10"6

kV
A
Z
dB
W

15
450
140
108
1.3
520
30
75
50

MW
kW
kV
A
kfi
US
PS
us
Hz



4. Heavy ion linac

The heavy ion accelerator must meet the following requirements:
(1) It accelerates ions with a charge-to-mass ratio of 1 ^ 1/60 up to

an energy of 8 MeV/u.
(2) It accelerates exotic nuclei of very low energy of 1 keV/u.
(3) The duty factor is desirable as high as possible, for example 10%,

to effectively utilize a continuous beam of exotic nuclei from the
ISOL ion source.

(4) Energy is variable.
(5) High transmission to reduce radioactive contamination.

The accelerator chain of the heavy ion linac is composed of six
different structures as shown in Fig. 3. They are slightly different
from those which was described in the last AHF Workshop. The main
parameters of the linac are summarized in Table 14.

Table 12 Design parameters of the heavy ion linac chain

(1)
(2)
(3)
(4)
(5)
(6)

Split coaxial
Split coaxial
IH-type linac
Four-vane type
IH-type linac
Alvarez linac

RFQ
RFQ

RFQ

170
170
1.4
800
1.4
8

keV/u,
keV/u,
MeV/u,
keV/u,
MeV/u,
MeV/u,

12.5
25
25
100
100
100

MHz
MHz
MHz
MHz
MHz
MHz

It has been thought that extensive study will be necessary for the
ISOL ion source. Expected emittance from the ISOL ion source is not
yet clear, but a normalized emittance of 2 mm»mrad has been assumed in
the present design. Also radiation problems oust be checked seriously.

As for the split coaxial RFQ, a proton model of 50 MHz van made at
INS and a beam test has been finished. Since this model only deals
with low power and its vane length is short (2 m), we must proceed to a
prototype model of 12.5 MHz in the next step. There will be expected a
lot of technical problems, especially a cooling problem is serious
because the inside structure is complex. The main parameters of the
12.5-MHz SCRFQ are shown in Table 13.

Table 13 Parameters of the 12.5-MHz SCRFQ

Charge to mass ratio
Frequency
Kinetic energy
Intervane voltage
Vane length
Module length
Total power

1/60
12.5 MHz
1 - 1 7 0 keV
220 kV
21.54 m
204 cm
400 kW



5. Compressor ring

The design study on the compressor ring has not yet started. The
compressor ring will be designed to meet requirements from neutron
scattering, uSR as well as nuclear physics. Table 14 is a summary of
the requirements on the compressor ring.

Table 14 Beam property requirement of the compressor ring

Repetition rate

Pulse length

Emittance
or

Beam spot size

Neutron

< 50 Hz

< 250 ns

< 5 0 mm<f>

Muon/meson

100 Hz is allowed.

Bunch as short as
several tens ns is
required.

50 mmamrad is desirable
for a series of target
station.

Stretched beam is needed
for nuclear physics
experiments.

The repetition rate of injection and extraction can be 50 Hz or
100 Hz in the practical view point. The higher frequency is advantage-
ous in a sense that the particle per pulse becomes low and so the pulse
width of the linac is short. As seen in Table 14, however, 50 Hz is
the maximum allowed, and even 25 Hz will be desirable for cold neutron
experiments. Therefore, we have fixed to 50 Hz at the present moment.

Since a proton beam should be supplied to neutron scattering and
muon science simultaneously, two bunches per ring will be required.
Tentatively, if the normal bunch length is taken to 250 ns and the gap
between bunches is taken to 80 ns, the rf frequency will be 3 MHz,
which leads to the ring circumference of 175 m, or the radius of 21 m.

The lattice of the compressor ring will be a separated-function
type lattice with a magnetic field strength of 1 T of the bending
magnet. Essential requisites in the lattice design come from correc-
tion magnets, rf cavities, the injection system, the extraction system,
and spilled beam collectors. Special attention must be paid to the
vacuum system inlcuding diagnostic equipments, because the quick con-
nect-disconnect system is essential in the high intensity compressor
ring.

In addition, the compressor ring is expected to realize the narrow
bunched beam and the slow extracted beam, as well as the standard
bunched beam of 250 ns. These are not easy at a glance, because of the
intrinsic nature of the high intensity beam. We have to tackle with
these problems and find the way to realize them with a reasonable size
of funding.
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STATUS OF THE EHF PROJECT

Franco Bradamante

Dipartimento di Fisica dell'Universita degli Studi di Trieste

and

INFN Sezione di Trieste

Via A. Valerio,2 - I 34100, Trieste, Italy

INTRODUCTION

It is a pleasure for me to be back in Los Alamos and report on

the European Hadron Facility (EHF). One year ago, at the Loretto Inn

of Santa Fe, I described in detail to the participants to the Inter-

national Workshop on Hadron Facility Technology the scientific moti-

vations and the technical concept for a Hadron Facility in Europe, so

I will not go through those arguments again, but rather squeeze them

into a short summary and refer to the various contributions on EHF in

the Proceedings of that Workshop . The rest of my report will then be

devoted to the status of the project, to the present activities of the

EHF group and to our future plans.

THE EHF ACCELERATOR CONCEPT

For what matters the EHF project, the most important event which

occured since the Santa Fe Workshop was the editing of the Proposal '.

I consider this fact a major achievement because, unlike the other

proposals for Hadron Facilities, EHF is not being proposed by an

existing laboratory. It is a project which has been proposed for

Europe by a group of physicists, the EHF Study Group, on behalf of a

community of interested European physicists so the effort involved

has been particularly severe. The accelerator concept has been worked

out by an international team of accelerator physicists in close col-

laboration with the experts from Los Alamos and TRIUMF, the



so-called EHF Design Group. Table 1 list the people who have

contributed to the accelerator design. The activities of the group

have been sponsored mainly by Germany (Bundisministerium für Forschung

und Technologie) and by Italy (INFN).

TABLE 1

R. ABELA

R. BAARTMAN

G. BENINCASA

B. BERKES

P. BLÜM

K. BONGARDT

J. BOTMAN

F. BRADAMANTE

H. BUTLER

A. CITRON

E.D. COLTON

M. CONTE

M. CORNACCHIA

E.D. COURANT

M. CRADDOCK

J.F. CRAWFORD

H. DEITINGHOFF

A. FABRIS

F. GALLUCCIO

E. GIANFELICE

J. GRIFFIN

W. JOHO

H. KLEIN

P. LAPOSTOLLE

P. LEFEVRE

PSI Villigen

TRIUMF

CERN

PSI Villigen

Karlsruhe

KFA Jülich

Eindhoven

Trieste

Los Alamos

Karlsruhe

Los Alamos

Genova

Berkeley

BNL

TRIUMF

PSI Villigen

Frankfurt

Trieste

Napoli

Napoli

FNAL

PSI Villigen

Frankfurt

France

CERN

A. LOMBARDI

G. MACKENZIE

A. MASSAROTTI

M.R. MASULLO

D. MÖHL

M. PABST

A. PISENT

M. PUGLISI

M. PUSTERLA

G. REES

P.L. RIBONI

A. RINDI

A.G. RUGGERO

G. SCHAFFER

A. SCHEMPP

H. SCHÖNAUER

H.A. THIESSEN

C. TSCHALÄR

V. VACCARO

M. VRETENAR

M. WEISS

Th. WEIS

C. WIEDNER

U. WIENANDS

CERN

TRIUMF

Trieste

Napoli

CERN

KFA Jülich

Karlsruhe/Padova

Trieste

Padova

Rutherford

CERN

Sincrotrone Trieste

BNL

Karlsruhe

Frankfurt

CERN

Los Alamos

PSI Villigen

Napoli

CERN/Trieste

CERN

Frankfurt

MPI Heidelberg

TRIUMF
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The proposed EHF is the complex of accelerators schematically il-

lustrated in Fig. 1, aiming at a 100 uAmp proton beam at 30 GeV. The

main components are a high-energy LINAC, accelerating a H beam to

1.2 GeV, and two fast cycling synchrotrons, a 9 GeV Booster Ring and

a 30 GeV Main Ring, with radii and repetition rates of ratios 1:2 and

2:1 respectively. The Main Ring circumference has been chosen to be

960 m. The repetition rates of the LINAC and of the Booster are the

same, 25 Hz. The H~ beam pulse coming from the LINAC is stripped into

a proton beam by passing through a thin foil and injected directly

into the Booster over 200 turns.

LINAC BOOSTER

SLOW EXTRACTION HALL

HOLDING RING

FAST EXTRACTION AREA

MAIN RING

Fig. 1: The complex Of accelerators of the European Hadron Facility.

Two more rings complement the system, a 9 GeV Holder Ring, with the

same radius as the Booster, and where the Booster pulses are stored

before being transferred to the Main Ring, and a 30 GeV Stretcher

Ring, having the same length as the Main Ring Synchrotron, where the

fast extracted 30 Gev beam from the Main Ring is stored and then

slowly extracted to produce 100% duty factor secondary beams. The 1:2

ratio between the repetition rates of the Main Ring and the Booster

allows to have a Holder Ring of the same size as the Booster, rather



than of the same size as the Main Ring as customary. Only one Booster

pulse is thus stored in the Holder Ring, the second one passing

through the just emptied Ring and going directly to the Main Ring- The

use of these two relatively low-cost storage rings allows to continu-

ously run acceleration cycles in the Booster and Main Ring without the

need to "flat-top" or "flat-bottom" the magnet cycles. The net advan-

tages are less strain on the RF system and a 100% duty factor for the

slowly extracted proton beam. The operation of the complex can be

understood by looking at the time diagram in Fig. 2.

30 GeV

9 GeV

1.2 GeV

STRETCHER

MAIN RING

ACCUMULATOR

BOOSTER

LIN AC

Fig. 2: Time diagram for the EHF, showing the acceleration cycles of

the Booster and of the Main Ring, and the beam transfers in

the various stages.

The facility also includes two experimental areas: one that takes

beams in the fast extraction mode, and the other for extraction with

high duty cycle.

The repetition rate of the Main Ring, 12.5 Hz, follows directly

from the EHF current requirements (100 uA) and from the limit to the

maximum number of protons per pulse given by current experience with

existing similar machines ( 5»1013). Further constraints on the
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machine parameters have been provided by the requirement of acceler-

ating polarized proton beams of the same intensity as the unpolarized

beams. This will be achieved by fast Q-jump across the few residual

resonances in the Booster and by maintaining polarization in the Main

Ring with a Siberian Snake.

The design of the accelerator is based on two major considera-

tions: beam losses and cost. Since some losses at the extration septum

are unavoidable, separate tunnels are proposed for the Main Ring and

the Stretcher, whose lattice could thus be optimized indpendently of

geometric constraints. The proposed racetrack design allows for a high

B insertion in the Stretcher, yielding a highly efficient slow reso-

nant extraction.

Minimization of beam losses has been achieved by (i) properly

choosing the main accelerator parameters which are of relevance for

the beam instabilities, (ii) phase locking all the machines, so that

the beam is always transferred bunch-to-bucket, (iii) proposing a new

beam injection technique for entering into the Booster, and (iv)

placing very safe margins on the magnet apertures.

A great amount of work has been devoted to the optimization of

the injecton scheme from the LINAC into the Booster. The beam pulse

coming from the LINAC is a train of bunches, at a frequency (400 MHz)

which is 8 times the rf frequency at injection in the Booster

(50 MHz). To optimize the filling of the Booster bucket, a certain

number (six in the present design) of the eight buckets coming from

the LINAC are left empty, and by a special "painting" technique the

central part of the bucket area is filled uniformily. The possibility

of losses by placing the beam too close to the boundary of the r-f

bucket is thus eliminated.

PRESENT ACTIVITES

Since the editing of the Proposal, many "details" of the accel-

erator concept have been looked at, and two more EHF Workshops had

been held, one in Eindhoven, June 11-13, 1987 and one in Santa

Margherita Ligure (Genoa), October 5-9, 1987.



In particular the Design Group has produced

- the numerical simulations for the injection scheme ("painting") in

longitudinal phase space: the results are excellent (no losses!)

- the lattices for the Stretcher Ring and the details of the Slow

Extraction scheme

- specific designs for the Siberian Snakes in the Main Ring and in the

Stretcher

- a new code for spin traking

- the error analysis in the DTL

- the R-F system for the LINAC

- the power supply system for the magnets.

With these further studies we consider the accelerators complex

we propose for EHF completely spelled out and quite satisfactory-

Still, a critical analysis of the Design has been done in Santa

Margherita, and some areas have been identified where improvement is

possible.

This is the case, for instance, for the linear injector, where an

efficient phase-compression of the dc beam coming from the H~ source

is necessary to prepare the empty-bucket structure in the LINAC. The

present design utilize for this purpose a cascade of two RFQ's, with

frequencies 50 MHz and 400 MHz respectively. Although computer simu-

lations show that the "2:8" scheme is correctly realized, more than

50% of the beam is lost at low energy, and the worry that some parti-

cles might end up in the LINAC and be accelerated in the empty buckets

have led us to consider new injectors, with different frequencies.

Also, an experiment will be carried on in Frankfurt by H. Klein and

collaborators to test the matching of the two RFQ's.

Other areas of improvement include

- the "painting" technique to properly populated the booster bucket;

painting has to be generalized to include the transverse phase

space. Preliminary results will be presented at this Workshop by H.
4)Schonauer

- the slow extraction system; since the Santa Margherita Workshop a
lot of work has been done, mainly by F. Galluccio , who has shown
that by using existing pieces of hardware, and improving the optic
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of the high 6 insertion in the Stretcher, the beam losses on the

septum can be reduced to less than 0.7%.

- the design of the Siberian snakes in the Main Ring. An original

suggestion by E.D. Courant ' allows for designs with small orbit

excursions inside the magnets, so that further optimization of the

transfer energy between the Booster and the Main Ring Synchrotrons

is possible. A contribution on the polarization of the EHF beam will

be given by A. Pisent at this Workshop

Further work is planned on these items all over 1988, and three

more Workshops are foreseen, one in March at CERN, one in June, at the

time of the EPAC Conference in Rome, and one in October in Venice (or

Padua).

STATUS OF THE PROJECT

The EHF proposal has been submitted to the relevant authorities

in Europe in June '87, and since then is suffering from the same kind

of problems the Los Alamos and the TRIUMF proposals have suffered from

the time they were issued. Since most of the support to the project

has come from the German and the Italian communities, it is important

that I report on the positions of these two countries first.

It is well known that the most favourite option for EHF has

always been a new laboratory in Italy, sponsored by INFN, and open to

International Collaboration, according to the HERA model. As such EHF

has been carefully considered by INFN, and it is explicitly mentioned

in the new five-year plan (for the years 1989-1993) which has been ap-

proved on December 16, 1987. Availability of resources and of manpower

is clearly a problem, so no funding has been allocated yet, a decision

in this sense being considered premature. Still, there is enough

flexibility in the new five-year plan to allow for the start up of a

big project like EHF if agreement is found in the scientific comunity.

In Germany, the Committee for Medium Energy Physics while con-

sidering the participation of the German Physicists to EHF, to the

Beauty Factory at PSI, and to the KAON project in TRIUMF, has adopted

in January 88 a resolution which favours EHF. In particular, given the
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position of INFN and the difficulties of realizing a full, 100 uAmp

EHF, in the "green field", the resolution pushes for an intensity

staged approach at CERN, i.e. a 10 uArap Hadron Facility at CERN, as
S)described by P. Blum at the Santa Margherita Workshop . Although the

vote of the MEP committee clearly favours EHF at CERN, the

Bundiministerium fur Forschungun Technologie (BMFT) of the Federal

Republic of Germany has still to receive the resolution of the "ad-

hoc" Committee he appointed at the beginning of 1987 to be advised on

the future of Intermediate Energy and Nuclear Physics in the 1990'S.

This "ad-hoc" committee has not yet stated their priorities, which

mighy turn out to be different from those of the MEP Committee.

As regard CERN, no positive signals are coming from the Direc-

torate yet, and my personal opinion is that competition with the high-

energy projects and the size of the laboratory are such, that the

chances of even a low-intensity Hadron Facility being approved at CERN

are rather tiny. Still, the community of interested European Physi-

cists is pushing in this direction, and it is possible that in 1988 a

specific proposal for a 10 uAmp Hadron Facility be submitted to CERN.

In summary, I think that the lack of sponsorization by INFN has

slowed down the project, but that INFN has left the door open for its

realization as long as the community will push strongly enough. I be-

lieve there are at present two realistic options, i.e.

- either opening up a new laboratory in the Southern part of Italy,

which can benefit of special funds for technological and scientific

projects, and Naples could be excellent site, or

- slowly upgrading the Legnaro National Laboratory of INFN, near

Padua, at present concentrating on low-energy, nuclear physics, but

which has manifested its interest to higher energies.

I consider both options very interesting, and I believe in the

near future much political efforts should be devoted to choose between

the two and finally give a site to our facility.
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CONCLUSIONS

As proponent of the European Hadron Facility we are presently

sharing the same difficulties our American colleagues have in getting

a several million dollars project approved.

The project which at present is closest to approval is the one

proposed by TRIUMF, which has found a strong international support in

the scientific community and is well sponsored by the province of

British Columbia. I believe that there should be several hadron fa-

cilities in the world, and that the approval of TRIUMF alone does not

satisfy the demand for such facilities. In particular it does not

satisfy the demand of the several hundred physicists who want a Hadron

Facility in Europe which has a long and solid tradition in

Intermediate Energy Physics. In the present network of European Scien-

tific Facilities the European Hadron Facility is still missing, but I

can witness that several people in Europe are still working to fill in

this gap.
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STATUS OF THE TRIUMF KAON FACTORY PROPOSAL

M.K. Craddock
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ABSTRACT

Over the last year considerable progress has been achieved on
both technical and political fronts. Hardware studies have continued
on both magnet power supplies and on rf cavities — the latter work
gaining an extra dimension from a recently-instituted formal collab-
oration with LAMPF. A racetrack-shaped lattice is being considered
in conjunction with a three-element slow extraction system in an
effort to reduce losses to the 0.1% level. British Columbia has
agreed to fund the buildings and tunnels (Cdn $87M) and is making the
KAON Factory its top priority project with the Canadian federal
government. A joint federal-provincial delegation has traveled
abroad and found that a number of countries would consider signifi-
cant contributions to the cost. Government approval contingent upon
such contributions is anticipated later in 1988, together with pre-
construction R&D funds.

INTRODUCTION

Since the meeting of the International Workshop on Hadron
Facility Technology in Santa Fe a year ago the TRIUMF KAON Factory
has made good progress both technically and politically. The basic
design is described in detail in the Proceedings of that Workshop*
and has not changed significantly. I will therefore not repeat the
description given there but concentrate on more recent developments.
The primary aim remains to provide a 100 pA beam of protons at 30
GeV, using the TRIUMF cyclotron as injector. To do this requires a
5-ring complex — two fast-cycling synchrotrons (3 GeV Booster and 30
GeV Driver) and three storage rings (440 MeV Accumulator, 3 GeV
Collector and 30 GeV Extender).

A major development has been the institution last August of a
formal collaboration with LAMPF on accelerator studies. The first
areas for collaboration have been rf studies and beam commissioning
work on the PSR. The mutual benefits of this arrangement are already
apparent and we hope to extend it to magnet power supply studies and
vacuum pipe design.

TECHNICAL STUDIES

H" Extraction. Higher voltages have now been achieved on both the
rf deflector (18 kV) and electrostatic deflector (50 kV), resulting
in transmission of 90% of high intensity beam through the latter.
Fig. 1 shows the integral and differential probe scans for 66 uA
macropulses at 1% duty factor. The 10% not transmitted is stripped
by a narrow foil shadowing the septum and protecting it from irradia-
tion; the resulting protons may be dumped or steered into an experi-
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Fig. 1 Integral and differential probe scans in
the H" extraction region of the TRIUMF cyclotron.

mental beam line. The differential scan in Fig. 1 illustrates the
intensity modulation and improved turn separation produced by the rf
deflector in conjunction with the vr-3/2 resonance. Design of the
4-segment magnetic channel which will steer the H~ beam out of the
cyclotron is now almost complete. Detailed design of the front end
of the external beam line is under way.

Radio Frequency Systems. The reference design for the Booster
cavities is based on those used in the Fermi lab booster. A full
scale prototype cavity is almost complete and should be ready for
tests with an air tuner later in the Spring (Enegren & Poirier2).
The collaboration with LAMPF has also enabled us to study the possi-
bility of using a version of the Los Alamos cavity using perpendicu-
larly-biased microwave ferrite. Under dc bias conditions this has
produced relatively high voltages (140 kV), thus reducing the number
of cavities required and, more importantly, the impedance presented
to the beam and the likelihood of inducing coupled-bunch instabil-
ities. In September 1987 the TRIUMF group was able to make measure-
ments on the Los Alamos cavity and demonstrate its operation with
good Q-values down to and below the lowest frequencies (46 MHz)
required at TRIUMF (Fig. 2).

Enegren and Poirier3 have calculated the transmission-line
cavity modes for the Los Alamos and Fermilab-style cavities and also
for a design proposed by G. Rees.1* The effect of damping is also
investigated. These studies indicate a further advantage of the Los
Alamos cavity, whose shortness reduces the number of modes in a given
frequency interval.

With the Los Alamos group transferring their activities to the
development of a main ring cavity, we hope that their booster cavity
will be available on loan to TRIUMF in May 1988. We will then be in
a position to test the cavity under ac bias conditions — the crucial
remaining test of its viability.
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R. Burge3 and W. Roberts1* report on control of the rf systems
under high beam loading. B__ge presents designs of feedback circuits
for phase and amplitude control. S. Koscielnlakb has made an analy-
tical study of radial and phase control of the rf taking explicit
account of time delays. As part of its collaboration with LAMFF
TRIUMF will build the low-level control system and also a solid state
driver for the main ring cavity.
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Fig. 2. Permeability measurements on the Los Alamos booster
cavity showing good behaviour over the entire frequency range
required at TRIUMF.

Computer Control System. A six-month study of the KAON Factory
control system has been completed with the help of two visitors from
CERN. A comprehensive review was carried out of both hardware and
software options and a weighty report is now available (Dawson et

b

Magnet Power Supplies. Dual-frequency magnet excitation is planned
for the KAON Factory synchrotrons, with a rise time three tiaes
longer than the fall, in order to reduce the rf voltage requirements.
To test the performance of such a system a high-power test stand has
been set up (Fig. 3 — Reiniger7). 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 pF capacitor bank nay
be switched in parallel with a 125 yF bank to change the resonant
frequency from 100 Hz to 33 Hz. This stand has been operating for a
few days now and successful tests have been carried out at fixed
frequencies.
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Fig. 3. High-power test stand for dual-
frequency magnet excitation studies*

Magnet Lattice and Slow Extraction. Considerable thought has been
given to the possibility of reducing the losses at slow extraction to
0.1% rather than the IX typically obtainable with existing systems.
U. Wienands8 has suggested the use of a short additional pre-septum
to dilute the beam density at the main septum, demonstrating, in a
simulation, a loss of only 0.2%. A third septum cannot easily be
accommodated in the superperiodicity-12 lattice of our main ring
reference design. Instead, R.V. Servranckx9 has proposed a racetrack
lattice with two dispersionless 167 m long straight sections. Hori-
zontal 6 values of about 100 m are obtained near the focusing quadru-
poles, providing low density locations for the septa. The achromatic
180° arcs contain 24 cells, and are tuned to 5 x 2w (~75" per cell).
The tune of the straight sections may be adjusted to give a total
tune variation for the ring of ±1 in each plane independently. Such
a racetrack lattice Is convenient for the Driver synchrotron as well
as for the Extender, providing more flexibility either for the inser-
tion of Siberian snakes, or for tuning for low depolarization without
snakes, using high-periodicity arcs and spin-transparent straight
sections.10 A possible site layout with a racetrack lattice is shown
in Fig. 4. Meanwhile the properties of the lattice remain to be
investigated in detail, particularly its sensitivity to betatron
resonances. The possibility of using a racetrack lattice for the
Booster synchrotron is also under consideration.
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Fig. 4. Possible site layout with a racetrack lattice.

PROGRESS TOWARDS FUNDING

Good progress has been made this last year, a crucial factor
being the British Columbia provincial government's strong support for
the project as its top priority among federal projects and the
centrepiece of its high-tech development strategy. In February 1987
the B.C. cabinet gave the project formal approval in principle; i.e.
agreement to fund the civil works ($87M Canadian) provided the
federal government funds the technical equipment. The province also
agreed to support an $11M one-year study on a cost-shared basis. In
September the Premier of British Columbia launched a "public aware-
ness" campaign which has resulted in several thousand letters being
sent to senior federal politicians. A tangible symbol of the B.C.
government's commitment has been its commissioning of specially-
labelled "KAON Project" wine. I am happy to be able to present an
example to the chairman of this Workshop to use for some suitable
purpose.

On the federal side the Minister of State for Science and
Technology, Mr. Frank Oberle, agreed to institute joint federal-
provincial studies of some remaining questions:
• additional university involvement
• economic benefits
• international contributions to the funding.

On the first issue the four founding universities of TRIUMF have
already been joined by the University of Manitoba and L'Universite'
de Montreal as associate members, while the University of Toronto has
observer status at Board of Management meetings. On the second item
a review is being carried out of the very favourable economic studies
-ublished in 1986.
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On the third item, Mr. Oberle himself, in a speech to the OECD
nations in Paris in October, stated "we are anxious to seek and
develop other joint ventures", giving us an example "...international
partnership in the construction of the Kaon Factory". A Canadian del-
egation was appointed to explore the potential for such partnership
and in November and December 1987 visited West Germany, Italy, Japan
and the U.S.A. Each country agreed to consider financial involvement
in construction, and indeed the possibility of support is being
explicitly allowed for in the planning scenarios of both Germany and
Italy. If negotiations are successful the external contributions will
amount to considerably more than the $75M recommended by the Kaon
Factory Review Committee. 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.

With these favourable signs from abroad British Columbia is
pressing the Canadian federal government to approve the project in
principle, contingent on a suitable level of foreign financial
support, together with the federal share of the $11M pre-construction
R&D. The federal cabinet may consider the matter as early as April,
and with signs of increasing awareness and support for the project
from federal cabinet ministers we are optimistic of receiving federal
approval for the project In the near future.
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Towards an Advanced Hadron Facility

at Los Alamos

Henry A. Thiessen

Los Alamos National Laboratory

1. Abstract

In the 1987 workshop, it was pointed out that activation of the
accelerator is a serious problem. At this workshop, it was suggested
that a new type of slow extraction system is needed to reduce the
activation. We report on the response to this need. The Los Alamos
plan is reviewed including as elements the long lead-time R&D in
preparation for a 1993 construction start, a menu of accelerator
designs, improved losses at injection and extraction time, active
participation in the development of PSR, an accelerated hardware
R&D program, and close collaboration with TRIUMF. We review
progress on magnets and power supplies, on ceramic vacuum
chambers, and on ferrite-tuned rf systems. We report on the plan for
a joint TRIUMF-Los Alamos main-ring cavity to be tested in PSR in
1989. The problem of beam losses is discussed in detail and a
recommendation for a design procedure for the injection system is
made. This recommendation includes taking account of single
Coulomb scattering, a painting scheme for minimizing foil hits, and
a collimator and dump system for containing the expected spills. The
slow extraction problem is reviewed and progress on an improved
design is discussed. The problem of designing the accelerators for
minimum operation and maintenance cost is briefly discussed. The
question of the specifications for an advanced hadron facility is
raised and it is suggested that the Los Alamos Proposal of a dual
energy machine - 1.6 GeV and 60 GeV - is a better match to the
needs of the science program than the single-energy proposals made
elsewhere. It is suggested that design changes need be made in all of
the world's hadron facility proposals to prepare for high-intensity
operation.



2. Welcome to our International Guests

I would like to take this opportunity to welcome our international
guests to the second AHF accelerator workshop. We have a large
group here from TRIUMF and another from the European Hadron
Facility including both the Italian and German parts of the
collaboration, two from the Japanese Hadron Facility, ISIS
(Rutherford-Appleton Lab, England), and one each from SIN, and CERN.
We have the special pleasure of hosting two guests from the
Institute for Nuclear Research, Moscow, USSR, and one from the
Institute for Atomic Energy, Beijing, Peoples Republic of China.

From the United States, we have a group from Brookhaven National
Laboratory and another from Fermilab. There is also a representative
of the SSC Central Design Group from Berkeley California. Finally, I
would like to welcome the large number of Los Alamos participants
from AT-, INC-, MP-, P-, and T- Divisions, many of whom are not
normally involved with the advanced hadron facility.

3. Review of 1987 Workshop

I think that many of you will remember Pete Miller's enthusiastic
introduction to the 1987 workshop and his invitation to attend the
groundbreaking of AHF in the Fall of 1992. There were two other
important outcomes of this meeting. Baconnier reminded us of the
experience of present-day machines, which are operating near the
maximum level of activation which is tolerabe for "hands-on"
maintenance. Baconnier's paper clearly documented the problems
that the designers of the new high-intensity machine must solve.
Teng, in his conference summary, pointed out that the traditional
methods of slow extraction are not adequate for the high-efficiency
extraction required in a kaon factory and that an invention is needed
to improve the extraction efficiency. Both of these speakers
presented a challenge to the audience. We will see some of the
responses to their challenge in this workshop.

There are a number of problems discussed at the 1987 workshop
which are still with us. At the PSR, there is a 2% beam loss which
has bothered us for the past year. This problem has been explained by
Macek in his talk earlier today. There is also the unexplained
transverse instability of the PSR, the need to design an efficient
collimation system for PSR and the kaon factories, and the problem
of choosing an architecture which minimizes the lifetime cost of a
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kaon factory. I expect that all of these problems will receive some
attention at this workshop.

4 . The Los Alamos Plan

Our plan is based on preparing for a construction start in FY-1993
after CEBAF is complete and RHIC is well underway. We are
redesigning LAMPF II to include a spallation source, to improve the
losses at injection and extraction, and we plan to take advantage of
all that has been learned from the PSR commissioning. Our near-
term goal is to fill in a menu of accelerator designs with
preliminary technical designs and cost estimates so that there will
be some options for use during the political and scientific
discussions surrounding the funding of an AHF. We also are
increasing the pace of hardware development. You will see examples
of the work on ferrite-tuned rf, on ceramic vacuum chambers, and on
magnets and resonant power supplies at this workshop. We will
collaborate with all of the other kaon factories for this development
work. We plan to work particularly closely with the TRIUMF group
during the next few years, as is discussed below.

4 . 1 . Collaboration with TRIUMF

In the Fall of 1987, an agreement was made that the TRIUMF and Los
Alamos groups would work together on the R&D for a next generation
hadron facility. In particular, it was agreed that a single main-ring
cavity will be developed that will meet the tuning range and voltage
requirements of both the TRIUMF and Los Alamos main-rings. The Los
Alamos group will build the cavity and provide the basic rf-power
system. The TRIUMF group will provide the driver amplifier and the
feedback control system. This cavity will be tested in the PSR
starting with the 1989 running period. In addition to testing the
performance of the hardware, the test in PSR will provide
information about beam loading, 50-MHz bunching, longitudinal and
transverse painting, coupled bunch instabilities, and synchrotron-
betatron oscillations. The information obtained will be valuable for
all of the proposed kaon factories.

As a part of this agreement, the present Los Alamos booster cavity
and 4 of the 6 existing ferrite toroids will be sent to TRIUMF for
further research and development. The TRIUMF group was invited to
participate in PSR development program and provided some staffing
for all of the development runs of PSR in 1987. TRIUMF has also
agreed to build a new beam-position-monitor control chassis for
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PSR that will process information in parallel with the existing
controller. We are looking forward to a productive collaboration no
matter which direction the funding of kaon factories goes in the
near future.

4.2. Menu of Accelerator Options

We propose to fill in a menu of accelerator options so that there
will be flexibility when the time comes for a funding decision on
AHF. For the high-energy machine, there are basically 3 options,
namely:

a) Full size Booster and Main-ring;

b) Half-Size Booster, Half-Size Collector and Main-ring;

c) Third-Size Booster, Full-Size Collector and Main-ring.

For each of the three options, we must decide whether a stretcher is
needed. We must also choose the proper injection energy for each
design. For this workshop, we have prepared a preliminary design for
each of the three options assuming that no stretcher is needed and
that the injection energy for each is 1.6 GeV.

The compressor ring for the spallation source and neutrino source
shares the LAMPF linac and any afterburner linac. For the purposes of
this workshop, we have generated a preliminary compressor design
based on 1.6-GeV H- injection. We chose a 50-MHz rf system for this
compressor ring in order to share rf technology and a front-end rfq
with the higher energy machines.

5. Tentative Linac Front-End Design

The front end of the linac must generate a 50.3-MHz bunched beam
for the advanced hadron facility. The simplest solution is to build a
new ion source and a 50.3-MHz rf quadrupole (rfq) to inject the
existing 201.25-MHz drift tube linac for LAMPF. If this design is
reasonable, then it could be shared with the EHF and SSC which also
need a 50-MHz bunched beam with 50 mA/4 current (one of four
201.25-MHz or one of eight 402.5-MHz bunches filled). I would like
to ask the linac working group to study the problem of the rfq, the
ion source, and matching to the LAMPF drift-tube linac. In particular,
this group should consider the necessary modifications to LAMPF and
make provision for a polarized ion source.



6. Expanded Hardware R&D Program

We are attempting to increase the pace of our hardware R&D effort.
This expanded effort is described in the sections which follow:

6 .1 . Magnets and Power Supplies

The proposed advanced hadron facility is based on rapid-cycling (6-
60-Hz) magnets The main-ring magnets raise the most problems as
they must provide a 2.1-2.2-Tesla field in order to fit the 60-GeV
accelerator into the LAMPF site. Calculations are being presented in
the hardware working group which show an initial design of a
suitable high-field dipole and quadrupole. In order to eliminate eddy-
current losses in the coils, a stranded, indirectly cooled conductor
should be used in these magnets. This conductor is similar to that
discussed by Prof Sasaki at the 1987 workshop and will be
discussed in the hardware working group.

The Los Alamos group has done the pioneering R&D on the dual-
frequency magnet power supply suggested by Praeg. The proof-of-
principle power supply has now been thoroughly tested. We have
demonstrated that it is possible to build a dual-frequency supply
with adjustable length flattop and flatbottom. The final report of
this work will be presented in the hardware working group. In the
next year, we plan to work on the question of precision control and
regulation of a multi-unit power supply. This work will be done for
us by Prof. George Karady of ASU. For this study, we will work with
a 1/10 size scaled version of the necessary power supplies.

6.2. Ceramic Vacuum Chamber

Ceramic vacuum chambers are needed for all of the rapid cycling
magnets of AHF and of the TRIUMF Kaon factory. In order that the
coupling impedance be minimized without interference with the ac
guide field, these chambers must have conducting stripes to carry
the image of the beam current (0.1 MHz-10 GHz). A capacitor at one
end of each stripe assures a low impedance for these high
frequencies while simultaneously providing a high impedance for the
guide field (6-60 Hz). Our measurements of the coupling impedance
of ceramic chambers show that the stripes must be on the inside of
the vacuum chamber. In the next year, we plan to continue the
development of these chambers in four steps. First, we will make a
one-meter prototype with fixed flanges and internal stripes. This



chamber will be fully vacuum tested but there will be no capacitors
on the stripes. The second model will be a one-meter-long test of
distributed capacitors. The third prototype will be a one-meter unit
with capacitors and flanges. One of the two flanges will be
demountable so that it will be possible to insert the vacuum
chamber in a magnet without splitting the magnet in half. The fourth
model will be a three-meter-long model which has all the features
of the third unit. In addition, this long model will be curved to
follow the beam without increasing the vacuum chamber dimensions
to take care of the sagitta of curved magnets. Dr. Michael Featherby
of SAIC is doing the ceramic vacuum chamber development under a
contract with Los Alamos. Mike will report on the status of his
ceramic vacuum chamber work in the hardware working group of this
workshop.

6.3. Ferrite-Tuned rf

The Los Alamos group has been working on a ferrite-tuned booster
cavity for several years. Just after the 1987 workshop, we achieved
140 kV on a single gap with 15% duty factor, 20% tuning range, and
R/Q of 35 Ohms. This cavity was tested for the voltage and tune
program required for the TRIUMF booster. The TRIUMF rf group
determined that its performance is adequate for their application.
After this test, we increased the duty factor to 50% at the same
voltage. Unfortunately, we experienced a mechanical failure of two
of the ferrite toroids during the higher-duty-factor test. It was
possible to repair the broken section (1/6) of each toroid, but
because there were no spares available, we were not able to run the
cavity again until September. We are now working with the complete
cavity and are making temperature measurements of the ferrite
during high power operation. Carl Friedrichs will report on progress
with this cavity during the hardware session.

In October 1987, we undertook the design and construction of a
second-generation cavity in collaboration with TRIUMF. We chose a
main-ring cavity because the smaller tuning range is more
compatible with a planned test in PSR. A sketch of this cavity is
presented in Figure 1. George Swain will be talking about the main-
ring cavity during the hardware session of this workshop.
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Figure 1. Sketch of proposed joint TRIUMF / Los Alamos main-ring
cavity. The beam axis is normal to the plane of the paper. The ferrite
is located in a separate tuner as shown. The power tube is located on
the tuner rather than on the beam line so that it will be possible to
mount several accelerators one above the other (as in the TRIUMF
design) without mechanical interference with the power tube. This
cavity is being prepared for a test in the PSR in 1989 as discussed
in Section 4.1.

6.4. Other Necessary Hardware R&D

There are many other items requiring R&D in advance of
construction. Foremost among these are the high-field magnets. We
expect to start work on these magnets when we are confident of the
required apertures. We should be ready to start work on the magnets
in six months' or one year's time. Among the other accelerator
components requiring R&D are beam diagnostics, controls, injection,
and extraction hardware. We must wait to work on these items
because of funding and manpower limitations.

A large amount of work must be done on experimental-area
equipment. The target cells and remote-handled equipment needs
many years of advance work. There must be a serious effort devoted
to the cold-neutron source and to the neutrino source. RF separators
will be required for the beam lines. These should be superconducting
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devices, which require a large amount of R&D. None of this work has
as yet been started because of funding and manpower limitations.
Because no new work has been done recently, we have not included
experimental areas in this workshop.

7. H- Injection

Our work on H- injection is based on the PSR commissioning effort.
Because this work is included in the paper of R. Macek, only the
conclusions are summarized here. Macek pointed out that the present
2% losses (0.6 u.A) are the maximum which can be tolerated for
hands-on maintenance of the machine components. He also concludes
that that the slow beam losses of PSR can be explained by single and
multiple scattering in the stripper foil. The injection system of PSR
(with an H° stripper magnet and resulting mismatch) nearly fills the
aperture at the moment of injection. Two-thirds of the beam loss is
due to multiple Coulomb scattering of beam that is near the edge of
the acceptance. The remaining one-third of the losses are explained
by single Coulomb scattering of beam that is injected near the
center of the aperture. Inclusion of energy loss (dE/dx) is
unimportant for the PSR losses for normal extraction, although it
must be included to explain the losses seen if an attempt is made to
store the beam for many milliseconds.

7 .1 . Losses due to Interactions with the Stripper Foil

The important losses from a new accelerator will be those resulting
from single Coulomb scattering as long as there is a sufficient
aperture to contain the small-angle multiple Coulomb scattered
beam. The large-angle scatters can be computed from the formalism
in many textbooks. Our favorite reference is Jackson. The integrated
projected angle distribution is given by

This equation is taken from Jackson (equation 13.114), where Ps(6)
is the projected scattering angle distribution, Nt is the number of
atoms per unit area, z and Z are the charge of the projectile and
atom, respectively, p is the momentum of the projectile, and v is the
velocity of the projectile. The factor of two in this equation takes
into account both positive and negative scattering angles.
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There is another phenomenon which must be considered for the
design of the next-generation machines. This is nuclear scattering.
The nuclear scattering can be represented by a total cross section
because the angle of scattering is large compared with Coulomb
scattering. The angle of scattering is so large that it is
unreasonable to contain the nuclear-scattered beam in the
acceptance of an accelerator or storage ring. The stripping cross
section is nearly independent of energy for energies of 800-MeV and
higher (note that stripping is a process like dE/dx, which has a
minimum value near velocities near 0.9c). A stripper foil of 250
jigram/square centimeter will have a 95% efficiency for conversion
of H" into H+ at 800 MeV. Because the total cross section is also
approximately independent of energy, we note that the fraction of
beam which interacts with the stripper foil is roughly 6x10"5 per
hit. The single Coulomb and nuclear interaction probabilities are
shown in Figure 2.

Integrated Coulomb plus Nuclear Scattering
250 n gram per sq cm Carbon Stripper Foil

400 MeV + Nucl

400 MeV

800 MeV + Nucl

800 MeV

1600MeV+Nucl

1600 MeV

1 0 ' 3

Trwta Projected (radians)

10'

Figure 2. Integrated scattering probability for single Coulomb
scattering as a function of angle. Also shown is the sum of single
Coulomb scattering and nuclear scattering.



In previous design studies, insufficient attention was given to the
interaction of the beam and the stripper foil. At PSR in development
runs , there are more than 1000 foil hits per injected particle and a
3% loss. This is easily explained with a 1x10~5 loss probability
(and a factor of 3 enhancement for multiple scattering) or an
acceptance of about 2 milliradians.

The lesson is clear. We must keep the losses below 0.6 u.A at 800
MeV. The stripper foil must be located at a low-beta double waist.
Then the acceptance must be sufficient to accept scattering out to
the angle at which Coulomb and nuclear scattering probabilities are
approximately equal (2 mrad for 250 u,g per square cm of carbon at
800 MeV). Even this may not be sufficient if a large number of turns
of injection are required (as at PSR, the new AHF compressor, or the
TRIUMF accumulator ring). In these cases, it is necessary to find a
painting scheme that minimizes the number of foil hits. If the foil
hits cannot be reduced sufficiently, the only alternative is to put a
collimator in the downstream portion of the injection straight
section to contain the spill. The region between the stripper foil and
the collimator must be shielded, remote handling must be provided,
and no active components should be located in this portion of the
ring.

In designing the injection system, we must be careful not to forget
the fraction of the beam which is not fully stripped or •/ hich misses
the foil. For a 250 jigram per square centimeter foil, at least 5% of
the beam will remain as H°. At PSR, a 200 jigram foil is used. Our
experience at PSR is that 10% of the beam is neutral and that up to
5% additional beam misses the foil and remains as H~. It is
absolutely essential to provide a dump for both the H° and H' beams
which leave the foil. These dumps are not difficult to design since
the phase space which must be contained is that of the injected
beam, not the beam stored in the ring.

It is the opinion of the Los Alamos group that meeting all of the
injection constraints simultaneously requires an accelerator
designed to fit around the injection system and that the injection
system cannot be simply inserted into a pre-existing straight
section. For this reason, all of the new Los Alamos designs have a
long injection-straight-section consisting of several cells. For the
AHF booster, we favor a racetrack shaped ring.
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7.2. Painting

At Los Alamos, Eugene Colton has made a preliminary study of the
fraction of time that a particle hits the foil for several painting
schemes. The results, which are presented in a contribution to this
workshop, are tabulated in Table 1.

Table 1. Foil hits per particle per turn for several painting schemes.
(Warning, results are very sensitive to the distance of the beam
from the edge of the foil!).

Injection Scheme Foil Hits per Turn

Fixed Brush (2D) 25%

X-Y Offset and Skew Quad 10%

X-Y Offset and Bumps 10%

TRIUMF Painting Scheme 8%

Combine 3). & 4). ? 6%?

In addition to meeting the criterion of minimizing foil hits, the
painting scheme must result in a beam matched to the accelerator
with the desired phase space and G factor. Meeting all of the
constraints simultaneously may result in a larger number of foil
hits. I have asked the injection and painting working group to
consider this problem and report back on their findings.

8. Slow Extraction: An Invention Needed

At the 1987 workshop, Lee Teng emphasized the need for an
invention to improve the efficiency of the slow extraction system
Present day slow-extraction systems spill on the order of 1% of the
beam. The problem is 75 times worse than the injection loss
problem because of the higher beam energy at extraction. Thus we
must limit extraction losses to 0.008 nA, or 0.8x10-4 for a 100 u.A
machine Both the Los Alamos and TRIUMF groups are working on
improved efficiency schemes. The Los Alamos proposal consists of
locating a massless magnetic septum 90° upstream of the
electrostatic septum to reduce losses on the electrostatic septum.
The TRIUMF alternative is a special thin (10-micron) and short (1-
meter) electrostatic septum in place of the massless magnetic
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septum. It is expected that a reduction of the losses by an order-of-
magnitude to 1x10'3 is possible by either of these techniques. Since
this is insufficient to limit the extraction losses to the required
level, it will be necessary to include a collimator in the extraction
system to reduce the losses in the remainder of the ring by an
additional factor of 12. I have requested that the slow-extraction
and collimation working group study this problem and report back on
their findings.

9. Consideration of Lifetime Cost

In the present set of designs for hadron facilities, only the LAMPF 11
design took account of the operation and maintenance of the
accelerators. The design should account for the lifetime cost of the
machine including R&D, design, construction, installation, operation
and maintenance, and power. In a 30-year projected lifetime of an
accelerator, the dominant cost is the operation and maintenance
cost. This subject is discussed in the following section.

9 .1 . Operation and Maintenance Cost

The operation and maintenance cost of a machine is difficult to
predict in advance. Among the factors which influence the result are
the complexity of the design, the degree of standardization, the
quality of the design and execution, and the desired beam
availability. It is unlikely that we can make a quantitative estimate
of all these factors. I asked Roy Billinge to use the experience of the
PS division at CERN and make a subjective estimate of the expected
manpower requirements. I then used the experience of Los Alamos
($145k/full time equivalent) to convert the manpower estimate into
cost. The results are presented in Table 2.

Table 2. Estimated Manpower Cost for Several Designs

Design (TRIUMF Nomenclature^ People Annual Cost
- D (Main-ring Only
-D+E
- B+D (LAMPF II)
-B+D+E
- B+C+D+E (EHF)
. A+B+C+D+E (TRIUMF)

60
100
130
170
210
260

$ 8.7
$14.5
$18.9
$24.7
$30.5
$37.7

Million
Million
Million
Million
Million
Million

In designing the accelerator, the operation and maintenance cost
should not be the dominant consideration. Indeed, first priority
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should go to a conservative, reliable design which meets all the
requirements of the physics program. Nevertheless, some weight
should be given to simpler designs which will be cheaper to operate.
In the 30-year lifetime of a typical machine, the difference in
operating cost between the simplest and most complicated design in
Table 2 is $870 million.

10. The Los Alamos view of the specifications for an
advanced hadron facility

All of the existing proposals for hadron facilities discuss a beam
power near 3 MW (100 jiA at 30 GeV). Gerry Garvey explained why we
believe that 60 GeV is a better choice for beam used for hadron
spectroscopy. He also pointed out that 1.6-GeV is a better energy for
neutrino physics. The 1.6-GeV beam energy is well matched to the
needs of the neutron scattering community. Our proposal of 60 GeV
at 25 u.A with two additional 600 u.A beams at 1.6 GeV results in a
higher total power (3.5 MW) than the other proposed facilities and a
better match to the needs of the users.

1 1 . Summary and Conclusions

The Los Alamos plan consists of performing the long-lead-time R&D
required to prepare for a construction start in 1993. To this end, we
are preparing a menu of accelerator options, are actively engaged in
the development of the PSR, and are accelerating the pace of
hardware R&D. This work is being performed in close collaboration
with TRIUMF, especially the development of a joint main-ring cavity
that is being prepared for testing in PSR in 1989.

The PSR commissioning work has led to an understanding of the
source of the observed beam losses. Single Coulomb scattering must
be considered in the design of all of the next generation machines. A
painting scheme which minimizes foil hits is also required. In order
to keep the efficiency of the slow-extraction scheme high enough, it
is necessary to use a pre-septum and to add a collimator to contain
the residual losses. It is suggested that more consideration be given
to an accelerator architecture that minimizes operation and
maintenance cost. For these reasons, we believe that all of the
proposed kaon factories should be redesigned for high-intensity
operation.



ANALYSIS OF BEAK LOSSES AT PSR*
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Abstract

Bean losses and the resulting component activation
at the Los Alamos Proton Storage Ring (PSR) have lim-
ited operating currents to about 30 /iA average at a
repetition rate of 15 Hz. Loss rates vere found to be
approximately proportional to the circulating cur-
rent and can be understood by a detailed accounting
of amittance growth in the two step injection process
along with Coulomb scattering of the stored beam dur-
ing multiple traversals of the injection foil. Calcu-
lations and simulations of the losses are in reason-
able agreement with measurements.

Introduction

The Proton Storage Ring (PSR) at Los Alamos func-
tions as a high-current accumulator to provide in-
tense pulses of 800 MeV protons for the Los Alamos
Neutron Scattering Center (LANSCE) spoliation neu-
tron source. An 800 MeV H~ bean from the LAHPF linac
is converted to H° in a high-field stripper magnet;
the H" beam then enters the lattice through a dipole
and is stripped to H+ beam with 92% efficiency in a
200 jig/ cm2 carbon foil. Up to 2800 turns are injected
and accumulated in PSR during a single macropulse.
Beam is normally extracted in a single turn shortly
after the end of injection.

In the present operation at 30 fik, slow losses of
~0.5 ftk during accumulation have caused activation at
the limit acceptable for hands-on-maintenance. These
losses occur principally in the injection and extrac-
tion regions which contain the known limiting aper-
tures. Further information on the design and initial
performance are published elsewhere.1

General Characteristics of the Accumulation Losses

Slow losses are measured to ~30tf accuracy with a
series of scintillator-based radiation detectors lo-
cated 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 quan-
tity of beam to be completely lost. Fast analog cur-
rent signals, obtained directly from the phototubes,
are available in the control room for detailed analy-
sis of the tine structure.

The sun current signal is a measure of the beam loss

rate, £(t) . A trace from normal operation is shovn in
Figure 1 along with a signal from a current monitor
that senses the circulating beam current, I(t) . The
ring current is a ranp because beam is continually in-
jected during the injection period of 375 /is. Figure
1 shows that L is nearly proportional to the stored
beam intensity. Total losses, L « J L dt, will then
be quadratic in time. To increase the average cur-
rent to 100 ,uA we need to inject for ~10G0 fia, but the
losses under these condition* are an order of magni-
tude higher than for the present operation at 375 /is
which already produces the maximum acceptable activa-
tion 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 /JS)
and stored for a much longer period (~1000 /is) before

SO/tS/dh

Figure 1. Loss Rate During Normal Operation

extraction. Loss rates and circulating current sig-
nals from one such experiment for a coasting beaa (RF
buncher off) are shown in Figure 2. The discontinu-
ity at the end of injection is caused by the cassa-
tion of "first turn" or injection losses and amounts
to ~2 x 10~3 of the injected beaa current. The loss
rate during storage is a slowly increasing function
of storage time with a fractional loss rat* of
~1.3 x 10~5 per proton per turn at the end of the
100 fj.» injection period.
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* Work performed under the auspices of the United
States Department of Energy.
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Figure 2. Loss Rate for 1 as Storage

The significant loss observed during injection and
the continual losses thereafter suggest that the in-
jected beaa somewhat more than fills the acceptance
of PSR. This is corroborated by halo plat* scans of
the horizontal beaa profile in the ring in which a
thick plat* is scanned across the ring aperture and
the fraction of the beaa intercepted by the plat* is
obtained by measuring the scattered beam intensity in
the sum of several loss monitors. The signal is nor-
malized to ur.ity vhen all of the beaa is intercepted.
This technique is especially useful for measuring
the beaa distribution in the extremities of the beaa.
Data from on* scan are shown in Figure 3 for the sit-
uation vh«ra beam is extracted shortly (10 ps) after
the end of 100 /is of accumulation. The seas provides *
good aeasur* of the beaa distribution just after cap-
ture in the ring and before foil scattering can cause
appreciable emittance growth. In Figure 3 it is read-
ily apparent that the beam distribution extends to
about 38 aa which corresponds to the value of the
limiting aperture defined by the extraction aeptun.
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Figure 3. Horizontal Haloplata Scan

Tha beta functions at tha septum and at the halo
plata are nearly equal.

Emittance Growth and Losses During Injection

It nay seem surprising that the bean fills the hor-
izontal acceptance at injection since the acceptance
of PSR, ~ 1 3 0 T nm-mrad, is so much larger than the rms
emittance, ~0.S ir mm-mrad, of the H~ beam from LAMPF.
The nooentum spread (rms) of the H~ bean is also small
with Ap/p ̂ 5 i iO~4. Two main factors contribute to
emittance growth in tha injection process: 1) an in-
crease in horizontal divergence in the stripper Bag-
net when H~ is converted to H° and 2) a large horizon-
tal optics mismatch of the H" bean to the PSR accep-
tance.

Stripping of the H~ in a high magnetic field is a
stochastic process which leads to random fluctuations
in the point of conversion and thus an increase in H°
bean divergence. Calculations of the angular dis-
tribution for a pencil beaa of H~ are shown in Fig-
ure 4 for two different vertical entrance positions
(y • 0 at aidplane and y » -4 am) . The calculation used
the measured field map of the stripper magnet and a
parameterization of the H~ lifetime from earlier Los
Alamos work.2 Emittance growth in the stripper mag-
net 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 waist in both x and y at the
stripper magnet. Even with this optimization the hor-
izontal emittance of the H° is three (3) times larger
than that of the incoming H~ beam.

•o
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Figure 4. H° Distribution After Stripper Magnet

An optics mismatch at injection is an additional
consequence of magnetic stripping. The H° is con-
strained to diverge from a small waist and cannot be
matched simultaneously in the (X,X') and (Y.Y1) planes.
At the standard location of the foil stripper, the H°
is reasonably well matched in (Y.Y') but badly Bis-
Batched in the (X.X') plane. The mismatch factor, C ~
{0t~tR + 0RJI - 2o0Ofl}/2, (subscript o refers to H° and

R to tha ring) has a value of 3.S indicating • further
increase of 3.5 in the rms eaittance of tha stored
beam. The aismatch also changes the beam distribu-
tion; for a Gaussian beam injected on axis, one can
easily obtain the following closed fora for the
distribution of the invariant betatron amplitude, y:

P(y)dy =

beamwhere ec is the rms enittance of tha incoming H"
and /„ is a modified Bessel Function.3 The n s
emittance for this distribution is Ce0. This distri-
bution has longer "tails" than a Gaussian with tha
same rns eaittance thereby increasing still further
the size of the beam near tha liaiting apertures. The
non-gaussian tails are readily apparent at PSR in wire
scanner profiles of the extracted baaa taken at the
and of short (100 ft*) accumulation as shown in Fig-
ure 5. Tha "mismatched" Gaussian distribution derived
from aquation (1) fits tha data very well whereas a
Gaussian with the same rms width fits poorly; espe-
cially at large X.

Integration of the distribution described by aqua-
tion (1) for the region outside of the limiting aper-
ture 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 I C 3 considering the high sensitivity of tha re-
sult to the size of the liaiting aperture.
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Figure 5. Extraction Wire Scanner Profile

Emittance Growth and Losses During Storage

A typical proton in PSR traverses th* injection
foil during about half of its revolutions. Multiple
Coulomb scattering in the foil will cauaa eaittance
growth (ras) givan by t(t) = e. + 0/0?/.V(t)/2 where
e0 is tha initial ras emittance, flj tha beta function
at tha foil, 0] tha ras scattering angle from a single
foil traversal and fl(t) tha number of foil traversal!
in II turns up to tiae t. The ras eaittance is defined
as \/<Xi><81> ~ <X6>2 where <> indicates expec-
tation value and 0>.Y'. Measureaenta of baaa sizes as
a function of storage tiae are wall fit by the above
equation for <{() and show nearly a factor of 3 increase
of emittance during 1 as of storage.

To ultimate accurately losses from multiple
Couloab scattering requires more than knowledge of
the rms eaittance growth; one aust calculate thai
evolution of the distribution function with time. We
have made eatiaates using two different methods which
produce similar results in reasonable agreement with
measurements. The first aethod used a Fokker-Planck
aquation which was derived for estimating baaa life-

()]M()]
times in tha presence of Coulomb scattering by resid-
ual gases.4 Hare y is the invariant betatron aapli-



tude and X a constant. Solutions for the distribution
function, P, are obtained as a Fouricr-Bessel series
and integrated to obtain the losses.

Similar results are obtained with the Monte Carlo
tracking code, AHCHSIH, developed by one of the au-
thors for modeling circular machines. The tracking
code simulates emittance growth in the stripper mag-
net and treats scattering in the stripper foil as a
combination of multiple Coulomb scattering with sin-
gle Coulomb and nuclear tails. Results from the simu-
lation and from solutions of the Fokker-Planck equa-
tion Made using measured values of parameters in the
models axe compared in Figure 6 with measured data on
loss rates. Agreement between calculations and mea-
surements are within the calibration uncertainties of
the losses and the errors on parameters in the calcu-
lations. Losses are sensitive to several parameters
including the mismatch factor and H° distribution,
but especially, 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.
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Figure 6. Loss Hate Calculations and Measurements

Effect of the RF Buncher
An RF buncher is used to maintain an empty gap to

accommodate the extraction kicker rise time. Syn-
chrotron motion induced by the buncher increases the
momentum spread to ~0.3%; because of dispersion the
bean size increases by several ma 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
Figure 7. Losses are increased by about 457. when the
RF is on at typical operating set points.

Other Contributions

Losses from nuclear scattering are readily esti-
mated from the totaj. cross section as 3.3 x 10~* per
foil traversal. The contribution from large angle
single Coulomb scattering is often overlooked. Be-
cause the cross section falls off only as a power lav
rather than as an exponential it contributes a lor.g
tail to any beam distribution. This was seen at PSH
when the injection foil location was changed to pro-
vide a better match in the (X,X') plane. The halo plate
scan of the bear, distribution (after a short accu-
mulation) plotted in Figure 8 shows the expected re-
duction 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 scat-
tering contributes a loss rate of 1.5 x 10"' per foil
traversal for a 6 function initial distribution and
more for a beam of finite emittance.
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Figure 8. Evidence for Single Coulomb Scattering

Summary

The composition of accumulation losses during
standard operation of PSR (375 (is injection period)
can be determined from the data and analysis presented
here. Results are listed below:
"First Turn" 0.207.
Nuclear and Large-Angle Coulomb Scattering 0.15/S
Emittance Growth in Absence of RF 0.70X
Effect of RF 0.50%

Total 1.557.
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DESIGN AND CONSTRUCTION STATUS OF THE AGS BOOSTER ACCELERATOR*

W. WENG and Y. Y. LEE

Brookhaven National Laboratory
Upton, New York 1 1973

I. INTRODUCTION

To meet the requirements of new experiments in high energy physics and
nuclear physics, a fast cycling Booster accelerator was proposed to fulfill
the following three technical objectives:

The AGS Booster has three objectives. They are to increase the space
charge limit of the AGS, to increase the intensity of the polarized proton
beam by accumulating many linac pulses (since the intensity is limited by the
polarized ion source), and to re-accelerate heavy ions from the BNL Tandem
Van de Graaff before injection into the AGS. The machine is capable of
accelerating protons at 7.5 Hertz from 200 MeV to 1.5 GeV or to lower final
energies at faster repetition rates. The machine will also be able to accel-
erate heavy ions from as low as 1 MeV/nucleon to a magnetic rigidity as high
as 17.6 Tesla-meters with a one second repetition rate. As an accumulator
for polarized protons, the Booster should be able to store the protons at 200
MeV for several seconds.

We expect that the Booster will increase the AGS proton intensity by a
factor of four, polarized proton intensity by a factor of twenty to thirty,
and will also enable the AGS to accelerate all species of heavy ions (at pre-
sent the AGS heavy ion program is limited to the elements lighter than sulfur
because it can only accelerate fully stripped ions).

The project was approved in FY 1985 and supported at low level for two
years to complete the design and test prototype dipole and quadrupole magnet.
Major funding concentrates in FY 1988, 1989 and 1990. The construction is
scheduled to complete in FY 1990.

In keeping with the interest of this workshop we will report primarily
those design and construction issues related to high intensity proton acceler-
ation of the Booster.

Invited talk at "Accelerator Design Workshop", February 22-17, 1988,- Los
Alamos, New Mexico.
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II. LATTICE DESIGN1 >?-

The circumference of the Booster (201.78 ml i-r, cho^e:: to
circumference which will allow efficient synchronous bucket to bucket trans-
fer of the beam from the Booster to the ACS. We have eho?3en to use a very
simple lattice for both operational simplicity and economics. Several lat-
tices, including ones using combined function magnets to -pin longer straight
sections and higher superperiods, and ones with larger circumference for nigh-
er final energy, have been extensively studied. It would be possible to de-
sign a structure with long straight-section insertions, but this would in-
volve a greater number of more different types of magnets and would be more
expensive, as well as operationally more complex. The lattice chosen is a
FODO arrangement with bending dipoles missing from half of the cells. Since
the study has not shown any advantage to having a combined function, or a
hybrid of a combined and separate function lattice, with respect to the lat-
tice function or its stop-band properties, the Booster magnets are separated
function for ease of construction and operational flexibility- The dipoles
and the horizontally and vertically focusing quadrupoles will be independent-
ly powered to allow maximum versatility in the tune of the machine. The or-
bit deformations needed for the injection and ejection are accomplished by
extra windings in the dipoles. The dipoles have an aperture of 3-25" x 10"
with a field of 1.6 kG(0.7 kG for heavy ions) at injection. The magnetic
field cycle requirements are 5.^6 kG at 7.5 Hz rate for 1.5 GeV protons and
12.8 kG at 1 Hz rate for heavy ions. The heavy ion acceleration aspect is the
determining constraint on the magnet design. The power supply requirements
for both cases are almost identical except for rearrangement of the modules.
The range of fields, appreciably below saturation levels, makes design of
magnets of storage-ring quality straightforward. The tune and aperture of
the ring are chosen to avoid important systematic orbital resonances and de-
polarizing resonances for polarized protons, to match the admittance of the
AGS and to be flexible enough to accommodate research and development of de-
vices and techniques for the acceleration and storage of polarized protons.

f

AGS
BOOSTER

48 Figure 1* - Booster Layout



There are 2U cells in the Booster, and a superperiod consists of four
cells or 8 half cells. The superperiods are named A to F and within each
superperiod the half cells are numbered 1 to 6. There are no iipoles in half
cells 3 and 6, and they are used as straight sections. Figure 1 shows the
magnet arrangement for the ring.

At straight sections 6, the horizontal beta function is large at the
upstream end and they are suitable for extraction septums. On the other
hand, the horizontal beta function is large at the downstream end of straight
sections 3, and these are suitable for injection. The magnetic length of the
dipole is 2.U m and that of the quadrupole is 0.50375 m nominally. The di-
poles are located asymmetrically between the quadrupoles; the spaces between
quadrupole and dipole are 0.3 tn upstream and 1 m downstream which is where
correction coils and vacuum equipment will be located. Because of the rapid
cycling nature of the Booster, we expect significant eddy-current induced
sextupoles in the vacuum chambers which will require large chromaticity cor-
rections. The chromaticity sextupoles are located at the downstream spaces
of half cells 1 and 7 for horizontal and 2 and H for vertical sets. The loca-
tions of the ehromaticity sextupoles are constrained by the location of
other essential equipment. Figure 2 shows the beta functions and the disper-
sion function for the lattice; the parameters are listed in the Table.

ACS 300STER
LATTICE fUNCTlONS

o in fin inn n

Figure 2. - Lattice Functions

The design characteristics are summarized in Table 1.
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Table I

Summary of Booster Characteristics

CIRCUMFERENCE
AVG. RADIUS
MAGNETIC BEND RADIUS

NO. OF PARTICLES/PULSE
NO. OF SUPERPERIODS
NO. OF CELLS
BETATRON TUNE, X, Y

NUMBER OF MAGNETS
MAGNET TYPE
DIPOLE LENGTH
(Magnetic Physical)
MAXIMUM DIPOLE FIELD
MAXIMUM DIPOLE FIELD

QUAD LENGTH
(Magnetic/Physical)

VACUUM CHAMBER DIMENSIONS

ACCELERATION TIME

REPETITION RATE

INJECTION KINETIC ENERGY

EJECTION KINETIC ENERGY

201.78 M ('/„ AGS)
32.114 M
13.75099 M

Protons, 1.5x1013
6
24
4.82, 4.83

36 Dipoles, 48 Quads
Iron-Dominated, Water-Cooled Cu Conductor
2.4/2.34 M

5.46KG (for Protons)
12.74KG (for heavy ions)

O.5O375/O.472 M,
Excl. Coils

70x152 MM, Dipoles
152 MM (Circular), Quads
62 MS, Protons and Polarized Protons
500 MS (Max) Heavy Ions

7.5 Hz (4 Pulse/AGS Pulse), Protons
1 Hz (1 Pulse/AGS Pulse), Polarized Protons
1 Hz (1 Pulse/AGS Pulse), Heavy Ions

200MeV (proton)
4.688MeV/Nuc(S)
1.O66MeV/Nuc(Au)

1.5 GeV (proton)
0.967 GeV/Nuc (S)
0.350 GeV/Nuc (Au)
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III. SPACE CHARGE TUNE SHIFTS AND CORRECTION ELEMENTS

It has been shown by E. J. Laslett that intense proton beam in an accel-
erator experiences incoherent tune shifts in the transverse plane.

For example, for a uniform beam of elliptical cross section inside an
elliptical vacuum chamber in a parallel iron 'wall as shown in Kig. 3, the
final expression of the number of particle acceptable i.j3

v dv
R r o

irb(a+b)BF (3-D

(3-2)

0-8G
7777777777777777m.W777777777777777777777777777T/.

Figure 3

Cross Sectional View of an Elliptical Beam
Inside an Elliptical Chamber and Parallel Iron Face

where a and b are half horizontal and vertical beam size, h and g are half
height of chamber and iron gap respectively, B is the bunching factor, Zx is
the fraction of the circumference occupied by the magnet, and E-] and E2 are
geometric coefficients. E2

 is close to 0.206 and E-| is 0.172 for a chamber
with width to height ratio of two.3 Usually the vertical dimension g is
smaller than the horizontal dimension, the tune shift given by Eq. (3.2) is
for vertical tune shift which is commonly called the "'̂ aslett tune shirt.'"



The machine; parameter:; and ver t ica l :.ur>; .-hil't..' )f t
are l is ted in the following table.

Table II

E i n j (MeV)

B 2Y3

R (m)

Vy

a/b (em)

F/B

Nx1012

Avy

0

1

8

'4

1

0

AGS
200

.572

28.5

.75

.2/2.85

.31/0.5

22

58

0

32

H

1

0

A G.SH
20.)

.572

.125

.83

.2/2.35

.31/0.5

15

.3

To correct closed orbit error due to dipole error or quadrupole misalign-
ments and V2 integer and Yj integer resonance due to random gradient and sextu-
pole errors, a set of correction elements are provided.

Air core correction packages for vertical and horizontal dipoles, skew
quadrupoles, and skew sextupoles are located at every half cell except at 6
locations where no physical space is available.

Every quadrupole and chromaticity sextupole will have an independent
trim coil with separator power supply for V2 integer and V3 integer stopband
corrections.

The strength of the correction package is such that they should be able
to correct all of the random error harmonics including half integer ones at
Q=i4.5. fhere are several structure resonances near the nominal working point
(Qx=4.82, Qy=4.83). They are 3Q=12, i»Q=l8, and 2QX+2QV=18. Tracking studies
including eddy current effects have been carried out, and it has been conclud-
ed that H^h order resonances are negligibly small and the 3 r d order reson-
ances are far enough away to be manageable. The coupling resoances of
Qx-Qy=O and 2Qx-2Qy=0 have been studied, and one can cope with them by choos-
ing a suitable correction and a suitable chromaticity value and tune split
Qx-Qy.
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IV. MAGNET DESIGN1>2

Table III shows the parameters for the dipoles and quadrupoles for the
Booster. The requirement of precision field quality from DC (polarized pro-
ton accumulator) to 7.5 Hz (high intensity protons) and power supply require-
ments influenced the magnet specification and design.

Number
Gap/Pole Diam.
Useful Aperture of Pole Diam.
B/I (low B)
B/I (high B)
B (200 MeV) (protons)
B (1.5 GeV) (protons)
Bmin (heavy ions)
Bmax (heavy ions)
LB

3/25"
2.75"

2
2
1
5
-0
12
94

DIPOLE

36
(8.255 em)

x6" (ellipse)
.436 kG/kA
.320 kG/kA
.56 kG
.46 kG
.5 kG
.74 kG
.5" (2.40m)

6.
6.
1.
1.
1.

3.
-0.
8.
21

QUADRUPOLE

48
5" (16.5 cm)
1" (circle)
624 kG/kA
547 kG/kA
04 kG (pole tip)
63 kG
4 kG
4 kG
11 (0.53 m)

Table III

Dipole and Quadrupole Parameters

The dipole is 2.4 meters long and curved 10° to accommodate the sagitta
of 5.23cm. H magnets design provides the most compact and symmetric dipole,
thereby minimizing effects of iron permiability with minimal remenant fields.
The 10" pole width is required in order to have 6" good field region at the
injection. The 3>25" gap is required for the machine aperture and reasonable
space to insulate for the vacuum bakeout. The quadrupole design is to have
field which is iron dominated and very insensitive to coil location or coil
eddy currents.

Dipole

Figure 4 shows the iron lamination for the prototype magnets constructed
and measured. The preproduction magnet about to be completed has exactly
same lamination except some minor changes around periphery in order to accom-
modate new assembly and clamping methods. The one piece laminations have
many advantages. There is minimum yielding of steel (internal stress
relieve) following punching. The horizontal midplane parting surface is elim-
inated with its assembly errors and shorting of laminations. Four fold rota-
tional stacking and shuffling provide complete averaging of steel magnetiza-
tion and rolling direction in homogeneities and punch and die errors. Also
greatly reduces any odd multipoles, normal and skew quadruples and octupoles
etc. This is evidenced by very accurate prototype measurements. The lamina-
tions were assembled into blocks with appropriate angle wedge on both ends.
For prototypes they were divided into five blocks with 1° wedges on each end.
The wedges were made simply by shearing standard laminations. For the prepro-
duction magnet is divided into eight such blocks.
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Figure H. - Dipole Cross-Section
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.000

i2 .5kC

- ! . "66
-0.229
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Table IV Dipole Multipoles

The computed good field region (10 A) at low fields extends essentially
to -3", and agreement with the measurement is excellent. The blocks were not
distinguishable from one block to another. No quadrupole component is observ-
ed. The field direction and outside surface of the magnet were within the
tneasuretnent error (<.5x10~4), other words surveying outside surface will re-
late to the field very accurately.

Magnetization and eddy current effect (without vacuum chamber) were
found to be a]most pure dipole. The measurement at 8T/sec rate of rise,
which is highest for the Booster, indicate H, 5, 6, and 8 gauss of magnetiza-
tion for .025" M-36, M—M5, and .062" soft steel respectively. The correspond-
ing number for the eddy current effect were .5, .5 and 8.5 gauss for the dif-
ferent material which is consistent if we scale the thickness and the resis-
tivity of the materials. We chose M-^5 steel as a compromise between perform-
ance and economy. Table V shows the tabulation of multipole components for
various field strength. In the table the numbers for the 1.6KG are expressed
in 10~° and others are in 10~'A.
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QUADRUPOLE

The quadrupole field is iron dominated and very insensitive to coil loca-
tion or coil eddy currents. Low pole tip field permitted straight poles.
Each pole is fabricated separately and precisely aligned for four fold symme-
try using doweled end support rings. Figure 5 shows the cross sectional view
and coil configuration. Two prototype quadrupoles were built to examine the
fabrication and assembly techniques as well as to study field quality and end
effects. Table V shows the result of the measurement of first prototype mag-
net at r=3".

Figure 5. - Quadrupole Cross-Section

TERM

60/20
100/20
140/20
30/20
40/20
50/20
70/20

POLES

12
20
28
6
8
10
14

LONG COIL

-51
-10

2
4
0

.3x10"^

.8x10"^
0
.OxiO"4

.4

.7
0

Table

INTERNAL COIL

-1K6X1O"2*
*• 9.6X1O"14

* 0.6X10"11

2.2x10"^
2.9
0.4
0.4

V

A ENDS

-63x10"^
"-1.2X1O"14

-O.6X1O"-4

0
1.5X1O""4

0
0

Quadruple Measurement
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A small amount of the odd harmonies, which are not iiiow>,'j, in; uauj^d
by assembly error. The prototypes arc assembled with improvised temporarily
tooling. Although error are within our tolerances, a better toolin.; and
assembly technique are planned. Using integral field from long coil measure-
ment and point field from internal coil measurement, we plan to reshape pole-
tip in order to eliminate first allowed harmonic (63/20) integral although
they are small and tolerable. Integral of higher multipoles will be reduced,
if necessary.

DIPOLE VACUUM CHAMBER EDDY CURRENTS

Since the Booster is relatively rapid cycling (B=8T/sec), eddy current
in the vacuum chamber is a concern. Because of the requirement that partial-
ly stripped heavy ions to be accelerated, it requires ultra high vacuum of
1Q-11 T O r r o r better. Stainless steel vacuum chamber of thickness 1.5 nwi is
chosen for the operational reliability. Although one can correct for those
multipoles caused by vacuum chamber eddy currents, and calculation shows that
the machine can operate with such multipoles even at highest ramping rate we
intend to operate, it is still bothersome to have such an effect. We intend
to install passive correction windings on the vacuum chamber to counter the
effect.

Figure 6a shows field from eddy current at 8T/see and two turn correc-
tion powered by a backleg winding on prototype vacuum chamber. The correc-
tion winding in this experiment is best guessed without benefit of computer
calculation, and the curves are measurement for each winding and the sum of
all windings and chamber eddy current. As can be seen the effect is almost
canceled and we may obtain better result by adjusting the series resister
i.e. current. Encouraged by this result we performed the computer calcula-
tion of the best location of the current blocks. iMost promising solution is
to have three turns shown in Figure 6b which eliminates almost all eddy cur-
rent effects. The Figure 6c shows the result of the calculation. As can be
seen the eddy current field is eliminated not only at horizontal midplain but
also limit at all vertical locations within one gauss. We are concentrating
on the engineering question of how to locate these current blocks.
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Figure 6.

Vacuum Chamber Eddy Current Multipoles and Corrections

a) Eddy Current Field and Preliminary Two Turn Correction
b) Computer Generated Location of Current Blocks

c) Remaining Field After Correction at Off Midplane

V. RF DESIGN1»2

RADIO FREQUENCY SYSTEM
The design of the RF system is complicated by the need for a wide fre-

quency swing for heavy ion acceleration and effects of beam loading during
proton acceleration. Initially, the heavy ion acceleration system will be
designed for a harmonic number of three and will use two cavity/amplifier
combinations to cover the required frequency range, one will cover the low
frequency end and the other the high frequency portion of the range. The gen-
eral characteristics are shown in Table VI. At a later date it will be pos-
sible to replace one cavity and amplifier in order to operate with a harmonic
number of unity; this option may be necessary to increase the particle per
bunch required when the AGS is serving as an injection into RHIC. A consider-
able design effort has gone into the conceptual design of the acceleration
system for protons. In particular, a compromise must be found between the
ramp rate, bucket size and maximum RF voltage. The system that evolved main-
tains a minimum bucket size of I.OeV sec (plus safety factor uses two cavit-
ies simultaneously. With some light-ion species the same cavities may also
need to complete acceleration to the specified maximum energy. The details of
the systems are given in Table VI.
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Table VI

HOPS tor KK Systems

Spec iris:

RK tap 1 itudo
[njecc ion
Ejnet ion
Harmonic Number

RF Kre<niency
Inject ion

E/A

Eject ion

Phase Space Area/A

Intensity
(per bunch)

Tota l Gap Impedance
( f r f = 4.1 MHz )

A c c e l e r a t o r Time

Maximum Power
Del ivered to Beam

Maximum B
B i n j

P

90 kV
90 kV
3

2.5 MHz
200 MeV

A.11 MHz

>1.0 eV-s

1 0 ^

<24 ktt

62 ms

156 kW

9.5 T/s
1.5 T/s

Pt

7.35 kV
90 kV
3

2 . 5 MHz
200 MeV

4 . 1 1 MHz

0.3 eV-s

3 x 10 1 1

-

62ms

9.5T/S
1.5T/S

s >''

0 .61 kV
17 kV
3

0 .446 MHz
4 . 6 9 MeV

4 . 1 3 MHz

0-066 eV-s

5 x 109

-

£0.5 s

<0.15 T/s

A,. V 5

1-6 kV
17 kV
3

0.206 MHz
1.07 MeV

3.06 MHz

0.066 eV-s

8 x 109

-

< 0.5 s

<0.15 T/s

Extensive ferrite measurement were carried out in the last two years, to
select ferrite for tuning and high power application. Careful studies were
performed to identify dynamic loss, Q-loss, and heat dissipation. The final
choice is 2tM2 from Philips. 130 rings were ordered in January of 1988 due to
arrive in June.

The EIMAC ^CWSOO.OOO tetrode was chosen for its high power and low
output impedance.

The longitudinal tacking program SSME , was imported from FNAL to study
the early RF capture and possible coherent instability. We implemented
multi-turn injection capability and improved on the graphic output. It was
found that starting witn full intensity in the Booster for RF capture gives
erroneous results. With turn to turn accumulation of linac beam and moderate
RF during capture seems to give best results in both particle efficiency and
charge distribution.



VI. STATUS AND SCHEDULE

The total budget of the Booster Project is $31.7M. Moat of this concen-
trated in FY 1988, 1989 and 1990. As of today, three prototype dipole mag-
nets, two prototype quadruple magnets and one prototype sextupole magnets
have been constructed and measured. Total dipole lamination of $63OK has
been ordered. Ferrite for proton cavities has been ordered, Total of 130
rings cost $230K. Tunnel construction contract has been awarded which was
estimated at about $2.2M.

Major procurement to happen in next six months includes dipole coil pack-
age, quadrupole lamination and conductor, sextupole lamination and conductor,
ferrite for heavy ions, pick-up-electrodes. Major expenditure on power
supply, control and instrumentation will occur in FY 1989.

Installation is expected to complete in October 1990 and commissioning
will immiately start in FY 1991. Useful beam for proton physics can be ex-
pected in the Spring of 1991. Useful beam for heavy ion can be available in
the Fall of 1991 .
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WHAT'S HAPPENING IN THE FERMILAB BOOSTER

Stephen D. Holmes +

Fermi National Accelerator Laboratory
Batavia, Illinois 60510

I am here to report to you on the present performance of the 8 GeV
Booster at Fermilab. While this accelerator is not used within a "KAON
Factory" it is remarkably similar in physical dimensions, operating energy,
and average current to the booster rings we have heard discussed this
morning as essential ingredients in proposed Advanced Hadron Facilities. I
will divide my talk into three parts: l)The current performance of the
Fermilab Booster; 2)Recent enhancements to the Booster; and 3)Possible
future enhancements.

Before I begin I would like to specify for you the definitions of emittance
we use at Fermilab so that you can translate numbers given in the body of
this talk into your own favorite units. Transversely I will be quoting 95%
normalized emittances. This means the rms beam size, a, is related to the
emittance, e, the lattice beta function, P-*, and the momentum, /J7, by,

ff2 = 6^/ . &

Transverse emittances are calculated by measuring a at a known ftj and at a
known beam momentum. The longitudinal emittance is similarly defined as
the phase space area encompassing 95% of the beam. Longitudinal emittances
are calculated either by measuring the bunch length or the momentum spread
with a known bucket area.

I. CURRENT PERFORMANCE

The Fermilab Booster is a rapid cycling (15 Hz) synchrotron built using
96 combined function magnets run from a resonant power supply. Some of
the relevant parameters are given in Table 1. The Booster uses an H~injection
system with a 200 fig/cm stripping foil. During normal operations up to
eight turns of beam are injected. There are no special RF manipulations
carried out during injection—beam injected from the Fermilab Linac is simply
allowed to debunch and then is adiabatically captured at 30.3 MHz. The
transverse aperture of the Booster is about 20T mm-mr (normalized at 200
MeV) and the full momentum aperture is about 1.2%,

*
Operated by Universities Research Association Inc. under contract with the

United States Department of Energy
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200
8.0

474.2
15
84

3xlO12

6.85
5.4

30.31
52.81

84
950

MeV
GeV
meters
Hz

MHz
MHz

KV

Table 1: Fermilab Booster Parameters

Injection Energy (Kinetic)
Extraction Energy (Kinetic)
Circumference
Cycle Rate
Number of Bunches
Maximum Beam Intensity
Tune (H=V)
Transition Gamma
RF Frequency (Injection)
RF Frequency (Extraction)
Harmonic Number
RF Voltage (Maximum)

The 8 GeV Booster has many different responsibilities at Fermilab and
the evaluation of its performance depends upon the particular role it is
playing at any given moment. Specifically the Booster is required to supply:
l)as many protons as possible in 12x84 bunches for injection into the 150
GeV Main Ring and eventual acceleration in the Tevatron for delivery to
fixed target experiments; 2)as many protons as possible in 84 bunches for
injection into the Main Ring and eventual targeting at 120 GeV on the
antiproton production target; 3)10 protons in nine bunches (later coalesced
into a single Main Ring bunch) with as small a transverse emittance as
possible for injection into the Main Ring and eventual acceleration in the
Tevatron for collisions with antiprotons; and 4)5x10 protons in ten buches
for delivery to Antiproton Source for machine studies. The Booster is
presently capable of delivering up to 3x10 protons per acceleration cycle
(3.6x10 /bunch) with a normalized emittance of about 20r mm-mr in both
planes. The circulating current in the Booster for this intensity is about 300
mA and the average current at a 15 Hz repetition rate would be about 7

With the advent of the Proton-Antiproton Collider the emphasis in the
Booster is no longer solely on delivering the maximum number of protons.
For certain applications, such as the delivery of protons destined for use in
the collider, the phase space density of the delivered beam is of paramount
importance. We observe that both the transverse and longitudinal emittance
of the beam delivered from the Booster are correlated with the total quantity
of beam delivered. Figure 1 shows the measured transverse en?ittances and
momentum spread delivered from the Booster as a function of delivered
intensity. These measurements are based on beam profiles observed in the
transfer line between the Booster and Main Ring. The data can be accurately
characterized by the expressions (following the curves shown on the figure):



20

(o

1 2
N (xlO1*) N

1 2
N (xlO11)

Figure 1: The transverse beaa eaittance (vertical-upper left, hori«ontal-upper right),
and aoaentua spread delivered froa the Booster as a function of total delivered
beaa intensity. The dashed curves are described in the text.



Vertical: e/v (mm-mr) = Max(7.,6.0xN (xlO12))

Horizontal: e/f (mm-mr) = Max(9.,6.0x(N -.6))

Longitudinal: eL (eV-sec) = .05 + .028N 2

Figure 1 shows that as the quantity of beam is increased the transverse
emittances in both planes retain a constant value equal to that delivered from
the linac up until a certain point at which the emittance rises linearly with
intensity. An interpretation of this behavior will be given shortly. The
momentum spread similarly shows an approximate linear relationship to the
beam intensity. (For your convenience the momentum spread has been
converted to longitudinal emittance in the above parameterization.)

1.1 Limits on Achievable Phase Space Density - Transverse
There is a great deal of circumstantial evidence that the achievable phase

space density of the Booster beam is limited by space-charge effects at
injection. To remind you, the incoherent tune spread within a (circular)
proton beam (in the absence of momentum spread) is given by,

-18where r is the classical radius of the proton (1.5x10" meters), N is the
total number of protons in the accelerator, B is the bunching factor (average
current/peak current), e is the normalized 95% emittance, and /J7 are the
relativisitic factors. While our understanding of the exact mechanism by which
the existence of an incoherent tune spread limits the phase space density is
rudimentary at best, several observations seem to implicate space-charge as
the limiting factor.

First, we have measured beam profiles in the Booster at various times
during the acceleration cycle and at various intensities using our flying wire
profile monitors. We observe that within the resolution of the flying wires (a
few msec) the beam blowup observed at higher intensities occurs at injection
into the Booster. This is exactly what would be expected from space-charge
reiated forces where the size of the effect is largest at low energy. (Remember
the Pi in the denominator).

Second, we have observed resonance width broadening both with increased
beam currents and with decreased bunching factors. Figure 2 shows resonance
scans completed at three different intensities. What is plotted is the amount
of beam surviving through the first 1.5 msec of the acceleration cycle as a
function of the vertical (coherent) tune. The lowest injected intensity is given
in the top plot and the highest in the bottom. In the top figure many
resonances are identifiable including (left-to-right), 2u =13, 2v +v =20,
v +2i/ =20, 3i/ =20, and f = 7 . As the intensity increases the resonances are
observed to broaden and shift as would be expected if the tune spread within
the beam were increasing. At the higher intensities the resonances have
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Figure 2: Resonance scans showing the amount of beam surviving the
first 1.5 msec in the Booster as a function of tune for 5x10
(top), 1.5x10 (middle), and 2.5x10 (bottom) protons.
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broadened enough to overlap and become somewhat indistinguishable. Figure 3
shows a simlar resonance broadening as the bunching factor is decreased by
reducing the RF voltage. Both Figures 2 and 3 are in qualitative agreement
with what we would expect from a space-charge dominated beam.
Quantitative comparisons to equation (2) are hard due to difficulties in
modelling the exact mechanism by which protons actually exit the machine.

Finally, the contours shown on Figure 1 are extremely suggestive of a
space-charge limitation. In fact the contours shown for the vertical and
horizontal transverse emittances are actually the contours of constant space-
charge tune spread,

hv - 0.37.
(The non-zero intercept on the horizontal plot comes from the fact that due
to momentum spread in the beam the horizontal beam size does not go to
zero even if the horizontal transverse emittance does, while I have used the
more exact expression for hu.) So the picture given in Figure 1 is really of a
beam which can be increased in phase-space density up until the point at
which the space-charge tune spread at injection equals 0.37.

1.2 Limits on Achievable Density - Longitudinal
At the present time the dominant longitudinal effect is a coupled bunch

instability with a threshold of about 1.0x10 circulating protons. Protons
delivered from the Linac fill a longitudinal emittance of about 0.03 eV-
sec/bunch once captured by the Booster RF system. It is possible to deliver
a longitudinal emittance of about 0.05 eV-sec from the Booster up to
aboutl.2xlO protons/bunch. At higher intensities the emittance rises with
intensity until about 0.3 eV-sec is obtained at 3.6x10 protons/bunch as
shown in Figure 1. Figure 4 shows longitudinal beam spectra at two different
beam intensities showing clearly the presence of well defined longitudinal
couple bunch modes at higher intensity. Higher order modes in the RF
cavities appear to be primarily responsible for this instability. The instability
is presently being combatted by various means including damping resistors on
the cavities and an active longitudinal damper.

H. RECENT ENHANCEMENTS

Over the past year several modifications have been made which have
improved Booster performance. In an attempt to create a larger transverse
density we have implemented two sets of correction sextupoles and two sets
of correction skew sextupoles. These are placed in a manner to correct the
3v =20 and the v +2v =20 resonances. The settings of the sextupoles are
determined empirically. Figure 5 shows a resonance scan with the Zu
sextupoles off, and with them on to the empiracally determined best setting.
We find that the implementation of these correction magnets increases the
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Figure 3: Resonance scans with two of eighteen RF stations functioning
(top) and with all eighteen stations active (bottom). The plots
show the amount of beam surviving the first 1.5 msec in the
Booster as a function of tune. The dip in the middle of the
plots is a third order resonance.

66



Figure 4: Longitudinal beam spectra at 6x10 protons (left) and at
1.5x10 protons (right). The evenly spaced prominent lines in
both figures are harmonics of the RF frequency. The right
hand figure additionally shows harmonics of the revolution
frequency associated with coupled bunch motion.

- -1 L
en t

•M It-BCI-*' « •

Figure 5: Resonance scans showing the compensation of a third order
resonance through tuning of correction sextupoles. The plots
show the amount of beam surviving the first 1.5 msec of
acceleration as a function of tune with correction sextupoles off
(right) and on (left).
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phase space density of the beam by about 5%.
Longitudinally we have implemented a 7, jump system and a longitudinal

damper. The 7, jump system consists of twelve pulsed quadrupoles
(risetime=100/isec, falltime=2msec) which rapidly lower the transition gamma
of the Booster by one unit. This system was implemented to reduce
longitudinal emittance dilution through transition resulting from large space
charge forces. The 7, jump system effectively does what it was designed to
do as seen (I know its hard to see and apologize for the quality of
reproduction) in Figure 6. Unfortunately, implementation of the 7. jump
system immediately exacerbated the coupled bunch problem after transition
just because of the reduced longitudinal emittance it produced. At the present
we have implemented an active longitudinal damper which when operated in
conjunction with the 7, jump results in the best emittance we know how
produce.

Figure 6: Bunches passing through transition with (left) and without
(right) 7, jump system implemented. The horizontal scale is 1
ns/div. Vertically time is increasing in the upward direction
with traces separated by twenty machine revolutions. Transition
is roughly halfway up the pictures.



m. FUTURE POSSIBILITIES

Our primary means of attacking the limitations on the achievable
transverse phase space density is the raising of the Booster injection energy.
Fermilab has requested from the DOE construction funds for upgrading the
Fermilab Linac to 400 MeV. The gain in phase space density from such an
upgrade is expected to be 1.75 with perhaps as much as a factor of two
times as much total beam deliverable. We would like to complete the Linac
upgrade in 1992.

Longitudinally we are currently studying the possibility of implementing
a fourth harmonic (of the RF frequency) Landau cavity to help stablize the
beam. Other ideas under consideration include increasing the gain of the
longitudinal damper by a factor of two, and perhaps upgrading the cavities in
conjuction with the Linac Upgrade to double the voltage per cavity and thus
remove half the cavities from the system.



Materials Science at an Advanced Hadron Facility

by

Roger Pynn

Los Alamos Neutron Scattering Center,
Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

The uses of neutron scattering as a probe for condensed matter phenomena
are described briefly and some arguments are given to justify the
community's desire for more powerful neutron sources. Appropriate
design parameters for a neutron source at an Advanced Hadron Facility are
presented, and such a source is compared with other existing and planned
spallation neutron sources.

An Introduction to Neutron Scattering

Neutrons are scattered in matter both by the nuclear potential and by the
magnetisation produced by unpaired electron spins [1]. For nuclear
scattering the range of the interaction potential is generally much
smaller than the wavelength of thermal neutrons and the scattering is of
s-wave form. Provided the neutron energy is not close to that of a nuclear
resonance, the amplitude of the wave scattered by a single nucleus is
independent of the neutron energy. Since the scattering is weak it may be
described within the first Born approximation, an approach which yields a
scattering cross section expressed as the Fourier transform of the
density-density correlation function of the scattering sample.

Nuclear scattering of neutrons can be divided into two components,
coherent and incoherent scattering. For the first of the these, the
scattered waves from different atoms interfere so that the scattering
cross section becomes a measure of the correlations between the
positions of different nuclei. This property may be used to determine the
atomic structure of materials. Diffraction experiments of this sort,
which are very similar to those carried out with x-rays, measure Bragg
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reflection of neutrons from single-crystal or polycrystaline samples. The
wave vectors at which these reflections occur and their intensities
provide information about the size of a unit crystallographic ceil and the
organisation of the atoms within the cell.

Because the energies of thermal neutrons are of the same order as the
energies of thermal vibration in solids, changes of neutron energy during a
scattering process may be used to infer the atomic motions in materials.
For coherent scattering, the interference between scattering from
different nuclei implies that the energy-dependent scattering is related
to collective dynamical effects such as lattice waves (phonons). For
incoherent scattering there is no interference between neutron waves
scattered by different nuclei and measurement of the energy-dependent
neutron scattering cross section yields information about single-particle
motion such as diffusion.

All of the remarks made above about nuclear scattering apply equally to
magnetic scattering of neutrons, a fact which allows neutrons to be used
in the determination of magnetic structures and associated dynamics. If
polarised neutron beams are used for scattering experiments, the
technique may also be used to infer the cartesian components of the
magnetisation responsible for the neutron scattering.

The Role of Neutrons in Condensed Matter Science

Neutron scattering has found wide application in basic research in the
areas of physics, chemistry, biology and materials science. The atomic or
magnetic structures of systems as diverse as proteins, polymers,
inorganic crystals, amorphous materials and liquids have been
investigated. Furthermore, most of our current knowledge of lattice
vibrations, spin waves, molecular tunneling and critical scattering at
second order phase transitions has been derived in great measure from
neutron scattering experiments, in the past decade or so neutron
scattering has also made contributions to problems of direct
technological and industrial importance in fields such as metallurgy,
colloid chemistry, polymer science and the studies of surfaces, gels and
ceramics.

In spite cf its importance in the study of materials, neutron scattering



should really be regarded as complementary to other techniques such as
NMR, light scattering and x-ray scattering. For complicated problems
involving "real-world" systems of technological importance, a
combination of two or more of these techniques is often necessary to
obtain an adequate understanding. A comparison with x-ray scattering is
instructive for a further understanding of the issue of complementarity.
For x-rays, the scattering amplitudes of different atomic species vary
monotonically with atomic number whereas no such relation is found for
neutron cross sections. In particular, hydrogen scatters x-rays weakly
and neutrons strongly. This makes neutrons a useful structural probe for
biological systems and polymers. Since hydrogen and deuterium have
greatly different neutron scattering cross sections, specific deuteration
of samples can often also be used to highlight the scattering from
particular parts of interesting molecules. However, even for systems
containing hydrogen it is often useful to carry out x-ray diffraction
before the corresponding neutron measurement. Available fluxes are much
higher at x-ray sources (especially synchrotrons) so that measurements
are more rapid and can be made with greater resolution. Thus, x-ray
measurements can be used to find the positions of heavy elements in a
structure before neutron scattering experiments are used to determine
the positions of lighter elements such as hydrogen.

A recent example of the simultaneous use of x-rays and neutrons for a
structure determination has been the investigation of the new high-
temperature, ceramic superconductors [2]. In this case neutron scattering
data alone were inadequate because, by chance, yttrium and copper, both
of which occur in the material of interest, have similar neutron
scattering cross sections. Thus, the neutron experiments could not
distinguish between these two elements even though they had advantages
over x-rays in reducing some sources of systematic error in the structure
determination. In this case, a combination of x-ray and neutron scattering
data from the same sample was used to deduce an atomic structure which
was considerably more accurate than that which could be obtained by
either technique alone. The message of this sort of work is clear: high
intensity sources of neutrons and x-rays together with other techniques
are essential for a complete investigation of condensed matter.
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The Complementarity of Reactor and Spallation Neutron Sources

A complementarity also exits between the neutron scattering
spectrometers installed at the two existing types of neutron source,
nuclear reactors and spallation sources. In the former case neutrons are
produced continuously whereas accelerator-based sources usually provide
pulsed beams of neutrons. To use the continuous source for neutron
scattering experiments, beams are usually monochromated by reflection
from suitable single crystals. Thus some of the neutrons (those in a
narrow energy band) are used all of the time. At pulsed sources on the
other hand, time-of-flight methods are employed to determine neutron
energies, so that all of the neutrons can be used some of the time (when
the pulse is 'on'). The two methods of determining the energies of
neutrons during the scattering process lead to radically different types of
instrumentation. As a general statement, the optimisation of reactor-
based equipment has lead to spectrometers which are capable of making
measurements within a small volume of the space spanned by the
wavevector transfer (Q) and energy transfer (E) suffered by the neutron
during the scattering process. At spallation sources a large region of this
space is usually sampled during a single measurement. Both methods have
inherent advatages and disadvantages. Once the "window" for an
experiment is known, reactor spectrometers provide precise tools:
however, an experimenter may spend much of his time searching for the
appropriate "window". At a spallation source, the search for the "window"
occurs at the data-analysis stage when the user must examine the
accumulated data for that part of the measured cross section which
contains important information. Spallation sources thus depend heavily
for their success on computer-based data analysis, and this is one of the
reasons that reactor sources were the first to be developed and fully
exploited for neutron scattering.

Although most neutron scattering experiments can be carried out at either
a reactor or a spallation source, the technical complementarity of the two
sources often determines which investigations are most appropriately
performed at a given source. Yet another complementarity exists,
however. Reactor sources are easily optimised to produce large fluxes of
cold neutrons with energies of a few milli-electron-volts. Spallation
sources, on the other hand, naturally provide neutrons with energies up to
several electron volts. The two types of source are thus complementary
in the sense that they are naturally used to probe different regions of
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(Q..E) space. Not surprisingly the type of science pursued at reactors and
spallation sources tends to differ for this reason. Although not all
members of the neutron scattering community would accept such a
statement, I believe that the complementarity discussed above implies
that high-intensity neutron sources of both types are required for a
complete program.

The Case for Higher Intensity Neutron Sources

One might ask why the neutron scattering community needs neutron
sources which are more powerful than those currently available. One
reason is that neutron scattering is per se a signal-limited technique
because the interaction of neutrons with matter is weak. Although this is
the very reason that the neutron scattering cross section is so simply
related to the fluctuation spectrum of condensed matter, it implies that
experiments are almost always performed with uncomfortably low signals
and that instrumentation has to be optimised carefully for each
application. Signals are especially low when the samples used are only
available in small quantities, a situation which often pertains in
biological experiments, for example. Even for strong scatterers,
increased neutron intensity is required if time-dependent processes, such
as the kinetics of chemical reactions, are to be studied. Furthermore, it
is often desirable to study samples under a wide range of thermodynamic
conditions such as temperature, pressure, magnetic field, etc., in order to
fully understand their properties. With present sources such
measurements would usually be prohibitively long and are not often
attempted. Greater source intensity also implies that measurements can
be carried out with greater resolution both in energy and momentum
transfer. As with most other fields of study, increased resolution implies
a greater sensitivity to detail and therefore a greater depth of
understanding. A technique which greatly enhances the power of neutron
scattering is neutron polarisation analysis. However, since the
polarisation of a neutron beam inevitably results in an intensity penalty
of at least a factor of two, this technique has not yet been widely
exploited. Results obtained with this method to date, however, are
extremely encouraging, especially in the field of magnetism, and an
enhanced source would undoubtedly lead to even more striking results.
Inevitably all of the reasons so far quoted for enhanced source power are
not the ones which will be cited once such power becomes available. It
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would be a great surprise if increases in source flux did not expose new
science which we cannot foresee today.

Parameters for a Neutron Source at AHF

In the context of this workshop ! have been asked to tell you what the
neutron scattering community would like to see from AHF. Since neutron
production by spallation scales in an almost linear manner with proton
energy, the first requirement is for high proton energy. In practice
various engineering constraints limit the energy required to something
less than about <L GeV. Neutron production also scales with proton
current, so we would like to see the highest possible value. 600 jxA would
be fine: more would be better. All current instruments at short-pulse
spallation sources use a time-of-flight method to determine neutron
energies and the resolution in energy improves as the flight path of the
spectrometer increases. Unfortunately, because a broad band of neutron
velocities is used, there is a tendency for the faster neutrons from one
pulse to catch up with the slower ones from the previous pulse, causing a
corruption of data. This effect, which scales with the flight path and the
width of the velocity band of neutrons used, is known as frame overlap.
The conventional wisdom is that a compromise is reached for a repetition
rate between 30 Hz and 50 Hz. My own preference is for a machine which
delivers the lowest possible pulse repetition frequency (say 24 Hz),
especially if increased average current can be achieved by increasing the
repetition rate once the source is operational.

Suppose one could build a machine which would deliver 600 JIA of protons
at 1600 MeV and 24 Hz. How would this compare with existing sources9

Such a comparison is presented in the table below:

LANSCE
ISIS
JHP
SNQ

AHF

100 uA
200 uA
400 uA
5000 uA

600 MA

12 Hz
50 Hz
50 Hz
100 Hz

24 Hz

800 MeV
750 MeV
2000 MeV
1100 MeV

1600 MeV

75



The parameters quoted both for LANSCE and for the ISIS at Rutherford
Appleton Laboratory in England are design goals which will be achieved
but which are still in the future. The Japanese Hadron Facility is in the
project stage, while SNQ, the ambitious German project for a next
generation source has been cancelled, perhaps because its projected cost
was 1.4 billion Deutchmarks. Depending on whether one considers average
or peak flux, the table shows that the AHF source would come within a
factor of between 1 and 5 of SNQ. A more detailed estimate [3] indicates
that the AHF would be 2 to 3 times less powerful than the proposed SNQ
but could be built for only a faction of the cost. It would thus serve the
neutron scattering community well into the next century. Detailed
calculations show that LANSCE will have a peak neutron flux of about 2 x
10.16 neutrons/sec/cm2. Scaling this to the AHF parameters given in the
table indicates that AHF would easily meet the criterion established at
Shelter Island in 1984 for the next generation pulsed spallation neutron
source. The executive summary of that meeting [4], which was held to
examine the needs and scientific justification for new sources in the US,
states:

•The case for a new higher flux neutron source is extremely strong
and such a facility will lead to qualitatively new advances in
condensed matter science and fundemental physics;

•To a large extent the future needs of the scientific community could
be met with either a 5 x 1015 neutron/cm2/sec steady state source
or a 1017 neutron/cm2/sec peak flux spallation source.

•The findings of this workshop are consistent with the
recommendations of the Major Materials Facilities Committee [5].

The AHF project, as currently envisaged, would meet the criteria
established at Shelter Island and be a boon to future generations of
condensed matter scientists.
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Abstract

Proposed design of the 1 GeV proton linac for the Japanese Hadron
Facility is described together with rationale for the design para-
meters. The linac is composed of a volume production type H ion
source, a 432 MHz RFQ linac (3 MeV), a 432 MHz DTL (150 MeV) and a 1296
MHz high-6 linac (1 GeV). Problems expected in each part are discussed
and possible remedies are also presented.

1. Introduction

A 1-GeV proton linac will be constructed to inject proton. .Leans to
various ring accelerators of the Japanese Hadron Facility. Para-
meters of the beams to be delivered by the linac are listed in Table I.
The linac has three distinctive features: 1) high energy, 2) a high
average current and 3) a high duty factor of an rf system, that should
be carefully taken into account in designing the linac. Also, it is
required that the linac can be operated in extreme stability.

Table I Design parameters of the H linac

Energy
Total length
Peak current
Repetition rate
Pulse length
Average current

1 GeV
i> 500 m
20 mA
50 Hz
400 us
> 200 pA

A high energy proton linac accelerating an intense beam with a
limited length immediately requires very high rf power. Necessary rf
power is further increased for the following reason. In the Mgh
intensity and high energy proton linac no beam loss is allowed at the
high energy region of the accelerator, since radioactivity caused by
the beam loss becomes a serious problem in a long term operation.
Then, sufficiently large beam acceptances are required for all of
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accelerator tanks. This requirement tends to increase bore radii of
the accelerator tanks and shift synchronous phases further from the
phase of the highest rf field, resulting in lower acceleration effici-
ency. Thus, the requirement of no beam loss also implies increase of
the rf power.

It is advantageous to reduce a number of rf sources by increasing
an rf power of each rf source for the purposes of stable operation,
easy maintenance and cost performance. Development of the high power
rf sources requires a high power modulator. Thus, our effort was
mainly devoted to development of the high power modulator.

A fundamental scheme of the proton linac was proposed as shown in
Fig. 1. The linac will be composed of an ion source, an RFQ linac, a
drift-tube linac (DTL) and a high-B linac. Negative hydrogen beams
will be accelerated, since its injection efficiency is higher than the
multi-turn injection of proton beams.

83m , 411m

Ion SourceHRFQiH DTL H High-fl Linoc

( 432 MHz) (1296 MHz)
t t • 1

50keV 3MeV 150MeV 1 GeV

Fig. 1 The scheme of the proton linac.

Among various parameters of linacs, an accelerating frequency is
one of the most important parameters, since cost and performance of the
linacs will be strongly dependent upon the frequency. In general both
of shunt impedances and possible accelerating fields of cavities with
the 'Jame figure increase proportionally to a square root of the reso-
nant frequency. However, as the frequency increases, sizes of accel-
erating cavities and klystrons decrease, so that cooling of these RF
parts becomes difficult and beam acceptances of the cavities decrease.
Thus, the nearly highest frequency should be chosen, so far as the
cooling of the RF parts is feasible and the beam acceptance is large
enough. Also, it is advantageous to choose the frequency, at which
commercial klystrons are available. Taking thesii factors into account,
we have chosen 1296 MHz for the frequency of the high-8 linac and 432
MHz for those of the RF quadrupole and drift-tube linac.

2. Ion Source

We are planning to use a volume production type H ion source
rather than a surface plasma type multi-cusp ion source whose possible
cesium vapor flow will reduce the breakdown voltage of the following
RFQ. We have developed a test model of the ion source, whose typical
parameters are listed in Table II.



Table II Typical parameters of the test H ion
source of the volume-production type

Arc current 140 A
Arc voltage 150 V
Filament current 75 A
Hydrogen gas flow 5 seem
Anode bias + 5 V
Acceleration voltage 30 kV

Attempt was made to optimize parameters of a magnetic filter.
Since low energjr electrons (< 1 eV) that play an important role in
production of H ions are selectively extracted from a chamber filled
with plasma through the magnetic filter, the beam current of the H
ions is strongly dependent upon a field strength, a field direction,
and a position of the magnetic filter. The obtained field dependence
of the beam current is shown in Table III. Further optimization of the
parameters is in progress.

Table III Dependence of the beam current on the field strength
of the magnetic filter integrated along the extraction system

Integrated magnetic field Beam current density
(Gauss'cm) (mA/cm2)

650 0.3
455 0.6
245 1.5

An extraction system of the ion source should be carefully de-
signed to satisfy conflicting requirements: high extraction efficiency
of the H ion beam and low electron beam loading. Our preliminary
result was not yet satisfactory. For example, the electrons of nore
than 50 mA/cm flowed into the first extraction electrode in the last
case of the Table III. It was found that the electron beam loading was
largely affected by the field strength and position of the magnetic
filter. Therefore, the problem of the electron beam loading should be
also taken into account in optimizing the parameters of the magnetic
filter.

In order to increase the beam current density we are planning to
investigate its dependence on the volume of the ion source. It is
expected that the density of the excited hydrogen molecules would be
increased by decreasing the volume of the ion source at the same arc
condition, resulting in increase of the H beam current. Also, our
future plan includes the measurement of beam emittances.

3. RFQ Linac

The H~ beam from the ion source will be injected to a 432 MHz
four-vane type RFQ linac at the injection energy of 50 keV and will be
accelerated to 3 MeV. Design parameters of the RFQ linac are listed in
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Table IV. Phase-space projections at the first cell are shown in Fig.
2 together with those at the last ceil. Matching of the emitted beams
from the ion source to the acceptance of the RFQ will be made by a
magnetic lens installed between the ion source and RFO.

Table IV Parameters of the 432 MHz H~ RFQ (four-vane)

T. )
(T )

Frequency (f)
Input energy
Output energy
Vane length
Number of cells
Mean bore radius (r_)
Minimum bore radius (a . )
Margin of bore radius \a . /a )
»« 7 J -, ^* t \mzn max
Maximum modulation(m )
Cavity diameter (D) m a x

Normalized acceptance (A ) (1002)
n (90%)

Normalized emittance at 3 MeV (100%)
(90%)

Kilpatrick factor (f )
(Maximum surface field
Intervane voltage (V)
Focusing strength (B)
Maximum defocusing strength
Cavity wall loss

(E )

(P )

Transmission (0 mA)
(20 mA)

432 MHz
0.05 MeV
3 MeV
269 cm
305
0.340 cm
0.236 cm
1.25
1.83
15.4 cm

1.5 7nmn*mrad
1.0
2.6
1.3
1.8
361 kV/cm)
90 kV
4.0
-0.078
980

98 %
94 2

It is assumed that the quality factor is 60 percent
of the calculated value.

The parameters were determined to obtain a normalized acceptance
of 1.5 IT mnrmrad for the beam current of 20 mA with the maximum elec-
tric field Eg of 1.8 times of the Kilpatrick limit. Then, the
minimum bore Vfflus becomes 0.236 cm with the vane length of 269 cm.
The total wall loss amounts to about 1 MW.

The RFQ linac with the small bore radius will require rigid
tolerance limits on dimensional errors, and it is difficult to machine,
assemble and align the long vanes accurately. Also, it will be hard to
cool the vanes with this dimension for the wall loss of 1 MW. To test
a feasibility of the RFQ linac with these parameters a prototype RFQ
linac is going to be fabricated.

Modification of the parameters of the RFQ linac to make manufac-
turing of the RFQ easier, for example, by reduction of the accelerating
energy and/or frequency, may require change of parameters of the fol-
lowing drift-tube linac. Thus, possibility of the modification will be
discussed in the next section.
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Fig. 2 Phase-space projections at the first and
last cells of the 432 MHz RFQ linac.
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4. Drift-tube Linac.

A 432 MHz drift-tube linac (DTL) will accelerate the beam from 3
MeV to 150 MeV. A choice of the output energy will be discussed in the
next section in relation with a high-B linac. Parameters of the drift-
tube linac are listed in Table V. The linac will be separated into 13
tanks, each of which will be driven by a 1 MW klystron. Shunt imped-
ances of the drift-tube linac are shown in Fig. 3 as a function of 6 *
v/c. It is noted that the drift-tube linac consists of four types of
tanks. Three parameters of an inner diameter of tanks, an outer dia-
meter and a corner radius of drift-tubes were approximately optimized
to obtain the highest shunt impedances for each type of tanks, keeping
the maximum surface electric field within 75 per cent of the Kilpatrick
limit.

Table V Parameters of the drift-tube linac and high-fi linac

Frequency (f)
Input energy (T )
Output energy (T " )
Acceleration fieia (E )
Synchronous phase (<fr V
Tank length S

Total length
Bore radius
Number of cells
Number of tanks

Total wall loss (P )
Beam loading (***,'
Total power (P )
Number of klystrons
Klystron power

Normalized acceptance
A (90 Z)
X'n(100 Z)

A (90 Z)
y>n(100 Z)

Acceptable
Input energy spread (AW
Output energy spread

Acceptable
Input phase spread
Output phase spread

out

DTL

432
3

148
3

- 2 6
75
83,

0,
342

13

9,
2.

11
13

1.

8.
10.

8 .
10.

0.
1.

88°
24°

MHz
MeV
MeV
MV/m

. 7 m

. 3 m

. 5 cm

. 0 MWe

. 9 MW

. 9 MW

,[i MW

9 itmm*mrad
0 mnm*mrad
8 irmm*mrad
0 irmm*mrad

30 MeV
44 MeV

High-S l i n a c

1296 MHz
148 MeV

1017 MeV
3 . 6 -x. 4 . 4 MV/m
- 3 0 ° C

3 0 3 . 0 m
4 1 0 . 9 m

1.5 cm
3568

152

8 1 . 7 MW*
17.4 MW
9 9 . 1 MW
36

3 . 0 MW

29 Ttwmrad
36 inwmrad
26 irmn»mrad
34 irnn»mrad

3 . 0 MeV
8 . 8 MeV

87°
32°

a. Acceleration fields are increased as R increases to make an input
power per tank approximately equal.

b. Except for the first tank. A synchronous phase of the first tank
is 30°.



c. Synchronous phase at the first cell of each tank. Lengths of cells
of a tank are made equal, resulting in the maximum phase slip of
-27°.

d. Includes space for quadrupole magnets, steering magnets and beam
monitors.

e. 1.3 times of the calculated value.

f. 1.2 times of the calculated value.

g. For the beam current of 20 mA.

h. Possible power losses at wave guides and circulators are not
included.

i. Constant field gradients of B1 - 200 T/m and B1 - 23.2 T/m are used
for the DTL and high-B linac, respectively, with an FD lattice.

Fig. 3 Shunt impedances of the drift-tube linac as a function of fi.
The values in M«/m as calculated with the SUPERFISH are plotted.
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Longitudinal and transverse acceptances of the drift-tube linac
are shown in Fig. 4 and Table V, together with the emittances of the
accepted beams at 150 MeV. Here, an FD lattice is used with constant
quadrupole magnetic field gradient of B' - 200 T/m.

It is seen that the transverse acceptances of the DTL are by a
factor of about 3 larger than the emittances of the RFQ. A Hatching
section will be necessary between the end of the vanes of the RFQ and
the first quadrupole magnet of the DTL. Otherwise, adjustable electro-
magnets will be required for the first several cells, although perma-
nent magnets are to be used for the other cells.

The 88° phase acceptance of the DTL will be large enough for the
30° phase emittance of the RFO even with the drift space between the
RFQ and DTL. Even if the frequency of the RFQ is halved to increase
the bore radius of the RFQ, the DTL can longitudinally accept the beans
from the RFQ. Therefore, it is worthwhile to investigate the possibil-
ity of the 216 MHz RFQ linac, although another type of a 216 MHz RF
power source is required in this case.

We are planning to use permanent magnets made of SmCo, since the
permanent magnets require neither of wiring nor water-cooling for the
magnets, that is, become maintenance-free and SmCo can produce a strong
magnetic field, being rather stable against effects due to radiation.
However, it is difficult to seal the drift tubes containing the SmCo,
since the SmCo cannot stand the high temperature used for the silver
brazing and the strong magnetic field produced by the SmCo inhibits
conventional use of the electron-beam welding (EBV). At present at-
tempts to seal the drift-tubes containing the SmCo are in progress by a
few methods including EBW and laser welding, but results are not yet
satisfactory. It will be another method to expose the SmCo to vacuum,
and outgassing measurement of the SmCo in vacuum is in progress.

If we accelerate the 2 MeV beam with the DTL to shorten the length
of the RFQ, lengths of drift tubes for 2 MeV to 3 MeV become too short
to contain the permanent SmCo with necessary focusing strengths. Then,
it is inevitable to use electromagnets for the low energy region.
Probably, this is more difficult choice for the 432 MHz DTL than the
development of the 3 MeV RFQ linac.

5. High-8 Linac

Standing wave linacs are more advantageous than traveling wave
linacs, if RF pulse widths are longer than filling times (i a few us
typically). The ir/2 mode operation of a multi-cell cavity is necessary
to keep a high degree of stability of the accelerating field against
effects due to heavy beam loading and manufacturing imperfections.
Then, possible candidates for the high-8 cavity structure are alternat-
ing periodic structure (APS) without nose cones or coupling slots,
alternating periodic structure with nose cones and coupling slots,
side-coupled structure (SCS), disc-and-washer structure (DAW) and
annular-coupled structure (ACS).

For the annular-coupled structure it was reported that serious
depression of a quality factor is arising from excitation of a couplr
ing-cell quadrupole mode. Although a possible remedy was proposed,
extensive study will be necessary to solve the problem. In the disc-
and-washer structure a TM1 passband crosses the accelerating frequency.
A method to keep the TM1 passband away_.from the accelerating frequency
decreases a shunt impedance seriously.
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Both of the alternating periodic structure and side-coupled struc-
ture are free from these troubles. However, in the alternating period-
ic structure coupling cells are located on the beam axis, consuming
space for accelerating cells, and space for the coupling cells is rela-
tively limited compared with the side-coupling structure. Therefore, a
shunt impedance of the alternating periodic structure is lower than
that of the side-coupled structure, and a quality factor of the coupl-
ing mode of the APS is lower than that of the SCS resulting in more
strict requirement for manufacturing accuracy. On the other hand the
axially symmetric structure of the APS, in particular, without coupling
slots has the following advantages. The field of the TMO mode of the
APS is more symmetric. Machining and assembling of the APS are easier,
allowing a more variety of assembling methods. Also, we have lots of
experience in manufacturing and operation of the APS that is used in
the TRISTAN rings. Therefore, we decided to develop both of the side-
coupled structure and alternating periodic structure in parallel for
the time being. In the following paragraphs, however, results of com-
putation with the SCS are presented as an example.

Shunt impedances of the SCS calculated with a computer program
SUPERFISH are shown in Fig. 5 as a function of 6. A rather large bore
radius of 1.5 cm as 1296 MHz structure was chosen to obtain a large
transverse acceptance. The gap length was adjusted to optimize the
shunt impedance.
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j8 (V/C)

Fig. 5 Shunt impedances of the side-coupled linac as a function of B.
The values in MJl/m as calculated with the SUPERFISH are plotted.



The sizes of the coupling slot was determined to obtain a coupling
constant of 5 percent with a three dimensional computer program
MAFIA. With this coupling constant the quality factor of the accel-
erating mode was reduced by 7 percent. Assuming rather large decrease
of 13 percent of the quality factor, for example, due to cavity wall
imperfections, we estimated necessary RF power as shown in Table V.
The high-fi linac will be driven by 36 klystrons with 3 MW.

A proposed typical configuration of the high-fl accelerating tanks
is shown in Fig. 6. The drift space between two tanks have space
enough for two quadrupole magnets and either of a steering magnet or a
beam monitor. Shorter tanks will be used in the low energy side to
increase transverse acceptances. Transverse and longitudinal accept-
ances thus obtained are shown in Table V and Fig. 7 together with
emittances of the output beams.

483.3 MeV SCS Cavity Tonk (24 cells)

1 FO \ FD

Bridge
Cavity

2085 mm 788 2092 790 2099

507.7 MeV
i

2106

Inner surface of the cavity

F — - - D J- -

170, 150, 150, 150 | 170

Fig. 6 A typical configuration of the high-8 linac.

It is seen that the normalized transverse acceptances of the high-
6 linac is about 3 times of those of the DTL and 10 •*» 15 times of those
of the RFQ. However, it should be noted that the acceptances were com-
puted only for the synchronous beams. Dependence of the transverse
acceptances on the phase of the injected beam is shown in Fig. 8. Tt
is seen that the transverse acceptances will be reduced to 60 percent
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of those of the synchronous beams, if the beam phase is located near
the separatrix. Thus, more detailed study will be necessary, including
study of effects due to possible imperfect alignment of the cavities
and quadrupole magnets, to decrease the bore radius of the cavities.
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Fig. 8 Dependence of the transverse acceptances on the phase
of the injected beam. The values relative to that for
the synchronous beam are plotted.

The phase acceptance of the high-B linac is only slightly larger
than the phase emittance of the DTL, since the frequency of the high-8
linac is 3 times of the DTL. However, it will yield no serious prob-
lem, since debunching in a drift space between the DTL and high-fi linac
will be small.

Comparing the shunt impedances of the high-B linac with those of
the DTL, one may propose that a transition energy from the DTL to the
high-B linac should be lowered to save the RF power. This modification
is also advantageous in cost of the linac, since the DTL is generally
more expensive than the high-B linac. However, if the gap length
approaches to the bore diameter as IB decreases, it was found that the
shunt impedances of the SCS and APS began to drop drastically. There-
fore, to lower the transition energy one must decrease the bore radius
simultaneously. This modification will increase the shunt impedances

92



further and, thus, is very attractive. For this modification, however,
extensive study is necessary for various effects that may deteriorate
the beam acceptance.

For detailed design of the high-B linac including tuning method
and so on it is required to estimate machining and assembling errors
and to find the best method of welding or brazing. Thus, attempt is
being made to fabricate the cavities using silver-brazing, electron-
beam welding, electroplating welding and diffusion welding.

6. Modulator

One of the most difficult parts of the proposed 1-GeV proton linac
will be a high power modulator that drives the 3 HW klystron with a
long pulse (600 ys) and a high duty factor (3 Z)i Also, it should be
operated with extreme stability and reliability. Therefore, our effort
has been mainly devoted to development of the high power modulator. We
decided to develop a line-type modulator rather than the other types,
for example, a hard-tube modulator for. the following reasons. First,
we have some experience for line-type modulators. Second, line-type
modulators provide stable pulses with relatively simple circuits whose
behaviors can be easily understood. Third, efficiencies of line-type
modulators are better than hard-tube pulsers. Finally, running costs
will be less expensive, since no replacement of the tubes is necessary.
Power-grid tubes used in hard-tube modulators are very large and expen-
sive, while their life time cannot be expected to.-.be long.

The line-type modulator is composed of a HV dc power supply with
an IVR, a charging unit with a de-Qing circuit, a nulse forming network
(PFN) and a discharging unit as shown in Fig. 9. Its output pulse
voltage is stepped up to 7 times by a pulse transformer.

We have designed a prototype modulator for a 6 MW klystron rather
than the 3 MW klystron for the following reason. In order to obtain
klystrons that can be stably operated at 3 MW in unsaturated region, it
is necessary to develop klystrons with the power capability of 5 or 6
MW. Development of the 6 MW klystrons requires a modulator with an
output power of 15 MW for a klystron efficiency of 40 X, and successful
development of the modulator will directly lead to development of
stable modulators for 3 MW klystrons at the same time. Parameters of
the modulator designed for the 6 MW klystrons are listed in Table VI.
It is noted that a cabinet for the PFN and discharging circuit becomes
very big: 9 ra wide, 1.7 m deep and 2.7 m high, because of a very long
pulse width.

Taking account of its high duty factor and long pulse length we
designed each part of the modulator as follows. Since averaged power
is very high compared with usual modulators, for example, for "electron
linacs, averaged power loss in capacitors and inductors of the PFN will
be very large. Thus, a capacitor of each PFN section is divided into
four parts to obtain efficient heat radiation by increasing their sur-
faces. Also, for the inductor of each PFN section made of a coil and
an iron core whose inductance is variable, the core laminated by very
thin iron sheets (0.1 mm thick) is used to reduce an eddy current loss
in the core. A cross section of the iron core is made relatively large
to prevent it from saturation even for the; case of a.% shorted load.
Otherwise, if a load of the modulator happens to be shorted, for exam-
ple, by a possible discharge or spark in a klystron, extraordinarily
high voltage will be produced between terminals of the inductor result-



Rectifier Filter

IVR
6.6kV VCB
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Coble

Resonant Charging Charging
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PFN and Dteitiarging Circuit

Load

Fig. 9 The test line-type modulator.

Table VI Parameters of the test modulator for a 6 MW klystron

Peak power
Average power
Output voltage
Output current
PFN impedance
Load impedance
Pule width (half value)

(flat top)
Pulse rise time
Flatness
Repetition rate
Pulse voltage stability

(short term)
(long term)

15 MW
450 KW
20 kV
750 A
26.7 n
26.7 fi

600 us
520 ys
< 30 us
< 0.5 Z
50 pps

< 0.2 %
< 0.5 %/h

94



ing in break-down of the inductor.
Another effect of the high averaged power is that an available

switching thyratron cannot stand the high averaged current. Thus, four
thyratrons are used in parallel operation as a switching element. Dif-
ferences among rise times of the thyratrons are corrected by equipping
their anodes with variable inductors. Differences among the averaged
currents of the thyratrons will be made uniform by adjusting the hydro-
gen gas pressure in the thyratron tubes.

The high duty factor and long pulse width imply that a ratio of a
kick-out time (pulse length) from the PFN to a charging time is not
negligibly small. During the kick-out time the charging current
through the thyratrons builds up to a considerable value. This phenom-
enon gives rise to difficulty in turning-off of the switching thyra-
trons. Thus, when the output pulse is falling, an output circuit will
be shorted by firing a crowbar thyratron to produce a reflected inverse
voltage pulse, whose negative pulse will forcibly turn off the switch-
ing tube.

Finally, an inductance of the pulse transformer becomes very large
because of the long pulse width. It is almost comparable to that of the
charging choke transformer. Then, it becomes difficult to stabilize a
charging voltage for the PFN by a de-Qing method, since energy stored
in the pulse transformer remains. Thus, a shunt circuit composed of
diodes and resistors must be connected to primary winding terminals of
the pulse transformer.
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LINAC WORKING GROUP TECHNICAL SUMMARY

ACCELERATOR DESIGN WORKSHOP 1988FEBRUARY22-27

STANLEY O. SCHRIBER

Accelerator Division, Los Alamos National Laboratory

INTRODUCTION
An Accelerator Design Workshop held at Los Alamos National Laboratory,

1988 February 22-27, discussed various aspects of a High-Energy Hadron Facility.
One of the working groups that met for three days during the workshop was the
Linac Working Group, which looked at linear accelerator injectors for a
superconducting super collider (SSC) or Hadron Facility.

The author is indebted to the participants of the Linac Working Group and
appreciates their straightforward and well-focussed discussions that lost little
intensity over the three-day period allotted for working group interactions. The
"damped" size of the rooms provided for the Linac Working Group improved the
brightness and cohesiveness of the participants. Participants included Bhatia
(LANL), Bradamante (Frascati), Browman( LANL), Essine (INR), Guy (LAND,
Hurd (LANL), Jameson (LANL), Johnson (LANL), Lawrence (LAND, Mills (FNAL),
Neuschaefer (LANL), Senichev (INR), Sluyters (BNL), Wangler (LANL), and
Yamazaki (KEK). The following is the author's interpretation of the discussions and
provides a brief summary relevant to particular topics.

RF POWER
Radio-frequency power at the levels anticipated is either available or can be

easily developed at frequencies of 50,100,200,400,800, and 1300 MHz. Solid state
sources at 200 and 400 MHz should be seriously investigated. Availability of rf
power at 600 MHz is questionable and requires further study of capabilities and
possible developments.

LINAC LAYOUT
A block diagram of a strawman linac to be considered for most applications is

shown in Fig. 1. A 50-keV injector (with possible incorporation of a 50-MHz
chopper/buncher) injects beam into a 200-MHz radio-frequency quadrupole (RFQ).
Preferred performance is based on the charge associated with each rf bucket and the
eventual overall performance of the linac using beam transmission and associated
beam loss as important comparison characteristics. A two-stage chopper could be
employed between the RFQ and the drift-tube linac (DTL) to provide the necessary
50-MHz bunch frequency with essentially zero particles in three out of four buckets
(200-MHz basis), as required for injection into the rings. Beam is injected into a 200-
MHz DTL at about 2.5 Me V for acceleration to 20 Me V. The accelerating gradient of
this DTL could be ramped to 3.5 MeV/m very efficiently and effectively.
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Fig. 1. Schematic layout of strawman linac.

At 20 MeV, the beam is injected into a 400-MHz DTL operating at an average
accelerating gradient of 5 MeV/m. At 125 MeV, a transition is made to a 800-MHz
coupled-cavity linac (CCL) that operates at an accelerating gradient of 5 MeV/m.
Listed in Fig. 1 are the equivalent peak currents (t) during the rf pulse—52 mA
referenced to 200 MHz (1 beam pulse out of every 4 rf cycles) and 208 mA referenced
to 800 MHz (1 beam pulse out of every 16 rf cycles), corresponding to an average
pulse current of 13mA at a 50-MHz bunch rate. This peak current increase then
provides a reference value to be used in calculation of wakefields, transverse field
excitation, and related beam emittance effects.

At each rf structure interface, it is not only important, but mandatory, to
provide a beam match in the longitudinal and transverse phase spaces. Because of
the peak currents being proposed, it is important that designers consider and
investigate effects associated with stored energy available to the beam (in the beam
borehole region) and any effects associated with differences between the head and
tail of the beam bunch. Because cavity quality factors are relatively large, controls
for the proposed linacs should be almost straightforward.

Ion Source/injector
The polarized ion source could be switched on a macropulse basis with the

unpolarized source at injection to the RFQ, thus providing a capability for both
polarized (at low current) and unpolarized (at higher current) beams. Polarised



beam currents of 40 uA from injectors appear to be available with 90% polarization.
Unpolarized beams of 30 mA appear to be available from volume ion sources. The
magnetron H~ ion source should be considered as a backup to the volume H~ ion
source.

Concerns were expressed over the following factors:
• Beam tails must be considered when investigating matching of longitudinal

emittances, to ensure that adjacent buckets have essentially zero particles.
• Beam scraping must be done properly, to ensure that beam halo is

minimized and that halo does not grow after the scrapers.
• Consideration should be given to making the source/injector pulse longer

than the rf pulse in order to stabilize the low-energy beam transport (in the
injector region) and the linac, and to starting the beam pulse with a chopper
to improve the 50-MHz operation needed.

• Reliability of the linac should be investigated and reviewed with respect to
operation at greater than 3 MeV/m.

• Several schemes were proposed for chopping with the design shown in Fig. 2
considered to have the most potential and beneficial aspects because of the
symmetry inherent in the layout.

beam in beam out

Fig. 2. Four bends/two scraper layout.

Radio-Frequency Quadrupole
A 200-MHz RFQ design is preferred for many reasons. A 50-MHz RFQ (with

the correct 50-MHz beam signature) seems acceptable but would require
significantly more control and development of beam matching to following rf
structures. A possible scheme of chopping before the RFQ, as suggested by Essine
(INR), might be worthy of further study and should not be discounted. At 50 MHz, it
is obvious that one should employ the four-rod geometry for the rf structure of the
RFQ. This applies to all RFQ geometries being considered in the 50- to 66-MHz
regime for AHF, EHF, INR, SSC, and other facilities.
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Reasons for preferring a 200-MHz RFQ (either the four-vane geometry or the
four-rod geometry) include brighter beams, less beam loss, better beam matching,
and ease of design. Increasing frequency throughout the linac from a 200-MHz start
to a 800-MHz finish (increase by a factor of 4) results in acceptable beam
characteristics. Increasing by a factor of 5 (200 MHz to 1000 MHz) is hard from beam
dynamics considerations. Anything higher (factor of 6 or larger) is extremely
difficult, if not next to impossible without significant beam degradation.

The Linac Working Group understood the rationale for selecting a 400-MHz
RFQ for the Japan Hadron Facility (JHF), but suggested the designers examine
issues such as the following:

• RFQ improvements that should be considered
• Filling and operation of the first ring at the proposed 2 to 3 MHz

Straw man Linac
The Working Group was presented with a strawman linac design employing a

50-MHz RFQ but expressed a strong preference to have the RFQ frequency at
200 MHz. Characteristics of the linac were as follows:

• RFQ — Parameters:
Length 4.1 m
Power 440 kW
WintoWout 0.05 to 2.5 MeV
£90% (NORMALIZED) IN 0.16 ncmmrad
£90% (NORMALIZED) OUT 0.40 ncm-mrad
ERMS (LONGITUDINAL) OUT 0.72 n deg MeV
Frequency 50 MHz
Peak Surface Field 17.5 MV/m

— Only one RFQ
— No funnel after the RFQ
— 200-MHz RFQ strongly preferred and recommended

• DTL — Start stable phase angle 0S =-70°
— Ramped field necessary for 50-MHz RFQ to 200-MHz DTL
— NO ramp in field for 200-MHz RFQ to 200-MHz DTL
— Standard DTL designs

• CCL — Standard designs for 600,800, or 1300 MHz
— If a disk and washer (DAW) geometry is selected, then it is

imperative that slits be employed in the disks to reduce the
possibility of parasitic mode overlap with the fundamental
operating mode.

Coupled-Cavity Linac
Four geometries for the CCL were considered in the discussions of the Working

Group. The geometries were the side-coupled structure (SCS) developed by Los
Alamos National Laboratory, the on-axis coupled structure (OAS) developed by
Chalk River Nuclear Laboratories and the University of Mainz, the DAW developed
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by the Radio Technical Institute and Los Alamos National Laboratory, and the
elliptically shaped superconducting structure (S/C) developed by several laboratories
around the world. Table I provides a comparison of the characteristics and
capabilities (pertaining to a linac injector for a high-energy proton ring) of the four
structures. Check marks indicate acceptable performance, demonstrated operation,
or the preferred candidate for a particular comparison category. Fractional check
marks were used to give an indication of relative importance or performance within
a category. Wall losses are highest for the DAW (mainly because of the geometry
that must be selected to minimize parasitic modes and because of power losses for the
stems that support the washers) and lowest for S/C structures. Stability of fields are
best for the DAW—as related to beam loading, rf drive, assembly and fabrication
tolerances, and operation. Cooling is best realized in the SCS geometry as
demonstrated for racetrack microtron structures. Vacuum pumping is best for the
DAW and S/C structures. Fabrication experience worldwide is slightly less for the
OAS geometry. Fabrication ease (less steps, less complexity) is best for the OAS
geometry. Tuning tolerances are best with the DAW and are the most extreme for
the S/C.

Beam loading and associated effects appear to be the least problem for the SCS
and the biggest problem for the S/C. Operation experience is available for all
geometries. Capital and operating costs are similar for all geometries except that
the S/C is more capital intensive for installation and less expensive for
operation—considering only rf power requirements for the rf structure in
establishing the fields required.
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TABLE I
COUPLED CAVITY LINACS

CATEGORY

Wall losses

cw
experience
(1-2 MV/m)

Stability for
length

Cooling ease

Vacuum

Fabrication
experience

Fabrication
ease

Tuning

Beam loading

Biggest
beam-loss
problems

Operation
experience

Stored
energy/
bucket

Stored
energy

Head/Tail

Transverse
modes /

wakefields

Costs
(without
beam)
Capital

Costs
(without

beam)
Operating

SIDE
COUPLED

Reasonable

—

N/

—

Next Easiest

•

\ / ( I~20mA)

«-

ON AXIS

Reasonable

—

—

Next easiest

?(Coupling
cavity)

x/(I~30mA)

* •

—Similar—

—Similar—

DISK AND
WASHER

Little higher

•

•

—
•

i •

Easiest

\/(Extra
modes?)

\/(KEKring)

SUPER-
CONDUCTING

Lowest

—

—

—

Most
Difficult

Needs serious
study

V (Cornell
- 3 0 mA)

More
expensive I

Less
expensive
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CCL RECOMMENDATIONS
The Working Group unanimously agreed that one should employ the best

experience available at the particular institute wishing to develop rf structures.
There is little to gain from structures not discussed here; however, one should keep
an open mind about the possibilities that may accrue from other developments.

The side-coupled structure geometry was the preferred choice based on the
comparison given in Table I—eliminating local factors. A coupling constant of 5 to
10% for such structures is more than adequate to achieve required performance of
the accelerators being considered as ring injectors.

For the Los Alamos Meson Physics Facility (LAMPF), the Working Group
recommended the following actions to be considered by Los Alamos management for
further study.

• Consider replacing the entire 800-MHz section with a higher gradient (2 to
4 MeV/m) 805-MHz linac for a 1600-MeV output beam energy
t use the same infrastructure at LAMPF.
k do not employ a 500-m drift, as proposed, between the existing 800-MeV

linac and a future 800-MeV after burner.
t savings on tunnel costs for an 800-MeV after burner should offset costs of

changing the entire linac and utilizing the existing infrastructure.
t control of the complex would be similar because one type of linac would

be employed as contrasted to two—the existing linac plus the addition.

OVERALL—GLOBAL COMMENTS
The Working Group recommended that the following actions/suggestions/

studies be acted upon appropriately:

• Study control, commissioning, and simulation algorithms for operation of
the linac before and during the design, fabrication, and installation of the
linac—do not wait until the linac is designed.

• Complete experiments on LAMPF for the At procedure to investigate beam
current influence on control and operation parameter space.

• Study effects associated with the last 10% of the particles in the phase-space
acceptance—these are most important for operations and induced
radioactivity associated with beam loss.

• Design acceptance to be about three times the minimum required
acceptance

• Fully investigate characteristics of peak currents in excess of 20 mA and
pulse lengths in excess of 1 ms.

• Investigate stored-energy implications and peak-current effects for the
coupled-cavity linacs—especially when peak currents are related to filled
buckets being 1 out of every 4,1 out of every 8, or 1 out of every 16.

• Look at operation of coupled-cavity linacs (on LAMPF?) as a function of
beam current to determine if field tilts are similar to that experienced with
drift-tube linacs.
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• Investigate Ap/p and beam bunch tails to fully understand their effects as a
function of time.

• Obtain experience with superconducting structures for geometries with
particle velocities between p" = 0.3 and 0 = 0.95 — there is little, if any,
data available.

• Always ensure that the CCL band gap has the correct sign to prevent
thermal runaway under high-duty-factor operation.

SUMMARY
Based on today's knowledge and technology status, a linac injector for a ring

should consist of a volume ion source/injector for H~, a 200-MHz RFQ to 2.5 MeV
followed by a 50-MHz chopper, a DTL to about 125 MeV and a high-gradient CCL.

For LAMPF and future improvement possibilities at Los Alamos, one should
investigate replacing the first DTL tank, possibly the second DTL tank, and
modifying either the last DTL tank or the first part of the coupled-cavity linac. All of
these suggestions are related to improvements that might be possible in beam
performance and particle beam losses along the length of the linac.
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TOWARDS A SLOW EXTRACTION SYSTEM FOR THE TRIUMF KAON
FACTORY EXTENDER RING WITH 0.1% LOSSES

U. Wienands
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A4

R.V. Servranckx
University of Saskatchewan, Saskatoon, Saskatchewan, CANADA S7N 0W0;

and
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A4

ABSTRACT

In order to reduce extraction losses a modified third-integral slow extrac-
tion system is proposed using a 0.5 m long and 10 ^m thin electrostatic pre-
septum. Various factors limiting the extraction efficiency are investigated, and
the losses are estimated to be as low as 0.2%. The extracted beam emittance
is found to be about 0.2 ir mm-mrad for achromatic extraction. For chromatic
extraction a reduction in momentum width of the extracted beam by a factor of
2.5 will result in an extracted momentum bite of less than 30 MeV/c FWHM.
This figure is limited by emittance blow-up due to synchrotron oscillations.,
which in turn increases extraction losses. Following the analytical estimate of
the performance of the extraction system, simulation results are shown.

INTRODUCTION

Slow-extraction systems currently in operation allow in general for 1% or
2% of the circulating beam to be lost due to the thickness of the electrostatic
septum. For the high-current proton accelerators proposed for the hadron facili-
ties or kaon factories, losses this high will lead to unacceptable levels of radiation
in the machine, causing problems with maintenance and the expected lifetime of
the components of the accelerator. For 100 //A average extracted beam no more
than about 0.1% losses, properly collimated, are tolerable especially if hands-on
maintenance on most parts of the machine is to be possible.

Reducing extraction losses by an order of magnitude by scaling existing
systems, however, is not possible. Either the thickness of the septum is reduced
by a factor of ten to about 10 /xm; this is not feasible since the thickness of
the septum is already dominated by thermal deformation due to the length of
the septum (ca. 5 m). Or the stepsize is increased by a factor of ten, to about
100 mm; this necessitates a septum gap of about 150 mm and voltages above
1 MV to achieve a reasonable deflection of the beam, which again is not a
practical alternative.
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At TRIUMF we found a solution to this dilemma by using a short (0.5 m
long) electrostatic pre-septum in addition to the 'standard' flow extraction
setup. Since thermal deformation of the septum increases proportional to its
length squared, this septum can indeed be made very thin. In addition, the
shortness of the septum reduces the effect of beam divergence. Using 10 fim
wires, about 15 fim. eiFective thickness can be achieved if the body of the septum
is made of INVAR. Estimates also show that the wires can withstand the power
density of the beam, especially if carbon fibres are used. If the septum gap is
chosen to be 20 mm the deflection of the beam is about 0.05 mrad at a high
voltage of 100 kV, avoiding the use of oil feed-throughs. The stepsize is then
limited to 15 mm or less in order to have some clearance to the beam.

In order to calculate the basic parameters for the extraction system, sex-
tupole strength and range of tune variation needed for extraction, we need to
specify the radial position of the septum and the lattice functions. We choose
a moderate /? function of 100 m in order to get enough separation at the pre-
septum. The pre-septum is placed 36 mm away from the center of the circulat-
ing beam. We then calculate the normalized sextupole strength, A, according
to Symon1

where

is the stepsize in the normalized rotating coordinate system of Symon,

_ X , - % y^sinfl.

is the septum position in normalized phase space, and

(4)

is the position of the unstable fixed point closest to the septum. taK is the
emittance of the circulating beam. 5, is the stepsize and x, is the distBuct
of the pre-septum from the centre of the beam. Bt is the phase angle of the
sextupole before the septum.
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For the Extender ring we chose the following parameters:

0 = 100 m
o = 0
c = 4.6 ir mm—mrad

S. = 10 mm
0. = 360°.

The normalized sextupole strength A is then 1.13 m"1^2. The distance in
tune from resonance at which extraction begins is given by

(5)

These parameters describe the basic setup of the extraction system.

EXTRACTION LOSSES

Given a septum of 10 /im thickness and 0.5 m length and given a stepsize of
10 mm, the extraction losses are limited by the divergence of the extracted beam
since it increases the apparent width of the septum. If we want this increase in
width to be less than 10 /im the divergence in the extracted beam has to be less
than 20 /irad, and the maximum extracted emittance allowed is 0.2 it mm-mrad.
The total losses would be 0.2%. In the following we will investigate the factors
influencing the extracted emittance.

The absolute minimum emittance of the extracted beam is given by Li-
ouville's theorem, since we 'slice-up' phase space over the extraction cycle. In
the TRIUMF-KAON Extender ring, the circulating emittance is 4.6 TT mm-mrad
and we extract over about 30000 turns, therefore

J = 1.5 x xo-4 * mm-mrad . (6)

Even if the separatrices are made to lie on top of each other during the course of
extraction—this is achieved by programmed orbit bumps—this ideal value is of
little significance for the actual performance of the system. The emittance will
be increased by variations in machine tune and variations in the lattice functions
arising from noise on the power supply for the quadrupoles as well as chrom-
aticity of the tune and the lattice functions. Because they are unpredictable
in nature (noise) or different for each particle (chromaticity) no correction for
these variations can be applied.

Variations in tune will lead to an increase in the rate of tune change per
turn, Svy thereby effectively reducing the number of turns in eq. (6). Associated
with this is an increase in emittance,
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dx'
dfi-

dx'
da =

1 z'
2/?

V
0 '

We take as a typical number a maximum slope Sv of 10"* per turn and get
for our scenario a value of 0.1 TT mm-mrad. This emittance blow-up is therefore
already orders of magnitude larger than the minimum value from eq. (6). Also,
eq. (7) sets a lower limit on the value of (u), requiring a minimum strength of
the sextupole below which the system will get too sensitive to inevitable tune
variations.

The second contribution to the emittance arises from variations of the
lattice functions. Given the particle's position in normalized phase space, we
can calculate the variation of its position in (x, x') space due to a variation
in a and /?. We are only interested in variations in x' since in all practical
cases the extracting separatrix will be very nearly horizontal, giving rise to a
spatially extended beam with small divergence such that variations in x do not
significantly affect the emittance. From the transformations we derive

(8)
UfJ £* jJ

and
AT' T>

(9)

Assuming 10~4 relative noise on the quadrupole field we will get a relative varia-
tion in P of 10"3 since the tune of the ring is about ten and thus dx' jx' = 5x 10~3.
If x' = 1 mrad, we get dx' = 10 jtrad and, for a beam size of 10 mm,

6e = 0.1 ir mm—mrad .

It is to be noted here that this value is independent of the value of the /? function
since the relative change in /? is independent of the absolute value of /?, and the
size of the extracted beam does not depend directly on the /? function. A setup
with low average x' is favoured, however, suggesting a position with low a for
the pre-septum, which reduces dx' as well as da. Variations in a then become
negligible since da ja is approximately constant for a given lattice and given
variations in quadrupole strength.

It appears therefore that the goal of 0.2 ft mm-rad for the emittance can be
met, provided the noise on the quadrupole current does not exceed 10~4 level.
This requirement should be easily met, and in fact, a standard TRIUMF power
supply investigated for this showed noise of about 1—2x 10~4 in current. Tune
variation due to quadratic chromaticity was found to be negligible for our case.
Variation in ft due to chromaticity is of the same order of magnitude as given
above but can be reduced by correcting the chromaticity of the lattice functions
at position of the pre-septum.

The above effects are present in achromatic extraction schemes where the
machine chromaticity is corrected and the full momentum bite of the circulating
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beam is extracted at any given time. It is desirable, however, to be able to main-
tain the machine chromaticity and extract the beam shifting the tune towards
the resonance by either deceleration or acceleration. Only particles with their
individual tune close to the resonance will be extracted, and because the tune is
proportional to the momentum only a small momentum bite will be extracted at
any given time. We can calculate the momentum spread of the extracted beam,

^ £ (10)

where C is the chromaticity, du/(dSp/p). To avoid correlation between the
position of the particles in phase space and their momentum, the lattice functions
Q, /?, T7, and rf have to be chosen such that the following equation is fulfilled:

J . (11)

This condition is equivalent to the one given by Hardt.2

There is, however, emittance blow-up due to synchrotron oscillations that
modulate the speed of tune change especially for particles at large synchrotron
amplitudes,

£pR£m (12)
4\/3 p A v J

Equations (10) and (12) show that, if Se is to stay at or below a certain
value, the extracted momentum spread is determined by the product

6p
P Cdrc V, ,

but independent of the choice of the chromaticity C and the sextupole strength
A. It thus appears that the only machine parameter influencing the extracted
momentum bite is the synchrotron tune vt.

For the TRIUMF-KAON Extender ring, vt - 0.0013 and 6p/p = ±0.16%.
If C is 10, we get

^ = ±0.05%

and

6e = 0.3 7T mm—rad .

For chromatic extraction, emittance may therefore be somewhat enlarged and we
may have to trade momentum resolution in favour of a reduced beam emittance.
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LATTICE

From the above it is clear that a very flexible extraction section is neces-
sary in order to be able to achieve the values for the lattice functions required
by the different extraction scenarios, chromatic and achromatic. We therefore
designed a new racetrack lattice for the TRIUMF-KAON Extender ring that can
accommodate the needs in a very flexible wav.3 The arcs have regular FODO
structure and are tuned for a total phase advance of 5X2TT per arc. All arc cells
are completely filled with bending magnets. The straight sections consist of a
two-cell transformer and a section where the /? function can be varied over a wide
range while maintaining the tune of the machine. Dispersion can be created by
tuning the arcs away from the integer value. Figure 1 shows an example of a
straight section together with the last arc cells. The positions of the extraction
septa are indicated.

PS ,ES MS
J=__. l*_ la- .

(m)

400 •50

DISTANCE
Fig. 1. Straight section and last arc cells of the newly developed racetrack lattice.
PS denotes the position of the pre-septum, ES the position of the main electrostatic
septum, and MS the position of the magnetic septum.

SIMULATIONS

In order to study the dynamical aspects of the extraction system, we used
our extraction code SLEX to perform Monte-Carlo simulations. The simulations
were carried out by numerically integrating the equations of motion in a rotating
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normalized coordinate system as given by Symon using a fourth-order Runge-
Kutta differential-equation solver optimized for speed. All effects outlined above
were taken into account and could be varied in order to study their influence.
Longitudinal tracking was done using difference formulae given by Hereward.4

Only horizontal transverse phase space and longitudinal phase space was in-
cluded in the simulation and no space charge was included.

The extraction system simulated had the same parameters as given in
the above treatment. Starting with uniform distribution in four-dimensional
phase space, 2000 particles were tracked through the system for 2400 turns.
Achromatic and chromatic extraction was studied in this way. In order to study
the effect of quadrupole-power-supply noise and ripple, random noise with a
peak value of about ±1 x 10~3 and 60 Hz ripple of the same magnitude was
superimposed on the tune, representing 10~4 relative variation in quadrupole
current since the machine tune is on the order of 10. A limit of 10~2 per turn
was set in the slew rate of the tune in order to simulate the reluctance of the
magnets to follow fast variations of the voltage. The resulting effective maximum
slew rate of the tune was 10"*.

Figure 2 shows the intensity distribution during the extraction cycle, giving
a duty factor of (55 ± 4)%. The ragged structure of the distribution is due to
the modulation of the tune with the noise. In order to be able to empty the

400 800 1600 2000 24001200
turn

Fig. 2. Intensity distribution of extracted beam for achromatic extraction.

112



ring as completely as possible, resonance crossing took place at turn 2000 with
the tune moving away from the resonance for the next 400 turns. The fraction
of particles remaining in the machine at the end of the cycle was (1.8 ± 0.3)%.
These particles will be taken care of by the fast extraction system provided for in
the ring. No septum hits were observed in this particular run, indicating that the
losses are indeed at the 10~3 level. Figure 3 shows the horizontal phase space
occupied by the extracted beam. The smallest circumscribing ellipse (SCE)
has an emittance of 0.19 IT mm-rad. This value is in good agreement with the
analytical estimates.

35.0 39. 8 44. 6 49.4 54. 2 59. 0 63.8

Fig. 3. Area in horizontal phase space occupied by extracted beam for achro-
matic extraction. The scales are in units of mm and mrad, respectively.

More interesting is the simulation of chromatic extraction. Chromaticity
was set to -10.7 for the simulation, and the rj function at the pre-septum was
about 5 m. Figure 4 again shows the intensity distribution, giving a duty factor
of (64 ±4)%. Power supply noise has less pronounced an effect in this case than
for achromatic extraction. The explanation is that for chromatic extraction the
tune range is much larger than for achromatic extraction since the full chromatic
tune spread of the circulating beam has to be shifted through the resonance. In
accordance, sensitivity for tune variations is reduced. The emittance of the
extracted beam is 0.17 ir mm-rad SCE, more or less the same as in the previous
case. One particle hit the septum, again consistent with less than 0.2% losses.
The fraction of particles remaining in the machine is (3.7±0.4)%. This figure
rises further when we try to reduce the momentum bite by either decreasing the
tune range {v) or increasing the chromaticity.
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400 800 1600 2000 24001200

turn
Fig. 4. Intensity distribution of extracted beam for chromatic extraction.

Figure 5 shows the momentum distribution of the extracted beam. From
the Gaussian fit to the distribution we extract a width of 0-088% or 27 MeV/c
FWHM, in good agreement with the predicted value of 0.1%. Since the circu-
lating beam has a momentum bite of 0.21% FWHM, resolution has increased
by about a factor of 2.5. An interesting effect is apparent in the longitudinal
phase-space plot, Fig. 6, namely a reduction not only in momentum width but
also in bunch length, by roughly the same factor. This can be important for par-
ticle separation especially in low-energy KAON channels. Finally, in Fig. 7 the
variation of the extracted momentum over the extraction cycle is shown. The
momentum shift that is apparent could be reduced by a more elaborate extrac-
tion program varying both the tune and the momentum in a suitable manner.
Any gain in momentum width would be small, however, since the distribution
broadens towards the middle of the extraction cycle.

SUMMARY

In this paper we outline a way to reduce the inevitable losses in a slow-
extraction system to the 0.1% level using a short and very thin electrostatic
pre-septum. Using approximate analytical formulae we derive limits on the
extracted beam emittance and on the parameters of the extraction system in
order to maintain low losses even under tune and lactice-function variations
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-2.0 -1.4 0. 4 1.0 1.6-0. 8 -0. 2
GeV/c *10 H

Fig. 5. Momentum distribution of extracted beam for chromatic extraction.
The superimposed Gaussian curve is the result of a fit to the distribution.
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Fig. 6. Longitudinal phase space occupied by the chromatically extracted beam.
The dashed ellipse represents the area occupied by the circulating beam.
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Fig. 7. Variation of the momentum of the extracted beam with time for chromatic
extraction.

that are inevitable in a real machine. Performance of the system was tested
by a Monte-Carlo simulation. We find that extraction losses of about 0.2%
are achievable while the extracted beam emittance is less than 0.2 TT mm-rad.
With chromatic extraction the momentum width of the extracted beam can be
reduced by a factor of 2.5 without compromising emittance or extraction losses.
The duty factor is between 55% and 65%. The number of particles remaining in
the machine due to the vanishing stop-band width at small emittances is 1.8%
for achromatic extraction and 3.7% for chromatic extraction.

The results of our simulation studies are consistent with the analytical
predictions.
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SUMMARY OF THE EHF SLOW RESONANT EXTRACTION

F. Galluccio

Istituto Nazionale di Fisica Nucleare, Napoli. Italy.

Second order slow resonant extraction has been foreseen to spill out the beam
from the EHF Stretcher at 30 GeV. Here the Stretcher design will be reviewed with
the high (3 insertion to increase the extraction performances, the extraction system
including the perturbing elements and the septa will be displayed, and tracking results
will be shown both for monoenergetic particles and for particles with momentum
spread.

The Stretcher Lattice.

The Stretcher is the final ring of the EHF W accelerator complex. It operates as
a storage ring at 30 GeV for the proton beam coming from the Main Ring to yield
an almost 100 % duty factor beam by resonant slow extraction. The extracted beam
is delivered during the Main Ring cycle time which is of SO msec.

Two basic lattice designs have been studied to be used as a Stretcher in the EHF
complex: a 4 superperiods ring with the same "round" shape of the Main Ring, and
a racetrack shaped ring.

The high level of activation in the slow extraction area requires in any case a
separate tunnel, then the racetrack design has been chosen also because it allows more
space in the dispersion free straight section to install the extraction elements with
the proper phase advance and to implement the high [3 insertion which is uecessary
to enhaunce the extraction performances.

A layout of the present EHF Stretcher magnet lattice is shown in Fig. 1. It's of
the separate function type. Its length is 960 m, as the Main Ring, and it consists of
two arcs joined with two long straight sections, one of which is dedicated to the high (3
insertion for slow extraction, while the other one, so far made of simple FODO cells, is
suitable for any other insertion which may be necessary for experimental installations
requiring special beam characteristics such as internal targets or jet-targets.

Every arc consists of 15 standard FODO cells and two dispersion suppressor
cells, with half the standard cell bending, one at each end. The phase advance per
cell is 60°.

The lattice in the high J3X insertion is shown in Fig. 2. Apart, from the injection
and the extraction magnets, the design is symmetrical about the centre. It consists
of an empty cell on each side with the same FODO focussing structure and the
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length as the arc cells, and a long (79.582 m) high f3 cell in the middle, joined to the
empty cells by two short matching cells.

The optic functions are plotted in Fig. 3. The large (311 m) /3X function in the
centre of the insertion is obtained with four quadrupoles doublets in the sequence
FD-DF-FD-DF. The injection hardware is also shown in Fig. 2, while in the empty
cell downstream slow extraction collimation devices may be installed.

The Stretcher may certainly be furthermore optimized, for instance' the R.
Servranckx's lattice '2J may be analyzed, but for the purpose of the studies performed
until now this design has shown fairly good performances.

The Extraction System.

The half integer resonance lias been chosen to spill out the beam because it
appears cleaner (3'4J compared to the third-integer one, allowing to empty the machine
completely.

As EHF will be a high intensity machine, with 5 • 1013 protons/pulse at a rather
high repetition rate (12.5 Hz), very much care has been taken to push the extraction
efficiency beyond 99 %, to minimize the beam losses at the septa.

Following a rather traditional scheme the extracted beam is separated from the
circulating beam by means of an electrostatic septum and a magnetic one; the first
one is located in the very high j3x zone, while the second one 84° downstream in
phase; this allows to minimize the losses at the magnetic septum and the effects on
the extracted beam due to possible septum misalignment.

The horizontal tune of the machine has been fixed at Qx = 8-523, then the
2 • Qx = 17 resonance can be approached from above energizing a pair of perturbing
quadrupoles with equal and opposite strengths while a pair of octupoles also with
equal and opposite strengths is used to introduce an amplitude-dependent tune spread
on the \lth harmonic.

To obtain the maximum effect on the beam the perturbing elements have been
located where the f3 function is rather large, i.e. near the focussing quadrupoles. The
positions chosen for the four perturbing elements with respect to the electrostatic
septum, their polarity and the corresponding lattice functions are shown in Tab. 1.

PQi is located in the center of the focussing quadrupole QF\ in the second cell
of the arc (see Fig. 1): thus the quadrupole of the standard cell, separately powered,
will be also used as perturbing element to shift the tune towards the resonance; P0\
has been placed in the center of the same element QFl, then it will be implemented
as correction windings. The two elements PQ2 and POi are placed in the other arc
of the Stretcher diametrically opposite to the first ones.

Monoenergetic tracking.

The extraction process has been studied at the electrostatic septum in the hori-
zontal phase space.
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The design emittance at 30 GeV is 0.78-10 6 m-rad. Several values of eniittance
have been considered in the range between 10~6 and 10~10 in rad, and a monoen-
ergetic particle tracking has been used to find the quadrupole strength needed to
extract each of them.

In Fig. 4 the behaviour of the beam at the electrostatic septum during extraction
is shown, and relevant parameters for those plots are listed in Tab. 2. Quadrupole
strength is definited as Pg = B'L/Bp, and octupole strength as Po = B'" L/GBp.

The two tracks in Figg. 4c—Ak represent the particle with the smallest emittance
which is made unstable and the particle with the largest emittance which is still stable
at a fixed strength of quadrupoles.

The extraction inefficiency due to the particles striking the first septum wire can
be expressed by the formula t4':

(dx/dn) /•«» + *- dx jV (dx/dn)

where t3 k the wire thickness (0.1 mm in these computations), n is the number of
turns, xs is the septum location with respect to the center of the beam, As is the
step size at the septum location and N the order of resonance.

The separatrices of the extraction curves in Fig. 4 have been fitted with the
function:

x = e-^=>-8 (2)

and this analytical form has been used also to compute [dxjdn)x in Eq. (1).
The calculated step size and inefficiency, and the septum aperture needed allow-

ing a safety margin of 2.5 mm, are given in Tab. 3 for several values of the septum
position; two values of the step size and inefficiency are given for each septum loca-
tion, corresponding to the minimum and maximum emittances; it can be seen that,
with wire thickness of .1 mm, the extraction inefficiency is below 1 % if the septum
is positioned farer than 46 mm from the center of the beam: this implies a septum
aperture larger than 21 mm.

It should be pointed out that the inefficiency as given by Eq. (1) represents only
a lower limit because it does not take into account the losses due to those particles
entering the septum region with a certain divergence x' and striking the septum
elsewhere than the first wire.

The choice of .1 mm thickness wires is very conservative; thinner septum wires
can be built provided some cautions as to use lower voltages are taken and, as the
extraction inefficiency scales linearly with ts, this is certainly something worth to
investigate.

Chromatic extraction tracking.

The momentum spread in the Stretcher is expected to be Ap/p0 = 0.7 • 10~3.
To achieve a more realistic knowledge of how extraction proceeds several runs have
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been made with the program AGSSE'5', tracking particles with different eniittauc.es
and momenta, and finding the lowest strength of the quadrupoles to extract them.

In Fig. 5 the results of these runs are shown. The extraction begins when
the quadrupole strength is Pq = .00224 m"1 : the horizontal tune is lowered to Qx =
8.5205 and only particles with maximum emittance and maximum momentum spread
are spilled out. It ends when the quadrupole strength is Pq = .00494 m"1 : the tune is
Qx = 8.5023 and the last particles extracted have zero emittance and zero momentum
spread.

During each extraction cycle the quadrupoles are ramped between these two
values; the Pq curve in Fig. 5 moves from right to left spanning over the entire beam
here represented as the rectangular shape and at any time only the particles which
are on the corresponding Pq curve are extracted.

The momentum bite, the range of momenta extracted with the same quadrupole
strength, is rather small due to the relatively low chromaticity ( — 1.183) of the ring.

In Fig. 6 the phase space at the electrostatic septum is represented; it is located
at 46 mm from the centre of the beam and gives a deflection of .75 mrad. The
plots show the tracking results at the beginning of extraction, at the end, and in two
intermediate moments. For the intermediate values of Pq two extreme particles on
the fixed Pq curve of Fig. 5 have been tracked. With this geometrical arrangement
of the quadrupoles the separatrices for the different, emittances look almost straight
and flat; they are also very close each other, with only a very small difference in
divergence: all this characteristics are very important because they will make the
alignment of the septum on the beam easier.

The same particles tracked at the magnetic septum (which is not energized in
these simulations) are shown in Fig.7. Because of the right phase advance between
the two septa all the kick transforms into displacement allowing confortable space to
install the magnetic septum itself (typical thickness 10 mm). Here again, having a
very flat ellipse and almost straight separatrices turns out to be an advantage, not
only for the magnetic septum installation, but also for the possibility of collecting
the losses just after the septum to reduce the activation all around the ring.
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Tab. 1 - Perturbing elements positions

Name

PQi
POt

PQ2
P02

Type

quad
oct

quad
oct

Pol.

+
+
-
-

M/27T

1.097
1.097

5.358
5.358

e
rad]

0.8087
0.8087
3.950
3.950

m

29.152
29.152
29.152
29.152

Ox

-0.044
-0.044
-0.044
-0.044

•Hx

m

4.368
4.368
4.368
4.368

0 ;
0
0
0

Tab. 2 - Parameters relative to Fig.

Figure

l a
l b
l c

Id
l e
If

l g
lh
l i

l j
Ik
11

Quad strength
(m-1)

0.00370
0.00372
0.00373
0.00405
0.00438
0.00465
0.00482
0.00493
0.00494
0.00495
0.00496
0.00499

Oct strength
m- 3 |

10
10
10

10
10
10
10

10
10
10

10
10

Particles emittances
\mm • mrad]

1
1

1 0.65
0.65 0.35
0.35 0.15
0.15 0.05

0.05 0.008
0.008 0.005

0.005 0.0025
0.0025 0.001
0.001 0.0001

0.0001
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Tab. 3 - Step size and extraction inefficiency versus septum location

S E P T . LOC. S T E P S I Z E EMT'lT. S E P T . A P . I N E F .

mm n\ rad mm %mm

40

42

44

46

48

50

52.

54.

56.

58.

60.

.00

.00

.00

.00

00

00

00

00

00

00

00

9

13

10

14

11

16

13

18

15

20

]6.

22.

18.

24.

20.

26.

22.

28.

24.

31.

27.

33.

.07

.35

.42

.87

.86

.49

.39

22

02

06

75

03

58

12

52

35

58

73

77

26

10

97

0.10E-05

0.10E-09

0.10E-05

0.10E-09

0.10E-05

0.10E-09

0.10E-05

0.10E-09

0.10E-05

0.10E-09

0.10E-05

0.10E-09

0.10E-05

0.10E-09

0.10E-05

0.10E-09

0.10E-05

0.10E-09

0.10E-05

0.10E-09

0.10E-05

0.10E-09

16.

17.

19.

21.

23.

25.

27.

29.

3.1 .

34.

36.

1.42

0.98

1.26

0.90

1. 12

0.82

I.00

0.76

0.91

0.70

0.82

0.64

0.75

0.60

0.69

0.56

0.64

0.52

0.59

0.49

0.55

0.45
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Fig. 1 - EHF Stretcher lattice layout.
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Fig. 2 - High /? insertion lattice.
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Fig. 3 - Lattice functions.
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Slow Extraction With A Magnetic Pre-Septum

Harold S. Butler
Henry A. Thiessen

Los Alamos National Laboratory

Abstract

This paper reports on a simulation made to investigate a new scheme
for slow extraction from a ring accelerator. The goal of this scheme is a
tenfold reduction in the amount of beam lost during the extraction process.
Since most of this loss occurs because of scattering from the wires of the
electrostatic septum, the new scheme was devised to reduce the amount
of beam impinging on those wires. The initial results from the simulation
indicate that the scheme will work.

I. Introduction

Several versions of an advanced hadron facility (or kaon factory) are
receiving attention from the international accelerator community.1'2'^'4

The proposals for these facilities envisage a maximum energy in the range
of 30-60 GeV and an average beam intensity of 25-100 uA This intensity
represents a hundredfold increase over existing accelerators that operate
in this energy range ~ CERN PS and Brookhaven AGS -- and raise serious
questions about beam losses. This concern was quantified by Y. Baconnier
in a paper* at the International Workshop on Hadron Facility Technology.
He pointed out that the worst losses at the CERN SPS occur during slow
extraction and that it had not been possible to reduce these losses below
the 2% level. The problem is caused by beam scattered from the wires
that make up the electrostatic septum and it restricts the maximum
intensity at which the accelerator can be operated. If the intensity of a
new hadron facility were indeed a 100 times greater, then some way must
be found to reduce these losses by a factor of 100, else the new machine
will become highly radioactive. Remote handling and radiation-resistent
devices would be required, driving up the capital costs prohibitively and
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lowering the machine availability.

One solution to this daunting problem was proposed by one of the
authors (Thiessen) at the Santa Margherita Workshop IX of the European
Hadron Facility6 (EHF) held October 1986. The proposal involved a
two-stage reduction of beam losses, one factor of 10 coming at the
electrostatic septum while the other factor of 10 was derived by
collimating in a special section that follows the thick magnetic septum.
This paper addresses the first stage only; readers are referred to another
paper in this volume' for the details about collimation.

According to Thiessen's proposal the factor of 10 reduction in losses
at the electrostatic can be achieved by placing a magnetic "preseptum" 90°
in phase upstream of the electrostatic septum. This preseptum would act
to spread out the beam at the electrostatic septum. This diminution of
particles in the region of the electrostatic septum wires would cause a
corresponding reduction in beam losses, hopefully by a factor of 10 or
more.

This paper reports on a computer simulation performed to evaluate
the efficacy of the scheme. The simulation was un on a ring which had an
extraction channel designed especially for the purpose. The most
important feature of this long straight section was a magnetic preseptum.
The channel and the hovel aspects of the preseptum are described. The
lattice functions of the ring are exhibited along with the location of the
perturbing elements which drove the half-integer extraction. Several
special elements were added to the computer code DIMAD® to make the
simulation possible. These modifications are described. The results of
the simulation are presented and a conclusion is drawn. The final section
of the paper outlines facets of the simulation that warrant further
investigation.

II. Extraction Channel

The idea for reducing the losses in the slow extraction process
involves an extension of the successful scheme used for years at the CERN
SPS. That scheme uses an electrostatic septum to give the beam an initial
deflection followed 90° in phase by a thick magnetic septum to extract
the beam from the channel.
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What is envisioned for the low loss channel is two more elements.
The first, to be placed in front of the electrostatic septum by 90°, will be
a so-called massless preseptum, a magnetic septum with special field
properties described in the next two sections. The second addition is a
collimator section located 90° in phase after the thick magnetic septum.
The idea of the collimator is to trap the particles that would be lost if
allowed to circulate in the machine. In effect the collimator acts to
localize beam losses to a relatively short section of the accelerator where
additional shielding and (perhaps) remote handling can deal with the
expected radioactivity without raising the cost of the facility
unacceptable or decreasing its reliability. Figure 1 shows the extraction
channel in conceptual form, including the sections on each end to match
the channel to the rest of the machine.

- Match -

90-deg

Massless
Preseptum

90-deg 90-deg

Electrostatic
Septum atch —

Fig. 1. Extraction Channel for Hadron Facility

III. Massless Preseptum

Ideally, the massless preseptum would exhibit the field pattern
shown in Fig. 2. The step in the magnetic field B y is located at a

distance xc from the axis of the accelerator. The field to the left of x c

is shown as zero; it could just as well be By = -BQ, in which case the

central trajectory would be deflected and a correcting bend would have to
be made at an appropriate downstream location.

The effect of the field in the preseptum is to impart a kick of x ' to

that portion of the beam having an x-coordinate greater than x = xc. This

effect is shown in Fig. 3.
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Fig. 2. Ideal Field Pattern for a Massless Preseptum

x'

r

i1

Fig. 3. Preseptum field imparts a kick xp ' to that portion of the

beam to the right of the field boundary x r .

As the beam moves on to the electrostatic septum 90° downstream in
phase, this kick undergoes a transformation given by the matrix
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where Bp and Be are the amplitude functions at the preseptum and

electrostatic septum, respectively. The result at the electrostatic septum
is a separation of the kicked beam from the rest of the circulating beam.
The magnitude of this displacement is VBpBe xp ' and it can be seen in Fig.

4. If the wires of the electrostatic septum are positioned to be in this
region of no beam, or rather, if the parameters of the system are adjusted
so that the position of null beam falls on the wires, then in the ideal case
there will be no scattering from the wires and the principal loss
mechanism would be obviated.

Fig. 4. A kick at the preseptum becomes a displacement at the
electrostatic septum.

133



IV. Effect of Fringe Field

The step function magnetic field illustrated in Fig. 2 is not realizable
in practice. Rather the field will rise from a value of zero at x c to its full

value at a radial position x r , giving rise to a transition (fringe) region

between xc and x r This situation is shown in Fig. 5, again for half a

magnet, i.e., one with no field to the left of xc.

Fig. 5. Field pattern of a more realistic preseptum magnet
showing fringe field region between xc and x r

The effect of this gap can be seen in Figs. 6 and 7. The particles C,
M, and R whose x-coordinates place them in the region of the fringe field
will experience different kicks. Particle R will get the largest kick, Xp1

while particle M will get a smaller kick Xj^\ Particle C gets no kick.

When these kicks are translated to the electrostatic septum, the
incremental displacements will be VBpBe xp ' , VBpBe xM ' and 0 for

particle C. All of the particles lying between R and C will be spread
out, i.e., there will be a diminution of particles across this region. If the
fringe region of the magnet is, say, 2 mm wide and the amplitude
functions are such as to give an incremental displacement of 20 mm at
the electrostatic septum, then the diminution factor will be 0.1 and the
losses caused by scattering from the wires of the electrostatic septum
will be reduced by a factor of 10, as required. There is a premium on a
narrow fringe region -- the wider the fringe, the greater the losses.
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• x

Fig. 6. Particles C, M and R in fringe field of preseptum magnet.

x1

Fig. 7. Particles C, M and R displaced at electrostatic septum.
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V. Simulation Scenario

To demonstrate slow extraction with a magnetic preseptum, a trial
extraction channel was designed and matched into a main ring tuned
appropriately for half-integer extraction. One pair of perturbing
quadrupole magnets and one pair of octupoles were placed in the ring at
judicious locations to drive the extraction. The program DIMAD was
augmented with three new elements to simulate extraction and display the
effect. Finally, a nominal beam was introduced into the machine and
tracked to determine the result. Each of these steps is described in more
detail in the sections which follow.

V.1 Ring Design

A racetrack configuration was chosen for the demonstration machine
in order to have long straight sections for extraction and injection. The
cells in the arcs were tuned for a 90° phase advance in the horizontal
plane and 78.75° in the vertical plane. With these values it was possible
to get a tune difference of unity between the two planes considering the
whole ring. A dispersion suppressor cell was designed utilizing the
principle of half bends. It was tuned to meet the same phase advance
criteria as the regular cell. Two of these cells were placed at each end of
the arc of regular cells. The lattice function for one of the arcs is shown
in Fig. 8.

The extraction channel was designed to an ad hoc set of three
criteria. (1) There were four device regions to be considered in the design
-- preseptum, electrostatic septum, magnetic septum and collimator. (2)
The phase advance between each successive device region was to be 90°.
(3) The beam should be small in the horizontal plane at the preseptum and
the magnetic septum. To be definite, values of Bx = 1 at the preseptum

and Bx = 2 at the magnetic septum were specified. The value of B at the

other locations was chosen to be about 50. Nowhere was Bx or By to be

greater than 100.

Figure 9 shows the lattice functions in the extraction channel as
designed. The magnets to achieve this tune are shown to be quadrupole
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Fig. 8. Lattice function^ for one arc with 12 regular and
4 dispersion suppressor cells.
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Pig. 9. Lattice functions of the dispersionless extraction channel.
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doublets of appropriate strength and spacing. The values for Q x and Q y

are shown near the bottom of the figure. Each end of the extraction
channel was matched in ax , Bx, a y and 6y to the adjacent dispersion

suppressor cells.

To close the ring a simple FODO section of the appropriate length
was installed for the injection channel. The lattice functions oscillate
between 50 and 6-8 m. The injection process was ignored in this paper.

The overall tune of the ring was Q x = 10.44 and Q y = 9.45. Its

circumference turned out to be 1270.4 m and its width was 283.1 m. The
straight sections were 139.3 m long.

V.2 Half-Integer Extraction

Extraction on the half-integer resonance was chosen because the
machine can be made to go unstable in an incremental manner, thereby
providing control over the extraction process as a function of time. The
2QX = 21 half-integer resonance was chosen for the simulation; it is

consistent with the horizontal tune of Qx = 10.44. A pair of quadrupole

magnets and a pair of octupoles were placed appropriately to drive this
resonance and split the phase space into stable and unstable regions, thus
facilitating smooth extraction. The placement of these quadrupoles
followed the methodology described by Colton^ and will not be repeated
here. The location of the quadrupoles and octupoles is shown in Fig. 10.

The strengths chosen for the perturbing quadrupoles and octupoles
were Pq = B'UBp = 0.01375 m"1 and PQ = B"'L/Bp = 3.0 m"3. These

values were overly strong in that they extracted the whole beam in about
30 turns whereas in reality the extraction process will take about 12,000
turns in 50 ms at 60 GeV. However, this change of the time scale only
assumes importance if one is investigating the properties of the extracted
beam.
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V.3 Modifications to DIMAD

All of the design work on the ring was done with DIMAD. When it
came time to perform the tracking studies, it was necessary to add three
new elements to the program. This was relatively straightforward to do
because of a built-in facility for user subroutines. One of the new
elements represented the preseptum magnet, another acted as a aperture
and the third collected data for histograms.

The preseptum magnet was represented by the field model shown in
Fig. 11. The field started at xc and increased parabolically with x for a

distance A to the value of 0.1 Bo. Then it increased linearly for a distance

of 4A where it reached a value of 0.9BQ. Then it reverted to a parabolic

increase to Bo at x xr. The field and its derivatives were matched at

xc + A and xr - A. For values less than x = xc, the field followed the

same pattern described above until it reached -Bo at x = xc - x r The

value of A = (xc - xr)/6.

By

Bo •

I

0.9Bo

0.1 Bo A

r i

A!
I

Fig. 11. Field model used for the preseptum magnet

This model of the preseptum is fully specified by the following
parameters for the "arbitrary element" in DIMAD.

Length, m: Effective path length of central ray
Type = 1
xc, m: x-position of center of magnet ~ point of zero field
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xr, m: x-position of start of maximum field ~ right side

of fringe field region
Bo, T: Constant field outside fringe region

T, GeV: Kinetic energy of particle at extraction
h, code: 0 • half-magnet; 1 - full magnet

An aperture element was needed to disable a particle from further
tracking after it exceeded a certain condition. DIMAD automatically
checks each particle after each element and marks it "lost" if it exceeds
a value of one meter, a value which can be changed. The aperture element
defined for this simulation disabled a particle once it exceeded a
condition, e.g., x > x0, at the point where the element appeared in the

lattice. The parameters of the element are:

Length, m: A value of "0" is expected
Type = 2
Dimension: 1 = x, 2 = y, 3 = z
Condition: 1 = .gt., 2 = .ge., 3 = .eq.,

4 = .ne., 5 = .It., 6 « .le.
Position, m: Horizontal postion of aperture.

The third new element collected data for a histogram. At the point
where the element was inserted, each particle being tracked was binned on
each turn. This process gave a histogram over time of the beam, i.e., how
many times particles hit a particular region of the horizontal axis. In the
simulation we were interested in how many particles hit the bin
positioned over the wires of the electrostatic septum. The parameters of
the histogram element were:

Length, m: A value of "0" is expected
Type = 4
Dimension: 1 = x, 3 = y
No. of Bins:
smin, m: Minimum limit of graph
smax, m: Maximum limit of graph
delta_n: Number of turns between plot output
cntmax: Maximum count in a bin.

142



V.4 Simulation

For the final simulations 1000 particles were tracked. Their
coordinates were generated independently in the x- and y-planes in a
way that produced two uniformly-filled ellipses each having an emittance
of I7tmm-mr. The orientation of each ellipse was derived from the
matched lattice functions at the 1 m long preseptum which was treated
as a half magnet, i.e., By = 0 for x < xc.

An aperture element was placed at the electrostatic septum. Its
function was to mark as "extracted" any particle that had an x-position
greater than 55 mm, i.e., the electrostatic septum was assumed to be
positioned 55 mm from the beam axis. A histogram element was placed
after the aperture. The bin defined by 55 < x < 60 mm recorded the
particles that hit the wires.

The particles were tracked for 30 turns at which point, for the given
Pq and Po, all but a few of the 1000 were extracted. Figure 12 shows

three time histories, one for each of three widths of the fringe region. For
a fringe region of 0.5 mm (probably not realizable in practice), the region
of the wires was free of particles - to the limit of the statistics. The
same is true for a fringe region of 2 mm. However, there is a clear
encroachment of particles toward the gap and better statistics plus an
adjustment of scale would probably reveal that some particles hit the
wires. For the case of no septum field, a significant group of particles did
indeed hit the wires.

V.5 Conclusion

The three histograms indicate qualitatively the success of the
preseptum in keeping particles away from the wires of the electrostatic
septum. The inability to achieve a pure step field means that some
particles will still hit the wires but there is a significant diminution. It
is expected that quantitative results will yield a reduction of at least 10.
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Time History of 1000 Particles
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Fig. 12. Time histories of 1000 particles for 30 turns. The three
cases are for different width fringe regions in the preseptum magnet.
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VI. Future Directions

Another series of runs with different bin spacing and different
scaling should be made to get a quantitative evaluation of the diminution
factor, at least for the case in which all disturbing effects are neglected.

The simulations should be repeated with a more sophisticated field
model, one which has a better representation of Bx(x,y). The gradient

field in the fringe region has a focusing effect in the horizontal plane but
a defocusing one in the vertical plane. Moreover, there may be undesirable
effects in the vertical plane off the mid-plane.

The effect of Ap/p has not been addressed. It is not expected to be a
problem if the chromaticity of the ring is adjusted to near zero, but the
more general case should be investigated.

Some optimization studies need to be done with the orientation of the
extracted phase ellipse at the preseptum. The perturbing quadruples
control this tilt and by introducing a second pair of quadrupoles at the
appropriate location, it should be possible to control the orientation of the
ellipse.1^ A horizontal ellipse should give the best separation.

The particle distribution used for this simulation was a uniformly
filled ellipse. A more realistic model with tails might effect the
extraction efficiency.

The value of Bx at the electrostatic septum was adjusted to 50 m. A

higher value of G (3-500 m) would result in a greater separation at the
wires. The effect of this parameter on the overall extraction process
warrants attention.
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BEAM LOSSES FROM AN INTERNAL, MULTIPLE-TRAVERSAL TARGET

IN A DC STRETCHER RING

C. Tschalar

Paul Scherrer Institute

CH-5234 Villigen

1. INTRODUCTION

A thin target inserted into a DC stretcher ring such as the one proposed for

the EHF1)*3) and other hadron facilities is a source of beam losses which need to

be contained in a heavily shielded collimating section immediately following the

target to prevent unacceptable activation of the rest of the stretcher. The present

paper outlines a basic concept for such a collimating system for 30 GeV protons

and estimates nummerically the resulting particle losses outside the collimator.

2. TARGET-COLLIMATOR LAYOUT

The collimation system considered (Fig. 1) consists of a conical copper col-

limator whose vertex is at the target, and whose entrance face is 10 m from the

target.

Its dimension

collimator:

are

length =
half opening angle =
entrance radius =

exit radius =

0.5m
2 mr

20 mm

21 mm

It is followed by a quadrupole triplet which produces a symmetric image of the

target at a point 34 m from the target. At this point is placed the entrance of a

conical copper scraper of the following dimensions:

scraper: length = 1 m

entrance radius = 2 nun
exit radius = 4 mm

Its function is to stop halo particles produced by proton collision in the main

collimator, without intersepting beam particles having passed the collimator un-

scattered. After the scraper, a momentum slit of 1% acceptance is assumed to be

placed in a unspecified chromatic section of the stretcher.
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The target ii assumed to consist of a horizontal Be-ribbon of 4 mm width

in beam direction and small (< 0.1 mm) vertical thickness. It intersepts a small

portion of a 30 GeV proton beam of ± 1 mm width and ± 0.1% momentum spread,

which is focussed acromatically onto the target.

3. CALCULATIONS

The interaction between the proton beam and the collimating system may be

described as follows:

The injected proton beam is traversing the stretcher N times. At each traversal,

a small portion of the beam is elastically scattered by the target as well as weakened

by inelastic nuclear reactions. The resulting scattering distribution whose shape is

dominated by nuclear elastic scattering is cut off for a first time by the collimator

behind the target (see Fig. 2). As the distribution then orbits around the stretcher,

it rotates in phase space about the axis of stability. Therefore at the second

collimator transition, a new portion of the scattering distribution is cut off. After

a second stretcher orbit and phase space rotation, a third part is cut off and so on

until the scattering distribution is confined to the phase space acceptance ellipse

defined by the collimator-stretcher system. This process will be referred to as

"collimator trimming".

A simplified illustration of the phase space geometry in two dimensions at the

target is shown in Fig. 3. The "images" of the edges of a slit-shaped collimator

are shown as nearly horizontal tangents to the acceptance ellipse of the system.

The angular coordinate y is chosen such that the acceptance ellipse shows up as a

circle of radius ro.

In subsequent target traversals, the trimmed off nuclear scattering distribution

will be rescattered (see Fig. 2). The most significant contribution comes from mul-

tiple Coulomb scattering of protons out of the sharp cut-off edge of the distribution

at the space acceptance ellipse. Nuclear elastic rescattering, however, is a second

order process because of the relatively small scattering yield.

The Coulomb scattering halo is trimmed off in subsequent stretcher and colli-

mator transitions in the same way as the original nuclear scattering distribution.

This Coulomb rescattering and collimator trimming process is repeated until the

remaining beam is kicked out of the stretcher at the end of the machine cycle.
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3.1 Single Transition Losses

Because of the tight collimator-scraper geometry, particles scattering from the

collimator at angles larger than the order of 0.1 mr or with momentum losses of

more than 2 to 3% have virtually no chance of passing the scraper.

Therefore, the dominant contribution of uncontrolled proton losses from a single

coUimator transition comes from Coulomb scattering in*he collimator at angles

below 0.1 mr of particles hitting the collimator face within typically 0.02 mm from

the edge.

These losses are therefore almost entirely determined by the density of protons
with full momentum striking the collimator edge regardless of the total numbers
of particles intercepted by the collimator. This density at the edge is built up
by nuclear elastic scattering in the target, superimposed on the injected beam
distribution, while Coulomb scattering in the target determines the proton density
striking the collimator in subsequent beam transitions

The particles scattered from this very small region near the coUimator edge are

allowed to drift downstream and spread over the face of the scraper to produce

very small densities at the scraper's edge such that the scattering losses of the halo

particles from the scraper are very small. The effectiveness of such a collimator-

scraper system depends on the fact that the beam at the coUimator face has a

very smaU divergence i.e. the scattering target is small, and the collimator aper-

ture is nearly parallel to the particle trajectories (conical aperture) such that the

collimator does not present large scattering surfaces at small angles to the beam.

Furthermore, a sharp focus at the scraper entrance allows for a small edge length

of the scraper which reduces halo scattering. All these conditions can be well ful-

filled for a smaU internal scattering target in a low-beta section of a stretcher ring.

They are much more difficult to fulfill for a slow beam extraction system containing

extended scattering sources in the form of extraction septa.

To simplify calculations for single-transmission particle losses, the protons scat-

tered from the target were simulated by a uniform and isotopic source of protons

of 1 mm radius and ±0.1% momentum spread. They were traced through the

collimating system by a third-order version of the TURTLE code3) including en-

ergy loss, Coulomb scattering, nuclear elastic scattering, and absorbtion in the

collimator and the scraper. Secondary particle production is included in the ab-

sorbtion term. This is justified since simple estimates show that the momenta and

trajectories of the secondaries differ so much from those of the beam protons that



their chance of traversing the scraper are negligeable. The momentum slit and the

quadrupole edges were treated as "black" absorbers for simplicity since the only

intercept about 1% of the particles scattered by the collimator.

In order to visually differentiate the scattered particles from the unseattered
beam phase space more clearly, a second quadrupole triplet was placed after the
scraper to produce a second symmetric image of the target at 68 m from the target.

In this way, the number of particles N, passing the scraper and the momentum

slit outside the phase space acceptance of the collimator can be directly determined

from the computed phase space histograms in relation to the radial particle density

dN/dr hitting the collimator edge.

3.2 Multiple Traversal*

Since nuclear elastic scattering and Coulomb scattering in the target are inde-

pendent processes, the build-up of the main beam distribution by nuclear scatter-

ing can be treated separately from the subsequent collimator cutting and Coulomb

rescattering.

During the N transitions of the beam through the stretcher and collimator, any

proton traverses the target on average of vo times1. For mathematical simplicity,

we assume the target transversals to be equally spaced by an constant number of

N/J-V, transitions and that the entire beam traverses the target in every (N/i/o)-th

transition and misses the target in the intervening transitions. Furthermore we

treat each nuclear scattering of the original beam at a given target traversal and

the following collimator cut offs and Coulomb rescatterings in the remaining v

target traversals as independent sets of events, i.e. we neglect multiple nuclear

scattering.

We now consider the (i/o - j/)-th target transversal of the original unscattered

proton beam, reduced by nuclear interactions in the previous target transversals,

undergoing nuclear elastic scattering. We assume that the original injected beam

phase space profile is narrow in x-direction compared to the acceptance radius ro,

lThe target tranivertal number vu is therefore

where L !• the total average length of target material the beam travenei, and &t ii the target

length.
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and that the total number of protons undergoing nuclear scattering is still a small
fraction of the initial number (10%-20%). Therefore, in the case of a rectangular
slit treated in Appendix Al, the phase space density fo at the acceptance radius ro,
averaged out over the phase space angle a by phase space rotation of the protons,
is given by

The angular density Fo(i/) for the actual conical collimator geometry is given

Fo(v) = 2*^(0.) ^pAl*-^-") (2)

where dtr/dfl is the differential nuclear elastic scattering cross section and Nx, A,

p and lo Avogadio's number, the atomic weight, density, and nuclear interaction

length of the target material.

The summed angular proton density Fn striking both collimator edges during

nit trimming transition has been estimated in Appendix Al:

< * * AM [1 + ft. ( f i^fe-<$•) ] W
where f*(o) is the phase space density at the acceptance elipse of the uncut proton
distribution after k collimator trimmings and k subsequent Coulomb scatterings in
the target, zm is the effective range of ffc(z).

The phase space densities f*(o) have been calculated in Appendix A2 for a

density fo of the initial beam distribution (nuclear scattering of injected beam)

assumed to be flat near the acceptance ellipse, and a Gaussian Coulomb-scattering

distribution. They are

fjn) - f (2 f e) ! ,-fcA (A\
fk( ' ~ fo (2kk\)2 * '

where A = Alfto and the exponential describes the beam loss from nuclear in-
teractions in k target transversals. The effective range zm of ffc(z) is shown in
Appendix A2 to be

zm = k9o (5)

where 6O is the r.m.s. multiple Coulomb scattering angle in one target traversal.

The effective range of the initial nuclear elastic scattering distribution is equal

to To-

Therefore, the integral angular proton density FfeiTllt (j/) produced by the reseat-

tering of the {vo - p)th nuclear elastic scattering distribution and subsequent



collimator trimming is

where
r = $o/(ro • VA) (7)

and the sum over the contribution from all v rescatterings is

F(u) < 2Tec~(9e)^plo • A • #(i/) + t~x+v* (1 + ln(^- -^)) \ (8)

where

" ' ' f ln\ —

(9)

and A= L//o

such that A= A/«/o

Finally, the total relative radial proton density at the collimator edge is the
sum over the integrated densities F(p) from v = 1 to vo plus the contribution from
the collimator trimming and reseat tering of the original beam distribution injected
into the sketcher:

Ftot^o) < FB{9e) [l + In (~^j + #(„.)] + F.{9C) fa(u.) + +(».)) (10)

where FB(9C) is the relative radial density of the injected beam, F,(9C) is the relative
radial proton density produced by nuclear elastic scattering in one interaction
length of target material:

(11)

and

4>{vo) = A • £ 9(v), (12)

3.3 Collimator Losses

In comparison to the uncontrolled beam losses outside the collimator system, it

is instructive to determine the beam losses at the collimator itself. The protons lost
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in the collimator are those of the tails of the injected beam, the nuclear scattering

tails, and the Coulomb rescattering out of the acceptance phase space.

Assuming an approximately Gaussian, beam profile at injection and a Gaussian

nuclear scattering distribution, the beam tail and nuclear scattering losses are

NB = « - * / « (14)

where 6B and $pr are the r.m.s. angles of the injected beam at the target and for

nucleon scattering, and <rtot is the total nuclear elastic scattering cross section.

The portion of protons rescattered by Coulomb interaction out of the accep-

tance phase space of the collimator is

Nk = 4ro r dyfk(y) (15)
JYo

for the k'* rescattering, according to eq. (A9) and including beam reduction by

nuclear interactions. It can be shown that the order of integrations may be changed

to yield

Nk = 4roe-
kofofd0kg(ek)[d6k-lg(ek_1)... (16)

For the special case of a Gaussian multiple scattering distribution g(<?) of r.m.s.

width 0o, the integral may be evaluated analytically to yield

The sum N(«/) over all rescattering losses from the {vo - v)lh nuclear scattering

distribution is

where

H{v) = e - V * x | ^ (19)
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The total rescattering losses Nc are the sum over all Nv from v = \—*v0:

where

«(*., A) = * £ > ( * ) (21)

The rescattering losses from the injected beam distribution are

(22)

such that the total Coulomb rescattering losses Ne are

Nc — j-So [-fa(^e) • ̂ ("01 A) + F,{0c) • w(vo, A)] (23)

4. NUMERICAL RESULTS

The functions •(«'o), ^("e) *nd <Ao(*'<.) describing the build-up of the radial
proton density striking the collimator edge by Coulomb scattering in the target and
collimator trimming, can be parametrized approximately (within about ± 10%) by
the following relations:

$(«/„) * 0.71(J/O - 2 ) o s 7 -inN • e - ° " A • r o o s (24)

4>{vo) * 0.40(^0 - 2)0S7£nAr(l - c"A) • r0"05

0o("o) * (1 + l/t/o) •/n ;V • ( l - e " A )

where again

*/„ = average number of target traversals per cycle

N = total number of beam transitions per cycle

A = average total length of target material traversed by each

proton per cycle, in units of the nuclear interaction length lo

r = r.m.s. multiple Coulomb scattering angle for protons traversing

one interaction length of target material, devided by the

acceptance angle $c of the collimator

The corresponding functions (i{u0, A) and w(i/o, A) describing the particle losses

in the collimator from Coulomb rescattering have been computed numerically.
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They may be parametrized to accuracies within ±20% by

/x(i/,,A) £ 1.4(i/o - 2)0Me-°M (25)

w(i/o,A) S 0 . 8 5 ( c ° s 5 - 2 ) ( l - e - A )

A typical internal target and collimating system for the proposed EHF if de-

scribed by the following parameters

Proton energy = 30 GeV

Target thickness = 4 mm Be = 10~2 • lo

Target interaction length lo = 400 mm Be

Total traversed target length I = 600 mm Be (A = 1.5)

R.m.s. Coulomb scattering angle 0o = 0.046 mr

Average number of

target traversal* vo = 1 5 0

Total number of beam transitions N = 3-104

Nuclear elastic scattering

cross section $n(0) 4* = 1.5

initial beam distribution fo =

Collimator acceptance angle 6e = 2 mr

Relative r.m.s. scattering angle r = 0.326

Distance target-collimator L = 10 m

For this case, we find

FB{0C) = 0.073/mr ; $(i/o) = 86 ; fi{vo, A) = 14 (26)

F.{8c) = 0.068/f.ir ; (j>{vo) = 53 ; «( i / o ,A)=10

The resulting limit for F(O( is thus

Ftot < 0.8 + 6.3 + 0.5 + 3.6 = 11/mr (27)

The consequential relative proton loss from the collimator system is

1.11 mm (28)

Numerical results of the TURTLE calculations are shown in Fig 4-9. The

incident radial proton density at the collimator edge was dN/dr = 1.2-10* pro-

tons/mm. The total number of protons N, arriving at the second focus outside

the phase space of the unscattered beam is 10 of which 4 have lost more than 1%
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in momentum and are absorbed at the momentum slit. Therefore, 6 halo protons

which are all scattered within less than 0.05 mm from the collimator bore can be

considered candidates for being lost somewhere in the stretcher. So a loss of

^ (29)

after a single traversal of the collimating system is a conservative estimate, since

even those 6 "loss-particles" can be seen to be quite close to the unscattered beam

phase space and could be transported around the stretcher if its acceptance is

suitably large.

Therefore, the limit for the total losses Ntoe of particles produced by the de-

scribed target-collimating system outside the collimator region is

Ntot < 6 • 10~5 (30)

per proton injected into the stretcher.

The corresponding total proton loss in the collimator from the halo of the

injected beam, from nuclear elastic and Coulomb scattering are

Niot. = NB + NN + Nc = 0.02 + 0.16 + 0.02 = 20%

5. CONCLUSION

The numerical estimates of the preceeding paragraphs show that the "uncon-

trolled" beam losses outside a simple collimating system, which are produced by an

internal target thick enough to interact with 80% of the circulating protons during

an accelerator cycle .(1.5 interaction lengths), is less than 10~4 of the circulating

beam. If those losses were evenly distributed about a stretcher of 1 km circumfer-

ence, the local beam loss would be less than lo~"7/m. If it were deposited within

less than the order of 10 m, the loss region could be shielded relatively easily. The

worst case is therefore a distribution of beam losses over something like 10% of

the stretcher circumference or 100 m resulting in a local loss of less than 10~"/m.

According to estimates for shielding and activation the EHF accelerators6', this

value is still a factor of 10 below the acceptable beam loss limit of 1 nA/m or

10~6/m for a 100 fik beam or a factor of 100 below the limit for a 10 /tA beam of

an upgraded CERNPS facility.

As was pointed out in paragraph 3, these low beam loss values can be achieved

with a simple collimating system only if the scattering source is small like an inter-

nal target. The collimation problem for a slow extraction system, as an alternative
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to the internal target concept, is quite different and more complex because of the

extraction septa representing very much larger scattering sources. It is therefore

conceivable, that the concept of producing secondary particle beams by internal

targets might eventually turn out to be simpler and cheaper than the conventional

concept of slow extraction, in addition to the advantages of small secondary beam

sources and reduced absorbtion of secondaries in the target which are inherent in

the internal target design.
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A Appendix

Al, MULTIPLE TRAVERSAL BEAM TRIMMING BY A SLIT

A beam of protons is assumed to circulate in a DC stretcher ring. The protons

circulate in two-dimensional phase space (x and x') on concentric ellipses. At a

given point in the stretcher which we call the target point, the beam ii focussed.

At a distance L (driftlength) downstream from the target point, a slit shaped

collimator is limiting the beam envelope. Since the protons which arrive at the

collimator have a position on their phase space ellipse which is different after each

orbit, the slit limits the beam to an ellyptical phase space after a large number of

traversals. This we refer to as the "trimming" of the beam phase space by the slit.

Figure 3 shows the two dimensional beam phase space of the beam at the target

point. The "image" of the slit edge is indicated by the two almost horizontal lines.

It results from the "inverse drift" transformation of the phase space geometry at

the slit to the one at the target point.

We estimate the density of protons striking the collimator edge during the n

transitions between target scatterings in which the tails of the previous scattering

distribution f* are cut-off (collimator trimming). To simplify the problem of sum-

ming over n collimator cuts after various phase space rotations which depend on

the specific stretcher design, we assume the protons outside the acceptance limit

ro to be evenly redestributed over the phase space angle a in (Fig. 3) after each

collimator transition such that collimator trimming appears as a repeated cutting

of a distribution £(r) which is gradually thinned out.

The redistributed density fj(r) after the first collimator transition is therefore

o f«im(r./r) ,

f*(r) =•- da fk (raina - yjrl - r2cos2a) (A.I)

where f* (y-yo) is the initial proton distribution before the start of collimator

trimming. Each subsequent collimator and stretcher transition will then reduce

the distribution fj by a factor a(r):

2

a(r) = - asin(ro/r) (A.2)

such that, after I transitions the distribution fj(r) at the target point will be

/;(r) = al-\r) fi(r) (A.3)
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The angular density F/ at the image of the collimator edge in the target point

phase space diagram, integrated over the beam width x is

F. = 2 f" dx / / (r ) = 2 f" dx anf*{r) ; r2 = v\ + x2 (A.4)

The sum of all densities Ft over n transitions after the initial scattering is therefore

Fn = f) Ft = 2 /"<** 1 ^ My/r*7*) (A.5)

The exact expression for fj(r) can be replaced by an upper limit on fj by first

replacing the argument

y - yo = rsina - \Jr* - r3cos3a

of ffc in eq. (A.I) by its minimal value (a=asin(ro/r)):

which allows to take ffc out of the integral in eq. (Al). Secondly, the integral over

a is replaced by its upper limit of T / 2 such that

ZiO") < fk{r.-

We can now limit the resulting radial density Fn at the collimator edge by

Fn < 2 f dx ~^- fh(r. - y/r» - *2) (A.6)
Jo I — a Y

Since ft(y-yo) is a monotonically decreasing function of y, it may be replaced by

its value y=yo (x=o) in the integral over x and the integral extended to a maximal

value xm which is a function of the effective range ym off*.:

2m = ym - yo = ro~ <Jrl - x^ ; xm =

Thus we obtain

/

*.» 1 - an

dx (A.7)

1 — a
The integral over x is now devided into two parts:

/ dx = / + /
Jo 1 - a. Jo Jx<1

where xo = f ^
and a = 1- 2 atg (x/ro).

It can be shown that

< n for 0 < x < xo

1 - a ~



and
1 - on x r0

TT7 < 2 7 for *°^X^T'
The ingetrated radial proton density Fn on both slit edges may therefore be limited
by

Fn <
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A2. PROTON DISTRIBUTION AFTER REPEATED TARGET

SCATTERINGS AND COLLIMATOR CUTS-

We calculate the shape of the angular proton distribution ffe(y) near the colli-

mator cut-off ro after k target transitions (Coulomb scattering) and k-1 cut-offs by

collimator trimming. The original distribution produced by the original beam halo

and nuclear scattering is assumed to be flat near y=yo where it is cut-off. We also

assume for simplicity that in the intervals between target scatterings, the beam

phase space (Fig. 2) rotates by an integer multiples of IT such that the angular (y)

Coulomb scattering distribution g(w) may be superimposed directly in the angular

dimension without the complication of phass space rotation. This condition is of

course not satisfied in reality but the effect of phase space rotation on the gen-

eral over-all shape of the distributions is not expected to be significant within the

framework of this course estimated. The distribution ik is therefore a convolution

of the Coulomb scattering distribution g(w) with the cut-off distribution fjt_i:

fk{y - Vo) = / dwkg{wk) /fc_!(y - yo - wk)
•>v-v<,

such that

fk{y~y<>) = fo dwkg(wk) / dwk.xglwk-x)... / d

(A.9)
where fo is the proton density of the initial flat distribution. Substituting

vi = wi + u.y+i + ... + wk ; wt = vi - t/*+1 (A.10)

we obtain

dvkg(wk) / dvj-xgiw,,^)... / dv2g(w2) / dvigiwx)

.-yo Jy-ya Jy-ya Jy-Vo

(A.ll)
Assuming that the distributions g(w) have an effective range of wo, we find the
effective range of the integral over V! as a function of y-yo is

(y-y°)lim = VUim = (W! + W2 + ...Wk)lim = kwo (A.12)

The value at y=yo

fk(o) = fo I dvt.g(v)k) I dvk-ig(wk--[)-. I dv^fai) (A.13)
Jo Jo Jo

can be calculated analytically for the case of a Gaussian distribution g(w). The

numerical value of ffc(o) can be computed easily by successive integration of eq.

(A13) using for g(w) a Gaussian of arbitrary width. The result is
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1 . Slow Extraction

Slow extraction from a high-current accelerator (100 ( lA)
requires substantially new extraction schemes, if
accelerators or extenders are to be built and operated
conventionally without recourse to special and expensive
engineering necessary for highly radioactive, limited access
areas. The new extraction and collimation schemes must
reduce relative extraction losses by several orders of
magnitude compared to existing slow extractions (Y.
Baconnier, EHF Workshop, October 1987).

1 .1 Proposed Slow Extraction Schemes

The proposal for a slow extraction at the TRIUMF Kaon
Factory, presented by U. Wienands, is outlined in Fig. 1: A
pre-septum (PS), an electrostatic septum (ES), and a
magnetic septum (MS) are placed at consecutive high-p
positions in a straight section of the extender.

The proton losses are primarily determined by the proton
collision rate at the pre-septum whose physical thickness is
assumed to be 10|X and its length O.Sm. Requiring the
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"shadow" of the prc-septum caused by the beam divergence
to be below 10̂ 1 limits the horizontal emittance of the
extracted beam to 0.2ft mm-mr. The emittance stems
primarily from imperfections such as noise on the
quadrupole fields resulting in variations of the lattice
functions and tune shifts which each contribute an
estimated 0.17C mm-mr.

A chromatic extraction would add O.37C mm-mr to the
emittance which would then exceed the desired limit and
require further development. For a chromatic extraction in
steps of 10 mm at the pre-septum, a proton hit rate of 0.2%
can be expected.

The preliminary slow extraction scheme for the EHF,
presented by Francesca Galluccio, consists of only two septa,
an electrostatic septum of 100JJ. thickness and 2.5m length
and a magnetic septum (Fig. 2). The ES is again placed at a
very high-P point (311m) in a straight section of the
extender. In the absence of a pre-septum, an extraction
step of 12 mm would produce a 1% bit rate at the ES. The
advantages of the proposed lattice are however the 90°
phase advance between septa positions and the 1/2-integer
extraction mode which ease clean collimation (see Ch. 3).

The slow extraction concept for the AHF, presented by Hal
Butler, contains three septa and a collimator in four
positions of relatively large P in a straight section separated
by 90° phase advances (Fig. 3). Of particular interest is the
pre-septum conceived as a massless magnetic septum, i.e. a
vertical magnetic field dropping to zero over a narrow
horizontal gap. A gap width of 4 mm which seems feasible
from calculations produces a ten-fold reduction of the beam
density of the electrostatic septum, thereby making a hit
rate of 0.1% possible. Again, 1/2-integer extraction and 90°
phase advance between septa positions favor clean
collimation.
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1.2 Status and Common Features of Slow Extractions

All slow extractions are designed for a straight section of
about 100m, i.e. they all favor a race-track geometry of the
accelerator or extender. Furthermore, they all require three
septa in series where the first or pre-septum is crucial for
the slow extraction losses and requires further development.
As an alternative to the extremely thin electrostatic and the
massless magnetic pre-septum, Fred Mills suggested a third
possibility of a "transverse wiggler" to produce laterally
bunched orbits on the separatrix and allow a quasi single-
turn extraction by a septum.

The consensus in the working group was that a further
development of these slow extraction schemes will make a
hit rate of 10"3 feasible.

As a contribution to the general problem of separating
beams, Fred Mills presented an improved design for
Lambertson septa which are particularly useful beam
separation elements in high intensity accelerators because of
their simplicity and robustness. In the basic designs (Fig. 4)
the particles passing through the field-free region of the
Lambertson septum are nonetheless deflected by the fringe
field. The improved design eliminates this disturbance and
provides a cleaner separation.

A general feature of slow extractions concerning the
effective duty cycle emerged from the discussions and
should be noted by future users of the slow extraction
experimental areas: Imperfections, particularly noise on
magnetic fields, impair the homogeneity of the particle
distribution in the separatrix, which reduces the effective
duty cycle of the extracted beam to 50-80%.

2 . Beam Loss and Activation Limits

In order to determine the limit of tolerable beam losses, we
first estimated the radiation dose rate D produced by a
beam power loss AP(k w) at a distance R(m> from the loss
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point and at an angle 6 (degrees) between the beam axis and
the direction of the radiation using an approximation for
angles above 5°, which was tested at CERN1

where k is a factor between 0.3 and 0.8 depending on the
material in which the beam loss occurs and exp(-tA) is a
shielding factor.

For a localized loss of 1 nA of 30 GeV protons, the
unshielded dose rate at a distance d(m) from the beam axis
is

D * 0.5 kRad/h • d-2 s 3 106 Rad/y • d-2.

For a spread-out loss of 1 nA/m, the dose rate works out as

D = 10 kRad/h d-l s 5107 Rad/y • <H.

The induced radioactivity A in steel or copper after 5-10
years of inactivation and about 2 days of cooling may be
very roughly estimated2 by the relation

A - 10-5 D.

The use of special materials may reduce this factor up to an
order of magnitude.

2.2 Dose Rate and Activation Limits

Since the accelerators and extenders of the proposed hadron
facilities are to be engineered and operated conventionally,
they contain non-radiation hard components and require
relatively free access for servicing. Induced activation
levels must therefore be kept below 10 to 100 mRad/h at
the beam pipe (d = 0.1m) or 1 to 10 mRad/h at d = lm.
These activation levels correspond to an accumulated 20
year dose of 108 - 109 Rad at 0.1m from the beam which is
acceptable, e.g. for expoxy coils on magnets, or 107 - 108
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Rads at lm which permits the use of, e.g. electrical PVC
insulator or polyethelen water hoses.

From the loss-dose relationship, we find that the spread-out
proton losses in the accessible section of the accelerator or
extender must consequently be kept below

0.01 +0.1 nA/m.

Assuming the total losses from a slow extraction and
collimation section to be distributed over about 10% of the
ring or about 100m, which constitutes a worst case since
much shorter loss regions could be effectively shielded, we
find that the total losses outside the extraction system must
be kept below

10-5+ IO-4.

The first consequence of the total loss limit of 10-5 + 10"4

and an expected proton hit rate in the slow extraction of 10-3
is that the collimation system in the slow extraction section
must remove 90 to 99% of the protons scattered from the
extraction septum. This is true because the average distance
a proton travels in a 20|i thick septum is 10 to 20 mm or
about 14% of a nuclear interaction length and the
corresponding multiple Coulomb scattering angle is about 1
mr such that almost all the scattered protons are outside the
beam phase space.

A second consequence is that the slow extraction and
collimation area itself is a high-radiation area with limited
access. It must be shielded with steel and concrete out to a
radius of typically 5m from the beam and engineered with
plug-in units for those beam elements requiring repair or
servicing. The entire section of 100 to 150m length should
be placed in a building 10 to 15m in height equipped with
an overhead crane and modest remote handling systems.
The slow extraction section cannot be placed in a
conventional accelerator tunnel!
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3 . Collimation of Slow Extraction Losses

While detailed designs and performance of collimating
systems can only be made for a well defined particular slow
extraction scheme, discussions in the working group have
brought up some general considerations which would
facilitate effective collimation.

A promising lattice structure for the slow extraction would
be a succession of high-p points in a straight section
separated by a phase advance of 90°. Three septa should be
placed at those high-P points with a collimator directly in
front of the 2. and 3. septum. These collimators would
protect the septa and cut off the scattering tails from the
preceeding septum and collimator edges. To make this
collimation septum efficient, a 1/2-integer extraction mode
is optimal where the extraction separatrices should be as
straight and in line with the large axis of the beam phase
space as possible (see Fig. 5). In this way, the first
collimator at the second septum can be made optimally
narrow. Finally, a relatively low-P point behind the third
septum would allow insertion of a narrow collimator to
reduce neutrals and low momentum secondaries. A
separate collimator in a dispersive part of beam could
improve the total collimation efficiency.

The conclusion of the working group is that with these
measures and considering the results of collimator
calculations for an internal target (see Ch. 4), a collimation
efficiency of 90 - 99% and thus a combined total loss from
the slow extraction of 1(H to 10"5 is feasible.

4 . Multiple Traversal ("Internal") Targets

As an alternative to a slow extraction of circulating protons
into a single-traversal experimental target area, a scheme
was proposed inserting the entire experimental area for
continuous beams directly into the straight section of the
accelerator or extender in place of the slow extraction
section and replacing the single traversal target by very Ihin
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multiple traversal targets with appropriate collimating
systems.3 The main problem with this scheme, from the
point of accelerator design, is to find an effective collitnation
system which reduces the beam losses caused by the
multiple traversal targets to the value 10~4 to 10"5 required
for conventional accelerator design.

A simple collimation model was presented for a multiple
traversal target placed at a low-(i (lm) point in a straight
beam (Fig. 6). It consists of a copper coliimator of ± 2 mr
acceptance and 0.5m length 10m downstream of the target.
It is followed by focussing quadrupole triplet producing a
symmetric waist at 34m where a copper scraper of lm
length virtually eliminates particles scattered from the first
collimator.

Calculations with a 3rd-order TURTLE code including
scattering, absorption, and energy loss in the collimator and
scraper show simple transition losses of

N 5 a 5 • 10-5 mm • dN/dr

where dN/dr is the radial density of protons striking the
edge of the first collimator.

Analytic estimates of the total integrated density dN/dr
striking the collimator edge during a full accelerator cycle,
including multiple collimator traversals of phase space
rotated halos as well as nuclear and Coulomb rescattering in
the target show a limit on dN/dr of

(dN/dr) t O | < l . l / i n m

for 3 1 0 4 transitions of a 30 GeV proton beam and a Be
target with an effective thickness of 1.5 interaction lengths.

The total uncontrolled beam loss outside the collimation
system is therefore



N s < 610-5

which fulfills our previous requirement.

5 . Conclusions and Recommendations for the A H F
Archi tecture

The slow extraction and collimator section is an expensive,
relatively high radiation area even at the envisaged low
proton hit rate of 10"3. It should therefore be placed in a
straight section containing as few and as simple beam
elements as possible to minimize engineering costs and
maintenance effort.

This could be achieved by either a circular accelerator and a
race-track shaped separate extender, or, in the case of AHF,
by a race-track shaped accelerator with a particularly "lean"
second part of a straight section proceeded by a first part
containing elements required to prepare the accelerated
beam for extraction (see Fig.7). A separate extender is not
required by slow extraction and collimation losses. Two
problems in particular must however be addressed if a
separate extender is to be avoided. The first is the inclusion
of the high-P section of the slow extraction into the
acceleration lattice and the accompanying problem of beam
stability. The second is the transmission of the extraction
"wings" of the beam phase space through the accelerator
during the extraction cycle.

A further reduction in cost might be achieved by replacing
the slow extraction and collimation section, by a multiple
traversal target area and eliminating the extracted beam
line and the slow extraction experimental hall (Fig. 8). The
straight sections may have to be lengthened somewhat and
the construction problem of placing the experimental hall at
accelerator beam level must be addressed. The requirement
for low-P regions however is comparable to the one for

P regions for a slow extraction.
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The advantages of a multiple traversal target scheme, apart
from the cost factor, are a sharply limited beam emittance
from the target of only about twice the value for the virgin
beam after acceleration and reduced stability requirements
during the traversal cycle compared to the slow extraction
cycle. Finally the reduced target size and resulting increase
by two orders of magnitude of the source luminosity of
secondary particles allows secondary beams of larger
acceptance and smaller emittance yielding higher rates and
cleaner particle separation.3 Therefore the combined
advantages of a multiple traversal target area seem to merit
further serious attention.
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Figures

1. Slow extraction lattice for the TRIUMF Kaon Factory.

2. Slow extraction lattice for the EHF.

3. Slow extraction lattice for the AHF.

4. Fringe field suppression for a Lambertson septum.

5. Collimation of a slow extraction phase space.

6. Collimation for a multiple-traversal target.

7. Accelerator and slow extraction layout for AHF.

8. Accelerator and multiple-traversal target area layout for
AHF.
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TRANSVERSE PAINTING WITH LINEAR COUPLING

M.R.Masullo2) an4 H.Schdnaucr1)

I. Why Linear coupling ?

It is well known that excitation of a coupling resonance leads to a periodic exchange of energy
between the two transverse planes for particles on working points in the vicinity of the resonance.
Instead of energy, one can also speak about emittances and their exchange. Hadron Factories and
related high—intensity machines commonly feature injection of a few hundred ps pulse from a linac of
about 1 GeV into a booster with charge exchange H~ into H* at a foil. In order to keep losses
down, it is essential to minimize the number of foil hits. On the other hand, one aims to produce a
transverse density distribution of the lowest possible density at the centre (the axis) of the circu-
lating beam to keep'the space—charge detuning as low as possible. To shape this distribution,
some sort of steering of the injected linac beam and/or bumping the closed orbit is required.

The main attractive features of charge exchange injection with Jlnear coupling become evident :

i) The bumpers and/or the steering dipoles for one transverse dimension of the incoming beam can
be saved. Note thai apart of the cost of these fast dipoles, there is in general lack of space in the in-
jection straight section and steering of the incoming beam should be kept at a strict minimum in view
of the divergence of the residual H° beam.

ii) Due to the beating between H and V plane, the circulating particles are removed from the foil
part of the time, in a similar way as the effect of synchrotron motion plus dispersion at the foil.
Note however, that the corner—foil is less advantageous in this case (a. "masdess' (spot-like) foil
gives best results here). In the CPS Booster, excitation of linear coupling rises top intensity by «
25%. Part of the effect is due to reduction of the number of septum hits, but there is also the fact
that one obtains a. more favourable transverse distribution than with steering alone.

2. Linear Coupling - Basic Facts :

Many treatments of linear coupling can be found in the literature : we have taken a formulation
by Schindl and Van der Stok [1], based on Guignard [2]. The simple formulae presented in
Fig. 1 are an approximation valid for not too strong coupling (all rapidly varying terms dropped).
Fig. 2 presents the beating of the horizontal emittance for fairly strong coupling (top) and the ac-
tual behaviour of the H and V amplitudes for a typical case. From the formulae, one sees that
the extent of beating is determined by the parameter # * </|2Q|, with 6 the distance from the coupling
resonance Qx-Qy " p and Q proportional to the strength of the skew quadrupole. # » 1
rather weak coupling - cf. the rather negligible beating for # •* 10 depicted in Fig.3.

3INPN, ttatm A Nip*
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Approximate formulae for Linear Coupling

For not too strong coupling and ezo = 0

6 = ; 8 = qn — qv distance from diagonal
2\Q\

For one Skew Quad :

Q = ( R l L ) e K, =

q... contains both H and V 0tron phases and;position of Skew Quad

+ e2 = Cxo+fzo = const.
0

with ex v ... emittance variables oc *'*

The more general case of exo > 0 is somewhat more complicated

= Cx0 T
-I I

/ ^2sin^ cosO}

e =

Fig. 1: Fonnulae for linear Coupling. The simple formulae are an approximation obtained by
dropping all rapidly varying terms.
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Despite the simplicity of the approximate formulae, the situation of an ensemble of particles un-
dergoing synchrotron oscillations is difficult to describe analytically. The reason is that synchro-
tron motion contmuaUy changes the distance 5 from the diagonal (the resonance) due to space-
charge detuning (for higher intensities) and chromaticity (for all intensities). Fig. 4 resumes the
well — known expressions for space — charge tune shift in the beam centre, cast in a form that shows
its dependence upon the local linear density. Fig. 5 illustrates the motion in the Qx, Q., plane of a
sample particle under the combined effects of space—charge and chromaticity. It results a LJ —
shaped trajectory of which the dimension depends on betatron and synchrotron amplitudes of the
test particle and the distance S from the diagonal varies with twice the synchrotron frequency.

This fact complicates the picture to an extent that it was decided to study the transverse painting
problem with simulation codes.

3. The simulation code

Fortunately, a well—documented simulation code capable of dealing with six—dimensional
tracking of an ensemble of particles in a circular machine exists : the ACCSIM Code, written
by F. Jones [3] at TRIUMF with contributions from G. Mackenzie [4]. Space — charge, however, was
not included except in longitudinal motion ; nor were the effects of chromaticity and linear coupling.
While implementation of the latter is straightforward, transverse space — charge is the more difficult
and CPU —time consuming the more one refines the calculations. Note that space —charge
introduces non —linear coupling, a feature that created some concern when space —charge domi-
nated machines were built to operate in the vicinity of the main coupling resonance Qx — Qy = 0,
and its 4th order coinciding 2QX—2Qy = 0 stopband. This 4th order space—charge driven resonance
was studied by Montague [5] for absence of linear coupling and H. Schdnauer wrote a code to study
its effect in the PSB (which, incidently, showed that only the rather few particles having both large x
and y betatron amplitudes were growing badly). The code mainly evaluates the 2—dimensional
potential of a class of particles having given x and y amplitudes and sums it up over all the super-
particles ,- then the coefficients of a multipole expansion up to octupole terms are found by least—
square fitting the expansion to the potential. As a byproduct, one obtains the detuning as a
function of the particle amplitudes. These dctunings allow to correct the tunes for the individ-
ual superparticles such that they undergo the motion in Qx, Qv plane as shown in Fig. 5. In or-
der to keep computational expense within limits, the betatron amplitude distribution is assumed to
be independent of the longitudinal coordinate. Of course the strength of the space—charge force is
modulated with the local linear density.

4. Results of ACCSIM computer simulations:

The goal was to compare the filling schemes of the transverse phase space by either steering
and matching the incoming linac beam on both planes or missteering it horizontally and fill the vertical
phase space by excitation of a skew quadrupole, and of combinations of both techniques.

The compiled results of many runs arc shown in the Table of Fig. 6, which also depicts the steering
and matching configuration in phase space. All schemes are simulated without and with ("DQ")
space —charge detuning option, some are also run with machine chromaticity included ("CHRO").
The input data are chosen to represent the phase space at the foil location of the EHF Booster lattice
[6]. The goal is to fill the nominal (physical) emittances (2c) of e x = e y = 12.5 « mm mrad (100%
assumed to be within 15 IT) with a linac beam assumed to have eiinac = 2.25 v mm mrad in both
planes. Figures of merit are the emittances ex, e y and the transverse formfactor G (cf. its
definition in Fig. 4). Of course the space-charge detuning dQx, dQy should be a minimum but not
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Space-Charge Detuning

where
A 1 peak line density
X Bf average %

F = 1 + image contributions

G = Form Factor to describe i , y distribution

= peak density/average density for 100% emittances
G = 1 for K— V beam(uniform distribution)

Hv = Aspect Ratio =
b

Fig. 4 : Formulae for maximum (in the beam centre) space charge detuning. The bunching factor
is expressed by the local maximum linear density.
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Trajeclory of a sample particle in <>, dp/p plane

chromaticity

Diagonal

Instantaneous effective 8 Bare working point

Trajectory in Q x , Q y plane

Effect due to chromaticity

Fig. 5 : Effect of space charge detuning and chromaticity on the the trajectories of individual par-
ticles in the Qx—Qy plane and on the distance from the diagonal.
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at the expense of large emittances. dQx, dQ., arc computed from the central density and the emit-
tances quoted arc those of the outermost superparticles in the horizontal or vertical phase
space, respectively ; i.e. one single super — particle grown to a large amplitude will suggest a large em-
ittance even if the bulk of the particles behaves well. In such a case, one obtains ncccss-^ily also
a bad G factor.

From the somewhat crammed information of the Table in Fig. 6 one extracts the following facts
and tendencies :

i) Although the single — particle theory of paragraph 2 suggests that only the parameter SI2Q matters,
tliis turns out to be incorrect for the ensemble of particles : with both larger S (order 0.1) and larger
Q, a beam is much more subject to growth than in the case of small S » 0.01 and a Q giving the
same 5/2Q « 1.

ii) 'Stronger' coupling, i.e. S/2Q < 1 appears less suitable as it produces denser cores and more halos
than the weaker coupled cases S/2Q > 1.

iii) A working point above the diagonal (S < 0) is slightly more favourable than below. Effect is the
same as in (ii).

iv) Including machine chromaticity (option 'CHRC) results in some horizontal blow —up if
coupling is excited, with ensuing deterioration of the G factor.

v) Injection with a vertical offset (and with small Ay', i.e. flat linac ellipse) is preferable to injection
into the centre.

vi) In view of (v) one is lead to compare cases without and with weak coupling : they perform com-
parably but the phase space plots suggest a more uniform filling in presence of coupling.

Phase space scatter plots of a few cases are presented in Figs. 7 ff. They all refer to the situation
right at the end of injection (200 turns) into the EHF Booster.

5. Conclusions

From the (still incomplete) results of the computer simulation, we conclude that the features
predictable from the single — particle approximated theory are not always confirmed. It appears
however that weak coupling smoothes the distribution obtained by filling with fixed misstecring and
will in all cases reduce the number of foil hits. The latter effect may be the more important one in
machines where the losses due to single scattering in the foil constitute a problem [7].
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Fig. 7 : No Coupling. In horizontal phase space injection with offset in position and angle and
linac besm matched to curvature of final circulating beam ellipse. Offset in position only
in vertical, linac ellipse flat to keep divergence of H° beam down.
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-35 - 16 0 «
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~'-W> - 9 0

Fig. 8 : Strong Coupling «/|2Q| ~ 0.78 . The cross-section in x - y is a tilted rectangle. Injection
is as in Fig. 7 but now the horizontal phax space ellipse is not hollow and the vertical
one shows some halo.
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Fig. 9 : Weak Coupling, woridng point above diagonal S = 0.02 . Note the halo particles in both
planes. No influence of chromaticity (included in the bottom figure).
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Fig. 10: Weak Coupling, S < 0 . Again hollow .structure of horizontal phase space conserved,
good vertical filling. Bottom with chromaticity : soroe halo in horizontal phase space.
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Fig. 11: Weak Coupling 8/\2Q\ •= 5. Chromaticity (bottom) causes some horizontal blow-up
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of tines in the Pvomentx of Linear Cbn»ling

S. Ohnuraa

University of Houston

IXiring the commissioning of a synchrotron, many standard diagonostic pro-

cedures and measurements may become rather confusing and hard to understand when

unexpected linear horizontal-vertical coupling is present in the ring. While

it is known to be relatively harmless as far as the beam stability is concerned,

the so-called linear difference resonance, v - v = integer, may induce an
x y

intolerably large vertical oscillation amplitude during the resonance extraction.

Whether one uses a half-integer or a third-integer resonance extraction, it is

desirable to have a reliable knowledge of the strength of average octupole field

in the ring in order to achieve a high extraction efficiency. In the presence of

linear transverse coupling, however, one may reach errorneous conclusions on the

octupole strength when the momentum dependence of betatron tunes is used for this

purpose. This note is intended to be helpful in understanding some of the simpler

relations which are needed to analyze various measurements on tunes, chromatici-

ties, betatron amplitude functions and the amount of coupling. Only with such an

understanding can one hope to reduce the harmful effects arising from the linear

coupling.

Because of its linear nature, one can in principle obtain the analytical

solution of the linear coupled motion provided that all sources of coupling are

known in the entire ring. It is straightforward to calculate the (4x4) transfer

matrix at any point around the ring in (x,x',y,y') phase space and parametrize

the matrix such that there are ten independent quantities to specify the notion
2

completely. In the particular parametrization proposed by Edwards and Teng,

six parameters are needed to describe the uncoupled motion in two eigen-directions

and the remaining four are used to specify the transformation at each point in

the ring from the eigen-directions to the physical (x,y) directions. Ihe motion
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in {x,x') or (y,y') phase space is a mixture of two oscillations with eigentunes

v1 and v 2 in the limit of vanishingly small coupling, they reduce to the famil-

iar horizontal and vertical tunes v and v . What one observes are v1 and
x y i

v while v and v are what one calculates for ideal rings which are free of£. x y
coupling,

Since the linear coupling is generated by random rolls of quadrupole magnets

and (possibly) by vertical closed orbit deviations in sextupole magnets, it is

impractical to try to identify every souroe of coupling in the ring. Bather, one

defines a measurable quantity which represents the amount of linear coupling in

a convenient and understandable manner. For example, this quantity should be de-

fined such that it can be simply related to the "coefficient of coupling < " which

is customarily used in electron synchrotrons:

ex = — 7 , ty = K ex (D

where e = natural rms emittance, e A e = horizontal and vertical rms emit-

tances.

As the combined effects of many unknown sources of coupling in the ring are

to be represented by a single parameter, a very restrictive condition must be met

in order for this representation to be meaningful and useful. One asks that

"Of all Fourier components of the skew quadrupole field in the

ring, only one component is important in describing the coupled

motion."

This is often referred to as the "single- or isolated-resonance" approximation.

A somewhat formal treatment of this approximation is given in the appendix.

In the absence of linear coupling, assume that two tunes are v and v
x y

which are yet to be found by some measurements. The Hamiltonian for the coupled

motion is composed of infinite number of oscillating terms of the form

exp i( v ± v + n> 8 t n = 0, ±1, ±2, ... (2)
x y

where e = s/R (s=path length, R=average machine radius) is the aziinuthal angle.

Near v ± v = N (an integer) + a with |̂ | << 1, one argues that the only
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component to be retained is the one with the lowest frequency of oscillation,

i.e., the one with n = -N. All other terms oscillate so rapidly that their

average effects over many revolutions can be ignored. Ihe quantity which is used

to represent the combined effects of all sources of linear coupling is then

<^ = (1/4*) Z ( B ^ /Ep)y^ly e x p i{ *x * *y + N9 }

where
W = $ - v6 = /® (ds/e) - v0 (4)

are to be defined in the absence of linear coupling; otherwise, quantities such

as 3 and v are meaningless. Because of the inherent instability associated with

it, one usually tries to avoid the sum resonance v + v = integer. Furthermore,
x y

the operating point in the tune space is almost always chosen near the diagonal
line, v - v = integer, in order to be away from dangerous nonlinear sum reso-x y
nances. One is then left with a single parameter CL with v - v = N to

IN JC jf

represent the entire coupling effect. Note that (L, is in general a complex quanti-

ty even for N = 0. If all sources of linear coupling, (B1 I), are known, it is

easy to calculate CL,. In practice, one must measure Q., or at least its magni-

tude |cJ . For PSR at LANL, the nominal values of v and v are 3.23 and
IN 5C jf

2.21, respectively so that N = 1 with minus sign for + and A = 0.02.

II. Some Useful Relations

In what follows, the fractional part of the tune will be designated by Q:

v = integer + Q.

The integer part of v must be measured separately from Q so that one is sure of

its value. This caution is (unfortunately) not so trivial as some people might

consider. In addition, it is prudent to establish whether Q is above or below

one-half. A closed orbit pattern created by a single kick may be used for this

purpose.

When the single-resonance approximation is valid, it can be shown that
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/2 2
y 5 Q1 - Q2 = //A + (2|C^|)Z (5)

where
A a v -v - N = O - O , (6)

and that
Q1 +02=0^+0^. (7)

When the emittance ( = amplitude squared/beta function) e = e and e = 0
x o y

initially for a particle, there will be an exchange of oscillation energy from

one direction to the other and both e and e will oscillate between two

extreme values:
Ex / eo ey / eo

nax. 1 (2|CL|)2/p2

2 2 (8)

min. A /y 0

The period of this energy oscillation is (1/y) revolutions. Average emittance

over many revolutions are:

ex/£o ey / eo

average ( A2 + 2|<^[2)/y2 2[c^|2/w
2 (9)

Note that e + e = e showing the conservation of the transverse energy.

When the coupling is dominated by the linear sum resonance, v + v = integer,
x y

(e - e ) instead of (E + e ) becomes a constant of the motion so that therex y x y
will be an increase in the total energy of transverse oscillations. Comparing

(9) with (1), one finds that

•c = 2|cg2 / (A2 + 2 | g 2 ) (10)

Based on a purely statistical argument, one can estimate the expected rms

value of |cj when the rms values of quadrupole roll <8j> and of the vertical
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closed orbit deviation <y > in sextupoles are known. Both e o and y are

assumed to be random, a reasonable assumption for 6 R but not necessarily so

for y

1. quadrupole rolls

= (1/2ir)<0R> y z (e^yXB'i/Bp)2 (11)

2. vertical closed orbit in sextupoles

<yc> fi(£JY)(B
nSL/Bp)2 (12)

For PSR, there are only a few sextupoles and the statistical argument is not

valid. One must use (3) to evaluate C^ using the relation B1 = B"y with known
IN SCj Cvalues of y .

III. Measurement of

Even in the absence of skew quadrupole field, one can never achieve the design

values of betatron oscillation parameters 3 , a , g and a everywhere in the ring
x x y y

because of small but numerous errors in the lattice quadrupole magnets. It is

of course possible to measure g's at any point and to find a's based on such a

measurement but this is seldom done. Instead, one measures the width of stop-

band for resonances 2 v x = integer and 2 v = integer since the width repre-

sents the combined effects of all the quadrupole errors in a crucial manner.

That is, by reducing the stopband widths by means of harmonic correction quadru-

poles, for example, one is assured of reducing the deviations of e "s and a 's

from their ideal values in a global sense. Correspondingly, it is desirable

to perform relatively simple and direct measurements in order to obtain the cou-

pling parameter C^ so that one can facilitate its reduction, again in a global

manner. Measurements of tunes (1) as a function of the momentum deviation

(Ap/p) and (2) as a function of the excitation of one quadrupole serve this

purpose. Note that the measured tunes are two eigentunes (v-r v 2) and not
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(v , v ) one wishes to know. Note also that, with this type of measurements, one
x y 4

can find |CL,[, the magnitude of C^, but not its phase. These two types of measure-

ments will be called Type I and Type II in the following discussions.

In analyzing the data on the momentum dependence of tunes (Type I), one

must calculate two effects which exist in the ideal ring before drawing any

conclusions on the coupling parameter C, or the average multipole fields.

1. Curvature in the tune as a function of (Ap/p) arising from the chromati-

city correcting sextupoles. The lowest-order effect of the sextupoles is of

course linear.

2. Effects of dipole edge field, especially when the bend angle in each

dipole is large. For example, in each dipole of the PSR, the beam is bent by 36 ;

the orbit going through its edge field cannot be found reliably in the usual

synchrotron approximation. It is necessary to integrate the particle motion once

around the ring for a given value of (Ap/p) using the measured edge field of each

dipole.

Unless the computation is done properly, it is dangerous to draw a conclusion on

the ring nonlinearity from the discrepancy between computed and measured tune

values.

The measurement of tunes as a function of the excitation of one quadrupole

(Type II) should be free of any such complication as long as tunes are not close

to integer or half-integer values. If a special quadrupole with variable strength

or a lattice quadrupole with a variable shunt is available, this measurement will

be superior in isolating the linear coupling effect from the effect of multipole

fields. Presumably, one can find both j CJ and the amount of average multipole

field separately by combining the results from these two types of measurements.

If the amount of linear coupling is assumed to be small, it is straight-

forward to analyze the data of Type I and extract information on the average

multipole field in the ring provided two effects mentioned above are properly taken

into account. Conversely, one can analyze the same data assuming that the devi-

ation from the linear dependence is caused entirely by linear coupling. Data will

then yield the "apparent value" of ] CJ together with two tunes v * v and two

chromatici ties £ & £ . Data from Type II measurements should be linear in the
x y

absence of linear coupling, any•deviation from linearity indicating the effect of
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coupling. From the data, one obtains two tunes and two beta functions 6 A g at
x y

the location of the quadrupole used, in addition to I Or I*

In either case, Type I or Type II, one measures two tunes v. & v2 as a

function of variable X:

Type I X = (Ap/p),

Type II X = (i/4n)(B'i/Bp) of the special quadrupole.

A pair of parameters A & A to be used in analyzing the dada are:

Type I A & A= E, & E (chromaticities)x y x y

Type II A & A = 0 & -6 (beta functions)x y x y

Remembering that tune = integer + Q, one defines a number of parameters,

+ A X,x,y

Q E (Q1 + Q2)/2 =(03, + Qy)/2 E QQ +Q AX

where Q Q E ( Q ^ + QyO)/2 and A = (Ax + A y ) / 2 ;

A = °x " °y = Ao + AAX with *o = °xo " °yo

From ( 5 ) a n d ( 7 ) ,

Q1 + Q2 = 2 ( Q Q + A X ) , (13)

Q1 " Q 2 =

Eq.(14) shows that (L and Q_ as a function of X are on two branches of a hyperbola

when the linear coupling is the sole cause of the nonlinear dependence. Equations

for two asymptotes are

V I ' } I K!/ X (15)
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indicating that their slopes are two chromaticities for Type I and two beta

functions 6 and -g for Type II. Furthermore, the shortest distance between twox y
branches of the hyperbola is a direct measure of the coupling parameter,

min. distance = 2 | Q J (16)

Least-squares analysis of the data for (Q,.+Q2) at various values of X will

yield two parameters Q and A while the data for (Q*-Qj) will give A , AA and

[c |. Obviously, one tries to minimize JcJ either by two independent sets of

correction skew quadrupoles or by rolling a number of lattice quadrupoles (as was

done for the main ring at Fermilab ).

For the PSR, tune measurement of Type I was performed in October 1986. The

range of X = (Ap/p) extends from -0.005 to +0.005 but there is a statement in

the logbook that the measured values are somewhat "shaky" at (Ap/p) = ±0.005.

By fitting two tunes as a function of (Ap/p) in quadratic forms, we find that the

data can be explained by the average (not rms) octupole field of 0.5% (relative

to the main bend field) at x = 10cm from the center. This should be compared with

the measured value if it is available. If this octupole field is coming from the

lattice quadrupole magnets instead of dipole magnets, the implied average non-

linearity is too large to be true. The same data can be analyzed assuming only

the linear coupling. We then need five parameters instead of six needed for the

quadratic fit. If all the available data are used, there are 21 for Q. and 21

for Q_. If the shaky values at (Ap/p) = ±0.005 are excluded from the analysis,

we have 18 values each for Q- and Q_. The fit of 42 values gives | G,| = 0.00076

while it is 0.0022 with 36 data points. The goodness of a fit can be judged by

a figure-of-merit (F.M.)

F.M. = J (measured - fitted) /(# of data - # of parameters)

quadratic fit linear coupling

36 data F.M. = 0.00134 0.00134

42 data = 0.00131 0.00163

These fits look acceptable although some people might object to the fit of 42 data

with linear coupling. When the momentum deviation is as large as ±0.005, it may
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not be reasonable to assume that the field is still linear.

Where do we get the linear coupling? The most likely candidate is the random

roll of lattice quadrupoles. The expected rms value of J CL̂J is 0.00072 when the

rms value of the roll angle is 0.5 mrad (too much?). Another source is the vertical

closed orbit distortions at the sextupole magnets (if they are excited, of course).

The coupling can be explained if the vertical distortion is ±2 mm or so and the

sextupole excitation is such that the chromaticities are completely canceled.

The analyses of the tune measurement for the PSR described here do not really

prove that the curvature observed in tunes vs (Ap/p) is solely due to the linear

coupling. The intention of this discussion is simply to point out that the linear

coupling effect cannot be ignored in trying to extract useful and reliable infor-

mation from the measurements of Type I.
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Appendix T.inear Transverse Coupling: Single-Resonance Approximation

Linear coupled motions in the presence of skew quadrupole field and

solenoidal field have been discussed by Guignard:

G. Guignard, CERN Report ISR-MA/75-23, PART I, 27 June 1975.

His coordinate system is such that the sign of the coupling parameter is opposite

to the one used in this note. The treatment given here is somewhat different

from Guignard's formalism but the final solution agrees with his. The solenoidal

field is ignored here for the sake of simplicity.

Equations of motion are

d2x/ds2 + K (s) x = Q(s) y, (A.1)

where

d2y/ds2 + Ky(s) y = Q(s) x (A.2)

K (s) = - (1 /Bp)0B/ax) and K (s) = -(1/Bp )OBv/ay)
x y y x

represent the effect of the lattice quadrupole field and

Q{s) = -(1/ Eb)(3B /3x) = -(1/ EP)(3B /ay) (A.3)
x y

is the term arising from the skew quadrupole field. The corresponding Hamiltonian

is

H(x,px,y,py;s) = (p
2 + p2 + Kxx

2 + Kyy
2)/2 - Q xy (A.4)

with p = dx/ds and p = dy/ds. The canonical transformation from (xrp ,y,p )x y x y
to (<f>xflx/<fy*y) is generated by

S(x,y,A ,* ) = - (x 2 /2g )(« + t an F ) - (y2 /2s )(„ + t an F ) (A.5)
Ay xx x Y Y Y

where
- vx(s/R) = * x + >FX (A.6)

( R = average machine radius)
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and (B ,ot ) are the familiar Courant-Snyder parameters. (When it is obvious,

expressions for the y-direction are not given explicitly.) From (A.5),

px = 3S/9X = -(x/px)(ax + tan F x), (A.7)

Ix = - 3S/34.x = (x
2/2ex) sec

2 Fx (A.8)

In terms of the new variables ( <ji, I), one can express the old variables as

follows:

F x '

Px = V 2 V 3 x ( " s i n Fx " a x c o s Fx)

The new Hamiltonian is

H.( <J>, I ; s) = H + 3S/3S

(vx/R)Ix + (vy/R)Iy - Q ^ i r / S T jTJ"y cos(Fx) oos(Fy)

It is convenient to use 9 = (s/R) instead of s as the independent variable.

This simply means that the Hamiltonian should be multiplied by R,

H.,( *, I ; e)

+ g(e) exp i{ ,̂ + $ ) + c.c.}
x y

The functions f{8) and g(e) are periodic with the period 2-n :

f(6) = i R Q(e)76x8y exp i( ¥x - Y y),

g(e) = 5 R QOJ^e^y exp i( Y X + vy)

They can be expressed in a Fourier series,
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f<9) exp i($x - $ ) = z Cn exp i^x - $ + n e ) (

g(e) exp i(<j> + <j> ) = E Dn exp i ( * + * + n 6 ) (A.16)
x x n x y

In the absence of the skew field, the notion is a simple harmonic oscillation,

x ^ ^ = vx (A. 17)

Unless the skew field is dominant, one expects 4 * v.3 . Therefore, the
X A-

Hamiltonian is composed of oscillating terms of the approximate form

exp i( v + v + n)6 .
x y

The fundamental assumption is that the motion is adequately described (in the lowest

order approximation) by taking the term with the lowest frequency in the Hamiltonian.

Near v ± v = N, one retains C cr D with n = -N. For the difference resonance
x j n n

considered in this note, the skew field is represented by the single coupling

parameter

^ Q(e )(fij^ exp i( yx - *y + N9 ) d6

= k1 + i k2 ( ̂  and k2 real). (A.18)

From the Hamiltonian

ft, = vxlx + vyly - ̂  fE^ ^2f { (k1+ik2)exp i<*x - + y - N e) + cc.} (A.19)

one can write the equations of motion

d«f>x/de = 3

2 I
X {(k1+ik2)exp i(*x-<fr -N9) + c .c .} (A.20)
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dlx/d8

T {(k1+ik2)exp i(*x-*y -Ne) - c.c.} <A.21)

In order to find the solution, i t i s convenient to use a., and a2 defined by
Guignard,

a., exp i(vxe) = ?J2IX exp(i * x ) , (A.22)

a2 exp i(v 6) = k^Kf exp(i * ) . (A.23)

From (A.20) and (A.21),

da.,/de = - K ^ - i k j ) a2 exp(-iA9 ), (A. 24)

da2/d6 = -iOcj+il^) a1 exp( iA6 ) (A. 25)

with A = v - v - N. In terms of a1 and a_, one can write

x =^6^ {a1 exp(i *x) + c .c .} , (A.26)

y = ^ T ia2 exp(i * ) + c.c.} (A.27)

where phase angles if and ^ are
x y

= / R

Once the initial conditions for (x,p ,y,p ) are given, it is not difficult to
x y

solve (A. 24) and (A. 25) for a., and a2-
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Injection and Painting Group Summary

H. Schonauer and E. Colton

Participants: B. Blind, M. Craddock, A. Jason, M. Kihara, S. Koscielniak,
Y. Y. Lee, R. Macek, G. Mackenzie, R. M. Masullo, S. Ohnuma,
G. Rees, and R. Shafer

1 Introduction

The goals of the group were to study the H injection scheme for kaon factory boosters
and proton accumulators (compressors), sue!) as, e.g., the Los Alamos Proton Storage
Ring (PSR). It was the intention to discuss the following topics:

1. Painting techniques for minimizing the number of proton traversals through the
stripping foil while simultaneously filling phase space smoothly. Also can we
develop a quantitative estimate for the foil traversal probability for representative
machines?

2. The determination of required aperture for 100 uA loss (globally) at a facility.

3. Algorithms for beam envelope sizing in all rings.

4. Design of a collimator system for foil scattered protons. This system would be
required to reduce losses to the 100 nA level in future compressor rings with
reasonable apertures.

5. Consideration of the fate of tinstripped H° or H" particles. Beam dumps have
to absorb these radiations.

6. Comparison of foil scattering algorithms used at TRIUMF and Los Alamos.
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Three talks were presented: "The Strawman Compressor Design," by E. Colton,
"Transverse Painting With Linear Coupling," by H. Schonauer, and "Modeling PSR
Injection with TRIUMF's ACCSIM Code," by G. Mackenzie.

The findings of the group are spelled out below.

2 Painting Techniques
Two issues are important, in painting: The first, is the reduction of proton foil traversals
- this is of concern for compressor rings where we are trying to reduce global losses to
the order of several parts in 104. The second issue is the reduction of space - charge
detuning for a given acceptance or emittance. This aspect is a consideration for the
kaon factory machines where one wishes to minimize magnet apertures.

The grrup concentrated on the proposed compressor as a study of the first issue.
The painting techniques discussed a number of options. The first treated parallel x
and y closed-orbit biunps which collapse during injection - the H~ to proton stripping
foil was offset in the beampipe. The foil should be rotated - one study suggested a
7r/3 angle with respect to the x axis. It was also suggested to use a non-linear bump
collapse (faster at beginning). These procedures end with large amplitudes in the x and
y planes, simultaneously; stopband growth is most sensitive to these conditions. It has
been observed at Rutherford that complementary bumps create something nearer to
the desired (K-V) distribution; here the x bump collapses while the y bump increases.
This technique does not improve the situation with regard to the foil traversals for the
proposed compressor, however. Another possibility is use of a "massless" foil - this
consists of a small carbon spot on a thin aluminum substrate. One might consider
energy ramping during the injection. If the foil is located in a dis]>ersive section
and the longitudinal tune is large enough, then synchrotron motion helps remove the
circulating beam from the foil; the bunching factor is enhanced at the same time.

If the foil is not located at a waist, the conditions

axx0 -f l3xx' = 0

<*XV f M = 0 (1)
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- 0

should be met. The tinac beam offsets at the injection (foil) location are Xo, xj,, yo,
and y*0. The dispersion and its derivative are 77 and r\' in the injection beamline at the
foil location. The <*'s and /?'s are the matched machine functions. It is preferable
that the linac beam should be xnatched to the machine. The optimum occurs when
the curvatures of the linac and machine beam ellipses match, i.e.,

/ firing \ .

Linear coupling may help, by excitation of beating between horizontal (x) and
vertical (y) amplitudes, to reduce foil traversals. This technique increased the top
intensity on the CERN PSB by 25% by reducing hits on the proton injection septum,
and by improving the shapes of the transverse distributions. The amplitudes are
coupled by the betatron difference resonance Q r - Qy = p, so the effects are enhanced
by having the difference between betatron tunes close to integral. Nonequal space-
charge tune shifts in Qx and Qy as well as the presence of nonzero chromaticities tend
to reduce the coupling in actual operation, however. H. Schonauer discussed this in
one of the three talks to this group. This work will be presented in the paper by
M. R. Masullo and H. Schonauer to this conference.

A few further comments in regard to painting are in order: One should endeavor
to design for low beta at the foil; this entails a large divergence of the proton beam
but estimates suggest that one can still manage. The local power density at the foil
remains to be estimated. The thinnest foil should be used since we are still in the
;p domain of dE/dx and the thickness required at 1.6 GeV is close to that needed at
800 MeV. Finally, foil traversals are reduced by increasing the circumference of the
machine.

With regard to the number of foil hits, it appears that we have to rely upon simu-
lation codes. E. Colton has shown (with the aid of a program) that the probability of
a foil traversal for the strawman compressor could be reduced to of the order of 1.5%
if we assume the 50 MHz rf system. However, a harmonic one rf system (f=2.5 MHz)
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was strongly recommended by the compressor working group. With this assumption
the minimum probability of a foil traversal was in the range of 5-10%.

3 Aperture Clearance and Algorithm for Beam En-
velope Sizing

Both of these topics are closely related. The main blowup mechanisms are: (i) Simple
scattering at the foil; this has been solved. The diagram including nuclear scattering
given in the conference summary has the answer, (ii) Multiple Scattering at the foil;
in general, the blowup is negligible for the range of r.m.s. scattering angles considered.
The emittanc*- growth is given by

Ae = ,6<62>Nt (3)

where < <?2 > is the mean squared scattering angle and Nt is the number of foil
traversals. (iii) Stopband crossing - the space-charge tune shifts and synchrotron
motion serve to move particles across resonances many times. These are the major
sources of blowup and are the hardest to assess. Only a very crude approximation can
easily be made, giving a rule of thumb for the blowup:

(4)

where n is the lowest order of stopband crossed, dQn is the typical resonance width
(10~3), and dQac is the maximum space-charge tune shift. In the above form, the rule
applies only to storage rings, or with Nt being the number of turns that the stopbands
of order n are crossed. As in general dQac ~ 1/n one can simplify further:

(5)

We assume from CERN PSB measurements that dQ3 ~ 8 x 10~4, and dQA ~ 5 x 10~3

and the rule predicts for the compressor for n=4, emittance blowups of about 27% and
80%, for storage times of 1 msec, and 8 msec, respectively. These findings imply that,
in the event of relatively long storage times, that significant resonances should not be
crossed by the beam.
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4 Collimation Systems
Explicit collimation will probably be required in future compressors and kaon factory
injector rings. Several applications are to be considered: (i) An "after" foil for large
angle Coulomb and Nuclear Scatters; this collimator would have to absorb about 30 nA
on the average with occasional peaks to 100 nA. (ii) A set of halo scrapers elsewhere
in the ring to define the limiting aperture, (iii) There could be a second foil to strip
residual H~ or H° particles.

With regard to (i), this foil should be thin and retractable and act as a scraper/degrader;
it should be followed by one or several massive absorbers. The absorber(s) should be
self shielded or covered by a shadow shield. The scraping should take place at a
large beta location in order to obtain maximum separation between wanted and lost-
particles. With regard to (ii), there is the question of acceptable margin between the
limiting and the lattice apertures; ideally the acceptances of the collimator and ring
should be similar. The final answer will depend upon the actual scattering distribu-
tions and may require Monte-Carlo calculations. For (iii) the second foil should strip
99.9% of the H° but not increase the proton beam emittances significantly.

5 Foil Scattering Algorithms

The question that was asked was "is everybody using the same foil scattering laws?"
The debate turns around the question as to whether the plural scattering model (Keil
et al) used in the TRIUMF simulations truncates the large angle scatterings which are
treated separately at Los Alamos. The answer is "probably not." The statistical pre-
cision to be expected from a 2000 superparticle tracking code is too poor to show any
effects. Nevertheless G. Mackenzie of TRIUMF has proposed to compare the results
of the following methods in order to obtain a more precise answer: (i) Analytic treat-
ment using single-scattering equations; (ii) Analytic method folding single-scattering
equations n times; (iii) Use the tabulated functions from "Zur Einfach - iind Mehrfach-
streuung geladener Teilchen," E. Keil, E. Zeitler, W. Zinn, and Z. Naturforschg. 15a,
1031-1038 (1960); (iv) ACCSIM simulation with a large number of particles. These
tests will hopefully show the difference in the intermediate region.

Some comments from S. Koscielniak are added to this section: The scattering
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depends upon the single-scattering model. For a nucleus shielded by electrons the
potential is given by

where ro is the Bohr radius and // characterizes the shielding length. In the literature /t
is generally derived from the Thomas-Fermi model. This model is classical in the sense
that it uses statistical physics and electrostatics. The Thomas-Fermi model produces
a potential which is not Yukawa-like but is usually approximated by (l/r)exp(-kr).
Thus ft is somewhat arbitrary (two approximations used); the going value has fi in the
range of 0.5 to 2.0. The total cross section varies as I//*2 so one may expect changes
of order 100% due to the /.i variation.

So what are the effects of the fi uncertainty upon the projected angular distribu-
tions? H. Thiessen has shown (by numerical investigation) that the dependence is
much weaker-20% as /u varies. It seems that Hartree-Fock calculations, to second
order in the Born approximation, may be needed to give an accurate single-scattering
law (for all angles). Then the single scatters can be included either by Monte-Carlo
(in a program such as ASIMII) or by insertion into the Moliere theory-solution of a
integral equation will be required.

6 Conclusions
(i) The numerical results of simulations tell us that the charge exchange injection
process itself can be designed so as to meet very stringent, loss limits.

(ii) Very Little is known about "classical" loss and blowup mechanisms (stopbands,
diffusion out of bucket, RF noise) in the limit of loss rates which are so low that they
are not seen in existing machines.

(iii) Collimation and loss concentration have not been studied with the intensity that
the problem merits.
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POLARIZED PROTON ACCELERATION AT THE BNL AGS, 1988*
Leif Ahrens

AGS Department
Brookhaven National Laboratory

Upton, New York 11973

ABSTRACT

The present status of the polarized proton accelera-
tion at the Brookhaven AGS is described. Some de-
tails regarding the tune-up and performance during
the December 1987-January 1988 physics run are given.

The intention of this paper is to provide an update on the status of
polarized proton acceleration at the Brookhaven AGS. The strategy for
resonance crossing at the AGS is fast passage via tune jumping of the
intrinsic resonances (5 below 18.5 GeV/c) and strength reduction via
magnetic correction at the imperfection resonances (30 below 18.5 GeV/c).
The lowest energy synchrotron in an AHF may use similar techniques. The
general description of AGS operation given last year at the Sante Fe
Workshop (see Ref. 1 and other references therein) will not be repeated
here.

Since that report, a polarized run occurred starting in mid-December
1987 and ending six weeks later. This run will be denoted as the 1988
run, and comparison will be drawn between it and the prior run (1986).
Nearly half of the 1988 run time was required to complete the tuning out
of the resonances to produce an extracted beam with greater than 40%
polarization at 18.5 GeV/c. The external intensity varied between 1 and
2 x 10 1 2 protons per pulse at a 2.8 second repetition period. The
extraction energy was set by economic constraints and was slightly lower
than the record set in the past (40% at 22 GeV/c). Very little time was
explicitly dedicated to studies, this being a production run for high
energy physics. The rate of acceleration for the 1988 run was only 60%
of past runs due to problems with the main magnet power supply. This
implies that resonances were crossed more slowly and hence, all else
being equal, a given resonance caused more depolarization of the beam.

A one-sentence summary of the run is that the standard techniques
worked as predicted. The situation was cleaner this run than last in
that some of the odd effects seen last run did not reappear. The final
polarization after crossing 35 corrected resonances was a little more
than half of the value at injection into the synchrotron. The external
polarization was not very stable, varying between 35% and 50% over a time

Work performed under the auspices of the U.S. Department of Energy.
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period of days. The reasons for this variation were not clearly deter-
mined. Four of the imperfection resonances were passed by flipping the
polarization, using the magnetic correctors to strengthen the depolar-
izing fields in the machine. The decision to flip rather than correct
was based on the observed lack of stability in the correction for Gy = 9
(a very sharp resonance—a four "count" change in the correction current
reducing the polarization by 50%). The variation in the required cor-
rection current could have resulted from a shift in the ring magnets or a
change in the correcting fields, the former being more probable. Flip-
ping eliminated this sensitivity. In what follows the performance of the
various systems will be briefly reviewed.

The source produced a 500 psec-long current pulse of 25 uAmp H~.
The RFQ transmitted 75% of the source output, accelerating the beam to
750 keV. The current at the 200 MeV end of the Linac was 10 yAmp and the
polarization measured there was a very stable (78 ± 2%). These numbers
are comparable to the 1986 run, the pulse width a bit longer and the
polarization a bit higher. The intensity was sufficient to allow ac-
celeration albeit unpolarized, to full energy easily; about half of the
injected beam was fully accelerated.

The internal polariraeter carried a 6 mil nylon string this year (4
mil in 1986). It was used on a flat measurement magnetic porch for the
polarization tuning. The porch was shifted upward ten times during the
tune-up period, gradually increasing the field or momentum at which
polarization was measured. Figure 1 gives a summary of the polarization
tune-up period. Machine polarization is plotted against time (days),
with the momentum of the measuring point stepping up as time increases.
The internal polariraeter was also used while the field was ramping to
scan polarization vs energy. The emittance growth caused by the target
string makes this measurement somewhat difficult to interpret since the
intrinsic resonances depolarize more than they would with the string
"out". Measurement time (2% polarization statistics) using the internal
polarimeter varied from 5 minutes at low energy to about 15 minutes at
high energy. The time needed by the control system to confirm that a
resonance tuning parameter had been changed as desired was a few minutes.

The fast jumping of the intrinsic resonances went as predicted. As
in the past, the jump sizes were to first order not a tuned parameter,
the largest being Av * .3 at Gy = 36-v. The timing of the jumps depends
critically on the calibration and stability of the Gauss clock (a clock
with tick rate proportional to dB/dt where B is the main magnet field).
The resonances occurred at the predicted fields to within about 50 Gauss
clock counts (10 Gauss) and within experimental errors were stable. The
lower acceleration rate mentioned above effectively strengthened all
resonances by about a factor of 1.4. This in itself appeared to cause no
problem. However, as a consequence of the slower acceleration rate, the
current waveform for the fast quads did present a problem. This function
rapidly shifts the tune and the beam through the intrinsic resonance and
then holds the beam away from the resonance condition long enough to
allow the normal acceleration rate to keep the beam away from the reso-
nance. The decay time of the quad current was designed to hold the beam
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Fig. 1. Polarization at Measuring Porch Momentum vs. Time.

a fixed distance from resonance, assuming the normal acceleration rate.
With the lower dy/dt of this run, the decay time was marginal, especially
at Gy = 24+v. The plateau of that resonance timing curve was very
narrow.

In order to allow large tune jumps O.25) and yet avoid integer and
half integer stop bands, the machine tune can be slowly adjusted prior to
a given resonance crossing. In the past this technique was needed at a
few intrinsics, and in particular was used in an odd fashion in 1986 at
Gy = 0+v (reducing the vertical tune so that the fast negative going jump
actually pushed the tune down through the half integer (vy - 8.5) for a
few milliseconds). These "slow" quad maneuvers appeared to reduce some-
what the large emittance growth experienced during the 1986 run (see
below). For the 1988 run, slow tune manipulations were needed only at Gy
= 36-v where the technique was used in the expected way, namely pushing
the vertical tune down to 8.55 to allow a positive jump of .3 up to 8.85.
During the 1986 run, moving the vertical tune very close to 8.5 while in
the vicinity of Gy = 36-v improved polarization and led to speculation
that the nearby resonances were overlapping. An attempt to repeat this
maneuver this run yielded no change in polarization.

The inherently nonadiabatic nature of pulsing the ferrite quads at
the intrinsic resonances leads to transverse emittance growth in both
planes. The growth seen in 1986 far exceeded that expected from the fast
variation of the betatron functions and was suspected to be caused by a
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lack of alignment between the equilibrium orbit and the quad centers.
The pulsing quads were suspected to be kicking the beam. Prior to the
1988 run, the main ring magnets were surveyed and repositioned both ver-
tically and horizontally. Following this the effect of pulsing the fer-
rite quads on the beam equilibrium orbit was measured and the quad off-
sets deduced. The quad positions were then readjusted. Finally during
the run the radial position of the beam, which is controlled by the
acceleration program, was fixed and monitored to assure that the quad-
centered radius was maintained. The result from all this effort was a
great reduction in the eraittance growth observed. Figure 2 compares the
eraittance growth in the vertical plane for the 1988 and 1986 runs. The
horizontal growth was similarly reduced. The smaller beam sizes reduced
depolarization at the intrinsic resonances and improved extraction
efficiency.

0.0 2.5 S.O 7.5 10.0 12.5 15.0 17.5 2C.C
MOMENTUM tGEV/C)

Fig. 2. Vertical etnittance growth during the accelerator cycle,
1986 run compared to 1988 run.

The correction of the imperfection resonances generated no sur-
prises. As in the past the resonances near Gy • 36-v (namely Gy * 27, 28
and 29) were more effectively corrected by tuning magnetic harmonics at N
= 36-GY, rather than at GY (namely 9, 8 and 7 respectively). The inter-
action between the relatively large orbit distortions at these "beat"
harmonics and the fields of the machine lattice produced the magnetic
harmonic necessary to correct the resonance.2 As mentioned above, four
of the imperfections were flipped in an attempt to attain a more stable
machine. Except for Gy * 9, this strategy seemed to have a neutral ef-
fect on machine performance.

The actual amplitudes and phases needed for correction at the imper-
fections presumably give a picture (a Fourier analysis) of the errors in
the machine. Figure 3 gives these values for the 1986 and 1988 runs.
The amplitudes are normalized by momentum (which assumes the errors cone
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from the main ring magnets). The machine was realigned between these
runs which one might think would randomize these values. Quite to the
contrary, the amplitude data suggests that there is a strong correlation
between the two runs. However, the phase information seems to show no
such strong correlation. This remains a puzzle.

• r 7"

IiBOtrfcetion t»»rr«ction

Fig. 3. Amplitude and phase of imperfection correction.
1986 run compared to 1988 run.

In tuning an imperfection resonance, a parameter emerges which is
very useful for predicting the likelihood of being able to correct or
flip that resonance, namely the width of the curve of polarization vs
correction harmonic strength. This curve is just a scaled version of the
Froissart-Stora curve of polarization vs resonance strength for resonance
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crossing at a fixed rate. The inverse of the width of this curve is a
measure of the sensitivity of the intrinsic resonance to this harmonic
and is a function of the lattice, the acceleration rate and the machine
tune, but not of the magnitude or phase of the error harmonic present in
the machine. If a particular resonance sensitivity is sufficiently high
that the harmonic correction system available can span the interval from
full correction to full flip, then it is guaranteed that the resonance
can be successfully crossed. Even if this is not true, the sensitivity
is a great help in planning the tuning procedure. A table of intrinsic
resonance sensitivities for a proposed synchrotron where resonances are
to be corrected by tuning out the imperfection fields would be a valuable
addition in judging the difficulty of tuning-up such a lattice. Figure '
gives the widths measured at the AGS in 1986 and 1988. The width plottec
is the full width in units proportional to the magnetic harmonic applied
at the point where the polarization has decreased to half of its peak
value. The different acceleration rates for the two runs account for
most but not all of the difference between the curves.
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Fig. 4. Width of Imperfection correction curves.
1986 run compared to 1988 run.

In conclusion the 1988 run held no large surprises, neither good nor
bad, in obtaining a polarized beam at 18.5 GeV/c. Nevertheless, many
questions are not fully answered. The emphasis at the AGS in the im-
mediate future is to expedite the tune-up procedures, and increase the
final polarization and its stability. It remains an exciting but lower
priority task for the future to push the polarized acceleration up to the
momentum limits of the AGS.
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PLANS FOR POLARIZED BEAMS AT THE EUROPEAN HADRON FACILITY

P. Blum and A.

Institut fiir Experimentelle Kernphysik, Universitat Karlsruhe

ABSTRACT

In the design of the European Hadron Facility great emphasis has been put

not only on the production of a high intensity beam (100 uA), but also on

the capability to accelerate a polarized proton beam up to the final energy

(30 GeV). The expected depolarizing effects have been evaluated, and methods

to preserve the polarization have been investigated- While we propose to

cross the depolarizing resonances in the Booster either with a fast Q-jump

method (intrinsic resonances) or a harmonic correction method (imperfection

resonances), we would like to use in the Main Ring the scheme of Siberian

Snakes to avoid both types of resonances at once. Therefore we have compared

different types of snakes and studied the implications of a one snake or a

two snake scheme.

1 Assosiate to INFN sezione Padova
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INTRODUCTION

The ability to accelerate polarized protons up to the final energy is one

of the main objectives of EHF /1/. It strongly influences, together with the

requirements of beam stability and minimum beam losses, the design of the

accelerator complex. In particular the transfer energy between Booster and

Main Ring has been selected to enable the use of Siberian Snakes ,'1/ as a

global cure of resonant depolarization in the Main Ring. The lattice design

provides the space needed to accomodate Siberian Snakes, which are a sequence

of transverse magnetic fields rotating the spin by an angle of IT around an

axis m in the plane of the orbit bi.it not affecting the beam orbit outside

the snake. Thus the initial position of the spin is updated after two turns,

i.e. the spin tune is 1/2. This spin motion forms therefore a topological

equivalent of a Moebius strip. As a Siberian Snake makes the spin tune v

independent of energy, no depolarizing resonance will be crossed as long as

the width of a resonance z is not exceedingly large /3/.

v =-i - |E|cos<l» (1)

$ is the phase angle of the resonance.

Depolarizing resonances occur, whenever the spin precession frequency v=G-lf

coincides with the occurence of a perturbing magnetic field. G is the gyro-

magnetic anomaly of the particle. The width of the resonance vg is given by

the correspondent Fourier component of the perturbing field. It turned out

that the strongest resonances are excited by the vertical closed orbit dis-

tortion and the vertical betatron motion respectively.

<iy = k imperfection resonances (2)

(>y = kP±Q^ intrinsic resonances

P is the periodicity of the lattice. The amount of depolarization due to

the crossing of an isolated resonance is obtained applying the Froissart

Stora formula /4/

l>=/>L2e 2' -1 ] with «=™X±*£ (3)
; ' 2n

Plans for polarized beams at the European Hadron Facility
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P, and P. are the final and initial polarization values, and a is the

crossing speed of the resonance. AJf and AQ are the change in energy and tune

in one revolution. However one has to be aware that the Froissart-Stora

formula assumes an infinitely wide jump over a resonance with a constant

crossing speed. Taking a finite width 6 for the Q-jump into account a for-

mula derived by Courant and Ruth /5/ has to be used.

prs2+\c\
2 is <> +

This report will discuss the depolarizing effects and their cures for both

Booster and Main Ring. In particular the impacts of the use of Siberian

Snakes will be shown and different types of Snakes will be compared.

DEPOLARIZATION IN THE EHF BOOSTER

The Booster lattice consists of six superperiods, each of which includes nine

cells with a doublet focussing structure. Thus low amplitude betafunctions

are guaranteed. Each superperiod shows a missing magnet arrangement, which

due to the selected phase advance forms two 2ir achromates. Therefore a long

dispersion-free straight section needed for the installation of the accel-

erating RF-cavities can be added.

It is intented to preserve the polarization in the Booster by standard

techniques like harmonic correction of the correspondent horizontal imper-

fection field to cure imperfection resonances and fast tune jumps to cure

intrinsic resonances. Both methods have been used at the ZGS in Argonne

/6/, and presently at the AGS in Brookhaven /7/.

While the horizontal phase advance per cell is about 90° to push the tran-

sition energy well above the maximum energy of the accelerator (Y =12.55),

the vertical tune is selected to give an odd multiple of it/2 phase advance

between successive fast pulsed quadrupoles installed in the straights of the

missing bending magnets. The fractional tune (Q =13.23 and Q =10.22) has
X Z

been selected to avoid serious low order betatron resonances.

During the acceleration from 1.2 to 9 GeV, 14 imperfection and (due to the

periodicity and tune) four intrinsic resonances will be encountered. The

strengths of these resonances have been evaluated with the help of the pro-

Plans for polarized beams at the European Hadron Facility
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gramme DEPOL written by E. Courant. For the imperfection resonances we

assume that all magnets are misaligned in all dimensions according to a

Gaussian distribution with a standard deviation of 0=0.1 mm. Figure 1 shows

the relative polarization after crossing a single resonance. Apparently a

harmonic correction is needed in order to preserve polarization in the

Booster. As two dipoles are needed to cancel the driving harmonics both in

phase and amplitude, we plan to install in the center of each doublet a

correction element, which will be pulsed with an appropriate amplitude and

phase to minimize depolarization.

The effects of the intrinsic resonances have been calculated assuming a

normalized emittance of 10 IT mm mrad. Table 1 summarizes the strengths of

the resonances, and the expected depolarizing effects assuming no fast

Q-jump. Column 5 indicates the corrected situation calculated with the for-

mula of Courant and Ruth assuming a fast Q-jump of 0.2, which has been

established within one turn (1.7 usec).

!
j

- 3 . 3 -

MPZ?~ZC~'.5H RESONANCE;

io -,z ;- :s
MOMENTUM 3EV/C

Figure 1. Depolarization due to imperfection resonances in the Booster
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TABLE 1: Depolarizing intrinsic resonances in the EHF Booster

kP±Qz

18-

0+

24-

6+

4

5

7

9

y

.334

.706

.681

.053

strength
£

0.0028

0.0207

0.0084

0.0152

VPi
(F-S)

AQ=O

0.885

-0.890

0.221

-0.731

Vpi
(C-R)

AQ=0.2

0.9994

0.9678

0.9947

0.9820

We think that the overall depolarization effect in the Booster can be esti-

mated to be of the order Pf = 0.9 P..

DEPOLARIZATION IN THE EHF MAIN RING

The Main Ring uses a FODO lattice with four arcs joined by dispersion sup-

pressors and straight sections. The length of the straight section should

provide space long enough for RF-cavities, fast transfer elements, and the

magnets of Siberian Snakes. The arc consists of seven regular cells with a

phase advance per cell of 60° in both planes in order to push the transition

energy below the injection energy (Z =7.8). The dispersion suppressors

consist of two cells, which have the same focussing structure as the regular

ceils of the arc but half the bending strength. In accordance with the phase

advance of 60° all the bending power is concentrated in one cell and the

second cell is free of any bending magnet. The dispersion-free straight

section has an equivalent length of two regular cells, and is designed

according to the requirements for the installation of snakes. A length of

16.2 m free of any element and with zero dispersion is pro',: ied. Thus a

Siberian Snake even constructed with conventional magnets can be imple-

mented.

Due to the low periodicity and large acceleration range (9-30 GeV) this

lattice shows a copious occurence of depolarizing resonances: 20 intrinsic

and 40 imperfection. The strengths of these resonances have been evaluated

with the help of DEPOL using similar assumptions as in the Booster. The

result is shown in Figure 2. It is obvious, that crossing all these reso-
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Figure 2. Depolarization due to resonances in the Main Ring

nances would be a laborious if not impossible enterprise. We therefore plan

to adopt the Siberian Snake scheme to avoid the passage through a depolar-

izing resonance. As none of the EHF Main Ring resonances is stronger than

0.05, one snake should be sufficient to preserve the polarization in the

whole energy range. However in an one snake approach only the longitudinal

spin projection is preserved, and its orientation is independent of energy

only opposite to the snake position. Thus one has to inject and eject a

longitudinally polarized beam at the azimuth IT with respect to the snake

position. In order to preserve the vertical spin orientation in the ring one

has to insert at least a pair of snakes with orthogonal rotation axes, so

that the spin tune adds up to 1/2.

HELIXES AND DISCRETIZED SNAKES

A Siberian Snake makes the spin precession frequency v=G- JT independent of

energy by precessing the spin about an axis fit in the plane of the orbit, but

not affecting the orbit outside the snake. Inside the snake the orbit

"snakes" around, and lead due to the almost constant field to large excur-

sions at lower energy.
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There are many configurations of magnets discussed in the literature (e. g.

/8/), which meet the snake criteria: rotating the spin by ir and not distoring

the orbit outside the snake. Comparing these different field distributions

one comes to following conclusions:

• Configurations, which have a defined symmetry in the sequence of the

field do give serious advantages; infact if we write the spin transfer matrix

through our device as a rotation:

(i/2) m*
M = c (5)

one component of the rotation axes m is zero, if the field distribution is

symmetric on the vertical plane and antisymmetric on the horizontal plane

(S-A) or if it is symmetric in both planes (S-S). This clearly helps to meet

the snake condition:

M = —iam with meix.v) (*>)

• The use of a wiggler field:

(7)

as proposed by E. Courant permits to understand and optimize all snakes with

a S-A symmetry. Infact all such snakes can be built either with lumped

dipole magnets (discretized snake) /10/ or as a continuous wiggler magnet

(Helix). In both case a pair of corrector magnets are needed to restore the

orbit.

• In many of these snakes one may achieve a significant smaller orbit

excursion, if one twists the orbit several times within the snake (multi-

twist snake) /9/. This gain in aperture has to be traded off with the length

of the snake. This can be seen for example in the equations of the trajectory

in the Helix:

xis) = -j(-sinks+d{s + cx) (8)
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with a minimum aperture radius:

and a length:

2mc

2mc

(9)

(9)

(10)

u is a dimensionless constant that characterizes the snake. If we have a

"well done" snake (i.e. if di=d2=0 by means of suitable correcting dipoles)

the maximum orbit displacement is given by A. Therefore p can then be eval-

uated as a function of 0O. It is found to have a negative slope /11/, which

proves the advantage of increasing 0O at least as long as du/dOo is large.

We would like to point out, that in principle also ci and c2 have to be added

to the displacement. But fortunately ci is equal to zero due to the symmetry,

and C2 will be adjusted to zero by means of a second couple of corrector

magnets.

Figure 3 shows the the longitudinal projection of the orbit for three typical

snakes, and illustrates how the condition di=d2=0 ("well done" snake)

requires a tangentially injection into the wiggler magnet. The dashed part

of the orbit indicates the case of a multi-twist snake.

Figure 3. Longitudinal projections of the trajectory of a

a) Courant - b) helical Steffen - c) corrected Courant snake

In Table 2, where the properties of a selection of Siberian Snakes are sum-

marized, the first five examples are of S-A type. This clearly demonstrates
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the various possibilities to construct a snake with reasonable small magnet

apertures even at lower energies. The final choice between a Helix or a

discretized snake either built with tilted or vertical and horizontal bending

magnets is finally a problem of magnet engineering.

THE TWO SNAKE APPROACH

If one intends to operate with vertical spin orientation in the Main Ring,

one has to insert a pair of snakes with orthogonal rotation axes. As the

rotation axis of a "well done" snake of S-A type always points in the

direction of the beam propagation, we have to look for a second type snake,

which rotates the spin around the horizontal x-axis.

Such a snake, which rotates the spin around the horizontal x-axis by TT, was

proposed by Turrin /12/. Also the Turrin snake, which has a S-S symmetry,

can be regarded as a discretized version of a "well done" Helix: with two

IT/2 arcs of opposite helicity plus a central corrector bending. Figure 4

shows the orbit excursions in one half of the snake. In order to meet the

snake conditions (6) with this symmetry we have to make zero both tr M (to

get v=1/2), and m3 (to have a horizontal rotation axis). For one twist

(00=90°) the solution is almost exact, but leads to pretty large orbit

excursions at lower energy. Unfortunately the multi-twist optimization does

not look possible in this case; in fact the introduction of a further twist

0 | fro - ^o°
I V

-••s

Figure 4. Helical version of Turrin Snake (half snake)
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(00=450°) makes u bigger, and v more different from 1/2 (i. e. in theS-Scase

the symmetry does not guarantee the exact solution of the snake condition).

As a way out we studied a couple of left- and right-pointed snakes proposed

by K. Staffen /13/, which both have orthogonal rotation axes at 45° with

respect to the propagation direction of the beam. Unfortunately the orbit

displacement in these snakes is still very big in the vertical plane (it is

exactly the same as for a Turrin snake). Also here the introduction of a

further twist does not improve the situation. On the contrary due to the

uncorrected lateral displacement the orbit excursions get twice as large.

Figure 5 displays the orbit excursion of a lefc-pointed snake, and demon-

strates why a multi-twist optimization will not improve the situation.

Table 2 summarizes the properties of the different snakes. We conclude that

there doesn't exist a pair of snakes with orthogonal rotation axes, where

both snakes require only small aperture magnets. Therefore one either has

to foresee large magnet apertures for the low-energy injection or one uses

a one snake scheme with a "well done" snake and has to inject a longitudi-

nally polarized beam.

f O | v © e T ! O

0.1

t Q •v e t o e

a) Steffen left-pointed snake

b) Steffen left-pointed snake with a further twist added

(half snake)
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TABLE 2: Proper t i e s of S iber ian Snakes for a f ie ld of B = 3 T a t 9 GeV

Snake type
deg

A
cm

Steffen
helix

Courant
+ correctors

Sieflen left pointed
Turrin

helix

[270]
270
450
510
468
[not well d.]
[90]
90
450

.8818

.6633

.5908

.6388
[T /2 ]
!>/2J
1.86
1.79

8.1
4.76
2.70
2.13
2.50
16.2
16.2
21.2
10.4

.500

.500

.500

.500

.500

.500

.500

.496

.452

ONE SNAKE APPROACH

Our Main Ring lattice design provides long straight sections appropriate to

accomodate both a "well done" snake of the S-A type and fast beam transfer

elements for the injection and ejection at the azimuth ir with respect to the

snake position. The whole system is sketched in Figure 6.

Holding Ring

Spin Rotator

Stretcher

Snake

Figure 6. Scheme of the one snake approach

The transfer lines have to provide the desired spin rotation, which shouldn't

be too difficult as long as the transfer occurs at the same energy. But any

choice of che physical survey of the three rings (Holding Ring, Main Ring,

Stretcher) have to be in accordance with the spin rotators.
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POLARIZATION IN THE NEW RACETRACK DRIVER RING OF THE
TRIUMF KAON FACTORY

U. Wienands
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. Canada V6T 2A4

ABSTRACT

The number and strength of the intrinsic depolarizing resonances in the
new racetrack lattice for the TRIUMF KAON Factory Driver ring have been
calculated. For the twofold symmetric lattice, a high number of resonances
was expected, but only a few resonances were found to have great strength.
These can be explained as structural depolarizing resonances of the arcs. If the
straight sections are retuned to be unit sections in the vertical plane and thus to
be transparent to spin and vertical betatron motion, most resonances disappear
and only 9 resonances remain, belonging to the twelvefold symmetry of the arcs.
Most of these resonances are weak or only of moderate strength and can be
jumped efficiently. The resonances arising from the 48-fold symmetry are very
strong, allowing the spin to be nipped and more than 90% of the polarization
to be preserved. Total depolarization up to 30 GeV due to intrinsic resonances
is less than 20% if pulsed quadrupoles are used to jump the moderately strong
resonances.

INTRODUCTION

Motivated by the needs for an efficient slow-extraction scheme,1 we have
designed a new racetrack lattice for the Extender ring for the KAON Factory
proposed at TRIUMF.3 Since the Driver synchrotron is to share a common
tunnel with the Extender, it has to have the same geometrical layout; so the
lattices of the two rings will be quite similar. In this paper we will examine the
number and strength of the intrinsic depolarizing resonances in the racetrack
lattice for the Driver synchrotron.

A lattice diagram is shown in Fig. 1. The arcs have a regular FODO
structure; all cells are completely filled with bending magnets. A phase advance
of 5 x 2tf per arc in both planes ensures dispersion-free straight sections, since
the eigenvalues of the arcs are degenerate and therefore the r} function of the
straight section determines the dispersion.

Since the lattice has twofold symmetry, about 50 intrinsic resonances within
the energy range of the ring, given by the condition

7G = 2k±v, * = 0,l , . . . , (1)

potentially have nonzero strength. In this equation, 7 is the relativistic energy,
and G is the gyromagnetic anomaly of the proton, G = 1.7928. 7G, the spin
tune, measures the number of spin revolutions per turn in the machine.
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Fig. 1. Lattice functions of the racetrack Driver lattice. 1/4 of the total
machine is shown.

We evaluated the strength of the resonances using the program DEPOL
of E.D. Courant.3 Figure 2 shows a diagram of all intrinsic resonances stronger
than e = 0.001. As expected a large number of resonances is present, however,
a few resonances have much larger strength than the others, in particular the
resonances at -yG = 4 — u, jG = 52 — v, and fG = 44 + v.

Investigating the lattice more closely, we can identify these three resonances
as being structural resonances of the arcs. The periodicity of the arcs is 48
(neglecting for now the modulation of the betafunctions) and the vertical phase
advance of the straight sections is 4.2. We can therefore express the three
resonances mentioned in terms of the arcs' periodicity and tune,

48fc±(i /-4) , Jb =
48 k ± v-n , (2)

with the tune of the arcs being about 10. Most of the other resonances in
Fig. 2 arise due to the fact that the straight sections have a noninteger tune and
therefore disturb the high periodicity.

This suggests an interesting possibility to reduce the number of depolar-
izing resonances in the lattice. We can tune the straight sections to have an
integer multiple of lit phase advance and can expect them to be transparent
to the beam as far as the spin motion is concerned. If this is done in both
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Fig. 2. Depolarizing resonances in the racetrack Driver lattice. The normalized
emittance is 10 T mm-mrad. Only resonances above 0.001 in strength are
shown. The vertical tune of the machine is 14.2.

planes, the straight sections are in fact completely invisible to the beam. Since
the first-order depolarizing resonances are excited by the vertical motion of the
beam, however, it should be sufficient to tune only the vertical phase advance
of the straight sections to an integer multiple of 2n. This has the advantage of
being able to maintain zero dispersion in the straight section.

We therefore retuned the lattice in the vertical plane according to this
rule and reevaluated the depolarizing resonances. As the diagram in Fig. 3
shows, indeed most of the resonances have vanished (that is, reduced to a level
of about 10~4 in strength where their effect becomes negligible). The remaining
resonances are due to the twelvefold symmetry of the arcs created by the mod-
ulation of the beta function. This modulation is necessary to push 7 t r towards
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infinity, in order not to have to cross transition. Tuning the straight sections to
be unit sections in both planes does not change the resonance strength signifi-
cantly; so we can retain the dispersion free straight sections.

In Table I depolarization due to the resonances is given. The depolariza-
tion is calculated for each resonance, assuming either fast crossing with a tune
jump of 0.2 and a crossing speed of 0.06 rad"1, or slow adiabatic spin flip cross-
ing on the trailing edge of the tune pulse in order to reduce the crossing speed,
whichever gives higher polarization transfer. Formulae of Froissart and Stora4

and Courant and Ruth3 have been used to evaluate the depolarization. Depo-
larization integrated over the beam distribution, uniform and parabolic, is given
in the last columns of Table I. As expected spin flip is superior in performance
only for the very strong 52—v and 44+i/ resonances. All other resonances can be
crossed very efficiently using the tune jump. The total depolarization is below
20%. This value is quite low and less than for the twelvefold symmetric Driver
ring originally proposed for the TRIUMF KAON Factory. If we take into ac-
count 5% residual depolarization from imperfection resonances, more than 75%
of the polarization can be preserved up to 30 GeV.

Table I. Depolarizing resonances in the race track lattice with 'invisible' straight sections

Res. -rG ( a P/Po <P/Po>tatif <-P//>o>P«r.
(10-6) (96) (96) (96)

4-1/
28 -v
8 + t>

40 -v
20 + 1/
52-i/
32 + i/
U-v
44 + 1/

Total

10.2
. 13.8

22.2
25.8
34.2
37.8
46.2
49.8
58.2

0.02402
0.00226
0.00269
0.00314
0.00433
0.13592
0.02292
0.02372
0.16590

102.2
233.0
483.0
554.8
615.4
592.8
434.4
329.1
32.6

-99.97
93.23
95.35
94.49
90.65

-100.00
-70.07
-86.36

-100.00

94.49
99.95
99.93
99.90
99.81

-96.43
94.96
94.62

-99.33

81.16

95.85
99.96
99.95
99.93
99.86

-94.66
96.21
95.95

-99.00

82.67

Column 4 gives the crossing speed for the sinusoidal magnet angle. Column 5 gives
depolarization according to the Froissart-Stora formula, and columns 6 and 7 give the
depolarization integrated over the beam distribution (uniform and parabolic) with tune
jumps applied. Negative values are for spin flips.
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It therefore appears that a racetrack lattice can be very well suited for
acceleration of polarized protons, provided the arcs have high symmetry and
the straight sections are 'invisible' to the spin. Very little of the flexibility^ of
the lattice has been given up since no restrictions are imposed on the horizontal
tune. Thus control of the dispersion function in the straight sections is not
restricted. The strength of the nonstructural resonances can be reduced further
by avoiding to raise transition. This necessitates transition crossing, but if the
intensity of the polarized beam is about 10 fiA (rather than the design current
of 100 /xA) this may very well be possible without excessive losses.

10
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10
- 2

10
- 3

10"4 t

10'

44"

99% S p j n j l i p
4 - - ~ ~ ~*~

28" 8. f

40"

1% Depolarization

10 20
7

30 40

Fig. 3. Depolarizing resonances in the racetrack Driver lattice with 'invisible'
straight sections. Only resonances above 4 x 10~4 in strength are shown.
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SUMMARY OF THE POLARIZED BEAM WORKSHOP

P. Blum

Institut fur Experimentelle Kernphysik, Universitat Karlsruhe

Ir. this session both the performance of existing and plans for proposed

polarized beam facilities within the different Kaon factories have been

reviewed, and the preceptions have been used in a round table discussion to

recommend a scenario for polarized beams at the AHF. The agenda and a summary

of topics of particular interest are given below. It is a pleasure for me

to acknowledge the contributions of all members of the working group: Leif

Ahrens, Motohiro Kihara, Andrea Pisent, Olin van Dyck, Ulrich Wienands, and

Y. Yamazaki.

AGENDA:

A) Performance of Existing Polarized Beams

1) Polarized beam at KEK M. Kihara

2) Polarized beam at BNL L. Ahrens

B) Plans for Polarized Beams

1) Polarized beam at KAON (TRIUMF) U. Wienands

2) Polarized beam at EHF A. Pisent

C) Round Table Discussion on a Scenario for

Preservation of Polarization in the AHF

SUMMARY:

The lessons from the existing polarized beam facilities teach us that the

use of conventional correction methods, i. e.
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• fast tune jump or spin flip for the intrinsic resonances;

*G = kP ± Q

• harmonic correction of the driving perturbing field

components for the imperfection resonances;

*G = k

( G is the gyromagnetic anomaly of the particle, k is an integer, and

P is the periodicity of the lattice.)

is a hard and time consuming work. Moreover the talk of L. Ahrens has shown,

that even a repeat of already achieved accomplishments asks again for a

careful and long retuning of the correction elements setting, As an important

perception, I think, has to be rated, that due to the careful steering of

the beam through the center of the fast pulsed quadrupoles apparently no

phase space blow-up have been encountered anymore, when a resonance was

crossed with a fast Q-jump. The best performances achieved so far are:

KEK: Maximum energy for polarized beams: 3.5 GeV

Polarization at this energy : 40 %

Intensity : 7108ppp

Crossing of 3 intrinsic, and

7 imperfection resonances.

BNL: Maximum energy for polarized beams: 22.0 GeV

Polarization at this energy : 46 %

Intensity : 2-101Bppp

Crossing of 6 intrinsic, and

39 imperfection resonances.

The proposed Kaon factories have the inherent advantage of a much faster

passage through a resonance condition due to the high repetition rate, and

should suffer less from depolarizing effects. In addition the design from

scratch on permits an optimum lay-out for polarized beams. The depolarizing

effects can be analyzed, and well adapted correction schemes can be selected

-- use of conventional correction methods in the Boosters, and a Siberian

Snake scheme, which makes the spin tune independent of energy so that no

resonance condition can be encountered in the Main Ring.
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Of particular interest is the result, which U. Wienands presented in his talk

on the analysis of the depolarizing resonances in the racetrack design of

the new Driver lattice of Triutnf. He pointed out, that it might be possible

in this design, where the arcs directly match to the straight sections, to

convert the low periodicity (P = 2) into a high periodicity of the lattice

(P = # of arc cells) by tuning the long straight sections to be "invisible",

i. e. the phase advance has to be a multiple of 2ir. In this case only a small

number of intrinsic depolarizing resonances will be encountered.

In the talk of A. Pisent special emphasis was given to the mathematical

description, and the comparison of various types of Siberian Snakes. Of

special importance were the requirements for the compensator magnets needed

to close the orbit, and the possible reduction of the orbit excursions by

the use of multi-twist snakes (first proposed by E. Courant). The discussion

clearly proved that it is always possible to find a small aperture snake of

first kind, i. e. the spin is rotated by an angle ir around the propagation

axis of the beam. However if one looks for a snake of 2nd kind, which rotates

the spin by an angle ir around a radial axis, always larger aperture magnets

are required. As the spin precession angle is almost independent of energy,

this magnets are operated at almost constant field (varies in accordance with

the change in ($). This leads to intolerable large orbit excursions at low

energies.

Equipped with these preceptions the strawman design of the AHF has been

examined for its restrictions to the preservation of polarization up to the

maximum energy. A short discussion of the front-end part indicates no serious

depolarizing effects in this stage of acceleration and suggest that one

choose an optically pumped ion source, which should provide several hundreds

of uA polarized H beam in the near future.

The AHF Booster is designed as racetrack and accelerates the protons from

1.6 to 10 GeV. Therefore one will encounter 16 imperfection and due to the

lattice periodicity of two an equal number of intrinsic resonances. In order

to cure these depolarizing effects several cures have been discussed:

• It seems to be possible to adapt a similar lattice design as

R. Servranckx has proposed for the Triumf Driver. In this

case the number of intrinsic depolarizing resonances will be
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reduced to a single one (0 + Q ) by tuning the long straight

sections to be "invisible". Then conventional correction are

applicable. However one has to be aware, that the straight

sections aren't most likely dispersion-free anymore, and

synchro-betatron resonances might occur.

• The use of Siberian Snake scheme seems to be hard. Due to the

low injection energy large aperture magnets would be required.

If at all an one snake approach using a continuous multi-twist

helical snake can be used. Assuming a field strength of 3 T,

and a twist of five an orbit excursion of ±30.5 mm is found.

A total length of 10 m free of any element has to be provided.

This is a larger technical challenge.

• As most preferable cure we propose a new lattice design with

a higher periodicity ( of the order 6 to 10 ). In this case

the number of intrinsic depolarizing resonances is reduced to

about 4 to 2 respectively, which can be treated with convent-

ional correction methods.

Also the AHF Main Ring is designed as a racetrack. It accelerates the proton

from 10 to 60 GeV, and one has to cope with 95 imperfection and a similar

number of intrinsic resonances. In this case everybody excluded the use of

conventional correction methods. Therefore a Siberian Snake scheme as global

cure for both type of resonances is proposed. Depending on the strength of

the depolarizing resonances two different schemes can be considered:

• In an one snake approach the preserved spin direction points

into the propagation direction of the beam at the azimuthal

position opposite to the snake, and is independent of energy.

Along the circumference, however, the spin precesses and its

direction depends strongly on energy. Therefore this scheme

asks for an injection with an appropriate spin direction,

which has to be prepared by a spin rotator in the transfer

line. The extraction is required to be opposite to the snake,

and a further spin rotator is needed in the extraction line

in order to provide transverse polarization.

• The selected high transfer energy of 10 GeV clearly favours

the use of a two snake approach, in which two snakes with
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orthogonal spin rotation axes are incorporated at opposite

positions in the ring. In this case the vertical projection

of the spin is preserved and thus independent of energy

along the whole circumference. There exists at least two

pairs of Siberian snakes with orthogonal spin rotation axes:

Either one chooses a 1st kind and a 2nd kind snake or one

adapts a left-pointed and a right pointed snake proposed by

K. Steffen. The later one have rotation axis of 45° degree

with respect to the propagation direction of the beam. Un-

fortunately this type of snake has similar aperture require-

ments in vertical direction as a snake of 2nd kind. There-

fore we recommend to use a 1st kind and a 2nd kind snake,

where at least one candidate has small magnet apertures.
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INSTABILITIES IN PSRII

R. Baartman
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A4

1. 50 MHz COMPRESSOR RING

For 600 fiA at 24 Hz, the average accumulated circulating current must be
63 A (R=17.6 m). If divided among two rings, / = 31 A. Since about 4 buckets
must be empty to allow lossless extraction with a kicker rise time of ~S0 ns, the
average current in the bunch train must be 40 A.

1.1 Longitudinal

With a space charge contribution to Z\\/n of 110 ft, the usual coasting
beam stability criterion is violated. However, this is not meaningful since the
(coasting beam) growth rate for a typical impedance (Z\\/n = 10 ft) at cutoff is
less than the synchrotron frequency.

Coupled bunch modes can be efficiently driven by resonant impedances
with Q > /res//rf. For the case /res > / r f /(2£f), the growth rate can be written1

Say that during a 1 ms accumulation time we allow no more than 2 e-folding
times i.e., r > 1/2 ms. Then we find

Rt{Z\\jn) < 4.3 ft . (2)

If the beam is to be stored for 8 ms (as in the case where the rings are filled
one at a time from separate 120 Hz pulses), we require Re(Z^/n) < 1/2 ft. This
puts stringent requirements on the design of the vacuum chamber components
in general and the rf cavities in particular. All cavity parasitics must be tuned
to lie between coupled bunch modes. Even then, the above inequality is easily
violated. For a parasitic impedance, Rs tuned to f^ = (n + 1/2) /o, the real
part of the impedance at fn = nfQ is

•?5" (3)

For RJQ = 50 ft, n = 100 and Q = 1000, we find Re(Z\\/n) = 5 ft. We
conclude that active damping for all 20 longitudinal coupled bunch modes must
be anticipated.
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1.2 Transverse

The usual coasting beam stability criterion

) , (4)
/FWHH

is violated for all frequencies up to cutoff (n = R/b) because of the large space
change impedance: for a beam radius of 20 mm, |Zj_| = 2.6 Mft/m. The growth
rate

1 J cIRe(Zj_)

can be kept smaller than the synchrotron frequency if |i2e(Zx)| < 0.2 Mft/m
or, using the rule-of-thumb conversion Z± ~ 2R/b2 Z\\/n we get |ite(Z||/n)| <
30 €l. This is probably no problem; coupled bunch instability modes are more
important. The growth rate formula for coupled bunch modes is the same as
(5) but multiplied by Fm/(rn +1) where m is the node number of the associated
synchrotron motion. The in = 0 mode is worst but the chromatic frequency

ft = «/*) KA)/rf = 40 MHz , (6)

is large enough that m = 0 is not driven. For m = 1, Fm w 1/2, the condition
r > 500 (is becomes

Re(Z±)< 50kft/m. (7)

This does not seem daunting but one must keep in mind that the impedance
deduced from the growth rate of the fast instability in the PSR is five times
this value.2 Further, the rf cavities will have transverse modes with impedances
many times larger than 50 kft/m. These must be very carefully tuned away
from coupled bunch modes.

The resistive wall impedance is

\ _ 2R c P ( P~ resistivity, \- — ~ — yg = sk.n deijth j . (8)

For the lowest transverse mode, u> = (3 — vy)wo, in a stainless steel pipe we
get 6 kft/m. This gives in e-folding time of 4 ms. The resistive wall effect will
therefore be negligible for a storage time of 1 ms.

2. 2.5 MHz COMPRESSOR RING

From the point of view of beam instabilities, there are three advantages to
a low rf frequency.
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1. Peak beam current is lower. Apart from the kicker gap, the beam is
continuous in the 2.5 MHz case. For an average circulating current of
31 A, the peak current can be as low as 40 A. This can be achieved with
3 rf harmonics as in the present PSR. In the 50 MHz case, the peak current
is 100 A.

2. Since there is only one bunch, there are no coupled bunch instabilities.

3. With the rf system configured as a cathode follower (as in the present
PSR), the beam sees no dangerous impedance due to the rf cavity.

2.1 Longitudinal

The synchrotron frequency for /rf = 2.5 MHz is very low: a particle with
a 0.3% momentum deviation takes 0.8 ms to travel from the tail of the bunch
to the' head. This is comparable with the storage time and therefore as for as
instabilities are concerned, we are dealing with a coasting beam.

The necessary momentum spread for longitudinal stability is

(S \FWHH u " ' '' ' rJ~'n ^

£11 = 0.34% . (9)

(I = 40 A and | Z\\jn \ = 110 ft, the space charge component of impedance.)
Simulations by Colton3 show that a FWHH Sp/p of 0.4% poses no problems and
can moreover be advantageous from the point of view of reducing the number
of stripping foil traversals. It is recommended to stay well within the stabil-
ity region because of the potentially very fast growth rates. For example, a
Re(Z\\/n) of 10 ft at around beam pipe cutoff (n=250) will yield an e-folding
time, in the absence of Landau damping, of 20 us. It is therefore desirable to
keep the resistive impedance small compared with the space charge impedance
(| Re(Z\\/n\) -C 100 ft) so that it does not contribute significantly to the stability
threshold.

2.2 Transverse

Since transverse impedances are dominated by space charge, the usual
coasting beam stability criterion (4) can be written in a form which depends
upon Laslett tune shift:

| Ai/ i n c - Aucou
' FWHH

— -\i}\ [ — 1 for
n \ P /FWHH

n > Zvji] . (10)
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With | T) | = 0.18 and (Ap/p)FWHH = 0.4% and n = R/b = 250 (cutoff
frequency), we get

Ai / , c <0 .07 . (11)

This requires a beam radius larger than ~12 mm. For a beam size of 20 mm
(consistent with Colton's simulations3), all transverse modes with n > 80, i.e.
/ > 200 MHz are stable. At frequencies lower than this the growth rate is given
by (5). For r > 500 /zs, we require,

Re(Z±)<15ka/m. (12)

This is difficult to achieve: Swain's calculations for the PSR4 indicate that
Re(Z±) easily reaches 105 ft/m if one is not careful. Further, the impedance
deduced from the growth rate of the fast instability in the PSR is 250 kft/W2).
A transverse damper like that being considered for the PSR5 would do the job
but the required bandwidth (200 MHz) and power are quite large. Because
the space charge tune shift is comparatively small (0.025), a better solution for
PSRII is to use octupoles to provide a tune spread. The required spread is
about twice the space charge tune shift6 i.e., ~ 0.05. Sextupoles could also do
the trick but the required chromaticity is large: we would need £vv > 20 to
damp all n > 0.

The resistive wall impedance at the lowest unstable transverse mode is
6 kfi/m for stainless steel pipe. This does not violate (11). However, to al-
low longer storage time and freedom in choice of tune, it is desirable to use a
higher conductivity vacuum chamber. Aluminum is preferred anyway because
it reduces activation.

Finally, it is recommended to profile the vacuum chamber envelope to
follow the beam envelope. This technique reduces both the longitudinal and the
transverse space charge impedances by 20% or more.
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Stability of Phase and Radial Loops

Shane R. Koscielniak
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

Abstract
The properties of phase and radial loops, including the effects of signal delay, are

described in relation to the damping of longitudinal bu. iched beam oscillations in a proton
synchrotron. The influenece of beam loading is not considered.

1 Beam Frequency Spectrum

(n + pM)f0 + mfa -oo<p< +00 (1)

M is the number of bunches, /o is the revolution frequency. / , is the synchrotron frequency.
It is our comission to remove the modes associated with the m index.

If we damp the single-bunch dipole oscillation by any means at all, then we obliterate
all the synchrotron side-bands (m index). We can do this because beam signals are periodic.
We may choose any harmonic as the working-point for our restorative measures. If those
measures are FM then we require a reference frequency and phase, which is easiest obtained
from the cavity-RF operating. If those measures are AM, the choice is free.

2 Model FM Signal

u(t) = uc- Awc x sin(u;TO*) (2)

and phase <f>{t) = uct + A<f>cos(u>mt) where A<f> = Awc/u:m .

Here u?c is a carrier frequency and u!m is the modulation frequency. The frequency spectrum
of this signal consists of an infinite set of satellites about the carrier frequency, separated
by ojm. The amplitude of the frequency component in the mth side-band varies as Jm{ Ao).

2.1 Narrow-band FM
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If A$/2<Cl then the small amplitude approximation applies :

Consequently the dominant side-bands are at u>c ± u;m. Thus any device which is to pass
the FM signal without severe distortion must have a band-width > 2u?m about the carrier
frequency.

3 RF Cavities
The cavity band-width is b = LOC/(2Q), where Q is the caity quality factor. For

preference, irb > Qa which leads to the conclusion :

^ - 2fi, 2fa 2va '

Here va is the synchrotron tune, the number of phase oscillations per revolution.

3.1 Cavity b / w in kaon factory

Using tunes calculated in RAMA, and cavity Q-values given in the Kaon Factory
proposal we find all cavities except those in the A-ring meet the requirement (condition
3). In fact, the quoted quality factors are "raw" values for cavities in isolation : the local
high-power fast feedback at each cavity, which is required to combat beam loading, will
produce apparent Q-values below the numbers given in the proposal.

3.2 Amplitude of FM

Using the relation Awc/wm = A<j>, we can make an estimate of the frequency range
Aojrf. A<f> is the amplitude of the synchrotron oscillation in units of RF-phase. The
permissable amplitude depends on the bunch length, which is typically half the bucket
length. Hence for no beam loss \A(f>\ < {n — <j>a)/2 fa 1. So the maximum range is

4 Synchrotron oscillations
For the moment consider a single bunch performing dipole oscillations. The position

of a bunch in a ring can be given by the azimuthal angle, 6.

8{t) = u3t - AB. sm{9.at) where |A0| < (n - <f>s)jh (4)

is the amplitude of the synchrotron oscillation, h is the harmonic number of the RF-system,
u>t = 27r/o and Qa — 2irfa are angular frequencies ; and 0 < <f>a < TT/2 is the synchronous
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phase. The frequency spectrum of 4 consists of an infinite set of synchrotron satellites
about the ring revolution frequency. This, in part, explains the mode index m appearing
in formula (1) above.

Usually the synchrotron oscillation has small amplitude, else the bunch escapes from
the RF-bucket. Thus A$<g.n/h. Often TT//I < 1 ; for example in the Booster h = 45 and in
the Driver h = 225. Consequently A0/2-C1, and so narrow-band approximation applies.

5 Coupled Bunch Modes
The kaon factory has many tens of bunches, so it would be absurd to consider just

single-bunches. For convenience I shall use the example case of four bunches ; the gener-
alisation to many bunches is straightforward. The number of bunches is denoted M, and
individual bunches are identified by an index j = 0,1,2,3. The index n = 0,1,2,3 will be
used to label coupled bunch modes.

We shall need to define two angles : one to define the physical location of the bunch
in the ring (#), and another to define the position of the bunch in longitudinal phase-space
(r/0. The individual bunch phase is the azimuthal angle 9. In the longitudinal plot, the
abcissa is h x 8 plus an arbitrary constant. The definitions are made clear in figure la.

Suppose the bunches are identical except in their positions. Ideally, the spacing be-
tween bunch centres is 80 = 2TT/M. A single bunch in the interval — n/h < 8 < +ir/h is
Fourier analysed : S(8)j = ^ Apt

tp6 where i = \/—\. The complete beam evolution in
space and time is the sum over individual bunches, and has the Fourier representation :

3

Y, Sj(0, t) = J^expj^o [j + e cos(ft,t + j.n.8o)] } x j ] Apt?*'-"'** . (5)
j=o j P

In a frame which rotates at the synchronous velocity, the variation in time of the phase
of a particular Fourier component p depends on the left term of the product. It is
my belief/supposition that a phase pickup and discriminator ouputs the phase of that
left term for p= h. [In our example k — 4].

5.1 n = 0 mode

If n = 0, the pick-up phase Qpxj is given by :

3
_ eip66cos(U.t) y^gtOxpflo) . p _ 4

3=0

r is the net phasor amplitude. In a perfect beam, 68 = e x $0 = 0 and there is no
synchrotron oscillation.

Figure lb shows the four bunches with a fixed phase-difference between them of % =
2-K/M. In the phase-space plot, there is no angle-shift &ij> between the bunches. Locked
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together in this way, they could perform identical dipole oscillations : an n = 0, rn = 1, \p\ >
M frequency spectrum. When p = 4 the phasor sum on the righthand side of equation
(6) is pure Real (r = 4) and so the variation of pick-up phase is 9pu{i) = £88 cos(Q.st) ;
manifestly a synchrotron oscillation.

5.2 n = l , 2 , 3 modes

Again consider the Fourier component p = 4. When n = 1 or n = 3 the amplitude
of the phasor sum (over j) in equation (6) is a sinusoidal function of time : with angular
frequency 4£2,. When n = 2 there is amplitude variation at frequency 2fa. But when
/ i ^ O the net phase (6pu) is zero in all cases (for p = 4).

Conclusion : FM can be used only to damp the n = 0, m = 1 mode ; and useful beam
phase information is found only in the p = M Fourier component. To effect a cure of
n ^ 0 , m = l w e cannot use phase-modulation (ie FM), but could use AM.

Note that if we could sense individual bunch phases rather than their phasor sum,
then we could use FM to damp n = 1,2,3 coupled bunch modes.

Having established that the priority is probably to damp the single-bunch dipole mode,
it is time consider the system components and stability.

6 Stability Analysis
A stability analysis of a linear system often proceeds by Laplace transforming the

components and representing the component configuration by a block diagram, to give a
problem in algebraic analysis. Finally, the roots of a characteristic equation are investigated
to determine stability. In general the roots are complex. Stability is guaranteed if the Real
part of all roots is negative.

If the charcteristic is a polynomial f{s) — ^ n ans
n, then we have the theorems of

Hurwitz to determine stability criteria for the coefficients an (without having to find any
of the roots). This is an useful and interesting technique, and is capable of dealing with
the case of complex coefficients. In this respect it is superior to the criteria of Routh.

6.1 Systems with Delay

By delay we mean there is at least one 'component' in the system whose reaction to a
stimulus is not instantaneous but starts a finite time after the stimulus has been applied.

L[<f>(t + T)] = e+>TL[<f>(t)} ~ f
JT

If the integral is zero, then Laplace transform simplifies the problem. If ^(t + T) =
(j>(s)e+l)T = 0{s). The stimulus to response transfer function is : <f>/0 = e~9T.

Delays will lead to a characteristic equation containing complex exponential terms.
This is equivalent to a polynomial of infinite order and the stability analysis is not treatable
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by the Hurwitz method. Demonstration of stability requires us to show that every member
of the infinite set of roots has zero positive Real part.

7 Pontriagin's Theorems
Consider the exponential polynomial :

a0 + aise~hx9 + a2se~h2' + ... + ans
ne~hn'

Now multiply through by a high enough power of e5 so that only positive powers of e*
remain. This new polynomial is denoted P(s, es). Let M be the highest power of e* and
N the highest power of s occuring in P(s, e"). The principal term is defined eMssN. At
the limit of stability, s is just about to cross over into the RHS of the complex plane, and
so s is pure imaginary. Let s = iu> in the Pontriagin polynomial and express the result as :

P(iu, eiu;) = A{UJ) + iB(u>) where A{u) and B(u>) are Real.

Let primes denote differentiation withh respect to u>. It is now possible to state :
Pontriagin's Criterion : The time lag system characterised by P(s,e*) is stable if and

only if P(s,e*) contains its principal term AND if one of the following statements is true.

(1) All the zeros of A{OJ) and B(u) are real, simple, and alternate, and at least one
value of bj satisfies the inequality A(U)B'(UJ) — A'(u))B{ui) > 0

(2) All the zeros, U>A of A(w) arc real and simple, and every such zero satisfies the
inequality A'{UA)B{UA) < 0

(3) All the zeros, L>B of B(u>) are real and simple, and every such zero satisfies the
inequality A(U>B)3'(U>B) > 0

7.1 Stablity of delay quadratic

s2 + s.ke~'T + a2 = C with a, k Real (7)

0 < kT < J - -(aT)2 = D(aT) (8)

provides the upper limit on the damping-term k ; and by implication an upper limit on
the synchrotron frequency. If k < D(aT) then the system is stable with respect to any
modulation frequency s = u?m.

I shall now state the transfer functions of system components ; and these will later be
combined.

8 RF Cavities
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The frequency output at the accelerating gaps only follows the input frequency if the
cavity bandwidth is irb > um. Let the applied RF-phase be <j>a and the gap phase be <j>9.
The Laplace transform of the response function is :

j. 1

(9)
(pa 1 + STC

TC = l/(nb), where b is the bandwidth. Hence rc = 2Q/u)c = 2Q/(hu}3).

9 Phase Lock Loop

The basic property of a phase lock loop (PLL) is that the output frequency attempts
to follow a time varying input frequency. In the ̂ -domain, u)a)C — (k/s) x {<j>b,c — 4>a,c)-
k = G1.G2 is the product of two gains. G\ is the phase-discriminator gain in volt/radian.
<?2 is the VCO gain in MHz/volt. The product (k) has the dimensions of frequency and is
sometimes called the effective band-width of the phase lock loop. There are signal delays
in the forward (T/) and backward (T&) paths. The closed loop response function is :

s + ke

Prom the denominator, we form the characteristic equation to determine stability.

Stability depends upon the product of gain and loop delay (T = Tf + T&) : kT < TT/2.

9.1 Large Signal Stability

fcT<!(i-^jr) ; Au>6~ft, (12)

10 Cavity and PLL

The f/b path in the PLL can be taken either from cavity input or from the accel-
erating gaps (cavity output). The second alternative places the cavity inside PLL. The
transfer function is :

s(l + src) + jfce

Let x = L/TC. Numeric investigation shows that stability depends as follows :

V j

If (—) > 7.725 then k.L.x < 1.55* - 1.06
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If (—) < 7.725 then - TT2 < k.L.x < 38.72 + 2.96a; + 0.2141*2

11 The Cavity to Beam Transfer Function
Hereward and Schnell have given the theory appropriate to a single cavity and bunch

and with no consideration of delays. I have extended the theory to cover those deficiencies.
The cavities and bunches are each expanded in series of travelling waves, so phases now
refer to a particular Fourier component.

11.1 RF signal of two cavities

V(t) = V1x [&rfAt) - *»,

This is the signal of two cavities with perhaps different voltages and frequencies.

11.2 Beam equations

The rate of change of beam phase compared with the RF-phase of kth accelerating
cavity is :

*f,r/(*) = *»,, ~ **,,. (14)

v*x *2--/ w h e r e

hua\tf\

* M + 02-*,, . = BK.**,,. + B.V2.**rf,s where B = ^ ^ ^ (16)
and fi2 = 5(Fj + V2) and >̂a is the synchronous phase. All quantities appearing are
measured at a single location in the ring. We have to transform up/down-stream to
rewrite in terms of phases at cavities and pick-ups.

11.3 Beam Tranfer Function

Laplace transforming (16) and adopting a less Baroque notation gives :

I* = B(Al + A2) . (17)

Now ^1
c l(a)xe+'T»=^* and
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because the signals (or waves) are delayed. So we can write the (closed loop) transfer
function from the phases at the RF-cavities to the beam-phase at the pick-up :

=

12 Phase Loop : Distributed Damping

Consider figure 2. The system uses f/b of the RF-phase from the cavity input (rather
than accelerating gap). Let the cavity time-constant be small (rc —• 0). The characteristic
equation becomes :

A sufficient condition for stability is :

T^in+T^-T, and Tb = (r2 + Tp) - (T - T2) (19)

This is an important result, so let us interpret it.

The time for a control signal to propagate from the pick-up to cavity does not have
to be equal to the time for the beam to travel from pick-up to cavity. (This is just as well
because the beam gets there first in most cases.) The conditions (19) place a constraint
on the value of Tb. From condition (21) below, the constraint on T/, implies a constraint
on the PLL gain k and hence sets an upper limit on the damping rate. The fad that the
beam (almost) always beats the control signal does not inhibit damping.

We can measure a forward delay from PU to cavity along the beam, or along the
cabling and electronics. The backward path delay of the PLL (T&) must be equal to the
difference of forward paths from PU-to-cavity (excluding the forward delay through the
PLL), else the damping is degraded. To achieve this condition may require the introduction
of an artificial delay in the PLL backward path. The single value of Zj must satisfy both
equalities (19), and arranging Tb so as to fulfill one equality may preclude achieving the
other. Thus the characteristic equation could have unremovable cubic terms (even when
rc = 0) and these could well lead to anomolous behaviour.

Note : The speed of an electrical signal in cabling is constant. The beam transit time
depends on the beam velocity which may change during acceleration. If the beam velocity
alters appreciably, then we are forced to make T& a (pre-programmed) variable delay -
perhaps using digital technology.

If the conditions are achieved then each cavity damps the same "piece of beam" as
was sensed at the PU. In this case, one extraneous root (s = 0) factors out, leaving the
characteristic equation :

2 ^T+T^+Q2
3=0 (20)
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Conclude that the system is stable with respect to all modulation frequencies s = w
provided :

k.(Tf + Tb) < *- - ~Q2
a(Tf + Tbf when fl,(7> + Tb) < | . (21)

13 Phase Loop : Localised Damping

Consider figure 3. The characteristic equation is :

<<l+src)(s
2+fl2)+s2/fce-'<T'+r>>+Jfce-*r'S^

A sufficient condition for stability is :

Tb=Tpl-T1 and Tb = Tp2 - T2 (22)

There are two conditions and two PLLs to fulfill them, so this is easy.

Conclusion : The local damping scheme offers an improvement over the distributed
system : cubic-like response can always be erradicated.

In fact, we have an extra degree of freedom. If the PLL delays of the two subsystems
are not identical, and the positions of PUs and cavities are not symmetrical, then we have
a condition of the form :

Tbl = Tpl - Tx and Th2 = Tp2 - T2

14 Radial Pick-Up
The beam horizontal (or radial) position, with respect to the equilibrium closed orbit,

depends on the lattice dispersion function D(9) and the betatron function /?»(#). The
radial error correction should be able to discriminate against coherent horizontal betatron
motion which will cause the whole beam to swing from side to side. To this end, the
monitor is placed where \D/0H\ is a maximum. A further precaution is to sum the output
of two pick-ups placed one half betatron wavelength apart, so that the signals induced by
betatron motion cancel out. This may be redundent if the PUs are equipped with low pass
filters.

The radial loop feedback path does not carry an FM signal, rather it is causes the
modulation of a carrier wave. Consequently the frequency response is like a band-pass
filter centred on DC. The frequency of betatron oscillations is much higher than that
of synchrotron oscillations. In order that the PU does not mistake coherent betatron
oscillations for synchrotron oscillations, the filter must have cut-off frequency (/cut) below
the betatron frequency and above the synchrotron frequency.
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15 Beam position and frequency

AR(8,t) = D(0) x

Here D(9) is the lattice dispersion function. The beam revolution frequency is related to
the momentum deviation, and so the (local) radial position signal is a measure of the beam
frequency, according to :

AR(t)
12
It

Consequently, we can make the cavity RF depend on the beam frequency (Ao>&jS) directly.
Neglecting delays, u>rft, = kr x unt,. kr = G1.G2.G3 is the product of three gains.
G?i = AR/u>bia = {r}a.D

pu)l<jJa in cm/MHz. G2 is the sensitivity of PU and amplifier in
volt/cm. G3 is the VCO sensitivity in MHz/volt.

16 Radial-Loop : Distributed Damping
Consider figure 4a. The radial pick-up controls a common VCO so that the RF output

(of the fcth cavity) is u>°f = hu3 - kr x Au^*e""*(Tp+rfc). The characteristic is :

(1 + src)(s
2 + ill) + kr.B[A1e-"^+T'-T^ + A2e-«T>+T*-T+TJ] = 0

For stability Tx = TJ + Tr and T - T2 = r2 + Tr. (23)

Thus the beam delay must be equal to the cabling delay. This is fundamentally different
from the condition on the phase-loop delay Tj, and could be difficult to acheive. These
conditions imply that we must try to damp at the cavity the same piece of beam that
was sensed (earlier) at the pick-up. Note there is one value Tr which must satisfy two
equations. If condition (23) is satisfied and rc —» 0, the characteristic equation becomes :

So the effect is to raise (or lower) the synchrotron frequency ; but there is no damping.
This may have consequences for beam-dynamics, since it changes the position of synchro-
betatron resonances.

16.1 Frequency tolerances

With a radial loop, the beam frequency error u>i s is related to the the RF-error a>r/ *
by :

k) 1 + fc
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Consequently, the RF-tolerance is reduced dramatically if kr is large (say kr ~ 100).

16.2 Non-zero net delay

If the delays in (23) are non-zero and equal, the characteristic is :

s2 + fi*(l + kre-L) = 0

Prom Pontriagin's criteria we conclude 0 < £l,Ly/l + \kr\ < ir and — 1 < kr < 0 aad note
that the synchrotron frequency must be depressed.

16.3 Phase Adjuster

So far we've used proportional control in the radial loop. It is also possible to provide
derivative control, by using a phase adjuster (PA). This device produces a phase-shift
proportional to the input frequency. The PA transfer function is : <f>rf,» = ^r^b,a where
the gain kr is measured in units of time (or MHz"1). The result of derivative control is
damping. Suppose the difference of delays is non-zero.

The characteristic : s2 + skr^t2
te~*L + $l2

a = 0

17 Radial-Loop : Localised Damping
Consider figure 4b. We transform downstream from the PU to give :

Also *% = -skre-<T>+T"UP
b

u2 and <f>*u2 = #

1 + src)(s
2 + SI2,) + skrB[Ale-{Tl+T**-T*) + A2e~'^+T^-T^] = 0

We have the usual radial loop result : the forward path delays along beam and cabling
must be equal. However, compared with the distributed damping, we have an extra degree
of freedom because there are two radial loop delays Tri and Tr2. Consequently, this is an
improvement over distributed radial damping.

17.1 Erradication of Delays

It should be noted that digital technology could nulify the delays. If the pulse to pulse
variation of the beam is small then we may digitally sample and record a representative
variation of the beam deviation (energy). This can be processed off-line (by software) and
the delays removed to produce a semi-permanent correction law (radial). The correction
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law is placed in a function generator and applied to the low-level RF directly without
sensing any "real-time" information from the beam.

18 Phase and Radial Loops Combined
Thus far, I have examined phase and radial loops each in isolation ; now it is time to

combine them.
(1) The phase-error and radial-error signals could be summed and used to control

the output frequency of a VCO. Neglecting delays, the transfer function is : uv/,« =
kp(<t>b,s - </>rf,s) + krUb,s-

(2) The radial signal could be used to adjust the phase of the cavity-RF, and so would
be inserted between the VCO-output and the cavity-input.

In order not to confuse matters, I have chosen to consider a system with a single
cavity and VCO. It should be born in mind that this system stands for either a distributed
or localised damping system with (perhaps) many cavities and several VCOs and phase-
adjusters.

19 Radial f/b through VCO, Phase f/b before cavity
Consider figure 5. As usual, I shall consider the properties as rc —• 0. We rearrange

and try to cancel terms against one another. The system characteristic equation becomes :

To avoid a cubic polynomial in s we must have :

Tb + Ti-T1 = TP-T2 OT Tb = Tp + T1-(Ti+T2) (24)

If condition (24) is satisfied, then s = 0 factors out as an extraneous root leaving :

s2 + s V ~ s ( T ' + T i ) + til [1 + fcre-(7>+:r-+T*-r*>] (25)

Evidently, it is preferable that the loop delay from radial PU along cables to cavity and
back (counterstream) along the beam to PU is zero : Tf + Tr + TJ = J\ . This leaves a
system with a damping constant determined by the phase-loop and a resonant frequency
determined by the radial-loop :

c2 -I- ab p~*(^V+^k) _1_ O 2M 4- J? \ fl /*>fi\

We recall the stability criterion on gain (equation 8) and state the result:

kp.(Tf + Tb) < ^ - ^ffs{\ + kr)(Tf + Tbf where Us(Tf +
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20 Radial f/b through PA, phase f/b before PA

Consider figure 6. We examine the properties in the limit of large cavity band-width.
As before rearrange so as to cancel terms :

2 r [ V"'n ) ] =0
For prefernce : Tb = Ta + Tp + Ti- (Ti + T2) which is easily achieved.

s2 + s[k;s(T'+n) + n2
3kre-^+^-T^] + «J[1 + kpkre-«T*+T>+T*+^-™} = 0 (27)

This equation is quite different from its counterpart (25).
(i) The damping term has two characteristic delays, rather than one — unless

Tr + Ti — Ti = Tf + Tfc. The damping term depends on radial and phase loop gains and
couples to the synchrotron frequency.

(ii) The resonant frequency depends on cross-coupling between the radial-loop gain
and the phase-loop gain.

Note, it is not necessary for the delays in the damping term to be equal. Heuristically.
it is clear that each should be as small as possible. But equality makes mathematical
analysis easier.

Let us suppose this is done (and the delays are equal), then

s2 + s(kp + fi2fcr)e-'<T>+r*) + (12[1 + *>*re-*2<r'+r»>] = 0 . (28)

This requires numerical investigation to formulate stability criteria. However, a couple of
simple necessary conditions are easily derived.

(a) £l,(Tf + Th) ^ (2m + 1 ) T / 2 , integer m ; and Q ̂  0.
(b) If 0 < Q,(Tf + Th) < TT/2, then (k, + n^K)* ̂  2ft2/b,*r(2> +

21 Radial f/b through PA, phase f/b after PA

Consider figure 7. As usual I shall look at the properties of the characteristic equation
in the limit that rc —»• 0.

j =0

We can erradicate cubic-like response if : 7* = Tp + TX — (7\ + Jj)-

s2 + se-*T- [kpe-^+n) + nlkre-{T'+T>-T^] +(lj = 0
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Evidently, the radial-loop has no effect on the resonant frquency and we have lost a degree
of freedom compared with section 19. Let L = Ta + T\, -f Tf. If the delays are equal, thm
we have the following limit on the gains :

0 < (kp + Q]kr)L < £ - -(ft,L)2 ; if 0
2 7T

22 Conclusion

If my algebra is correct, then the system in which the phase and radial loops ;nc
combined through a VCO (rather than phase adjuster) appears to be the most flexible and
least bothered by delays. In fact, if the radial loop works off-line (as described in section.
17.1) then the system is close to perfection.

Local damping is generally better than distributed because it gives us extra
of freedom when trying to match beam and signalling delays.
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THE TUNE DEPENDENCE OF THE STABILITY

THRESHOLD CURRENT IN THE PSR*

Tai-Sen F. Wang, Eugene Colton, and David Neuffer

Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

We present a qualitative discussion of the tune dependence of the stability threshold

current recently observed in the Proton Storage Ring (PSR) at Los Alamos. We also dis-

cuss the effect of the closed-orbit distortion and the asymmetric transverse impedance.

Suggestions are made for future experiments.

Introduction

In a recent coasting-beam (i.e.. no applied rf) experiment at PSR, we found that

the threshold current of the transverse instability exhibits a pronounced discontinuity

when the vertical betatron tune uy is varied across the integer 2.

I
2
en
•<

5

210 2fiU tm HIO

CURRENT IN THE DEI^OCUSING QUADRUPOLKS, /, (A)

Fig. 1. The threshold current as a function of the current in the defocusing quadrupoles.

* Work supported by Los Alamos National Laboratory Institutional Supporting Research, under the

auspices of the United States Department of Energy.



The experimental data indicate a growth of vertical oscillations when instability occurs.

The highest stable beam current is shown in Fig. 1 as a function of the current on

the defocusing quadrupoles. The maximal stable circulating current is about 1.95 A at

nominal operation (vy = 2.23). As vy is decreased toward 2.0, the threshold current

increases and approaches a maximum around 3.5 A. When vy is moved slightly below

2.0, the current drops to a minimum about 1.3 A. As vy is further decreased, the current

increases again. The horizontal betatron tune is kept constant in the experiment. The

behavior of the maximal stable current shown here has not been well understood for

several reasons: (i) This kind of threshold current behavior is not explicitly described

in the existing theory; (ii) the details of the machine impedance are unknown; and (iii)

because we are limited by equipment and the available machine time for this experiment,

we still lack some auxiliary data, such as the signal spectra at low frequencies and energy

spread, etc., which might provide sufficient information for deciphering the observed

phenomenon.

In this note, we shall discuss two mechanisms that may be relevant to the observed

behavior of the stability threshold current. They are the resistive-wall and space-charge

effects, as well as the effects of the distorted closed orbit and the asymmetric transverse

impedance. The purpose of the following discussions is to provide suggestions for future

experiments rather than to give any decisive explanation for the observed phenomenon.

Resistive-Wall and Space-Charge Effects

A frequently used criterion for coasting beam transverse stability1 shows that the

threshold current is related to the transverse impedance Z\_ by

4Fmoc27/?|(n-t/j,)7/- vy£\ /Sp\

where n is the azimuthal haimonic number of the perturbed charge density, /? is the aver-

aged beta-function value. F is the form factor, and other symbols are defined according

to usual conventions. A well-known component of the impedance is the resistive-wall

impedance Z",", that is related to the perturbation frequency u;,, by

2-KRZ

where R is the radiris of the ring, Zo = 377 ohm, fi0 is the permeability of free space, and

b and a are the radius and tbe conductivity of the surrounding beam pipe, respectively.
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The frequencies of the possible transverse modes are given by

u>,, fa Qo(n — vy) , (3)

where Qo is the angular frequency of revolution of beam particles. Substituting Eq. (3)

into Eq. (2) yields

zrw_ 2*RZ. ^ _

It was shown in Ref. 2 that the nth mode is stable for n < vy and unstable for

n > vy because the sign of the resistive-wall impedance depends on the sign of n — vy.

Thus, when vy is near 2, the n = 2 mode is stable for vy > 2 and unstable for vy < 2.

Eq. (4) shows that for n — 2, the resistive-wall impedance rises sharply when the

tune approaches the integer 2. Under normal operating conditions, we believe that the

instability is dominated by relatively high harmonics (n 3> v9). However, for the vy % 2

region one may expect that the resistive-wall impedance should dominate the impedance

seen by n = 2 mode. One can obtain from Eqs. (3) and (4) that

In, oc y/n - us , (5)

in fair agreement with the fast drop of the threshold current shown in Fig. 1. For

uy > 2, all the n > 3 modes could be unstable; according to Eq. (4), the n = 3 mode

should see the highest resistive-wall impedance among all unstable modes. Note that

for 2 < vy < 3, Z££ has a minimum at vy = 2. Also note that for PSR, n = 0.19

and £ = —1.0; therefore Eq. (1) indicates that the vy£ term dominates in the lower

harmonics.

The impedance is a complicated quantity, and the resistive-wall impedance is only

a portion of its real part. A familiar component in the imaginary part of the impedance

arises from the space-charge effect that depends on the beam radius a as

RZo • ' ' l (6)

Equation (6) indicates that the space-charge impedance goes down as the beam radius

increases. Experiments have observed that the instability threshold increases when the

vertical beam size is increased by mismatched injection at the usual operating point

(I/J, = 2.23). We speculate that the beneficial effect of larger beam size may also be

obtainable through enhanced error effects near integer tune, for example, through the

gradient defects in the focusing magnets.
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The above theoretical discussions encourage the following hypothesis:

When vy < 2 the n = 2 mode is the most unstable mode, and when uy > 2 the 7i = 3

mode is the most unstable resistive-wall mode. The threshold current in the i/y < 2 and

vy > 2 regions may be mainly determined by the tlueshold currents of modes 2 and 3.

respectively, even though there is a possibility that the threshold current is determined

by some higher harmonic mode. The discontinuity of the threshold current is possibly

because of the minimal impedance seen by mode 3 and maximal impedance :een by

mode 2 at vy = 2.

An example of the hypothetical situation may have the following dependences of

the beam radius, vertical tune, impedances, and threshold current:

4 x 10~4 m

I " - ^ 1

!/„» 2+ 0.01(7,-259) . (S)

(0)
V\n~uy\

and

'* <nW[mZXn)}
2 + [Im(ZJ.n)/11.0P '

where ao is the beam radius for uy at nominal operation, Iq in unit of ampere is the

current in the defocusing quadrupoles, Zr and Zw are the skin-depth dependent and

independent resistive impedance, respectively, and Zl is the imaginary impedance in

addition to the space-charge part.

For 800-MeV protons and the typical PSR parameters of ao = 1.5cm, h = ocm,

V = 0.19, f = -1.0. 3 - 6m, Qo = 1- x 2.S MHz, and 6p/p = 0.002, one can derive

from Eq. (10) a threshold current close to the experimental data by assuming the

hypothetical impedances of Zr = 1.4 x 105 ohms/m. Z"' = l.S x 105 ohms/in, and

'm. for n = 3;
-9.9 x 10(i ohms/m. for v = 2.

The above hypotheses suggest that we should examine the vertical signal and the

transverse impedance in the low-frequency region from several kiloheitz to a few mega-

hertz. Because the chromaticity term dominates the stability threshold current in the
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lower harmonics, as stated before, we probably should look for the chromaticity de-

pendence of the threshold current too. It is also suggested that the transverse beam

dimension be monitored when the same expeiiment is repeated in the future.

Closed-Orbit Distortion and Asymmetric Transverse Impedance

It is well known that when uy is near an integer, the parametric resonant effect can

cause instability to the single-particle orbit; the same kind of effect also enhances the

distortion of the closed orbit. The distorted closed orbit may behave quite differently

when uy is just below or just above an integer. If there is any asymmetric transverse

impedance that is not uniformly distributed around the ring, it is suspected that different

closed orbits may cause the beam to experience different impedances and, hence, cause

the observed behavior of the stability threshold.

To see this kind of effect, we suppose the closed-orbit distortion is caused by some

kind of perturbing force (e.g.. from magnet alignment error) that can be expressed in

terms of the azimuthal harmonics around the ring by ]Tn en cos(n0), where 6 is the

azimuthal angle around the ring and en is the nth harmonic of the acceleration due to

the perturbing force. The equation of motion of a single particle is

For vy « 2. we need only to retain the n = 2 term on the right-hand side of the above

equation. The solution then is

y = h cos( uy9 + v) + C cos(20) , (12)

where h and V' depend on the initial conditions. The first term on the right-hand side

of Eq. (12) represents the betatron oscillation with respect to the closed orbit, arid the

second term represents the distortion in the closed orbit with C given by

C =
-2? 4 K - 2 )

Thus, at the same location in the ring, the distortion of the closed orbit can have the

same magnitude but a different sign depending on whether vy is greater than or less

than two. If the transverse impedance is asymmetric with respect to the horizontal

plane and is not uniformly distributed around the ring, then the impedance experienced

by the beam depends on the tune.
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The possible sources of asymmetric impedance in the PSR may come from the

following asymmetric structures: (i) 19 ion-pump ports, each having about 2 in. of

indentation on the top side of the beam pipe; (ii) the stripper foil box; (iii) 2 or 3 harp

beam-profile scanner boxes that are tilted at 45° from the horizontal plane; and (iv)

several tilts on the beam pipe with a slope less than or equal to 6.25 x 10~4.

A preliminary analysis on this aspect has been carried out recently.3 The results

show that this kind of effect may be too weak to cause any sizable discontinuity in the

threshold current as we have observed in the PSR. Nonetheless, it would be interesting

to see if the closed-orbit distortion really matters by doing the same experiment with

some closed-orbit manipulations.

Conclusions

The behavior of the threshold current for vertical tune near the integer 2 could

be related to the resistive-wall-type instability of n = 2 and n = 3 modes together

with the space-charge effect. It is conjectured that the closed-orbit distortion and a

nonuniformly distributed asymmetric transverse impedance may contribute to some

degree to the discontinuity of the threshold current when the vertical tune crosses the

integer 2.

For a better understanding of the observed phenomenon, we believe that more

experimental data are needed to provide more clues. We must be able to measure the

coherent signal from the beam for frequencies less than 10 MHz to check the n = 2 and

n = 3 modes. It is also suggested that the same experiment be repeated with some

chromaticity and closed-orbit manipulations.

Another interesting experiment would be to vary ut across n = 3 to see if a similar

instability threshold pattern appears. The instability is usually associated with vertical

motion: however, for vy < 3 a horizontal instability may appear, with behavior similar

to the vertical resistive-wall instability.
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INSTABILITIES AND THE BEAM PIPE

D. Neuffer
Los Alamos National Laboratory, Los Alamos, NM 87545

An AHF beam pipe must have a low impedance at high frequencies to
avoid coherent transverse and longitudinal instabilities driven by the beam-pipe
interaction. It must also have a high impedance at the cycling frequencies
(~-50 Hz) to avoid eddy current effects within the rapid-cycling dipoles. These
include pipe heating and induced linear and nonlinear fields. The pipe must
also hold vacuum and be structurally stable.

A thin conducting pipe would have difficulty meeting these conflicting re-
quirements, particularly with cycling frequencies >10 Hz. Thus we are con-
sidering using a ceramic pipe deposited with conducting stripes. The conduct-
ing stripes should permit an adequately small impedance, while the discontinu-
ities in the striped geometry should reduce, the eddy currents. To obtain high
impedances at ~50 Hz, the conducting pipes must be periodically interrupted
by capacitors (>0.1 jiF), and these capacitors may affect the high-frequency
impedance.

Limits on the high-frequency impedances may be set using stability thresh-
old formulae; j Z)(/n | < 20 fi and \ZX\ < 2 x 10a H/m are typically obtained
at AHF parameters. Impedance measurements and calculations may then be
applied to sample beam-pipe segments to see if their impedances are muck less
than these maximum tolerances. The measurements and calculations obtain
the following important results:

1. The conducting stripes must be deposited on the inside of the ceramic
pipe. A ceramic pipe with conductor on the outside has a large reactive
impedance and large-impedance high-frequency resonances* these effects
are shielded with conducting stripes inside the pipe.

2. The capacitors do induce a high-frequency (600 MHz) resonance in the
beam-pipe impedance measurement. However, the impedance associated
with that resonance (Z^/n ~ 1 fij is not dangerous. The resonance
disappeared after stripe-capacitor connections were repaired.

3. The broad-band transverse and longitudinal impedances of the ceramic-
metal pipes are otherwise well within tolerances.
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INSTABILITIES GROUP SUMMARY

R. Baartman
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

The group consisted of L. Ahrens (BNL), R. Baartman (TRIUMF), R. Burge
(TRIUMF), D. Dohan, (TRIUMF), T. Enegren (TRIUMF), M. Featherby
(SAIC), J. Griffin (FNAL), S. Koscielniak (TRIUMF), D. Neuffer (LANL),
R. Poirier (TRIUMF), E. Raka (BNL), B. Roberts (TRIUMF), T.-S. Wang
(LANL). The mandate was to look at (1) the AHF compressor ring and (2)
the AHF kaon factory synchrotrons in terms of collective instabilities and beam
loading; (3) to discuss the observed fast transverse instability in the PSR, and
(4) to evaluate progress in the development in the Los Alamos ceramic vacuum
chamber.

1. 1.6 GeV COMPRESSOR RING

1.1 50 MHz:

Assuming a two ring scheme to reach 600 /xA, the average circulating cur-
rent is 31 A. With a 50 MHz rf system (h=20), coupled bunch modes are very
easily driven by incidental resonances in the vacuum chamber. The group did
not consider this to be an insurmountable problem. In the worst case, damping
loops for each of the 20 longitudinal and 20 transverse coupled bunch modes
would be needed. A more serious problem for a 50 MHz compressor is beam
loading. The rf component of beam current is 50 A whereas the generator cur-
rent for a 50 MHz cavity would be no more than ~1 A. Wit-h no feedback, a
detuning angle of tan -150 = 89° is required. Such an extreme detuning angle is
not feasible especially with a kicker gap of ~4 empty buckets out of 20. One can
think of overcoming the problem with fast feedback with gain >50. Assuming
a gap voltage of 100 kV the rf power tube needs to source a reactive current
of approximately 200 A. Presently available power tubes with the necessary
bandwidth to correct for 2.5 MHz kicker gaps can only give ~25 A.

1.2 2.5 MHz:

With a 2.5 MHz, h= l rf system as in the present PSR, beam loading is
not a problem. Moreover, there will be no coupled bunch instability modes and
the peak beam current is a factor of at least 2 smaller than in the 50 MHz case.
For both longitudinal and transverse modes, the dominant impedances are space
charge impedances. Since these depend only on beam size and vacuum chamber
size, they can be reduced slightly by using a vacuum chamber which follows the
beam envelope.

In the longitudinal case, a full width half maximum momentum spread of
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greater than 0.34% assures stability. Reasonable care should still, however, be
exercised to ensure that other impedances are kept small compared with the
space charge impedance (|Z||/n |,c« 100 fi).

The 1.6 GeV beam energy makes the transverse tune shift much smaller
than in the present PSR. For a beam radius of 20 mm, the tune shift is 0.025.
This leaves ample room in the working diagram for an additional octupole tune
spread of 0.05 needed to stabilize all transverse modes.

2. KAON FACTORY

With five times less circulating current (0.5 A) and, on the other hand,
more rf voltage than the EHF and TRIUMF proposed KAON Factory syn-
chrotrons, the AHF is an order of magnitude easier in terms of instabilities and
beam loading than these other two proposals. In fact, the AHF circulating cur-
rent is only 70% more than has been achieved in the FNAL booster. Moreover,
compared with FNAL, the AHF rings do not cross transition and have relatively
more rf voltage. Since longitudinal mode growth rates go as IfVrj, it is clear
that instabilities in AHF rings will not pose insurmountable problems.

The main source of instabilities in kaon factory synchrotrons is the rf cavity
parasitics.1 Large growth rates are avoided if the parasitics of individual cavities
are tuned away from each other and away from revolution harmonics at times
when dfi/dt is small ie. near extraction. With a fractional longitudinal space
charge tune shift of only a few percent, both AHF rings can be longitudinally
stabilized by using the FNAL technique of running 1 or 2 of the rf cavities at a
different harmonic number.

The resistive wall effect in the main ring is minimized (1/r < 100/sec) by
using the metallized ceramic beam pipe under development at Los Alamos.

Empty buckets (for kicker rise) will drive cavity parasitics but the effect
is not dangerous in the AHF. For example, for a parasitic shunt impedance of
105 ft, and a driving Fourier component of beam /„ w II (# empty buckets/#
full buckets) fa 0.05 A, we get an induced voltage of 5 kV per cavity.

In both synchrotrons, the fundamental component of beam current is 1.0
A. For stability of the rf system it is desirable to keep the generator current larger
than this value. For a gap voltage of say 200 kV, the cavity shunt impendance
should be no greater than 200 kft. In this case the cavity power dissipation
would be 200 kW.

Empty buckets will induce voltage at harmonics other than the fundamen-
tal because of the tails of the fundamental impedance.2 As a result each bunch
sees a different net rf voltage. One can show that the fractional voltage variation
is equal to the number of empty buckets divided by cavity Q times the ratio of
fundamental beam current to generator current. For the above example, we get
~ 1/4%; ie. the effect is small.
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3. PSR FAST INSTABILITY

D. Neuffer presented the current state of knowledge concerning this insta-
bility. In short, it appears to be a vertical instability with a frequency in the
100 MHz range with a growth time of some tens of microseconds. The threshold
appears to be consistent with the space charge impedance but the source of the
driving impedance is not known. At last year's workshop3, calculations were
presented which suggested that the orbit bump magnets were the major source
of transverse resistive impedance. The major new result is that removing the
bump magnets has had no effect on the instability. Another interesting new
result is that the threshold current rises as the vertical tune is lowered toward
the integer. In order to explain this latter effect, T.-S. Wang gave a presentation
hypothesizing that the instability is related to closed orbit distortion in regions
where the beam pipe geometry is assymetric.

During discussion, no new hypotheses were put forward but a number of
experiments were suggested to more thoroughly investigate existing ideas. These
are as follows.

• Concerning the e-p instability hypothesis, try some more clearing elec-
trodes (besides the stripper). For example, try biasing one or more BPM's.

• Rather than physically investigating the machine for open-circuit BPM's,
purposely remove the termination from one or more BPM's to see if this
changes the character of the instability.

• More thoroughly investigate the injection kicker for dangerous impedances.

• Drive the beam directly with a transverse signal to find the beam transfer
function.

• Try some closed orbit manipulation to test the hypothesis of T.-S. Wang.

4. CERAMIC BEAM PIPE

The impedance measurements on the SAIC chamber are very encourag-
ing and indicate that the ceramic chamber is not significantly worse than a
solid metal chamber provided that the metal stripes are inside rather than out-
side the chamber. Preliminary results on capacitor-terminated stripes are also
encouraging. The working group recommends continued emphasis on the ca-
pacitor terminations both in terms of impedance measurements and their re-
liability/servicibility in high radiation fields. The possibility of using integral,
distributed capacitors (e.g. by having the stripes overlap) should be pursued.
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CONTROL OPTIONS FOR KAON FACTORY BEAM LOADING

R. Burge
TRIUMF, Vancouver, Canada

Abstract

Disturbance of the accelerator RF system by a charged particle beam is
called beam loading. Present designs for Kaon Factories can have
circulating beams of several amperes. These currents may be near the
limit of beam loading that can be controlled by the available hardware
systems.

Techniques to control beam loading include feedforward and fast
feedback. These methods are similar in that the power tube delivers an
RF current to the cavity to cancel the beam loading current. To decouple
the phase and amplitude loops of the control system, the tube must
deliver a current to the cavity gap about equal to the fundamental
component of the circulating beam.

A final RF design must consider the cavity requirements, the power tube
constraints, and the available control options. This note describes
static beam loading, cavity detuning, and the cross coupling of the
phase and amplitude control loops. Three control options for RF beam
loading are considered.

Static Beam Loading

Interaction of the Cavity and Beam

Descriptions of the interaction of the cavity and beam have been
published . However, even a very naive model can give useful results for
control system calculations. When transformed to the resonant frequency,
it is possible to use electrostatic arguments to demonstrate the
interaction of the beam with the RF system.

The static charge induced on a closed metal surface is equal to the
charge contained by the surface. If the contained charge changes then
the induced surface charge will also change. At resonance, the resonator
structure appears as a high impedance to the fundamental component of
the beam and so as beam enters or leaves the cavity, the charge induced
on the resonator will change. The charge bunch must enter or leave a
cavity at the acceleration gap. Since current is a change in charge, the
induced current is equal to the fundamental component of bean current
seen at the gap. The sense of the beam loading current depends on the
beam polarity and it's direction, whether entering or leaving the driven
element in the gap.

This simplistic approach gives a useful result. The gap disturbance is
the product of the beam current spectrum and the cavity impedance.
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The spectrum of the bunched beam has AC components at harmonics of the
RF voltage and modulation sidebands due to {.he kicker gaps and the
magnet cycle. Beam loading depends on the impedance of the cavity and
the harmonic content of the beam.

A useful approximation to the cavity impedance is:

R

1 + J
_2Q_
Qre*

where: Ores = resonant frequency of the cavity
w = ifrequency displacement from resonance, <

flres
10

This model corresponds to a cavity where the high order modes are damped
and the cavity voltage is determined by the fundamental component of the
amplifier current and the fundamental component of the beam current with
it's associated sidebands. Evaluating the beam spectrum shows that the
fundamental component of beam current is nearly twice the average
circulating current. This fundamental component is the loading current
that acts at the cavity gap.

Current and Voltage Relationship in a Synchrotron Cavity

It is useful to consider the relative phase between the gap voltage and
beam loading in a storage ring. The RF voltage is arranged so that the
center of the bunch arrives at the gap when the field is zero and no net
energy is transferred to the beam. When operating below transition, the
bunch is stable if it leads the accelerating field (E = -VVgap) by 90°.
The RF system must ensure that the voltage at the resonator tip, with
respect to ground, leads the beam loading current by 90 .

Phase between Resonator Voltage and Beam Loading Current

cavlty

beaa

time

bean

IbL, fundamental component
- of beam loading

Below transition, the gap voltage leads the beam loading current (not
beam current) by 90 ; the same voltage-current relationship as in an
inductor. If one could arrange the cavity impedance so that the beam
loading current produced the correct phase of gap voltage then the
cavity would look like an inductor.



Cavity detuning uses the beam loading current to help produce the
desired gap voltage. It only works for the fundamental component of beam
loading and does not help control the modulation sidebands. The
technique is also limited by resistive losses which prevent detuning the
cavity to the point where it is entirely reactive.

The beam loading current is not sufficient to power the cavity. As a
minimum, the cavity losses and the power supplied to the bean during
acceleration must come from an RF power amplifier. The power tube can be
transformed to a current generator and a shunt impedance at the cavity
gap. This gives a simple equivalent circuit for the cavity.

Cavity Equivalent Circuit and Steady State Vector Diagram

Vgap

IbLz 0

I=Ig+IbL

IbL = beam loading current » 2Ib average
Ig = effective generator current at the gap
Z = cavity impedance
V = gap voltage
I = total cavity current

The Cavity Detuning Angle

The vector diagram shows that the total cavity current is not in phase
with the desired cavity voltage. However, the correct gap voltage can be
produced when the cavity is detuned such that 8z=-9i. The generator
current is minimized when $g is zero and the RF system need only supply
the gap current necessary to power the cavity (Io = V/R) and to power
the beam (IbL costbL).

The required detuning for minimum generator current is given by:

tan0z = -IbL R sin$bL ,R = cavity shunt resistance
V V = cavity voltage
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At this detuning angle, the RF generator current is in phase with the
gap voltage. The amplifier sees a resistive load even though the cavity
is detuned to look inductive. The cavity impedance in polar notation is

and when multiplied by the total cavity current I^Gi, the result is
the desired gap voltagt.

Detuning has the effect of operating the cavity below its resonance by
an amount:

Orel
2Q

tanSz

Amplitude and Phase Control with Heavy Beam Loading

The cavity tuning loop does not have the bandwidth needed to completely
control the gap voltage. Instead it is necessary to adjust the total RF
current in the cavity. Both the beam and the generator currents work
into the cavity impedance but only the generator amplitude and phase are
available as control elements for the gap voltage. Independent control
of the gap phase and amplitude is difficult because the control loops
become cross coupled as the beam current increases. This is caused by:

o The Steady State Vector Geometry

o Cavity Detuning

Cross Coupling due to. Vector Geometry

The object is control of the total RF current in the cavity by changing
the generator current. This problem has two dimensions, phase and
amplitude, both of which can be written down from the steady state
vector diagram.

I = / [ig COS$g + IbL COS*bl.] +[lbL Sin4bL + Ig

8i= arctan
IbL SinfrbL + Ig Si n f g
Ig COS*g + IbL COsfbL

The RF generator current is the control input while fluctuations in the
beam current are treated as a system disturbance.

dl

d8t

a i

d6i

aj[
a*9
ae\

dig

d«g

a i

aei d8i

dlbL

dtu.

3(11



The matrices are simplfied if the variations in amplitude are expressed
as fractional changes.

I

d8i

= h.
i

cos(8i-*g) sin(8i-*g)

-sin(8i-*g) cos(0i-*g)

'dig

d*q

Beam loading effects are easily demonstrated with a detuned cavity
(*g=0) with no beam acceleration (*bL=-90 ). For this storage ring case,
the control of cavity current by the RF generator vector can be written
as:

dl_
I

dSi
Ig+IbL

Ig -IbL

IbL Ig

dig
Ig

d*q

Where I2 = Ig+IbL and Ig = Io = V/R when *bL=-90°and *g=0.

It is apparent that the cross terms in the matrices increase as the beam
loading current increases while the overall control gain decreases. When
the beam loading current is greater than the generator current, the
phase and amplitude controls become reversed. This is particularily
troublesome when accumulating beam.

Cross Coupling due to Cavity Detuning

The cavity impedance changes with frequency at a rate that is determined
by the detuning angle. When the gap voltage is adjusted by small
modulations of the cavity current, the effect of the detuned cavity is
to cross couple the variations in the phase and amplitude.

The addition of small modulations to the cavity current vector can be
described by a steady state term and a small time varying or AC term.

I + dl(t) = Ie
dl(t)

I + Jd9i(t)

Neglecting small changes made by the tuning loop, the cavity impedance
can be rewritten to express the impedance at the modulation sidebands.

Z(s) Zrf

(l+ST)2+tan282
(sT+(l+tan28z) - j(sTtan8z))

where: T =
_2Q_
Rres S = jw =
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The steady state and modulation terms in the cavity voltage have the
same form as those in the current vector. The voltage is given by the
product of the current vector and the cavity impedance. For the steady
state current, the cavity impedance has the value at w=wrf which is
Z(s=O) = Zrf.

V * dK(t) = VeJ8v jd8v(t)

In the Laplace domain (s=jw), the variation in the cavity voltage can be
expressed in terms of the current modulation.

[ V = v(s) +

1 f i . t 2,

(l+sT)2+tan29z
[sr+d+tan 9z) - j(sTtanez)](i(s)+j6i(s))

v(s)

6v(s)
Cl+sT)2+tan28z

sr+d+tan 6z) sxtanSz

-srtanBz sx+Cl+tan 8z)

its)

ei(s)

The cross terms in the matrix increase as the cavity is detuned. Cross
coupling of the phase and amplitude signals in the cavity will depend on
the degree to which cavity detuning is used to compensate for the steady
state beam loading.

Control Options

1. Decoupling Matrix Approach

The control of the gap voltage by the generator current is given by the
product of two matricies, A and B.

v(s)
= A B

where:

A =
(l+sT)2+tan29z

sx+(l+tan8z) sxtan9z

-srtanSz sr+d+tan 9z)

sin(8i-»g)

-sin(8t-»g) cos(8i-*q)
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Orthogonal phase and amplitude controls, ac(s) and ^c(s) can be built if
the transfer matrices are known.

Ms) ac(s)
-1 -1

= B A

It is possible to compensate for static beam loading by cavity detuning
and still achieve phase and amplitude control by an appropriate
decoupling matrix in the control loops . This approach does not require
additional RF current from the power tube.

There are several disadvantages if this is the only method used to
compensate for beam loading.

1. It does not control sidebands in the beam loading spectrum. Due
to cavity detuning, the upper sidebands will see a higher impedance and
have more effect than the lower sidebands.

2. The error sensitvity increases with tanOz. The tuning loop that
keeps the plate current and voltage in phase usually does not provide a
good estimate of 8z.

3. The matrix elements must change fast enough for beam
accumulation and acceleration programs.

2. Feedforward and Fast Feedback

The cross coupling between phase and amplitude loops increases with the
ratio of IbL to the unloaded cavity current, Io.

Fast Feedback and Feedforward systems attempt to cancel cavity loading
with an RF current in antiphase to the beam loading curent, IbL. Such
systems can compensate for both static arid transient beam loading and
have worked well on machines with circulating currents of about 1
ampere. Matrix decoupling is not needed if the effective beam loading
current is s Io.

RF power tubes usually have maximum DC plate voltages, Vp between 20 and
30 Kv. To supply RF gap voltages in the order of 100 Kv, the cavity must
act like a step up transformer. In order to cancel beam loading effects
at the gap, the tube must be able to deliver an additional RF current
equal to the beam loading current multiplied by the cavity transformer
ratio, N.

When connnected to the cavity, the plate voltage will be an RF sinewave
of amplitude less than the maximum DC plate voltage, Vp. Beam loading
compensation requires NIbL of RF current from the tube. This
compensation current will not be in phase with the plate voltage and may
be beyond the maximum current allowed by single tube designs. The extra
RF current vector needed from the tube, IFF is approximately:

IFF = -JVIbL * - ^ £ £ IbL
Vp
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In general, power tubes with high current ratings also have large
internal capacitance. This will reduce the response time of the RF
amplifier and increase the phase lag in Fast Feedback circuits.
Sidebands in the beam loading spectrum are caused by the kicker gaps and
appear at harmonics of the orbit frequency. The RF amplifier needs
sufficient bandwidth to track the beam loading components that excite
the RF cavity. This bandwidth depends on the ring design and the cavity.

To summarize, the hardware limits of Fast Feedback and Feedforward
systems are imposed by high values of steady state beam loading.

3. Hybrid Compensation

Large radius machines can have relatively small kicker gaps compared to
the orbit period. The Triumf Kaon Factory kicker gaps occupy 1/9 of the
orbit period. The static beam loading component is about S times the
amplitude of the first harmonic of the kicker disturbance. If it were
necessary to correct only the beam loading sidebands, the demands on the
RF tube would be less.

If the RF tube is unable to cancel most of the static beam loading then
it may be necessary to detune the cavity more than 80 . A feedforward
signal could provide pulses of RF current to fill in the kicker gaps.
The effect would be to simulate a constant beam load with no sidebands.
The feedforward duty factor is the ratio of the kicker gap to the orbit
period. The average current from the tube would be less than that needed
to cancel beam loading in the cavity.

iFF _Ei±£_ Y±L ibL
Torbit Vp

A decoupling matrix would be needed for the phase and amplitude control
loops. However, the AC feedforward compensation can be used to reduce
the bandwidth required for the decoupling matrix elements. Other
problems remain to be solved with this scheme but these may be easier
than those of the RF cavity and amplifier designs for high bean loading.

References: 1. Beam Loading
D. Boussard Cern Accelerator School, Sept 85

2. Beam Loading in the CERN PS Booster
F. Pedersen NS-22 June 1975 p.1906
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APPENDIX

Calculation of the Cavity Impedance

The lumped model of the cavity is an parallel RLC circuit. The
admittance, Y is:

Z S

let:

then

fiPes = 1
LC

z 1 ' ^
the approximation:

l e t fi = I2res +

1

= R

Q =
a

Qres

firesL

Sires

~n

= flresRC

1

R [

« 1 f

Z -

*n r Qres+W
*- Ores

fires J

R
2Q

fires "

Qres+W

= J]

The approximation gives less than 5% error for u> s Qre«/10. Sideband
response in a 50 MHz cavity can be easily calculated up to ± 5HHz. This
is useful for calculations concerning the control bandwidth.

The impedance appears as a first order pole about the resonant frequency
Ores. At frequencies below resonance, the function is inductive and
above resonance it is capacitive.

The cavity time constant is T
2Q

Qres

The impedance can be written in polar form as |Z|z9z.

|Z| s tanflz s -WT
(«T)'
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A Cavity Expression to Study Sideband Effects

It is desirable to express the detuned cavity impedance at the
modulation sidebands. Starting from the previous impedance
approximation, the cavity admittance can be written in terms of a
displacement from the RF frequency.

Y(w) . i-igJ™ « * V
T " f ^ s Z77 + ^ Mhere

The control modulations will appear as RF sidebands. The Laplace
variable for the RF control is defined as s=jw where w=w-wrf. The
admittance of the cavity at these control frequencies is:

S T J -" Zrf*- 1-jtanGz J Zrf [ 1 - jtanBz J

The impedance at the modulation sidebands for a cavity detuned to an
arbitrary angle from resonance is:

1-Jtane«

Z r f [(l+ST+tan29z) -jsxtan9z]
(1+ST) 2+ tan 0z
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Analysis of Booster Amplifier Designs

T. Enegren and R.L. Poirier
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

Summary

Three booster amplifier designs are analysed and compared using trans-
mission line equations.

Introduction

The TRIUMF KAON Factory Booster ring requires a frequency swing
of 46.1 MHz to 61.1 MHz at a repetition rate of 50 Hz with a total maximum
voltage of 600 kV per turn. In the current reference design the Booster lat-
tice has twelve 3.9 meter drift spaces with 2.5 meter of drift space available
for the installation of rf cavities with each cavity providing 50 kV. Each
cavity must also have the capability of providing a maximum of 50 kW of
beam power. Three booster amplifier designs have been proposed and are
presently being investigated. The large frequency swing and high repeti-
tion rate makes it necessary to incorporate ferrite material into the cavity
for frequency tuning. Two classes of ferrite material are being considered,
parallel biased Nickel-Zinc and perpendicular biased microwave ferrite.

Using transmission line equations the proposed booster amplifier designs
are analysed to determine the shunt impedance, R/Q and the voltage step-
up ratio from the tetrode to the accelerating gap. It was assumed that
in the ferrite loaded section of the tuner the ferrite material completely
filled the space between the inner and outer conductors. This permitted
easy calculation of the complex impedance of the tuner and corresponding
power losses. The tuner impedance is given by

RF + jXF = Zo^jZ^tanh
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where

QM

e" - -51£ " QE
QM = magnetic quality factor of ferrite
QE — electric quality factor of ferrite
Zo = characteristic impedance of unloaded line

dp = length of ferrite loaded line

The R/Q for the cavity was found by evaluating the derivative, at reso-
nance, of the susceptance at the accelerating gap with respect to frequency.
Using Foster's reactance theorem it can be shown that R/Q given by

where

B (a/) = susceptance at the accelerating gap
u) = 2?r/

Current reference design

The current reference design is based on the parallel biased ferrite tuned
amplifier used at Fermilab. A cross section of a simplified version is shown
in Figure 1.

The double-gap drift tube structure, an Eimac Y567B tetrode and three
ferrite tuners are connected in parallel to form a resonant cavity. The
capacitances at the accelerating gap are small and are incorporated into
equivalent sections of transmission line. Provision is made for external
damping by shunt connection of 50 Q loads through coupling capacitances.

309



DRIFT TUBE

TUNERS
DDMFT * 0.85m RAo/urr m -08m RBDH1rr « .28m
DmnoDE * -8741 RATenoDt « 12334 RBTETK}DE ^ .2
D} - 0.222 JL4j - .135 A£i - .2
A » 0.2 JMi - .135 JZBi - .2
D f « 0.13 RAF -= .135 ABF « .185
e - 10 g £ « 1000 JJLOAD ' 50H

Damped: CUOAD « 4 pF

Figure 1: Cross section of reference design. Only one of three tuners is
shown

Because the physical dimensions of the tetrode are significant with respect
to wavelength, it was modelled by a section of open circuited transmission
line whose length and characteristic impedance were chosen to agree with
the measured reactances at 46 MHz and 63 MHz and the self resonant
frequency at 85.8 MHz . It was assumed that ferrite magnetic quality
factor ranged linearily from a value of 300 for a permeability of 8 to 600
for a permeability of 2. The permittivity and electric quality factor was
chosen to be 10 and 1000 respectively.
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Results are given in the following table for damped and undamped cases.

/
4C
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

Reference:
/*

7.81
7.39
7.00
6.63
6.27
5.93
5.60
5.29
4.99
4.69
4.41
4.13
3.85
3.58
3.31
3.04
2.76
2.48

RIQ
20.838
21.522
22.270
23.086
23.976-
24.942
25.991
27.126
28.351
29.671
31.088
32.605
34.222
35.938
37.749
39.648
41.625
43.668

damped
Rstiunt
2391
253G
2672
2800
2920
3032
3135
3230
3316
3392
3457
3511
3554
3585
3603
3610
3605
3587

VSltr

1.225
1.238
1.251
1.266
1.281
1.297
1.314
1.331
1.350
1.370
1.392
1.415
1.439
1.466
1.494
1.525
1.559
1.595

Reference:

8.03
7.61
7.22
6.85
6.50
6.17
5.85
5.55
5.25
4.97
4.70
4.44
4.18
3.93
3.68
3.44
3.19
2.95

RIQ
17.578
17.977
18.413
18.887
19.400
19.952
20.546
21.182
21.861
22.581
23.344
24.147
24.986
25.863
26.766
27.690
28.626
29.560

undamped
Rskunt
2769
3053
3354
3C77
4026
4406
482C
5293
5816
6409
7085
7863
8767
9828
11085
12593
14423
16674

1.111
1.117
1.122
1.127
1.132
1.138
1.143
1.149
1.155
1.160
1.166
1.172
1.178
1.184
1.190
1.195
1.201
1.207

For the damped case the loading resistance was 50 ft and the aeries
loading capacitance was 4 pF. The voltage step-up ratios over the fre-
quency range are relatively constant and there is significant variation in
the R/Q. Using external damping the variation of the impedance presented
to the tetrode by the cavity is reduced and permits efficient operation of
the tetrode.

Booster Amplifier Proposed by G.H. Rees

The booster amplifier design shown in Figure 2 has been proposed by
G. H. Rees ( TRI-DN-86-27 ). The design retains the double-gap drift
tube structure and the voltage characteristics of the reference design. The
tetrode and tuners have been rearranged such that in the middle of the
frequency range the distance from the gap to the tuners and from the tuners
to the tetrode corresponds to A/2. The ferrite tuners are assumed to be
parallel biased with the same characteristics as that used in the reference
design.

The lumped capacitances in the original design have been replaced by
two sections of open circuited transmission lines. These are indicated by



2 m

FERRITE
TUNER

hDH
ion

CAPACITIVE
TUNER

£>«c-1.0m A»»
DTETHODE X 0.8741 X), « 0.1
Vc ~0.il Bm.S
Or «1000

0.113

Figure 2: Booster amplifier proposed by G.H. Rees

the dotted circles. Results of the calculations for the undamped case are
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given in the following table.

/
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

G.H.
ft

8.00
7.20
6.52
5.94
5.43
4.98
4.58
4.21
3.89
3.58
3.31
3.05
2.81
2.58
2.36
2.15
1.95
1.75

Reer
R/Q

15.046
14.147
13.367
12.691
12.107
11.601
11.166
10.791
10.468
10.191
9.950
9.738
9.547
9.366
9.183
8.983
8.747
8.451

us damped
Jfcfcwri
4919
4970
4960
4929
4897
4876
4875
4899
4550
5035
5156
5319
5529
5795
6127
6536
7038
7653

1.408
1.390
1.373
1.356
1.339
1.322
1.304
1.286
1.267
1.247
1.226
1.203
1.178
1.150
1.119
1.085
1.046
1.002

The low R/Q and the decrease in the step-up ratio as a function of fre-
quency is an advantage when beam loading effects are considered. Although
less ferrite material is required to achieve the tuning range the power den-
sity in the ferrite would be to high for the parallel biased case. Reducing
the power density by adding ferrite while retaining the same tuning char-
acteristics may be physically impossible. Because of the larger size of the
structure compared to other designs the number of parasitic modes will be
higher and the increased distance between the tetrode and the accelerating
gap will add significant delay into the fast feedback loop.

Booster Amplifier based on LANL Design

A cross section of a proposed booster amplifier using the LANL design
with perpendicular biased ferrite is shown in Figure 3. The permittivity
and electric quality factor of the ferrite was chosen to be 13 and 5000
respectively. The magnetic quality factor was assumed to vary linearily
between 3000 and 10000 over the frequency range of 46 MHz to 63 MHz .

Results of the calculations for undamped and damped cases are given
in the following table. It was assumed that the desired accelerating voltage
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D «

RACAP - .OflOmrter JICAF - .17530 I W «.183 0 » O O T » . 2 1 9
J IAMO-1388 £«,«,«.125 Jtririaxw - 1828 /Trcnooc--97410
-Rnwr««-25 e-13.0 Qe-5000.0 ^ioxo - 50.00

Damped: CU>AD - 3.5 pF CCOVFLK « 50 pF DTVNE* - .13 meter
Undamped: CIOAD » 0.0 pF Ccaurtx " 12 pF DTVNM* '*• -17 meter

Figure 3: Cross section of amplifier based on LANL design.

was 150 kV for the LANL design and 50 kV for the TRIUMF KAON
factory requirements. The reduction in the voltage ratio was accomplished
by increasing the coupling capacitance from 12 pF to 50 pF. For the damped
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case the loading consisted of a series capacitance of 3.5 pF into 50 il .

f
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
6?

LANL: damped
M

3.255
3.086
2.927
2.777
2.636
2.502
2.375
2.255
2.141
2.032
1.929
1.830
1.736
1.646
1.560
1.477
1.397
1.321

R/Q
34.195
33.633
33.092
32.571
32.067
31.579
31.105
30.644
30.193
29.751
29.?36
28.888
28.463
28.042
27.621
27.201
26.778
26.352

Rskunt
16225
15867
15466
15043
14609
14175
13745
13324
12913
12513
12127
11754
11394
11047
10714
10393
10084
9787

vstv2.548
2.540
2.532
2.523
2.515
2.506
2.497
2.488
2.478
2.468
2.458
2.447
2.436
2.425
2.413
2.402
2.389
2.377

LANL: undamped
M

3.186
3.043
2.909
2.783
2.664
2.552
2.447
2.347
2.252
2.163
2.079
1.998
1.922
1.850
1.781
1.715
1.652
1.592

R/Q
38.988
36.457
37.956
37.484
37.040
36.621
36.227
35.856
35.506
35.178
34.869
34.580
34.308
34.054
33.816
33.594
33.387
33.194

Rskwml
92094
99825
106787
113070
118752
123903
126582
132841
136728
140284
143544
146542
149306
151861
154231
156436
158495
160423

VW
8.244
8.251
8.259
8.268
6.276
8.285
8.295
8.305
8.315
8.326
8.337
8.349
8.362
8.375
8.389
8.404
8.419
6.435

The frequency variation as a function of ferrite permeability corre-
sponded closely with experimentally measured values. The variation of
the voltage step-up ratio and the R/Q is small over the frequency range.
Because of the small compact design and the lower values for ferrite perme-
ability it would be expected that this cavity would have the least problems
with parasitic modes.
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PRELIMINARY DESIGNS OF DIPOLE AND /QUADRUPOLE
MAGNETS FOR A RAPID CYCLING SYNCHROTRON

Jianyang Liu * J

Steven J. Greene & H. Arch Thiessen

Los Alamos National Laboratory

Abstract

Some investigations of dipole and quadrupole magnet designs have been
made for an advanced hadron facility - a rapid cycling synchrotron.
Comparisons of various magnet configurations have been done through
computer aid to find cost-effective and reliable magnet designs. In this
paper, optimal choices of magnet configuration, exciting coil and
conductor are described, magnetic field designs are discussed and basic
magnet design parameters are presented.

I. Introduction

The Los Alamos National Laboratory is considering a nev design of an
advanced hadron facility, which will provide proton beans vith high
intensity and high energy for various research purposes. A preliainary
design of a rapid cycling synchrotron has been presented for a primary
energy of 45 GeV and upgrading energy of 60 GeV. The optiaal accelerator
structure has been studied carefully, and several ring lattice design
projects have been considered and compared. Our Magnet system designs
are based on a possible lattice structure. The magnetic component
parameters are listed in table 1.

Table 1. Magnetic component parameter in the main ring

Maximum field of dipole 17 KG (for 45 GeV)
22 KG (for 60 GeV)

Number of dipole magnets 112
Length of dipole magnet 4.13 m
Maximum field of quadrupole at pole tip 7 KG (for 45 GeV)

9 KG (for 60 GeV)
Number of quadrupole magnets 160
Length of quadrupole magnet 0.5 m

In such an accelerator, the dipole magnet is required to produce a

Collaborator at Los Alamos. Institute of Atomic Energy, Beijing, PRC
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higher guide field up to 22 KG and quadrupole to have a higher gradient
up to 2.25 KG/cm so as to keep beams to be accelerated without loss.

Under the accelerator physics requirements, our main attention in
magnet design was paid to producing cost-effective high-field performance
magnets. A conventional magnet is considered to cost least, but some
problems which affect field quality will appear due to the utilization of
high exciting current and the requirement of high field, such as eddy
current, magnetic saturation and so on. In order to obtain a good design
project, a great effort has been made in field calculation and expenses
estimate to promote reliability, to lower power consumption and to save
magnet materials.

II. Dipole magnet design

Dipole design is based on beam dynamics considerations of the rapid
cycling synchrotron. Suppose that the betatron oscillation is a main
contribution to beam apertures in both horizontal and vertical directions
so the design requirements of magnetic field seem to be as follows:

Magnet length (m)
Bending angle (Deg)
Bending radius (m)
Dipole aperture dimension (good field)

U/2 (mm)
G/2 (mm)

4-13
2-5
94.65

40
35

The system of pulse power supply is being studied. So far, a possible
A. C. power source is considered to provide a sinusoid-flat top-sinusoid
current waveform with a maximum current strength of 10000 Amperes and
a frequency of 3 Hz. Figure 1 shows such an A. C. current waveform.

Fig. 1 Magnet exciting current waveform

Based on what are mentioned above, a conventional dipole Magnet has
been designed. We have tried to find a optimal configuration with the
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least stored energy, advantages of cost-saving in magnet construction and
high quality of magnetic field. A H-type dipole configuration is chosen
as shovn in Fig. 2 since a high symmetric degree of Magnetic field is
required to avoid multipole effect. The coil is constrained to the
region above the pole tip in order to be veil shielded from possible beam
spills.

Fig. 2 A 1/4 H-type dipole magnet

The magnet core is considered to be made up of a stack of very lov
carbon steel (#1010) laminations. The lamination thickness is 1 mm and
the stack filling factor is 982. We utilize this material just because it
has higher magnetic saturation strength compared to silicon, so a lover
magnetic stored energy can be obtained.* From estimate, the eddy current
loss in iron can be neglected.

The shape of the magnetic pole is determined as a round through
calculations and comparisons in order to avoid local saturation of Magnet
pole. The pole figure is flat and connected smoothly with circle curves
at both sides of the pole. The slope of pole edge is 30 degrees. Ve also
make a comparison about the yoke/pole width so that it costs cheaper
and produces higher field strength and better field uniformity. Figure 3
gives a comparison of expenses over 20 yrs versus yoke/pole width, which
includes cost of power, iron and coil. A suitable yoke/pole width is 0.75
in our case, that means yoke is 25 cm vide as the full pole width is
determined 30 cm.

The coil and conductor sizes also are chosen optimally and hollov
conductor with cooling vater flow inside is used. A coil vith a cross
section of 18 X 12 cm seems to be appropriate. The details of optimizing
coil dimension and conductor size can be seen in reference [1]. From
calculations, ve know that when conductor size is increased, eddy current
power loss goes up very quickly and becomes an important factor of
expenses consumption, so optimal conductor size should be 1.5 X 1.5 cm.
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The choices of coil and conductor do not only balance cost of Magnet
construction but also lower eddy current effect. In Figure 4, the
relations between expenses over 20 yrs and current density at different
conductor sizes are given. We can see that there exists a lowest

2
point of total magnet cost as current density is given 400 Amp/cm .
We are also considering to use a special stranded conductor [2]. Vith
that, eddy current dissipation and disturbance to guide field will be
reduced greatly but it's expenses will be higher. Ve do not Mention it
at this moment. This coil is composed of 12 turns. And upper and lover
coils are in series. It seems to be reasonable to utilize a smaller
exciting voltage economically. So a highest exciting voltage is required
less than 2 KV.

The magnetic field distribution is shown in Fig 5. There is a largest
-3

field error of 3.17 X 10 relative to the field strength of center. Even
put small shims at the pole edges, the average error will approximately

-3
be 2-0 X 10 .It is difficult to obtain very good uniformity of magnetic
field under a high field requirement even when a wider pole is used. To
solve this problem, we can put a small coil on the pole surface to adjust
the field uniformity (3]. It is also possible that multipole magnets are
utilized to compensate the field error effect on the beam.

From Taylor series expansion
n

B = BO [ 1 + £ ( Bn/BO ) X /n! ]
n

magnetic multipoles are analysed. In a perfect field distribution, for
it's good symmetry, B(2i-1) « 0, i=l,2,3.., this means that quadrupole,
octupole and 12-pole harmonics disappear naturally. So this field has a
good performance. Table 2 shows a result of multipole error analysis from
sextupole to 18-pole at different current strength. Actually, when even
higher current strength is applied, sextupole is still controlled at the

-4
order of 10

Table 2. Multipole analysis of a dipole field ( Gauss )

Center Field

2252.373
3575.190
7149.880
10719.608
14221.731
17000.566
19279.566
20498.186
21378.414
22000.600

Dipole

2252.375
3575.193
7149.885
10719.622
14221.753
17000.567
19279.620
20498.215
21378.386
22000.539

Sextupole

-0.126
-0.202
-0.403
-0.626
-0.871
-1.375
-2.534
-3.577
-5.289
-6.171

Decapole

-0.081
-0.118
-0.248
-0.339
-0.441
-0.719
-0.332
-0.769
-1.468
-1.793

14-pole

-0.108
-0.199
-0.363
-0.620
-0.843
-0.628
-1.965
-1.424
-0.240
-0.366

18-pole

-0.111
-0.000
-0.052
0.024
0.052
-0.426
1.260
0.393

-1.207
-1.984
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Fig. 5 Magnetic field distribution of a dipole magnet

III. Quadrupole magnet design

When particles are injected into the rapid cycling synchrotron, they
are guided by strong focussing magnetic fields produced by a series of
conventional dipole, quadrupole and multipole magnets. So all of these
magnet elements should be operated synchronously. Therefore, the same
power supply for quadrupoles as that for dipoles is suggested and these
magnetic elements can be connected in series.

From accelerator physics, magnetic field of the quadrupole is
requested to have the smallest harmonic content so as to minimize the
disturbance to beams. The quadrupole harmonic requirement is given as
blow:

Harmonics

Quadrupole

Sextupole

Octupole

Decapole

12-pole

System Error

0

0

0

0
-4

5X10

Multipole Error
-3

10
-4

5X10
-4

1.5X10
-4

1.5X10
-4

1.5X10

And physical design requirement of the A.C. quadrupole is as follow:
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Length(m)
Pole field (KG)
Bore radius (cm)

0.5
9.0 (for 60 GeV)
4.0

Similar to the dipole design mentioned above, the quadrupole should
also be made of the stacked steel laminations so as to suppress the
effect of eddy current. The lamination is 1 mm thick to that the eddy
current loss in magnet core is negligible. This quadrupole magnet has a
conventional configuration. Figure 6 is a cross section layout of the
quadrupole. The exciting coils are put behind the pole-tips and separated
from the field gap in order to avoid direct radiation damage to coils.
The magnet provides a small aperture for beam tube to lie wholly within a
circle tangent to the pole-tip vertices. Since magnetic field strength
at the pole-tip just varies within less than 10 Gauss when the yoke size
is changed up to 4 cm, it allows ones to use a smaller yoke size of 8 cm
without important effect to field strength. The magnet dimension could
be made smaller and cost less. But due to the utilization of a smaller
bore aperture and the requirement of a higher magnetic field gradient,
field performance is sensitive to the pole shape of the magnet.

Fig. 6 A quadrupole configuration

Ve tried many possible pole shapes of the quadrupole through
simulation computations, we found it is very difficult to obtain a better
pole figure which can be expressed as a simple mathematical formula. So
we have to divide a smooth curve into some pieces to simulate a pole that
produces a good quadrupole field and less harmonic fields. Ve have done
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this with POISSON codes and we have got a better pole shape as shovn in
Fig. 7 which is similar to a hyperbola. The pole profile coordinates are
listed in table 3. With this pole shape, a better magnetic field
distribution and gradient can be reached as shovn in Fig. 8.

Table 3. The pole profile coodinates

Fig 7 Pole shape of the quadrupole

X(cm)
Y(cm)

X(cm)
Y(cm)

X(cm)
Y(cm)

X(cm)
Y(cm)

X(cm)
Y(cm)

7.0
1.1428

5.0
1.6

3.1
2.5783

2.29
3.5

1.4545
5.5

6.5
1.2131

4.5
1.7778

6.0
1.3333

4.0
2.0

2.8264
2.8264

2.0
4.0

1.3333
6.0

1.7778
4.5

1.2131
6.5

5.5
1.4545

3.5
2.29

2.5783
3.1

1.6
5.0

1.1428
7.0

Fig. 8 Magnetic field and field gradient of a quadrupole

The multipole analysis of the magnetic field along azimuth is listed in
table 4 and the basic design parameters of the quadrupole are given in
table 5.
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Table 4. Multipole field of a quadrupole magnet

Harmonics Multipole field strength(Gauss)

Quadrupole 10131
Octupole -0.852
12-pole 1.370
16-pole -3.633
20-pole -2.048

Table 5. Quadrupole design parameter

Quadrupole dimension (m) 0.56 X 0.56 X 0.5
Bore radius (cm) 4
Pole width (cm) 8.3

Pole-tip field (KG) 10.128
Field gradient (KG/cm) 2.53
Stored energy (KJoule) 5.077
Inductance (mHenry) 0.44

Turns/coil 5
Conductors/turn 6
Conductor size (cm) 1 X 1
Cooling hole dia. (cm) 0.62
Coil resistance/mag (mOhm) 1.372

Exciting current (Amp-turns) 24000
Induced voltage on windings (V) 25.341
Total power loss/mag (KVatts) 14.73

IV. Conclusion

As mentioned above, these magnet designs seem to be reasonable in
cost of material and power and to be good in magnetic field performance.
However, some particular problems are still in study, such as the lag
effect to rise of guide field due to the appearance of eddy current.

* There is a obvious error in calculation of stored energy with "POISSON"
codes, especially in the case of high field. A correction of stored
energy calculation has been made and a largest difference of 2BX is
estimated in our high field case, say 22 KG.
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Appendix Basic parameters of a dipole for a rapid cycling synchrotron:

Synchrotron Energy 45 GeV 60 GeV

Field Data
BO (Gauss)
Delt B/BO
Gap half height (cm)
Field region half width (cm)

Magnet Data
Magnet dimension (cm)
Pole width (cm)
Yoke width (cm)
Lamination thickness (cm)
Lamination stacking factor
Iron weight (Ton)

Coil Data
Cross section (cm)
Mean length (cm)
Copper weight (Ton)
Conductor size (cm)
Cooling hole dia.(cm)
Turn
Cond./turn

1) Resistance/mag (mOhm)

Operation Data(/mag)
Magnet:
Peak stored energy (KJ)
Inductance (mH)
Electricity:
I (A-turn)
Average i (A/cm**2)
Imax (A)
Imin (A)
lac (A)
Idc (A)
Peak coil voltage (V)
Induced voltage

on windings (KV)

power Data (/mag)
2) Iron core loss (KV)

17000.566
1.3483E-3
3.5
4

118X82X413
30
25
0.1
982
26.694

18X12
960
2.601
1.5X1.5
0.93
12
8
3.3

113.674
13.377

49470
229.028
4122.5
525
1798.75
2323.75
13.604

1.194

0.215

22000.600
3.1699E-3
s
s

s
s
s
s
s
s

s
s
s
s
s
s
s
s

208.152
7.671

88400
409.259
7366.667
525
3420,833
3945.833
24.310

1.670

0.385
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Coil A.C. power (KW)
Coil D.C. pover (KU)
Eddy loss in coil (KW)
Total power (KW)

Cooling Data
Temperature rise (F degree)
Pressure drop (lb/in**2)
Water flow/circuit (gal/min)
Water velocity (ft/sec)
Water circuits

8.009
17.822
9.982
36.028

15
0.506
0.634
1.932
10

28.966
51.386
29.805
110.542

15
4.308
1.851
5.640
10

1) Copper resistivity p*1.8E-6 Ohm-cm
2) Iron resistivity p-5.2E-5 Ohm-cm
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STRIPPER MAGNET CALCULATIONS FOR
NEUTRALIZATION OF H~ ION BEAM AT

PSR

Jianyang Liu and H. Arch Thiessen
Los Alamos National Laboratory, MP14

Abstract

The charge changing injection technique is applied to a high current proton

storage ring (PRS) at Los Alamos National Laboratory. In this paper, a discus-

sion about the neutralization of H~ ion beam by an electromagnetic field is given

and stripper magnet calculations are presented for the neutralization of H~ ion

beam for the injection of the PSR.

1 Introduction

Some researches on the electric dissociation of H~ ion by a magnet field have been

reported in an earlier article of TRIUMF [1] and very useful results have been

given. At LAMPF, the same experiment was also made to measure the electron

detachment rate of H~ ions and provided some parameters for theoretical formula

of H~ ion liftime [2]. The PRS utilizes such a charge changing injection method

to the PRS so that the ring design can be simplified and the symmetry of the ring

lattice can be kept [3]. Using this method, the II~ ion beam from the LAMPF

800 MeV linac can be converted to a 100% H° beam and delivered onto the closed

orbit in PSR ring. This is a reliable way to reach the high current performance
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purpose of the PSR.

2 H~ Ion Dissociation Mechanism

The 800 MeV H~ ion beam from LAMPF is first converted to neutral hydrogen

in a stripper magnet and then directly transported to the undistorted closed

orbit at the injection section of the PSR ring, where the Hc beam is once again

stripped off an electron by a foil to be converted to a proton beam and stored.

When H~ beam passes through a tranverse magnetic field with a certain

strength at a velocity of /?7, a Lorenze force or an equivalent electric field will

exert an action on it. The equivalent electric field is produced in a rest frame of

H~ ion as below:

£ = 300/?7fl(r) MV/m (1)

where /? = v/c, 7 = y l — ft2, B(T) is magnetic field strength in Tesla. A very

strong electric field is required to provide a higher stripping rate. It is easy to

reach an electric field range of 10s ~ 109 as magnetic field varies within 0.5 ~

2.1 Tesla. Under the action of a strong magnetic field , H" will decay, H~ —+ H°

-f e~. We can give the the lifetime of H~ ion beam required for H~ ion beam to

decay to 1/e of it's initial intensity as a function of the magnetic field as follows:

r = K* (2)

where A2 = 7.96 x 10~8 V/m, A2 =4.256 x 109 V/m. The stripping length is

Co = c(3r (3)

Fig.l shows the stripping length under the actions of different magnetic fields. For

example, at B = 2.1 T, £0 ~ 0.5 mm. In order to dissociate H~ ions, a magnetic
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field is requested to rise quick enough from zero to a maximum strength along

beam axis, that means the gradient of magnetic field is required to be as large as

possible so that H~ ion beam can pass through the rising field section in a wink

to keep the neutral beam within a very small divergence.

The magnetic field we have designed is shown in Fig 2. With this magnetic

field distribution, we calculated the fraction of H~ ion beam which has not been

stripped, and the stripping rate according to following formulas:

r B zf{z) = exp / -j-e^ dz (4)
Jo Ai

and

$M. = _ / ( 2 ) i L e ^ (5)

These functions along beam axis are shown in Fig. 3. From these pictures, we

can know that H~ ion beam starts to be dissociated at Z=—0.5 cm, and a largest

stripping rate is at Z=0.25 cm. That is to say, when H~ ion beam suffers a

magnetic field with a strength of > 0.5 T, e~ will be stripped off.

The mechanism of electromagnetic dissociation of H~ mentioned above is

what a stripper magnet design is based on.

3 Calculations for A Stripper Magnet

The stripper magnet should be operated at higher magnetic field so as to shorten

the stripping length of H" ion or the lifetime. A suitable magnetic field strength

is 2.1 Tesla. In such a magnetic field, H~ ions will be dissociated by a very strong

electric field of 9.9 x 1010 V/m within about 0.5 mm stripping length and 1.12

x 10~12 seconds. It is obvious that the main beam divergence will grow iu the

section where the magnetic field rises from zero to Bmax. So a larger magnetic
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field gradient is desired to confine stripping to as short a region as possible.

Usually, a magnetic field produced by a dipole magnet has a longer tail and

a longer rising region. So it is not good to keep beam performance. The stripper

magnet is shown in Fig. 4. Actually, it consists two parts, one is a dipole which

produces a required magnetic field, another is a pair of neutral poles used to cut

off the long tail of the dipole magnetic field so that the field goes up quickly. In

this picture, L is an interval between the magnetic pole and the neutral pole, and

G is the gap where the beam tube will be put in.

The choice of L will affect field performance, magnetic field strength and

field gradient along beam axis. So we make a comparison of magnetic field

performance at different L/G. Table 1 gives several comparison results. When

the L/G = 0.75, the magnetic field gradient is largest and the magnetic field

strength of 2.1 Tesla can be reached. From beam transport requirement, the gap

should be 1 cm, then the interval L should be 0.75 cm.

Table 1: Manetic field performance comparison at different L/G.

(1=15000 Amp-turns)

L/G

0.50
0.75
1.00

B m a s (Gauss)

20265
21170
21500

Bm«* (Gauss/cm)

1.6629 x 104

1.7903 x 104

1.6846 x 104

Fig. 2 shows a magnetic field distribution produced by the existing magnet.

Due to the magnetic saturation in the magnet, there is just a very small difference

between the situations of 1=15000 Amp-turns and 1=19000 Amp-turns. So we
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would rather choose 1=15000 Amp-turns as the operating current under which

the exciting coil of the stripper magnet can work stably.

The existing stripper magnet was built by AT-3 [4]. This magnet utilizes

two different, iron materials. A very low carbon steel j(1010 is used to yoke, in-

cluding neutral poles. The magnetic poles are made up of a vanadium permendur

material which has a good magnetic performance and can reduce the magnetic

saturation at the local of poles. The l'ight edge of the magnetic pole is cut off

and the slope is 30 degrees so as to concentrate magnetic flux on another side.

The left edge is made a roung to avoid the saturation at the corner. The stripper

magnet parameters are given in table 2.

Table 2: Stripper magnet parameters

Magnet dimension (cm)
Interval I (cm)

Gap g (cm)
Bmax (Tesla)

B'max (Tesla/cm)

I (Amp-turns)
Turns/coil

Conductor size (cm)
Cooling hole dia. (cm)

44 x 60 x 50
0.75
1.0

21.17
17.90

15000
25

0.7 x 0.7
0.43
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A MASSLESS SEPTUM MAGNET DESIGN FOR BEAM
EXTRACTION FROM AN AHF MAIN RING

Jianyang Liu and H. Arch Thiessen
Los Alamos National Laboratory, MP14

Abstract

A 0.5 meter septum magnet has been designed for beam extraction from an

AHF main ring, a rapid cycling synchrotron at Los Alamos National Laboratory.

This magnet has a space septum in gap instead of a copper septum as is the usual

configuration in order to avoid beam loss. It is designed to produce a magnetic

field distribution from —300 Gauss to +300 Gauss within 8 cm transverse region

and obtain a septum of 5 mm.

I. Introduction

A possible lattice design for an advanced hadron facility main ring, a rapid

cycling sychrotron has been presented [1]. The main ring includes two straight

sections and two arc sections. It is operated at 12 Hz and accelerates ~ 1013

protons/pulse from 10 GeV to 60 GeV. A slow extraction style with a extraction

time of 1/24 seconds is utilized corresponding to a 50 % duty factor.

A high extraction efficiency is expected to obtain by setting the extraction

in a long straight section with a high beta value and zero dispersion, and by the

use of a septum magnet without a copper septum in the gap.

II. Beam Extraction and Septum Magnet Consideration

An investigation on beam extraction dynamics was made for a 45 GeV main

ring design in reference [2]. The current main ring design has been upgraded
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to 60 GeV. It is racetrack shaped with a circumference of 1270 meters. The

extraction line is split off from a long straight section and the septum magnet

is positioned in this section where beta function and eta function are flx = 50

meters and 7/x = 0.0, respectively. Relative to the septum position, some other

magnetic elements are matched well so that the beam is extracted within 1/24

seconds without energy spread increase.

Beam instability occurs as beta function increases. When particles approach

the septum magnet, they increase their transverse oscillation amplitudes so as

to get. into the extraction channel. When particles arrive at the septum magnet,

they deflect outward under an action of a magnetic field force, and then be

extracted out of the ring.

Since this AHF is required to produce a beam with a high intensity of 25

/tAmp, it is important to maintain a high extraction efficiency. Usualy, due to

the utilization of a septum wire, some particles strike onto it or steel support and

beam losses are caused - Beam loss is directly proportional to the septum wire

thickness, so the thinner the septum wire is, the less particles are lost. Based on

this fact, we can develop a magnet, with a space septum instead of a solid one to

minimize beam losses.

Beam extraction requires that the septum magnet deflects the ejected proton

beam by about 0.075 mrad onto the extraction line. A magnetic field strength of

about 300 gauss is necessary to kick 60 GeV protons outward by 38 fim at exit

from the magnet when the septum magnet is determined as 0.5 meter long.

III. Septum Magnet Design

A septum magnet has been designed for the purpose as mentioned above.

The cross section of this magnet is shown in Figure 1. This magnet is shaped as
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a straight along beam axis because of a very small sagitta. There are two pairs

of magnetic poles with opposite magnetization directions. The vertical gap is g

= 1 cm because of the requirement of beam dynamics. The availiable smallest

interval between two poles is determined 1 = 2 mm and a pair of slums are put

on the pole edges to pump magnetic field in order to reduce the space septum

width to the smallest. These shims are not very sharp to avoid practical magnetic

saturation effect.

Figure 2 shows a comparison of magnetic field distributions along horizontal

axis with and without those shims at pole edges. From this picture, we can see

that a very small septum space is given about 5 mm within a region of 90 %

maximum magnetic field strength of 300 Gauss.

Fitting functions of magnetic field distributions from the septum magnet

can given as below:

tamr/2(l - y/g)

g cosh2(irx/2g)tan2ir/2(1 - y/g) + sinh2(irx/2g)

and

„ = SL ianh{nx/2g)
y g COS2TT/2{1 - y/g)ianh2(nx/2g) + sinh2ir/2(l - y/g) K '

Where g is vertical gap and a is a given factor that depends on the magnetization

strength at pole surface. With these fitting functions, we can simulate magnetic

fields conveniently and we can calculate magnetic field Bx and By components

accurately within —g/2 ~ +g/2. When shims are put on pole corners as figure 1

shows, g should be replaced by h, the clearance between upper and lower shims.

Figure 3 shows a result of magnetic field fitting.

At the case of low field strength, 122 Amp exciting current is applied onto
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current sheets. The current sheet has a cross section size of 0.3 x 1 cm and a

total resistance about 2.6 mO is obtained for these four current sheet coils in

series. Due to the utilization of a low current density of 407 Amp/cm2, this

magnet does not use a large amount of electric power. From our estimate, power

dissipation is just 40 Watts at D.C. operation case. Current sheet coils are easily

cooled with a simple edge conductor cooling technique.

For such a magnet, complexity and construction cost can be reduced. It is

considered to work at D.C. status because of less electric power cost. We intend

to use a solid core since the required field is small compared to the saturation

strength of magnetic material (J(1006 steel). Only it needs to be careful when

shims are being formed. We summarize septum magnet parameters in table 1:

Table 1: Septum magnet parameters

Magnet dimension (cm)
Gap g (cm)

Interval / (cm)
Clearance h (cm)

Field arrange (Gauss)
Transverse field region (cm)

Bending angle (mrad)
Space septum width (mm)

No. of current sheet coils
Current sheet size (cm)

Conductor resistance (mQ)
Cooling style

Cooling hole (mm)
I (Amp)

Power (W)

14 x 10 x 50
1.0
0.2
0.6

-300 ~ +300
8.0

0.075
5

4
0.3 x 1

2.6
edge cooling

2 x 2
122
40
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Figure 1 A septum magnet configuration
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Status of RF Development Program at
TRIUMF

R.L. Poirier
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

Summary

The reference design of a ferrite tuned cavity for the TRIUMF Kaon
Factory booster ring has been established and a full power prototype is
being fabricated in the machine shop. A power supply capable of biasing
either the TRIUMF parallel biased reference design or the Los Alamos
perpendicularily biased reference design has been ordered. A TRIUMF/Los
Alamos collaboration has been set up to develope a main ring type cavity
to be tested in the PSR at Los Alamos in 1989. A 2.4 Kw solid state driver
and a low level rf control system is being developed at TRIUMF as part
of this collaboration. The status of the above projects is presented in this
paper.

Introduction

The new rf cavity reference design, which was established last year as a
result of the rf model work, is a double gap drift tube cavity with parallel
biased ferrite tuners to vary the frequency from 46 MHz to 62 MHz. This
cavity, with air dielectric tuners,is presently being fabricated in the machine
shop. In view of the promising results at Los Alamos from a single gap
cavity with perpendicularily biased ferrites, the magnetizing circuit of the
TRIUMF cavity and the Los Alamos cavity were both analyzed and a power
supply specification prepared for each system.

Following a Kaon Factory Accelerator Workshop held in Vancouver Au-
gust/87, a TRIUMF/Los Alamos collaboration was set up to share the rf
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development work towards a goal to test a main ring type cavity in the PSR
in 1989. TRIUMF's responsibility would be to design and fabricate the low
level rf control system and the 2.4 Kw solid state driver while the cavity
and its ac bias system would be designed and fabricated at Los Alamos.
Since the present emphisis is on developing a main ring cavity, the work
on the booster cavity at Los Alamos would gradually be coming to an end
allowing the cavity to be shipped to TRIUMF in May/88.

Parallel biased reference design

A simplified sketch of the reference design with air dielectric tuners is
shown in Figure .1. The outer conductor diameters of the accelerating cavity
and the tuners are 56 cm and 40 cm respectively. All the conductors are
being fabricated from copper. The tube socket is also a TRIUMF design
and is being fabricated in the machine shop. All parts will be completed in
the shop by the end of March/88.

Ferrite Bias Power Supply

The magnetizing requirements for the parallel biased ferrite were calcu-
lated to be +25/-50 Volts @ 2600 Amps and for the perpendicular biased
ferrite to be +70/-200 Volts @2600 Amps. A tracking accuracy of 0.125 %
was specified. Five companies submitted quotations. The prices in Cana-
dian dollars ranged from 140 K $ to 289 K $ for the parallel bias case
and 166 K $ to 347 K $ for the perpendicular bias case. The contract was
awarded to CTS Canada Ltd. for the perpendicular bias power supply with
expected delivery in June/88. A line diagram of the power supply is shown
in Figure 2. The stored energy in the load is recycled rather than dissipated
in a resistive load.

Solid State Driver

All electronic components are in house except for the input splitter
which is due in mid-March. A single unit,shown in Figure 3, has been
tested to 300W into 50 ohms. Each unit utilizes a single push-pull Motorola
TMOS-FET MRF151G transistor. The advantage of this transistor over
the higher power MRF153G or the MRF154G is its high gain, short group
delay time and lower price. Figure 4 shows the eight units combined to give
an output power of 2.4 kw.
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RF Control System

With the collaboration of the Technology Division and the newly formed
RF controls group, the design of a generic rf control system is well under
way. Figure 5 is a block diagram of the feedback, feedfoward, phase and
amplitude regulation loops proposed for the rf control system. A front
panel display of the phase and amplitude control is shown in Figure 6.

Development Program Schedule

Figure 7 is a proposed schedule for the rf development program. It is
divided into two major activities, one dealing with the parallel bias program
and the other with the perpendicular bias program. Our present proposed
budget allows us to continue with the parallel bias program but there is no
money available for the design and manufacture of the ac yoke, ac coil and
ac cavity in the perpendicular bias program. However we are very positive
about the funding of the Kaon Factory and money becoming available for
the above items. In the meantime we will take advantage of the fact that
Los Alamos plan to ship the booster cavity to TRIUMF in May/88 to gain
experience with perpendicularily biased ferrite.
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RESONANT MAGNET EXCITATION AT POWER

K. Reimger
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A4

ABSTRACT

This paper deals with experimental results obtained in high power tents of res-
onant magnet excitation which will lead to dual frequency resonant magnet
excitation in the propsed TRIUMF KAON Factory.

INTRODUCTION

The TRIUMF KAON Factory acceleration rings will be be excited by a
DC biased dual frequency current waveform resulting in a magnetic field where
the rise and fall times are in a ratio of 3 to 1. For the booster ring this excitation
will occur at a repetition rate of 50 hz with a rising field of 33.3 hz and the falling
field at 100 hz. To study circuit parameters, a test stand has been constructed
and tests are under way at high power to quantify circuit performace.

MAGNET EXCITATION

The test circuit is shown in Fig. 1 and is powered by a 130 KW DC power supply
which was modified to serve as a power amplifier with 1000 A capability. The
output of the supply is determined by a reference signal which is the sum of a

KC

Xoot

Fig. 1. Resonant exitition test circuit.

DC reference which determines the effective DC bias current and by the output
of a sine generator which is adjusted to determine the'resonant frequency with
adjustable amplitude which defines the peak to peak amplitude of the magnet
current.
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The resonant circuit consists of LI which is the test magnet as found in
the accelerator ring which is effectively in parallel with L2, L3 and L4 which
serve as the DC bypass choke. The resultant inductance is caused to resonate
with the two capacitor banks at nominaly 33.3 hz. Disconnecting bank # 2
results in resonance at 100 hz. LI current is established by the power amplifier
whose output voltage variations are amplified by the effective Q of the circuit at
resonance resulting in the required di/dt as defined by the cine wave reference at
the input of the power amplifier. Since the resonant load is essentially resistive in
nature, the output voltage swing of the power amplifier is small when compared
to the voltages generated within the resonant circuit.

TEST PROCEDURE

With both capacitor banks present, a DC bias current of 240 A was estab-
lished and while monitoring the output current of the power supply, the sinu-
soidal reference at low amplitude was adjusted until a peak current response was
found indicating resonance. The amplitude of this current was then increased
and the frequency adjusted for maximum response. As the peak to peak current
swing was increased the bias current was increased to fUMPtwm a positive min-
imum current, and the collector to emitter voltage of the aeries regulator was
adjusted to stay within the linear operating range. Data is shown in Table 1
and one sees that the resonant frequency decreases as a function both of bias
current and peak to peak swing of the sinusoidal current.

Table 1 33.3 hz Resonance Data

DC Bias Current p/p current ftoqveacy

240 40 34.79
240 60 33.77
240 80 33.56
240 120 33.26
240 160 32.46
240 240 32.96
240 320 32.71
300 400 32.40
300 500 32.82
350 550 32.82
350 600 32.77

©500 A P/P capacitor voltage measured 2.8 kv p/p

As may be seen above a current swing from 50 to 650 A was observed with
a corresponding field change of 3.7 K gauss.
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Fig. 2. Magnet current and magnetic field at 32.77 hz.

The experiment was repeated for the 100 hz case and resonance was found
to occur at 97.42 hz with a peak to peak swing of 180 A about the 300 amp DC
bias point with a 1.2 K gauss change in the magnetic field, frequency variations
from 97.85 to 97.42 hz were observed. Capacitor voltage Q 180 A p/p was 3.7
K v p/p. Excitation beyond this point at 100 hz is limited by the lower than
expected Q of the test circuit requiring a high output swing of the power supply.
This still needs to be investigated, current and field curves are shown below.

I00O

Fig. 3. Magnet current and magnetic field at 97.42 hz.
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BEAM LOADING CONTROL METHODS
William Roberts

TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

Abstract
This paper describes some of the common
methods used to control transient beam load-
ing. The source of the limitations of each
method is outlined. Constraints imposed by
current technology are indicated.

Introduction
Beam loading is a significant problem in pro-
posed accelerators with circulating currents of
amps or tens of amps. In the TRIUMF KAON
Factory proposal [1] the circulating current is
3 to 5 amperes which is 10 to 40 times greater
than the current in the cavity shunt resistance.
Beam currents 2 to 3 times greater than the
shunt resistance current cause instability in
the amplitude and phase control loops.

In addition to the steady state current
there are periodic, components due to kicker
gaps and injection and extraction transients.
The transient currents interact with the beam
through the cavity impedance and can result
in beam instabilities. Some of these transient
effects may be small enough to ignore but the
remainder require suppression which the am-
plitude and phase control loops cannot supply.

Steady state beam loading can be compen-
sated by use of a cavity tuning loop. The cav-
ity resonant frequency is detuned to compen-
sate for the dc component of the beam. The
effect of injection transients can be reduced
by detuning the cavity in anticipation of the
beam loading but this cannot be changed fast

enough to effect individual gaps in the beam.
This technique can decouple the phase and
amplitude loops for steady state loading but
cannot suppress all the transient loading ef-
fects.

Control Loops
Two general techniques exist for fast suppres-
sion of transients: feedforward and feedback.
Both techniques work by generating a current
in the cavity which opposes the beam gener-
ated image current. The cavity current and
voltage are effected less by the beam passage
for both steady-state and transient conditions.
As a result the beam experiences a lower effec-
tive cavity impedance and produces a smaller
effect on itself. Similarly the phase and ampli-
tude loops see a smaller change in the cavity
current and voltage due to the beam passage
and remain decoupled and stable.

Feedforward
Feedforward is an open loop method which
senses the beam current outside of the cav-
ity and feeds this compensating signal to the
power amplifier. The power amplifier must
generate an opposing current in phase with
the beam passage through the cavity. A wide-
band detector and transmission system help to
minimize delays and distortion of the compen-
sating signal. The amplifier and cavity filter
the signal. The phase and amplitude of the
generated current must be adjusted to match
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the beam current. This can be a problem in
variable frequency machines since the phase
or time delay must track the beam accelera-
tion. The amplitude of the opposing current
must track the beam amplitude for full com-
pensation. Both the phase and amplitude pa-
rameters must be stable over time and with
envirnmental changes. Although the adjust-
ments are critical for optimum performance
the system need only be good enough to de-
couple the phase and amplitude loops and re-
move enough of the transient disturbance to
prevent beam instabilities. The closer to op-
timium performance the better the transient
suppression. Operating at less than optimum
performance allows a larger margin for error
and system drift and results in more stable
system.

Low level feedforward applies the signal at
a low level in the amplifier chain. This uses
existing hardware but adds to the delay in the
signal path. High level feedforward uses the
beam current signal to drive a separate power
amplifier. This is expensive in terms of hard-
ware but reduces system delays. In either case
the power amplifier must be capable of sup-
plying a current approximately equal to the
beam current if it is to cancel the beam image
current.

Feedback

Feedback around the power amplifier is the
classic op-amp configuration where the cavity
gap voltage is sensed, inverted and added to
the amplifier drive. The goal is to regulate the
gap voltage under load variations due to the
beam. The regulation bandwidth is limited by
the delay around the cavity, cabling and am-
plifier loop. The later in the amplifier chain
the feedback is applied the shorter the time
delay and the wider the effective bandwidth.
The penalty is higher power dissipation in the
feedback components which supply high power

feedback signals to the power amplifier. The
amount of transient suppression achieved de-
pends on the loop gain which in turn depends
on the cavity R/Q ratio, amplifier gain and
loop delay. The limits on gain and bandwidth
can be derived from the closed loop response
of the amplifier, cavity and feedback loop.

The loop time delay limits the gain and
bandwidth by adding a phase shift to the am-
plifier loop causeing it to operate with less sta-
bility. Assumming the amplifier and cavity
contribute a phase shift of 3x/2 and a phase
margin of x/4 is wanted to maintain stability
the time delay is allowed to a contribute a jr/4
phase shift and this occurs at fci = (ST*)'1

where Td is the loop delay. For a resonant
cavity modelled as

R
l+j2QAf/f0

the half-bandwidth is /o/2Q where /o is the
resonant frequency of the cavity. The trans-
fer function relating the cavity voltage to the
beam current is

Ze,=
+ 0GZ

where /? is the feedback gain, G is the amplifier
gain and Z is the cavity impedance without
feedback. At the resonant frequency f0 the
half-bandwidth with feedback is

where H = PGR. From this and the maxi-
mum bandwidth allowed by stability require-
ments, A/C( = fei, and the maximum gain
is H = /cj/A/d for H > 1. Substituting
fel = {BT4)-1 and A/Cr = fo/2Q in the closed
loop impedance equation gives

R R
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as the cavity impedance seen by the beam.
The appearance of the cavity parameter R/Q
shows the interrelation of cavity design and
control system design in handling beam load-
ing problems. Note that the power amplifier
as well as the beam sees this lower impedance
when it must follow amplitude and phase pro-
grams during acceleration.

Delayed Systems
Delays in the amplifier and cabling are in-
evitable but they can be used to advantage if
properly adjusted. A delay equal to the revo-
lution period added to the feedforward or feed-
back path suppresses the sidebands spaced at
harmonics of the revolution frequency around
the rf frequency. To show this for the feedfor-
ward case model the system as

V, = Zh{\ - 0Gexp(-2jwTrtv))

where Vt is the cavity gap voltage, Z is the
cavity impedance, h is the beam current and
/?, G, Treu are the feedback and amplifier gains
and the beam revolution period.

Beam loading is cancelled when the term
fiG is adjusted to be 1 . The ratio of the cav-
ity impedance with delayed feedforward to the
original impedance is

with three cases of interest:

u> = 2irnfrev at multiples of the revolu-
tion frequency the beam sees a cavity
impedance near 0,

u = 2x(n + l /2) / r e v at odd half-multiples of
the revolution frequency the beam sees
twice the intrinsic cavity impedance,

w = 2r(nfrev ± m / j ) for synchrotron side-
bands around the revolution frequency

the beam sees a cavity impedance re-
duced by a factor (2(1 - eoB2xmf,))^2

or 2 sin xmTrev ft for / , <L fTtv

Feedback systems can also incorporate one-
turn delay to reduce the magnitude of revo-
lution frequency sidebands . Again the de-
lay produces a periodic response in the trans-
fer function where the impedance seen by the
beam is minimum at the sideband frequencies.
The periodic response of the feedback network
keeps the system stable in spite of the added
delay. [2],

Conclusions
In feedforward and feedback methods the
power amplifier must generate a current
roughly equal in magnitude to the beam cur-
rent if it is to cancel the effect of the beam
on the cavity. The magnitude of the current
to compensate for steady-state loading can be
reduced by cavity detuning but detuning loops
cannot respond fast enough to suppress peri-
odic transients.

Transients can be eliminated by if the re-
sponse time of the amplifier and cabling is not
short compared to the length of the transient.
If this is not the case then some form of de-
layed feedforward or feedback can be used to
provide a corrective signal of the correct phase
and amplitude with respect to the beam. De-
layed systems are, however, more prone to in-
stability than minimum time delay systems.

References
[1] F. Pedersen, Beam Loading Aspects of

TRIUMF KAON Factory RF Systems,
TRIUMF Design Note TRI-DN-85-15.

[2] D. Boussard, Control of cavities with high
beam loading, IEEE 7h Nnct. Sc, NS-32,
3 (1985) p. 1852.
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LOW FREQUENCY PROCESSING FOR LAMPF PSR BEAM POSITION MONITOR
W. Rawnsley and G.H. Mackenzie

TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

Beam Measurements and Analysis

The existing PSR beam position monitors were designed1 to operate at about
200 MHz for the ring running in "short pulse" mode. The injected beam has a
strong 200 MHz component which persists for about 20 turns before debunching and
synchrotron motion "wash out" the structure. Consequently the present BPM
equipment does not sense the position of the beam accumulated over 350 ps and
extracted to the spallation neutron target; the chief mode of operation to date.

It is proposed to utilize the low frequency part of the signal, f*n*2.8 MHz,
where n~l,2,3 from the 200 MHz striplines. In addition it is proposed that the
procesing system be narrow band, i.e. the behaviour of the entire beam is
represented by the strength of the picked up signal at one of the harmonics of
the revolution frequency rather than a broadband system in which all relevant
harmonics have their proportionate influence on the signal. Consequently some
signal/noise measurements have been made at low frequency and some calculations
performed to determine which harmonics might be representative of the beam.

Data Set 1: The existing capacitive monitor had a high quality 5 kft resistor
added to lower the cut-off frequency (i.e. increase its time constant, see Fig.
1). This also acts as a signal divider reducing the input signal to the
processor by 10~3.

)—D-

Since the beam micro pulse is about 280 ns long some differentiation still
occurs.

The summed signal was recorded photographically from the oscilloscope at various
stages during accumulation. The data was digitised manually by Shane Koscielniak
and replotted in Fig. 2a. Differences between data at different stages of
accumulation are given in Fig. 2b. These illustrate the development of an amount
of injected charge, equivalent to ~ 300 turns, during the 375 us accumulation
time. Bunching due to synchrotron motion is apparent. The distortion of the
line density of Fig. 2a due to differentiation might, in principle, be
compensated hy an iterative process. This has not been done however.
Fig. 3a shows; the signal from a developmental 400 MHz stripline at various stages
in accumulation, again digitised from photographs. It is strongly
differentiated. Fig. 3b shows the result of integrating the data of Fig. 3a
numerically. The resulting "line density" is similar to that of Fig. 2a.
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Table 1 and Fig. 4 gives the amplitude of the lower Fourier harmonics of Figs.
2a, and b as a function of accumulation time.

Data Set 2: A prototype circuit, Fig. 5, was tested to determine the suitability
of this approach for producing a position signal for the stored beam. (The
existing stripline system shows the position of recently injected beam.) The
amplitude A^(t) of the filtered signal, at test point A on Fig. 5, is given in
Fig. 6 for central frequencies, h. Note that this elementary filter passed
several harmonics when centered around h~4. Figs. 6 and 4 should be compared.

Data Set 3: A Monte Carlo program, ACCSIM, was used to simulate the injection
process. This is free from hardware errors but the result depends on assumptions
regarding beam properties and operating buncher voltage, etc. This calculation
does not incorporate the stripline response function.

The line density, A(t), of the beam accumulated by 50, 100, 350 and 375 us was
Fourier analysed; the lower frequencies are given in Fig. 7 which should be
compared with Figs. 6 and 4. Space change forces are included by means of a
simple model. The Monte Carlo calculation was extended to simulate the design
and operation; namely accumulation for 1 ms and 100 JJA beam.

Conclusion

These results all show that, of the lowest harmonics of rotation (and rf)
frequency, the fundamental harmonic, h»l, has the greater strength. Its
amplitude, normalised to the instantaneous circulating current I(t), is not
constant but varies only by a factor of 2 or 3, the normalised sensitivity being
greater toward the end of the present operation.

Processor Design

Source Signal

The device will eventually be multiplexed to the ten pairs of 200 MHz strlpllnes.
Following Shafer, Ref. 2, the stripline output is

V(f) - fc sin (tfl ( ^ ± i-» Zo

Fig. 8a shows a projected line density from the ACCSIM simulation midway through
accumulation, at 200 us. Fig. 8b shows the Fourier decomposition of (a). Fig.
8c folds 8b with the stripline response (equation 1) including phase effects,
Ref. 3. Fig. 8d shows the frequency spectrum transmitted by 70 • of RG 213
preceeding a 191 MHz low pass filter.

Fig. 8e illustrates the result of recombining the frequencies of Fig. 8d. This
is not the signal used for processing, for that only one harmonic Is selected,
but should describe the signal displayed by, say, an oscilloscope directly
connected to the cable. Any major differences would indicate some error In
design or a misunderstanding of the situation.
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Electrical Design

Two approaches are considered, as shown in Fig. 9. A mixer detector system was
prototyped and tested briefly at the PSR. An improved version is currently in
the layout stage, with RF parts on order. A circuit to generate the mixer
reference signal may be added. In the initial FSR tests, the reference was
derived by manually setting a delay box on a pulse generator driven from the
buncher waveform. The dynamic range and accuracy of the system will be less than
the 100 to 1 range of the divider section, depending on the noise and drift of
the mixers. The system's 3 dB bandwidth of 400 KHz will be set by the divider
chip in the difference over sum stage. This bandwidth is equivalent to a rise
time of 0.8 ps. The circuit shown loses precision when the signal is weak but it
does ensure a square reference wave in phase with the beam signal when
multiplexed to any monitor around the ring. Later a signal derived from the rf
amplifier could be used together with a phase shift appropriate to the monitor
selected.

The AM/PM system design is based on the system in use at Fermilab, but redesigned
to work at 2.8 MHz rather than 53 MHz. The dynamic range and accuracy will be
determined primarily by drifts in the RF components and by phase shifts and
ringing in the limiter amplifiers. The bandwidth will be set by the final low
pass filter which removes the 2.8 MHz ripple from the phase detector, so is not
limited by any electronic components. A prototype version using a 17.7 a of
RG174/U for 90° delay line and existing TR1UMF components and subsystems has been
assembled for bench tests.

Though both approaches are currently intended for 2.8 MHz operation, either could
be modified for operation at a single, higher harmonic. In both systems the RF
components are broadband (usually 1 to 200 MHz). The limiter amplifiers,
however, use emitter coupled logic which has finite switching times made up of
about 5 ns rise time plus some ringing. Thus their performance will degrade at
higher harmonics. An upper limit might be 10 MHz to retain good performance.

Processor Experiments at TRIUMF

An AM/PM processor module was obtained from R. Weber at Fermilab. The RF filter
coaxial cables were replaced in order to change the operating frequency from 53
to 46 MHz. The module was equipped with a test signal output, maximum output
250 mV.

Bench tests showed that the output signal did not change by more than 3 mV over a
dynamic range of 100 in the input signal.

The module was connected to a 6 in. long stripline in the TRIUMF external beam
line, BL1A. The 138 yA beam has only 3.7xlOy p/p, consequently xlOO amplifiers
were added to each input leg. Under these conditions the position out noise,
mostly 60 Hz, was ±4 mV.

The summed signal, proportional to intensity, was 1.5 mV with a noise of 0.15 mV
peak to peak.
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Table 1. The Fourier amplitudes of the first 10 harmonics
of the capacitive probe signal (SRPM53). The figures have
not been normalized in any way; they are real amplitudes in
volts. No dc term is included, ie. harmonic 1 refers to the
2.8 MHz fundamental.

Harmonic Amplitude (volts)
(from Fig. 2a)

Harmonic
number

1
2
3
4
5
6
7
8
9
10

9
5
1
1
1
8
1
4
2
1

50 us

.2488E-3

.4580E-3

.1312E-3

.0573E-3

.0424E-3

.3452E-4

.4502E-4

.2076E-4

.1099E-4

.3157E-4

Accumulatior
150 us

5.2737E-2
2.1351E-2
2.6135E-3
6.4254E-3
5.4195E-3
1.8478E-3
1.0821E-3
1.6310E-3
1.2370E-3
4.3560E-4

1.
1.
8.
4.
3.
6.
2.
6.
3.
2.

i time
250 us

0437E-1
3155E-2
2004E-3
9285E-3
6270E-3
6552E-4
7128E-4
6105E-4
2754E-4
5146E-5

1
3
2
1
4
3
2
3
2
2

350 us

.7167E-1

.1675E-2

.5815E-2

.6973E-2

.9626E-3

.7695E-3

.6441E-3

.2526E-3

.1584E-3

.1803E-3

Beam (uA) 3.851 11.55 13.26 26.96

Where beam current = 28.5 uA * accumulation time / 370 us

Difference Harmonic Amplitude (volts)
(fom Fig. 2b)

Harmonic
number

1
2
3
4
5
6
7
8
9

10

delta beam
(uA)

Accumulation time
150us-50us

4
1
1
6
5
1
1
1
1
5

•4022E-2
.7004E-2
.7600E-3
.2701E-3
•7659E-3
.8587E-3
.1284E-3
.8833E-3
.3634E-3
.6563E-4

7.70

250us-150us

5
1
5
2
1
1
8
1
9
4

.1793E-2

.4164E-2

.6886E-3

.3265E-3

.8666E-3

.3935E-3

.1540E-4

.2898E-3

.4367E-4

.1364E-4

7.70

350us-250

6
4
2
1
6
4
2
2
2
2

.7694E-2

.1650E-2

.2884E-2

.2442E-2

.2990E-3

.3632B-3

.3805E-3

.6245E-3

.0286E-3

.1889E-3

7.70

Where delta beam current = 28.5 uA * 100 us / 370 us
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Fig. 6. SRPM 43 plate A vertical.
Filter centered on
fundamental. (Vertical
bands due to oscilloscope)

SRPM 43 vertical sum.
Filter centered on third
harmonic.

Filter centered near 12 MHz.
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Design of a Main Ring Cavity
G. R. Swain

Los Alamos National Laboratory

Introduction
The design of a main ring rf cavity discussed here is part of a Los Alamos - *JiilUMF

collaboration. Out of three of the recent proposals for advanced hadron facilities (the Los Alamos
AHF, TRIUMF KAON, and the European Hadron Facility proposals), the rf cavity requirements
for the TRIUMF proposed Driver ring are the most severe. We attempt to meet as many of the
TRIUMF requirements as possible in a preliminary cavity version that could be tested in the Los
Alamos Proton Storage Ring (PSR) with a coasting beam.

Design Objectives - and Constraints
The design was subject to various objectives and constraints:
• The accelerating gap rf voltage was to be 200 kV maximum.
• The design was to use two of the ferrite rings presently used in the LAMPFII booster

cavity prototype.1*4 These were fabricated from Trans-Tech type G-810 ferrite, which is an
aluminum-doped yttrium-iron garnet. The ferrite was to be orthogonally biased.5'6

• The tuning range was to be 49.333 to 50.772 Mhz, corresponding to the TRIUMF Driver
ring range of 61.134 to 62.917 Mhz. (This could be tested in the PSR at 50.3125 MHz.)

• The ratio of shunt impedance to quality factor R/Q was to be about 35 ohms.
• The dc anode supply for the rf tube was envisioned as 24 kV, which implied that the

peak rf voltage there should be about 20 kV.
• The power dissipation in the ferrite per unit volume was to be kept as low as possible.

This implied that the bias field configuration should be such that the power dissipation per unit
volume (averaged over the accelerator cycle) is fairly uniform throughout the ferrite. We also
wanted to keep this dissipation less than 1 watt per cubic cm.

• The stored energy in the bias field was to be kept as low as possible. In the bias supply
designs considered, there is no provision for saving and recycling the energy in the bias magnet
at the end of the accelerator cycle, and an appreciable power is required.

• The bias coil peak current was to be kept as low as feasible. This is mainly to keep the
bias coil winding to a reasonable size, and the current density in the conductors at a level such
that the coil can be adequately cooled. Keeping this current low also eases the requirements for
the bias power supply.

• The cavity walls and the ferrite material should be adequately cooled.
• The rf voltage on any vacuum windows should be kept reasonably low.

Cavity Geometry
The cavity of the LAMPF II booster prototype was essentially a quarter-wave coaxial stub,

with the accelerating gap at the open circuit end of the stub and ferrite loading at the short circuit
end. The rf tube was capacitively coupled to the stub at an intermediate point.

In the cavity geometry proposed here (Fig. 1 and Fig. 2), the short circuit end has been
divided into two stubs, one around the beam line as in the booster cavity, and another- with the
ferrite tuner. Having the tuner on a separate leg allows us to choose both die tuning range and the
range of permeability |i for the ferrite that we want to use to get it. This gives us more control over
the power dissipated in the ferrite. As the junction of the tuner stub is moved toward the
accelerating gap (the length of the other stub being adjusted to maintain the same resonant
frequency), the peak stored energy in the ferrite, the tuning range, and the power dissipation in
the ferrite are all increased.
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Space for another
beam line.if needed

RFTube

Ferrite rings
for tuning

Booster cay.
coupling
capacitor

Fig. 1. View of rf cavity looking along beam line.

In order to have the voltage across the coupling capacitor to the rf tube be less than 100 kV
for 200 kV at the accelerating gap, we found that the coupling capacitor should be along one of the
short-circuited stubs. Placement of this coupling capacitor along the tuner leg, as shown in Fig.
1, has the advantage that little vertical clearance for equipment is required, if there is more than
one beam line in the accelerator tunnel. It also has the advantage of removing any parasitic
modes associated with the rf tube assembly or ferrite tuner from the vicinity of the accelerating
gap (see Fig. 2), thus decreasing the coupling between any such mode and the beam.

The proposed cavity requires a larger coupling capacitor (about 24 pF) than the booster
cavity prototype (about 17 pF). There is adequate space in the proposed cavity tojaccomodate the
larger capacitor, as can be seen in Fig. 1.
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Tuner leg Accelerating gap

Fig. 2. View of rf cavity from the side of the beam line.

The diameter of the inner and outer conductors of the coaxial segments was chosen such
as to keep the ferrate power dissipation low and R/Q not more than about 35 ohms. If the inner
conductor radius is a and the outer conductor radius is b, increasing b/a increases R/Q but
decreases the ferrite power dissipation per unit volume.

The rf cavity occupies about 1.6 m of space along the beam line.

Accelerator cycle
The accelerator cycle for the TRIUMF Driver ring7 is shown in Fig. 3. The ring cycles

at 10 Hz. The dipole field (and momentum, or product of the relativistic parameters
beta-gamma) follow two sinusoidal segments. Acceleration occurs during a rising segment
that uses 3/4 of the cycle period, and reset during the remaining 1/4 of the period. The resulting
energy and rf frequency variations to accelerate from 3 to 30 Gev are given by curves (b) and (c).
(The reset portion of the cycle is not shown for curves other than curve (a).) The gap voltage was
taken to have the same waveform as in the TRIUMF design, which was selected to approximately
get a longitudinal phase-space match to the machine. In order, to keep the power dissipation in the
ferrite below the 1W per cubic cm level, we have chosen to use 16 cavities, as will be discussed in
a later section. The beam power supplied by each cavity is then as in curve (d). For 16 rf cavities,
the rf gap voltage for each cavity is given by curve (e), and the corresponding synchronous phase
is shown by curve (0. The ferrite losses with the bias magnet to be discussed below are shown by
the curves (g).
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Fig. 3 TRIUMF Driver ring acceleration cycle.
(16 rf cavities assumed.)
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Power LOM in the Ferrite
To compute the power hue* in the ferrite, we have assumed that the electric loss factor QE

= 5000, and that the magnetic loss factor QM is given by

QM=74700. exp(-L519u), (1)

where u is the permeability of the ferrite for the rf fields. (Power loss is equal to the angular
frequency times the peak stored energy in the electric or magnetic field divided by the electric or
magnetic loss factor.) This estimate is based on experience with the LAMPF II booster cavity
prototype. The open circles in Fig. 4 show the QM given by Eq. (1). The solid circles indicate
low-power measurements of QM done by W. R. Smythe at the University of Colorado.
Additional data on the magnetic loss factor at high power levels would be desirable. We expect
that if the estimate of QM by Eq. (1) is in error, it errs on the conservative side.

100000.00

10000.00

1000.00

100.00

10.00 • 1—

o ri •

1 1 1 1

1.5 2.5 3
Mu

3.5 4.5

Fig. 4. Magnetic loss factor QM for ferrite material vs permeability u. The closed circles are
data from low-power measurements; the open circles indicate the high-power behavior
assumed in this paper.

Bias Design Procedure
The procedure for finding a suitable bias field configuration is an iterative one, as

shown in Fig. 5. We used the computer code POISSON to calculate the magnetic field in the
ferrite for a trial configuration of conductors and other magnetic materials. A table of field data
for various positions in the ferrite and different bias coil currents is then input to the code CAV4.
CAV4 uses a transmission-line model of the rf cavity, in which the cavity is assumed to consist
of various segments of coaxial or radial line, lumped elements, etc. A table of rf properties and
bias coil currents vs frequency comes out of CAV4 and is read into CYC4. The CYC4 code then
icales these results for the right rf voltages at the accelerating gap and averages the power losses
in the ferrite over the TRIUMF Driver acceleration cycle. If the resulting power loss per unit
volume in the ferrite is not reasonably uniform, the configuration of the bias magnet is adjusted
and another iteration of the process begins.
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Measurements

I
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Fig. 5. Design process for bias field coil configuration.

The dashed boxes on Fig. 5 indicate information that we do not have available at the
present time or that we have not considered yet.
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Fig. 6. Bias field in the ferrite vs relative bias current. Each curve corresponds to a different
radial position in the ferrite. For any given position, the variation is linear.

For the magnetic field levels that we need, the variation of field B for any given radial
position in the ferrite is a linear function of coil current. The variation of B at five different
radial positions in the ferrite for one example of a bias coil configuration is shown in Fig. 6. The
slope of the variation varies from point to point in the ferrite, but for each point, the result is a
straight line. This is a help, since it means that only two POISSON runs are needed to generate a
complete table of magnetic field data needed for all bias currents of interest.

P/vol.

38 40 42

S«gm«nt Numbar

Fig. 7. Power loss density vs radial position in the ferrite for three trial distributions of bias
field H. (Segment 30 was at the inner radius of the ftrrite ring; segment 40, at the
outer radius.) The quantity e is the exponent of radial variation (see text).



To begin the bias configuration design process, we assumed various bias field
distributions in the ferrite. We took the bias field H to be some exponential power of radius r:

r f • (2)
The resulting variation of power loss in the ferrite per unit volume for three values of the
exponent e is shown in Fig. 7. Thus the bias field H should vary approximately *M 1/r (that is,
e=1.0).

When we want to design the bias current coils for a specified bias magnet configuration,
we thus begin with a current distribution in the coil area that produces roughly a 1/r variation of
the bias field H in the ferrite. The current distribution is then refined to give an approximately
uniform distribution of loss density in the ferrite when averaged over the specified acceleration
cycle.

Bias Magnet Configuration
The cross section through the tuner assembly is sketched in Fig. 8. This is shown in

more detail in Fig. 9, which sketches just the part below the axis of rotation.

Fig. 8. Sketch of cross section through tuner assembly. The heavy line indicates the
boundary of the region containing the rf fields.
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Ferrite

Mechanical
constraint

Coil -
(one of 4)

Iron - magnetic path

Fig. 9. Tuner assembly (portion below axis of rotation).

This bias coil configuration was proposed by W. R. Smythe.8 The current in the coils
moves into or out of the plane of the paper in Fig. 9, and produces magnetic flux lines which go
radially outward though one of the ferrite rings, and return radially inward through the other
ring. This configuration has less stored energy in the bias field to achieve some desired
magnetic field level in the ferrite than in the configuration used for the LAMPF II booster
prototype cavity, and thus will require less bias power to operate.

As far as the ferrite rings, the bias coils, and the bias field are concerned, there is a plane
of symmetry midway between £he ferrite rings. If we look at the details of the bias coil
construction on one side of this plane, Fig. 10, we see the turns of the coil need to be closely spaced
near the inner radius of the ferrite to maintain adequate bias field there.
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Ferrite

Spacer material
(might also

provide some
cooling for

ferrite)

Conductor with
water cooling

passage

Iron

Fig. 10. Sketch of bias coil details.

The material in between the turns might be a metal piece fabricated on a numerically-
controlled milling machine, with slots that the conductor could be pressed into. It would also
have radial slots to avoid presenting the bias system with a shorted turn, and to facilitate
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measurement of the field after partial assembly. If desired, the metal could also serve as a
thermal conduction path to carry heat from the ferrite and the rf surfaces to cooling manifolds on
the other side of the coils from the ferrite.

In each coil there are two layers of turns, one spiraling inward to the innermost radius,
where it would cross over and become the other layer spiraling outward. (In general, the radial
positions of the turns in the different layers would not match up as is shown in Fig. 10.)

FROB. = R2DIAL BIAS COILS, 2/19/88 CYCLE = 340

( b .

I ffiTf

^ —

J T T VT^rT lit PHI
PROB. = RSDIAL BIAS COILS 2/19/88 CYCLE - 420

Fig. 11. Graphical output from POISSON. The axis of rotation is at left and the plane of
symmetry is at the bottom in each plot, (a) Coil current specified in rectangular blocks.
(b) Coil current specified in individual turns.

The bias coil configuration as represented in POISSON calculations is shown in Fig. 11
(a). The currents in the different rectangular blocks representing the bias coil are adjusted to
give the desired bias field in the ferrite. The current in a given block above the ferrite in the
figure was assumed to be the negative of the current in the corresponding block below the ferrite.
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In (b), it can be seen that the field in the ferrite is still reasonably uniform even though large
conductors for the turns are used.

In order to keep the average power dissipation in the ferrite less than 1 W/cm3 for the
TRIUMF accelerator cycle, we found that it was necessary to use 16 or more rf cavities to provide
the required acceleration. A beam current of 10 microcoulombs per pulse and 16 cavities were
assumed for the plots of beam power, gap voltage, and power loss in the ferrite shown in Fig. 3.
For this case, the peak voltage at the accelerating gap is 160 kV, somewhat less than the 200 kV
stated in the design objectives. For the test in PSR, we will not have to operate in the lossy high-u
regime, and we expect that higher gap voltages may be obtained.

Bias coils

Ferrite

/ater cooling only
Iron -' magnetic path

Fig. 12. Alternative bias coil configuration. In this sheme, a separate magnetic return path is
provided for each ferrite ring, instead of using the other ferrite ring to provide the path.

An alternative bias coil configuration suggested by R.Kandarian is shown in Fig. 12. In
the previous scheme, the bias field went radially outward in one of the ferrite rings and returned
radially inward through the other. In this scheme, the bias fields are in the same direction
(radially outward, say), and have iron material (laminated iron or wound amorphous alloy
ribbon) to provide each ferrite ring with its own magnetic return path. The iron material would
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also be part of the mechanical support for the assembly. The space between the ferrite rings could
then be devoted to cooling.

The two bias coil configurations will be evaluated considering such factors as the amount
of peak stored energy in the bias field and ease of construction.

Bias Coil Current and Voltage
The POISSON calculations indicated that sufficient bias field woud be obtained if 1.2-cm

conductors carrying 1500 A were used. (This is about the maximum current that such conductors
can carry with the usual cooling systems.) At the maximum bias level, POISSON indicated that
approximately 200 J of energy is stored in the bias field. The stored energy in an inductor is
given by W = i2 IV2. If we assume that 270 J is stored at 1500 A, this implies the inductance of the
bias coil is around 0.24 mH. With these assumptions, the variation of the bias coil current and
voltage is as shown in Fig. 13.

1600

I
CD

600
0.00 0.02 0.04

Tim* (s)
0.06 0.08

0.00 0.02 0.04 0.06
Tim* (*)

0.08

Fig. 13. Bias coil current end voltage. Only the acceleration portion of the cycle is shown.
During the reset portion of the cycle, the current must return to its original value and
there must be a large negative voltage pulse to correspond with that.

Parasitic Modes
The parasitic modes associated with this geometry have not yet been seriously

investigated. A preliminary calculation (Fig. 14) indicates none of the first few modes are near
integer multiples of the fundamental rf frequency.
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Fig. 14. Preliminary calculation of first few parasitic modes. The logarithm of reactance seen
by the rf tube is plotted vs frequency.
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DISCUSSION

The following additional points were brought up in the afternoon portion of the Hardware
and RF Working Group session on Feb. 26, 1988. My thanks go to all of the people who
contributed to the discussion that afternoon, but not all of them are mentioned by name below. I
accept responsibility for any errors in the presentation of this material. -- George Swain.

A. Review of the Joint TRIUMF/Los Alamos Main Ring Cavity

(1) Parasit ic modes. Modes which cannot be found with transmission line models may
be important. A mode with a node at the T (where the tuner leg joins the cavity along the beam
line) would not be damped by the ferrite in the tuner. (However, lowering the Q for the
fundamental may require other loads which could damp some of the parasitic modes.)

(2) RF tubes. Perhaps a larger rf tube than the type we are using with the booster cavity
prototype should be considered. GSI has some experience with a larger tube. Two tubes could be
used with a cavity of this type, but the cavity would have to be designed for two tubes; we could not
start with one and add another later.

(3) Coupling capacitor. If the capacitance varies due to mechanical vibrations, the step-
up voltage ratio from the tube to the accelerating gap varies. With a capacitor with a 2.5 cm gap, it
is not clear that this is a serious problem.

(4) Mechanical support. The cavity has a long cantilevered arm, with the tuner leg
coming in at one side. However, since the radii are large, the arm may be reasonably stiff.

(5) Current requirements. For a ratio of tube voltage to gap voltage of 1:10, the ratio of
tube current to beam current is about 10:1. The peak PSR beam current is about 8 A. The tube will
have to deliver

1/2 x 200 kVx 1A = 100 kW
without beam if the shunt resistance is 200 kil. We can vary the shunt impedance at will for the
PSR experiments. The resistive loads on the booster cavity are 50 Cl, 50 kW.

(6) Simulating beam. Perhaps we could connect another tube (perhaps 50 kW size) at the
accelerating gap such as to simulate the beam for off-line testing the rf control system,
simulating transient beam loading.

(7) Slotted walls in the ferrite tuner. Should the cavity wall between the ferrite and the
bias coil be slotted to allow the bias flux to rapidly get into the ferrite? Jim Griffin guessed that the
bias time constant would be of the order of 1 ms, and that we might do ten times better if we slotted
the stainless steel can containing the rf. Rod Smythe discussed results for an experiment in
which flux normal to copper disks diffused into the copper much slower that one would expect
from the skin depth penetration at 10 kHz. In our case, the flux is tangential to the copper-plated
stainless steel wall, but the flux penetration rate may still be important. Bob Shafer presented
formulas for flux penetrating a tube that showed a similar effect. If the wall is slotted, this part of
the cavity will need to be isolated from the vacuum. An outer can may be used to confine any rf
that penetrates through the slots, if necessary.

(8) Fcrri te properties. Roger Poirier reported that his group is in the process of doing
some ferrite material measurements with varying power density in the material.

(9) Alternate bias configuration. There were no immediately obvious difficulties noted
for the alternate bias coil geometry suggested by Bob Kandarian. It was suggested that the
magnetic return path be extended further inward in radius and around the inner ends of the bias
coils. We will need to calculate the stored energy for these configurations.



B. RF Control

(1) Total delay around loop. It was stated the total delay around the feedback loop should
be of the order of 50 ns or less for the TRIUMF case with a fast feedback system.

(2) Transient correcting component at beam phase. Jim Griffin pointed out that the
needed correction in some change due to a beam transient often should be a phasor which is at 180
degrees with respect to the beam phase (or at the same phase as the image current). For example,
this is the case when the if system needs to compensate for a few of the buckets that are empty.
Thus it may be advantageous to provide a feedforward signal at the beam phase in addition to the
usual control signal. His suggestion as to how this might be done is shown below:

Beam

Position where
dispersion * 0

Cavity

Delay T1 + T2

The input to the cavity's power amplifier thus consists of the normal signal (A) and a
compensating component (B) at the beam phase.

Before the first turn of beam is injected, the loop at left that generates the beam phase
signal might be locked to the beam in a previous ring, or to a reference oscillator.

(3) Single-turn delayed feedforward. Graham Rees reported that at ISIS, a 1-turn
delayed feedforward system is used for the first millisecond. At the start of a run, it takes about
one and a half days to set up this system.

(4) Fast feedback. Fast feedback helps take care of transients, but there are other ways of
dealing with transients, and fast feedback may not be essential. The transients during
injection are harder to compensate than the empty buckets needed for extraction.

(5) Cavity detuning. One might use a signal shifted by J80 degrees until the beam
arrives, and then turn off this shift. Cavities may only be detuned around 65 degrees or less, if
control problems are to be avoided.
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ABSTRACT

High intensity synchrotrons such as the proposed Advanced Hadron Facility
(AHF)1 and the Los Alamos Proton Storage Ring (PSR)2 must have a low beam-
coupling impedance for stability. The conflicting requirement of low eddy-current
effects in the rapid cycling AHF makes the AHF beam pipe design a particularly
difficult problem. A ceramic pipe deposited with conducting stripes has been
proposed for AHF. It can have adequately small eddy currents, but it may have an
unexpectedly large coupling impedance. Therefore, a facility for measuring
transmission-line impedance has been established and is described in this paper.
Measurements of transverse and longitudinal coupling impedances for ceramic-
metal and other beam-pipe segments are reported; a ceramic/metal chamber can
have adequately small impedance. Results of impedance measurements for other
AHF and PSR devices, such as the PSR beam pickups and kicker magnets, are also
reported.

INTRODUCTION

A high-intensity, rapid-cycling Advanced Hadron Facility (AHF) can be
limited in intensity by collective instabilities driven by longitudinal or transverse
impedances in the ring. In typical AHF scenarios, limitations on the total
longitudinal impedance per harmonic, Z,/n, of |Z|/n|£ 10 Q and on the transverse
impedance, Zx, of |Zj £ 1 MQ/m are required in order to obtain an adequate stable
intensity. It is therefore necessary to minimize the impedances in the synchrotron
during design, and accurate knowledge of the impedances of synchrotron
components is required.

A particularly difficult problem in AHF design is the beam pipe. It must
satisfy several conflicting requirements:

•Work supported by Los Alamos National Laboratory Institutional Supporting Research, under the
auspices of the United States Department of Energy.
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• It must be structurally stable and maintain a vacuum of < 10~7 torr.

• It must shield the beam from high-frequency impedances to avoid
collective instabilities. It must therefore have a low impedance at high
frequencies (f > 10 MHz).

• It must also have a high impedance at the cycling frequency (f £ 60 Hz) to
avoid unacceptably large eddy-current effects such as pipe heating and
linear and nonlinear fields generated by induced currents in the pipe.

A thin conducting beam pipe, such as the 0.3-mm stainless steel beam pipe
used for DESY II (Deutsches Elektronen-Synchrotron), can have a marginally
acceptable high-frequency impedance. But eddy-current effects at the high cycling
rates desired for an AHF (2,10 Hz) would be unacceptably large. A thinner
pipe may be structurally unstable and would have an unacceptably large mid-
frequency impedance (1-100 MHz). A thin metal pipe, or a ceramic pipe with a solid
conducting layer, may not be able to satisfy the conflicting requirements.

An alternative AHF beam-pipe design under consideration is displayed in
Fig. 1. It consists of a ceramic beam pipe with longitudinal conducting stripes
deposited on the pipe interior. Capacitive gaps in the stripes are placed at the pipe
segment ends to maintain a high impedance at low frequencies (< 60 Hz). Eddy-
current heating should be reduced by a factor of (d/2b)2 from the case of a continuous
conducting layer, where d is the stripe thickness and b is the pipe radius; eddy-
current fields should be reduced by a factor of d/2b. The beam-coupling impedances
in this more complicated geometry are difficult to calculate. A major purpose of the
impedance measurements program is to obtain accurate evaluations of the
impedances of proposed AHF beam pipes. Measurements on sample striped beam-
pipe segments are reported below and are compared with similar continuous-layer
pipes, as well as solid-conductor pipes.

The impedances of other AHF components must also be accurately evaluated,
and the same measurement procedures used for the beam pipe can be extended to
other devices. Impedance measurements of bumper magnets, beam position
monitors, and capacitive pickups are reported here. For these measurements, actual
devices in use at the Proton Storage Ring (PSR) were used; however, the AHF will
also employ similar devices.

A transverse, collective instability limits intensity in the Los Alamos PSR.
The impedance driving the instability is estimated to be - 1 M£l/m with significant
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magnitude in the 30- to 300-MHz frequency range.3 The exact source of the
impedance has not been identified. Impedance measurements of PSR components,
including the bumper magnets, beam position monitors, and capacitive pickups,
have been performed in order to understand the PSR impedance and possibly to
identify an instability-causing device. Impedance measurements of a complete PSR
straight section have also been attempted. Results are reported below; the
instability source is not yet identified.

IMPEDANCE CALCULATIONS IN SIMPLIFIED MODELS

Impedances for cylindrically symmetric beam pipes can be calculated
analytically using methods described by Zotter,4 Piwinski,5 and Chao.6 These
calculated values7 can be compared with measured impedances of beam-pipe
segments, providing known benchmarks for evaluation of the measurements. Also,
to first order, we may expect the impedance of a striped geometry to be similar to
that of a cylindrically symmetric case with a conducting layer of the same thickness
as the stripes. Measured impedances can be compared to the most similar symmetric
case, and the comparisons can be used to identify effects specifically caused by the
stripes. Three particular cases are described below. Only longitudinal impedances
are explicitly calculated here; a first estimate of the transverse impedance may be
found using Zx = 2R(Z,/n)/b2, where R is the mean radius of the machine, b is the
pipe radius, n is the harmonic number, and

n = 2nR/A .

Case I. Thin Metallic Pipe

We consider a beam pipe of thickness A with conductivity o and inner radius b.
The resulting expression for the longitudinal impedance per unit length is

f£! _ Vx L (l)

where
(2)
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a resistive wall contribution, and 8 is the skin depth, k = w/c, Zo = uoc is the
impedance of free space, and u is the magnetic permittivity of the conductor. For
high frequencies where 8 << A, the impedance becomes that of a thick conductor

v a )
L 2nbck 2nb 2\xa

which is acceptably small for the AHF, if the conductor is a good conductor.
At low frequencies, where 8 > A, we obtain the impedance of a thin conductor

f« = __L_ (4)
L 2nfeoA

In the measurements completed to date, only frequencies and pipe thicknesses
corresponding to thick conductor cases have been explored.

Case II. Metallic-Dielectric Pipe (Metal Outside)

We now consider a dielectric layer for b < r < b + A with a thick conductor on
the outside (r > b + A). Under the long wavelength approximations (kA < 1 and
k8 <t 1), we obtain an impedance that is the sum of the conductor resistive wall
impedance plus a reactive term from the dielectric2

fl - Z°k _ f°l (e-1) * I (5)
L ~ 2nb\ " ' 2n c b S '

where S = 1 - k2bA(e - l)/2e - ik2b/2\ is near unity for low frequencies and where e is
the dielectric constant. This estimate does not include high-order short-wavelength
resonances within the dielectric layer (kA =* 1). In this geometry, we thus obtain a
large reactive impedance at low frequencies and large resonances at high
frequencies.

Case III. Metallic-Dielectric Pipe (Metal Inside)

The next case we consider has a thin conducting layer for b < r < b + A with
dielectric for r > b + A. For k2b/A < 1, we obtain the following expression:

.'{84
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|
sin (AA) + cos (A A)

L 2n6A
co8(AA)-»n( .VA)

where sin and cos are complex functions, H(, and H, are Hankel functions and
u = V e - 1 k(b + A). This expression has resonances at Ht(u) = 0. At short
wavelengths (AA £> 1), the impedance reduces to that of a thick conductor; at long
wavelengths, the impedance is dominated by the thin conductor impedance, provided
\2/(Ab) <f 1. The dielectric reactive impedance and resonant impedances can be
substantially reduced from the previous unshielded case.

MEASUREMENTS

We performed these measurements in the usual way8-9 by transforming the
section of beam pipe into a coaxial TEM line; by inserting one or two center
conductors and measuring transmission through the line. To measure transverse
impedance, we drive two center conductors through a 180° hybrid to excite
transverse currents in the test device. To measure longitudinal impedance, we
either reverse the hybrids to drive both center conductors in phase with one another,
or perform the measurement with a single, centered conductor. Transmission
through this section of pipe is measured and compared to that through a section of
brass cylindrical pipe (reference pipe). This blank pipe is the same length as the test
device and has a cross section identical to the beamline in which the test device is
normally embedded. Matching sections are necessary at both ends to adapt from the
network analyzer cables to the geometry of the test section. This matching section
involves steps or tapers in the outer and/or inner conductors and includes hybrids if
used.

Two different methods were used to remove the effect of the matching sections
from the measured data. These were

1) time-domain (gating) methods and
2} through-short-delay (TSD) calibration and de-embedding.

These two methods are discussed in detail in the following sections. Caspers*
has reported using the time-domain method to perform beam impedance
measurements.

:1K.*,
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This method is very powerful for making highly accurate measurements of small
impedance when certain criteria are met. The TSD calibration method is equally
powerful but more generally applicable.

Time-Domain Method for Measuring Transmission of Embedded
Devices

For this method, it is necessary to insert sections of blank pipe (same cross
section as reference pipe) between each end of the test or reference pipe and its
matching section (Fig. 2).

For the time-domain-method measurements, we use the Hewlett Packard
HP8510 network analyzer with time-domain option. Transmission (S2])
measurements are performed in the frequency domain over some range of frequency
values. An inverse Fourier transform is performed on the frequency-domain data. A
train of pulses is observed in the time-domain trace, because of multiple reflections
from mismatches in the matching section and at the test device. The purpose of the
spacers is to separate these pulses sufficiently so that they do not overlap in time.
Then, the first pulse (which has undergone no reflection) is isolated by gating (is
kept) and is Fourier-transformed to yield a frequency response with the beating
caused by multiple reflections removed. The major considerations in determining
the gate width are (1) the lowest frequency and (2) the frequency range of the
measurement. If i represents the gate width, then the length of the spacers must be
at least cx.12 to eliminate low-frequency overlap of the time domain waveforms. The
low-frequency cutoff for nonoverlapping frequency components is therefore f = 1/t.
Also, to ensure successful aplication of this technique, it is necessary to avoid higher-
order-mode propagation and aliasing effects. For more information regarding these
gating considerations, see Ref. 10.

The transmission of such & configuration can be calculated by S-parameter
analysis from the following signal flow diagram:
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The expressions in the denominator of Eq. (7) represent the terms resulting from
multiple reflection. By gating around the initial pulse and transforming back to the
frequency domain, the denominator of Eq. (7) is eliminated, resulting in

TOT,GATED _ " * l + * 2 ' "* l + * 2 (8)
2\

Thus, if S**F represents the transmission of the reference pipe, then the normalised,
gated measurement yields simply

*«.
vKATK) _
*21

5L
s**F

(9)

TSD Calibration Method for Measuring Embedded Devices

The gating method described above functions well for measurements using the
HP8510 because the lowest frequency of measurement available with the HP8510 is
45 MHz. With 2-ft spacers and 4-ns gates, gating techniques can be applied for
frequencies down to 45-100 MHz. For lower frequencies, the HP8753A network
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analyzer can be used, but the time-domain gating techniques are not practical. For
example, for 1 MHz, the spacers must be about 100 ft long.

Therefore, a direct calibration of the measurement assembly, including
matching sections up to the measured device interface plane, is necessary. Because
of the difficulty in building matched loads for unusual geometries, calibrations using
only shorts, throughs, and delays have been attempted. A short is a conducting plate;
a through or delay is a section of transmission line identical in cross section to the
reference pipe, which is the characteristic impedance standard. The through is a
short section (less than one-fourth wavelength at the highest frequency measured)
and the delay is a longer section (less than one-half wavelength at the highest
frequency). For best results, the difference in length between the longer and shorter
sections should be greater than 20° at the lowest frequency measured and less than
about 160° at the highest frequency measured.

Equations from Sped ale11 and Franzenare used to obtain the S-parameters of
the matching sections (error networks: SA, SB) from measured parameters of the
imbedded calibration standards (short: SS, through: ST, and delay: SD). Specialealso
provided the de-imbedding equations by which test or reference device parameters
(S, SREF) can be calculated from the measured test data (SRAW, SRAWREF) and
the error network parameters (SA and SB) for ports 1 and 2.

The formulas to calculate SA and SB contain a 180° phase ambiguity.
Following a conversation with N. Franzen,* we solved the problem by applying the
de imbedding equations to the first frequency measurement of the through. If the
phase is positive, we multiply SA(1,2) and SA(2,1) by - 1 . For each successive
measurement, we perform a phase continuity check on SA(1,2), SA(2,1), SB(1,2), and
SB(2,1). This assumes that the change in frequency from one point to the next in the
sweep is small enough that the phases of the above parameters will be continuous.
Then, if the phase change is large, the parameter is multiplied by - 1 .

To ensure a successful calibration, it is necessary to consider several factors
when planning this procedure:

*Private communication with N. Franzen (1988).
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First of all, any part of the test setup that is disturbed during the process of
calibration and measurement must exhibit high electrical repeatability.
This includes precise rf mechanical design, high-quality connectors, and
minimal movement of cables.
Second, if the matching sections have a significant SWR, there must be a
sufficient length of straight pipe (or waveguide, etc.) between the matching
section and the reference plane (defined by the shorts) to let the abnormal
modes excited by the transition to attenuate before encountering the
calibration standards.
Third, noise in the measurement must be minimized by averaging or
narrowing the bandwidth of the IF filter on the HP8753A's receiver. If the
HP8510 is being used, we recommend using the synthesizer in stepped
mode, with averaging set high (we use 128 averages or more).
Fourth, if using the HP8753A network analyzer, we found it necessary to
insert pads on each port to compensate for the errors introduced by
mechanical switches in the test set. We found that 10 to 16-dB pads at each
port increased the accuracy of the measurement by a factor of 20 when
calibrations are performed on highly reflective matching hardware. When
pads are used and/or devices with low transmission are measured, it is
necessary to increase the power of the rf source to increase the dynamic
range of the instrument.
Fifth, it is sometimes desirable to eliminate the possible effect of phase
errors caused by long line lengths. One way to eliminate these errors is to
insert highly stable cable in the reference line to flatten the phase response.
Then if there are small errors in frequency caused by, for example,
frequency instabilities of the instrument or by cable lengthening from
temperature changes, the phase errors in the measurement will be small.
Finally, the mathematical algorithms require that the processor have a
large degree of precision. We used an HP9000-310 processor. Using HP
BASIC 5.1, real variable arithmetic was performed with 53 bits of accuracy,
which was acceptable for all the problems we encountered.

389
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Extracting Coupling Impedance From Transmission Measurements

Distributed Impedance
To extract the coupling impedance of the pipe from a coaxial transmission

measurement, the infinitesimal element of the distributed model for the
transmission line with an extra term, Z, that represents the impedance in excess of
that of the reference pipe (Fig. 3) must be considered. In the case of a longitudinal
impedance measurement, this Z represents the longitudinal impedance, Z(, in excess
of that of the brass reference pipe. In the case of transverse measurements
performed with two wires 180° out of phase, this Z is a term from which the
transverse impedance, Z±, can be calculated (this calculation will be discussed in
this section). The propagation constant y' for such a distributed line is

icoLo) (i

2Z V 1 +
(!>£,„

(10)

where Zc = VL0/C0, the characteristic impedance of the coaxial line, and
jS0 = coVLoCo, the phase constant. The transmission through a line

with propagation constant y is S 21 = exp (-y€). Therefore,
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cX R
<tl, — 4 1
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where Ro and Zc are calculated from the geometry and materials.

Lumped Impedance
Using the circuit representation in Fig. 4, the transmission of a single lumped

impedance can be calculated as follows (see Ref. 9):

Therefore, with

C 2

we find

S =
'21

\S\ =

and 0 = arg "21
•.REF

6 = - tan - l

These equations describe a circle (see Fig. 5) where

a=2Z+R

and

r —
? _ 2Zo

+ a ~ I "si
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This gives Z = R + jX for the lumped case:
2Zo

X = — rsin 8 = — T = - sin 6,
I S|

and
2Zo

R = —=• cos 8 - 2 Z. .

I S| °

Transverse Impedances
In transverse impedance measurements, two parallel center conductors are

driven 180° apart in phase (difference mode). The transmission-line impedance Z is
measured as in the longitudinal measurement. The transverse coupling impedance
Z± can be calculated from Z using

(12)

where A is the distance between the center conductors.12

IMPEDANCE MEASUREMENT RESULTS

Cylindrical Beam-Pipe Measurements

The impedances of a number of sample beam-pipe segments have been
measured, and results of two sets of measurements are reported in this section. All
of these measurements used the time-domain calibration method.

In the first set of measurements, cylindrical beam pipe with a conducting
layer diameter of 69.85 mm ID and a length of 0.61 m were used. The following
metal or ceramic-metal configurations were measured:

1. Silver-stripe-coated ceramic (stripes deposited on outer surface:
thickness of silver coating, 0.04 mm; stripes, 1 cm wide; gaps
between stripes, 1 mm; thickness of ceramic, 6 mm).

2. Solid-copper-coated ceramic (copper foil on outer surface:
thickness of foil, 0.05 mm, thickness of ceramic, 6 mm).

3. Copper-stripe-coated ceramic (stripes on outer surface:
thickness, 0.05 mm; width, 1 cm; gap between stripes, 6 mm;
thickness of ceramic, 6 mm).

392
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4. Slotted brass pipe (wall thickness, 0.32 TO; width of slots, 1 mm;
distance between slots, 1.1 cm).

In the longitudinal measurements, a center conductor with 3.175-mm
diameter was used, resulting in a characteristic impedance of Zc = 185 Q. The
measurements were performed over a frequency range of from 45 to 2295 MHz.

The transverse impedance measurements were performed by inserting two
parallel conductors within the pipe and driving them with a 180° phase difference.
The two center conductors were 3.175 mm in diameter with a separation of 4.32 mm.

The results of the measurements are shown in Fig. 6 and Table I. The
resistive impedances are all within measurement accuracy of zero. The pipes with
ceramic inside the conductor all have a large reactive impedance, in good agreement
with the impedances calculated in Eq. (5). From the calculations and the
measurements, it is determined that an unshielded ceramic pipe (conductor outside)
has an unacceptably large impedance; the pipes should have conductor on the inside.
Any impedance differences between striped or solid conductor geometries were
immeasurably small. Transverse impedances were too small for accurate
determination of a nonzero impedance.

In the second set of cylindrical beam-pipe measurements, pipes with striped or
solid metal layers inside the ceramic were included. Measurement sensitivity was
increased by using larger conductors (smaller Zc), greater spacing between rods in
transverse measurements, and improvements in calibration procedures. The upper
frequency of this set of measurements was lowered to 2 GHz (longitudinal) and
1.25 GHz (transverse) because the larger diameter center conductors lowered the
frequency of the next higher-order mode.

The following additional beam pipes were measured:
1. A pipe with longitudinal copper stripes inside a ceramic cylinder.
2. A ceramic pipe with transverse and longitudinal conducting

stripes separated by an insulating layer, both inside the ceramic.
3. A ceramic pipe with a 0.4-u copper layer deposited inside the

ceramic.
4. A ceramic pipe with a 5-u copper layer deposited inside ceramic.
5. A stainless steel pipe.
6. A thin titanium beam pipe (0.1 mm thickness).

All pipes were 0.61 m long with conducting layers at a diameter of 69.85 mm. The
longitudinal measurements used an internal conductor with a 6.4-mm diameter and

mi
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a Zc = 143 Q. The transverse measurements used 3.2-mm diameter center
conductors with a 30.5-mm separation, Zc - 100 fi.

Figures 7,8, 9, and Table II show the longitudinal and transverse impedance
measurements. Impedances are small except for pipes with the conducting layer
outside unshielded ceramic. The results confirm that a striped or solid conducting
layer inside the ceramic can provide adequate shielding. No large impedances
caused by a striped conductor geometry were observed.

The ceramic pipes with conductor on the outside had large reactive
longitudinal impedances, consistent with the previous measurements. The
transverse sensitivity was sufficiently improved to observe a transverse reactive
impedance of ~4000 Q/m. In cylindrically symmetric geometries, transverse and
longitudinal impedances are related by

nb2

with b the pipe radius (3.5 cm). Applying this relationship to the measured Zx

obtains Z( = 51 Q at 1 GHz, in fair agreement with the measured value Zj = 70 £2.
The titanium pipe has an apparent negative phase shift (Fig. 7d), because its

length is 0.04 cm shorter than the reference pipe; the measurement implies no net
measurable reactive impedance, as was found for the stainless steel pipe.

SAIC Pipes

Two sample vacuum-chamber segments have been constructed by SAIC of
ceramic with metalized (silver) layers deposited on their inner surfaces.13 The pipes
are 0.60 m long with a rectangular cross section of inner dimensions 1.71 by 6.85 cm
(see Fig. 1). One pipe has a solid silver inner layer, whereas the other has a
longitudinally striped inner layer (0.63-cm-wide stripes spaced 0.31-cm apart).
Direct current resistance measurements obtain 0.0105-0.011 Q for the conducting
layers, which is consistent with a 10-p layer thickness.

Longitudinal impedance measurements were obtained by transmission
measurements made in comparison with a reference brass pipe. The characteristic
impedance was Zc = 70 Q. Results of the measurements are displayed in Fig. 10 and
Table HI. The measurements cover the frequency range from 0.045 to 2.0 GHz.

394
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Both results are significantly less than would be obtained for a pipe with
ceramic inside the conducting layers. Our previous measurements of such pipes
obtained impedances of * 150 $2 at 2 GHz. The results do indicate that the ceramic is
imperfectly shielded by the conducting stripes, and even the thin conducting layer
may not provide perfect shielding.

Transverse impedance measurements have also been performed on the SAIC
beam pipes. The transverse measurements were performed by inserting two rods
inside the pipe to form a shielded balanced line. The center conductors were driven
180° out of phase, and the transmission was measured.

In the rectangular geometry of the SAIC pipes, "horizontal" (longer side) and
"vertical" impedances differ; we report measurements of horizontal impedances.
Figure 10 and Table HI show the transverse measurement results for the striped and
the solid conducting layer SAIC pipes. The measurements cover the 0.045- to 2.0-
GHz frequency range, although significant deviations from linearity caused by
gating appear at the highest frequencies.

The measured losses in the magnitude of the transmission coefficients are less
than 0.002, which implies

|Re(Zj_)| s 50 fl/m

at 1 GHz for the 0.6-m-long pipe segments, both striped and solid. The solid
conductor has an immeasurably small phase shift. The measurement accuracy
( s 0.2°) sets a limit on its reactive impedance:

s 70 Q/m.

BEAM POSITION MONITOR (BPM)
IMPEDANCE MEASUREMENTS

The PSR has "-20 stripline beam position monitors, and an AHF would have
about 100 such devices; they can make a substantial contribution to the ring
impedance. The longitudinal impedance for a four stripline BPM has been
calculated by R. Shafer14 to be
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where Zt is the stripline terminating impedance (50 ft in the PSR), $ is the angle
subtended by a stripline (0.22 n), and t is the stripline length (0.3375 m).

Longitudinal impedances for a sample BPM have been measured. The results
are displayed in Fig. 11, where they are compared with the impedances calculated
from the previous equation. The agreement is quite good, thereby demonstrating the
accuracy of the impedance measurements and shows that the BPMs have no large
unexpected impedance components.

MEASUREMENTS OF THE IMPEDANCE OF
A SAMPLE BUMPER MAGNET

We have also completed impedance measurements of a sample bumper
magnet. A schematic representation of the magnet is shown in Fig. 12. Its
electrodes are connected to capacitive plates that match the magnet to a line of
very low impedance. The magnet was measured in several different
configurations—electrodes left open, shorted together, connected to the plates.
Figure 13 shows results with the bumper connected as it is in operation. In the
measurements, one 1.6-mm-diam conducting wire (0.5 m long) was placed in the
center of the beam pipe, supported by plastic spacers. Measurements with differing
connections were similar, but with some different resonances. Operation of the PSR
with bumpers removed obtains similar instability thresholds as with bumpers
connected; this indicates that the bumper resonances are not a signficant instability
source at current parameters.
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TABLE I

RESULTS OF FIRST IMPEDANCE MEASUREMENTS

(at 1 GHz)

Pipe*

Ceramic with silver
stripe

Ceramic with solid
copper coating

Ceramic with copper
stripes (widely spaced)

Brass slots

Longitudinal Impedance

Resistive
(Q)

<1.0

<1.0

<1.0

<L0

Reactive (ft)

Measured

70

80

90

<2

Calculated
Estimate

[using Eq. (5)]

80 at
lGHz

Transverse
Impedance

Resistive
(Q/m)

<1000

<1000

<1000

<1000

Reactive
(ft/m)

<4000

<4000

<4000

<4000

* Each sample pipe is 0.61 m long.



TABLE H

DATA SUMMARY ON ROUND PIPES; SECOND SET OF MEASUREMENTS

(7cmi.d., 60 cm long)

Ceramic Pipe -
Metal Outside

Silver stripes (long.)
Solid copper foil
Copper stripes (long.)

Ceramic Pipe —
Metal Inside

Copper stripes (long.)
Criss-cross stripes
<0.4iunCufilm
<5umCufilm
[8=2um]

Metal Pipe

Stainless steel [10 5]
Slotted brass
Titanium [-10 5]

Impedance at 1 GHz

Z,(fl)

Re

<0.4

<0.1
<0.2

0.7
<0.2

<0.4
0.5

<0.4

Im

70

0.7
1.8
1.6
0.2

<0.5
1.2

<0.5

Zx (fl/m)

Re

<300
<150
<550

10
10
90
60

40
10

Im

<4.3 x 103

<4.3 x 103

<4.3 x 103

50
40

110
110

20
<10

•100



TABLE HI

DATA SUMMARY - SAIC MODELS

(1.7 cm high, 60 cm long)

Silver Coating

Solid
Stripes

FT 1

Re

<0.15
<0.15

Impedanci

ft)

Im

1.0
4.0

•atlGHz

z
Re

^50
£50

L(ft/m)

Im

<70
460

401



Figure 1. Proposed beampipe design.
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MATCHING
SECTION

TEST OR
REFERENCE PIPE MATCHING

SECTION

SPACER SPACER

Fig. 2. Experimental setup for coupling impedance measurements.

403



Z = R + jX

Fig. 3. Distributed impedance model, infinitesimal element. All impedance values
are per unit length.
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Fig. 4. Circuit representation of lumped impedance.
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= 2Z0 +R

6 = -tan"' (—)
a

and

r = c2 =

Fig. 5. Circle described by impedance equations.
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LONGITUDINAL RESISTANCE LONGITUDINAL REACWJCE
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Figure 6. Results of first measurements of round beampipes: top—longitudinal,
bottom—transverse; left—lreal part of impedance, rignt—imaginary
part.
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LONGITUDINAL RESISTANCE
(Metallic Layer Inside Ceramic)
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Figure 7. Results of later measurements of round pipes (longitudinal).
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LONGITUDINAL REACTANCE
(Silver Stripes)
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Figure 8. Longitudinal reactive impedance of pipe with silver stripes deposited on
outside of ceramic.
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Figure 9. Results of later measurements of round pipes (transverse).
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Figure 10. Results of measurement of SAIC models: top—longitudinal,
bottom—transverse.
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Figure 11. Measurement results for stripline BPM.
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(a) (b)

Fig. 12. Schematic representation of bumper magnet: (a) side view, (b) cross
section of magnet at plane s-s'.
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Figure 13. Longitudinal impedance of bumper magnet with plates connected. This
case corresponds to operational conditions.

414



Hardware Session and RF Workshop
Summary

R. L. Poirier, TRIUMF and G. Swain, LANL

Hardware Session

Eleven papers were presented at the Hardware Session on topics includ-
ing magnet power supplies, rapid cycling magnets, beam pipe impedance
measurements, cavity designs and beam loading control methods.

Beam Pipe Impedance Measurements, Linda Walling, LANL

The section of pipe to be tested was converted into a coaxial transmis-
sion line by inserting either a single wire or a double balanced wire down
the centre of the pipe to measure longitudinal and transverse impedances
using an HP 8510 network analyzer with time domain option. Measure-
ments were reported on various configurations of copper strips on ceramic
pipes, as well as measurements on a beam pipe monitor from the PSR ring
with very good correlation between measured and calcualted values.

New Ideas in Resonant Power Supplies, George Karady, ASU

Three dual power supply systems were investigated and found to have
the following disadvantages:

1. The magnet and choke DC power supply system produces pulse
loading on the AC system

2. The DC magnet power supply and current injection system gen-
erates disturbances in the magnetic current
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3. The DC magnet power supply and voltage injection system is
very expensive because of high current and high voltage injection
switches

As a result of an experimental study the development of a new power
make-up system is being investigated. It uses a simple DC rectifier which
pre-charges the switchable capacitor bank during the injection, flattop and
reset period. The energy of the pre-charged capacitor replaces the circuit
energy loss.

Magnet Exicitation at Power, Klaus Reiniger, TRIUMF

The test set-up is a modified 130 kW DC power supply, a test dipole
magnet similar to the one in the accelerator ring, 3 magnets in series as
a choke and two high voltage capacitor banks. It was possible to develop
peak currents of 650 amperes at 33 Hz with a corresponding field change of
3.7 Kilogauss and peak currents of 180 amperes at 100 Hz, corresponding
to a field change of 1.2 Kilogauss. Excitation at 100 Hz was limited by the
lower than expected Q of the test circuit.

Design of Dipole and Quadrapole Magnets for a Rapid Cycling
Synchrotron, Jeanyang Liu, LANL

The design of 2.2 Tesla magnets was presented requiring a high mag-
netizing current of 88,400 ampere-turns and a total power of 110 kW. The
magnet design was based on a minimum cost of the pole and yoke width
and the current density for different conductor sizes.

Vacuum Chambers, Michael Featherby, SAIC

SAIC have been producing test sections of metalized ceramic chambers
for LASL and intensive impedance measurements have been performed.
The chambers are rectangular in cross-section, but they are able to make
almost any desirable shape. Termination capacitors, resistors, sensors etc.
can be built into the ceramic if necessary. They plan to build, for Los
Alamos, a 1 meter section of tube followed later by a 3 meter curved section
of tube.

416



Status of RF Development Program, Roger Poirier, TRIUMF

The status of the KAON factory rf development program in the four
major areas is as follows:

1. TRIUMF's part in the Los Alamos/TRIUMF collabotation is
to provide a 2.4 KW solid state driver and the low level RF
controls for a main ring type cavity to be tested in the PSR ring.
All electronic components for the solid state driver are in-house
except for the input power splitter. One of the eight required
amplifiers has been tested to 300 W into 50 ohms. The complete
unit should be ready for tests in April. The "generic" amplitude
and phase regulator for the RF system should be available for
testing in May.

2. A bias power supply capable of biasing either the NiZn ferrite for
the parallel biased reference design cavity or the perpendicularly
biased Los Alamos booster design cavity has been ordered with
delivery expected in late June/88.

3. The cavity, air dielectric tuners and tube socket for the TRIUMF
KAON Factory booster reference design will be completed in the
machine shop at the end of March, and should be ready for high
power tests in June/88.

4. The Los Alamos booster cavity prototype, including four ferrite
rings will be shipped to TRIUMF in May/88. This will enable
TRIUMF to gain some experience with perpendicularly biasing
microwave ferrites as a possible alternative design for the booster
RF cavity.

Analysis of Booster Amplifier Designs, Terry Enegren, TRIUMF

Three booster cavity designs were analysed using transmission line equa-
tions.

1. The TRIUMF KAON Factory booster cavity reference design
based on the parallel biased ferrite tuned amplifier used at Fer-
milab.
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2. A design proposed by G.H. Rees from Rutherford Labs which
retains the double gap drift tube structure, but rearranges the
the tetrode and the tuner such that in the middle of the fre-
quency swing the distance from the gap to the tuners and from
the tuners to the tetrode corresponds to A/2. This helps to keep
the voltage step-up ratio from the tube to the gap smaller at the
higher frequency than at the lower frequency.

3. A booster amplifier based on the Los Alamos booster cavity
design.

The reference design displays a wide variation of R/Q over the freqency
range. The G.H. Rees design has the most favourable step-up ratio but
has almost twice the number of longitudinal modes as the TRIUMF ref-
erence design. The Los Alamos cavity design has only half the number of
longitudinal modes as the TRIUMF reference design. For all designs the
shunt impedances of the higher order parasitic modes can be reduced by
approximately two orders of magnitude by the use of external damping.

Performance of Booster Cavity, Karl Friedrichs, LANL

The Los Alamos booster cavity has demonstrated its RF voltage capa-
bility at the gap and its frequency tuning capability using perpendicularly
biased ferrites. Initially, there were difficulties measuring the bias field
when the measuring probe was placed in the air gap between the return
yoke and the RF cavity. However, by removing one of the BeO disks and
measuring the field between two ferrite rings, results which agreed with
the calculations were obtained. Q measurements of the cavity without the
ferrite is still a problem, but the problem area has been localized to the
tube or the tube coaxial structure.

Static Beam Loading Control Methods, Ray Burge, TRIUMF

The major problem in regulating the cavity voltage in the presence of
heavy beam loading is that the phase and amplitude loops become cross-
coupled. This is due to the vector geometry and cavity detuning. Methods
of controlling beam loading such as fast feedback and feed forward cancel
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the beam currents induced in the cavity. The beam currents proposed for
the KAON factories are near the limit that can be controlled with existing
hardware.

Transient Beam Loading Control Methods, Bill Roberts,
TRIUMF

The basic phase and amplitude regulation loops cannot compensate for
transient beam disturbances such as those produced by the kicker gaps.
Additional schemes such as fast rf feedback or one turn delay feedforward
are required to maintain beam stability.

Design of Main Ring Cavity, George Swain, LANL

The new design of the PSR cavity consists of a shunt connection of
a single gapped coaxial line, on axis with the beam, with a coaxial line
oriented at 90 degrees, which contains both the tube and the ferrite tuner.
The tuner uses two of the booster ferrite rings with the biasing coil between
the ferrite rings. This produces a radial biasing magnetic field and by
changing the spacing of the turns of the coil one can match the radial
variation of the biasing field to the radial variation of the RF magnetic
field.

RF Workshop

Two major areas were discussed in the RF Workshop:

1. A review of the TRIUMF/Los Alamos main ring (driver) cavity.

2. Control and feedback systems to deal with beam loading on RF
cavities.

The features of the new design were discussed at length. With the tube
and the tuner off-axis maintenace is easier and it leaves the space above the
accelerating cavity unobstructed for another ring. The disadvantage of the
design is that the increased volume produces a denser spectrum of higher
order modes.
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The design of the tuner was discussed with particular attention to the
cooling of the ferrite. The reference design relies on the water cooling of
the solenoid to also take away the heat from the ferrite. A second design
which separates the two cooling systems was preferred. However, the stored
energy and hence the inductance presented to the bias power supply, may
be larger. In order to take full advantage of the perpendicularly biased
ferrite, it was suggested that radial slots in the structure surrounding the
ferrite would be necessary. The slots will also help to minimize the time
constant of the tuning system (ie, R/L) which is very important for high
beam intensity.

Although there was concern about RF noise due to vibration of the
coupling capacitor, in general, it was felt that the structural integrity was
satisfactory.

One serious matter of concern is the current step-down ratio from the
tube to the accelerating gap. For the proposed design this ratio has a value
of 1/10 which means that the tube must provide ten times the current
induced by the beam to achieve cancellation. To test this cavity at the
maximum PSR beam current would require a tube current that is beyond
the capability of the EIMAC 150,000E tetrode. It was agreed, however,
that the program should continue with the EIMAC tetrode with provision
made for an upgrade at a later date to a larger tube such as the Siemens
RS-2042 which has 300 kW plate dissipation.

Although all RF control mechanisms for dealing with beam loading were
discussed, special attention was given to RF fast feedback and whether it
was absolutely necesary to correct for beam loading instabilities on the first
turn or whether one turn delay feedback along with the other feedforward
loops would be sufficient. Although there was not a unanimous agreemnt as
to whether it was needed, the general consensus was that it would certainly
help the situation and one should, at least, provide for the possibility of
installing fast RF feedback.

As an alternative to RF fast feedback, Jim Griffin presented a self-
correcting feedforward concept to deal with beam loading. However, the
requirement for a short time delay through the amplifier chain is still nec-
essary to deal with the transient beam loading from the kicker gaps.
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COST OPTIMIZATION OF THE AHF BOOSTER ENERGY

M.K. Craddock and U. Wienands
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

ABSTRACT

The effect of booster energy on the cost of the AHF has been
investigated. Increasing its energy raises the cost of the booster
but lowers that of the main ring, creating a mininum in total cost.
It is shown that this minimum occurs where the apertures of the
booster and the main ring magnets are simultaneously matched to the
beam emittance. For high intensity (~100 yA) boosters, such as LAMPF
II, the minimum is quite pronounced. For lower intensity (~25 pA)
boosters, (such as the AHF) it is shallower and other considerations
may outweigh those of cost in choosing the energy.

INTRODUCTION

In studying the effect of the Booster energy on the overall cost
of the TRIUMF KAON Factory it was found1'2 that a minimum occurred
near 3 GeV, where the rising cost of the Booster was just offset by
the falling cost of the Driver. A similar situation is to be
expected for the Los Alamos AHF, although at a slightly higher energy
because of the higher injection and final energies. For TRIUMF the
minimum appeared in the costs of the magnet, rf and other systems
separately, but was most marked for the magnets. It was associated
with the apertures of the Booster and the Driver magnets being simul-
taneously matched to the beam emittance. To see why this is so we
note that the aperture is set by the larger of two emitf.ances (e) —
that determined by the incoming or outgoing beam, and that required
to limit the space charge tune shift Av at injection to say 0.2 to
avoid low-order resonances:

* rp F G H N

Here e*»eBY denotes the normalized emittance, 3 and y the dimen-
sionless speed and energy, N the number of protons per pulse,
rp » e2/4neumpc

2 • 1.5347 x 10~18 m the classical radius of the
proton, Bf the bunching factor, and F, G and H factors describing
the effects of image forces, the transverse density distribution and
the aspect ratio of the beam respectively. Insofar as the linear
particle density dN/ds and other parameters are constant from ring to
ring we may write

z\ » constant x -^ (2)

where C denotes the circumference. Since the largest tune shift
occurs at injection Eq. 2 implies that, for the same emittance
requirement in each ring, their circumferences should increase in
proportion to the value of BY 2 at injection. Since the circumference
is set essentially by the maximum momentum we have a relation between
the initial and final energies for each ring, from which the optimum
Booster energy may be determined. To be more specific, and using
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subscripts I, B and D to denote the injector, booster and driver
respectively, we may write

*eB * constant (BY)B (3)

constant

where the injector and driver energies are considered fixed. Figure
1 shows how Eg rises with booster energy as the circumference
and number of particles injected increases. On the other hand the
emittance needed in the driver falls as the space charge becomes less
effective at higher injection energies. The minimum beam emittance,
magnet aperture and cost for both rings occur where the two curves
cross.

a

a

B ~

Booster Energy

Fig. 1. Normalized emittances e« and
Cn plotted against booster energy YB*

Below the optimum energy the magnet apertures of both rings will
be determined by the driver emittance E£; the apertures will be
roughly proportional to the betatron amplitude km/eB^ so that

A2 .
B (f$Y2)B

(5)

Above the optimum the apertures of both rings are determined by the
booster emittance eg and so

AT> • constant . (6)
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Thus increasing the booster energy above the optimum produces uo
further reduction in driver magnet aperture; it has to be maintained
constant to contain the larger emittance required for the extra par-
ticles in the booster. AJJ and AD are plotted against YB i n

Fig. 2.

3

1

1

\AB

i

Optimum

1 1

Booster E n e r g y

Fig. 2. Magnet apertures plotted against booster energy.

To determine the optimum energy of the booster Eqs. 3 and 4 tell
us that

(8 2Y 3) B - (6Y
2)l (BY)D • (7)

In deriving this, gross assumptions have been made about the equality
of various parameters in the booster and driver rings. In practice
these approximations seem to balance out; thus the larger bunching
factor Bf in the booster is compensated by the lower average mag-
netic field achievable in a faster-cycling machine.

For TRIUMF the injection energy is 440 MeV and the Driver energy
30 GeV, indicating an optimum Booster energy of 2.2 GeV. For the
AHF, with an injection energy of 1.6 GeV and final energy of 60 GeV,
Eq. 7 suggests a booster energy of 6.2 GeV.

COST VARIATION

To obtain more detailed information about how the costs vary
with AHF booster energy the same code was used as for the TRIUMF KAON
Factory1. Cost figures are based on the detailed estimates for the
TRIUMF proposal together with appropriate scaling laws. For the
present purpose the costs have been converted to US dollars ($1.00
CDN - $0.78 US). The figures include material and installation costs
but not Engineering, Design and Inspection or Project Management/
Construction Management. Table I shows that there is reasonable
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agreement between the costs predicted by the code for the LAMPF I I
booster and main ring and those l i s ted In the 1986 LAMPF I I
Proposal.

TABLE I Comparison of Cost Estimates (K$) for LAMPF I I

Booster
(6 GeV x 144 yA)

Main Ring
(45 GeV x 32pA)

LAMPF I I Proposal (1986)
TRIUMF Computer Code

42,400
38,310

77,820
83,120

For the present AHF Proposal the cost estimates for different
booster energies are displayed in Fig. 3. Costs for the booster,
collector and main ring are displayed; the to ta l does not include the

200
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100
m
O

U

50 -

Total

- Main ring

Collector
Booste

1 2 3 4 5 6 7 8
Booster Energy (GeV)

K>

Fig. 3. Cost variation of AHF rings with Booster energy.

cost of the 1.6 GeV injection linac. The main ring magnet cycle is
assumed to have no flat top or flat bottom. The collector is assumed
to be located in the main tunnel. The irregularity in the points is
associated with the discrete choices of booster circumference
available for a given booster energy. The code selects the booster
circumference giving the minimum cost.

The total cost shows a minimum at 5-6 GeV as suggested by Eq. 7.
The minimum is, however, not very pronounced, compared to that
observed for say the TRIUMF KAON Factory.1»2 Dropping the booster
energy from 10 GeV to 6 GeV lowers the cost by only $13H. Indeed
when it is noted that the 9 or 10 GeV boosters are one half the
circumference of the main ring, allowing a half-sized collector to be
used located in the booster tunnel, it appears that in this case
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there Is little cost advantage to reducing the booster energy below 9
GeV. The major parameters for the 6 GeV and 10 GeV boosters are
listed in Table II.

Table II Design parameters for AHF boosters

Booster Energy

Beam Current
Rep Rate
Charge per pulse
Circumference Cg
CJ)/CB
Harmonic number

6 GeV

25 yA
48 Hz
0.5 pC
317.5 m

4
98

10 GeV

25 yA
24 Hz
1 pC
635 a
2
49

The shallowness of the minimum stems from the relatively low cost of
the booster and therefore its small rate of rise with energy —
direct consequences of the relatively low current being accelerated
(25 yA).

As a comparison we present the corresponding cost variation data
for the LAMFF II proposal where the booster current was to be 144 yA
at an injection energy of 0.8 GeV, and the main-ring current was to
be 32 yA (Fig. 4). As expected the booster cost is higher and the

200
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4%

2 100

o
u

50

.Total

-Main ring

Booster

2 3 4 5 6 7 8
Booster Energy (GeV)

10

Fig. 4. Cost variation of LAHPF II rings with Booster energy.

minimum in total cost much more pronounced. The cost ainlwui occurs
at about 4 GeV booster energy. The cost advantage of a 4 GeV booster
over a 10 GeV one is $37M, while the cost advantage of the chosen
6 GeV booster is $33M.
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A Transitionless Main Ring Lattice for an
Advanced Hadron Facility

D. Neuffer
AT-6, Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

A transitionless lattice suitable for a liigh-energy single-ring advanced liadron
facility at LAMPF is described. The lattice is a racetrack similar to the lattice
of Servranckx1 for TRIUMF with long dispersion-free straight sections and has
infinite or imaginary ft without missing dipoles.

This paper describes a lattice which is a candidate for a main ring (full energy)
synchrotron for an advanced hadron facility. It is most suited to a one-ring (no
booster) high-energy scenario. The design attempts to satisfy a numl>er of somewhat
conflicting requirements:

1. It should reach an energy of ~ 60 GeV at reasonable field strengths.

2. It must fit within a maximum width of ~ 275 m (The LAMPF mesa).

3. It must have long dispersion-free straight sections for rf and extraction devices.

4. It must accommodate beam from ~ 2 GeV to 60 GeV without crossing transition.

The first two requirements indicate that the lattice arcs must be nearly filled with
dipoles; missing-dipole configurations are excluded. The third item indicates that a
"ra.cetrack"-style lattice with two arcs and two long dispersion-free straight sections
is desirable. The last item indicates that a "natural" lattice with i/ =tr -)f is not
acceptable, where u is the tune and jf is the transition energy. Instead, a lattice with
a zero magnetic compaction factor o;, ("infinite'11 ft), where o,, = I/-),2 =< tj jR , or
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a lattice with negative ap ("imaginary" -yt) is indicated, and that requires regions with
negative dispersion (r;) in the arcs.

R. Servranckx1 has developed a lattice with similar properties for the TRIUMF
hadron facility, and we have adapted its features to our parameters to obtain the
lattice of this report. The lattice is shown graphically in fig. 1.

The arcs have a FODO-like structure with 18 ni cells. Twenty-four of these cells
form the arcs and the horizontal and vertical tunes per arc are « 5 units, so the
unperturbed phase advance per cell is 75°. Setting the horizontal tune per arc to an
integer matches the dispersion to zero in the straight sections. If unperturbed this
lattice has only positive r/ and a natural 7 t.

A dispersion perturbation is obtained by organizing the focusing quads into three
families F, FA, and FB following the pattern (FA F FB F . . .) through the arcs with the
F quads near the unperturbed strengths, and the FA and FB quad strengths perturbed
by A and + A,respectively, where A is a strength which is empirically close to 1/3
of the unperturbed F strength to obtain ap — 0. Table 1 shows this arc structure in
DIMAD lattice form.

This provides a perturbation with H period near unity in phase advance and there-
fore a large dispersion (rj) perturbation, which translates into a dispersion which al- •
ternates in sign and can therefore have zero or negative average (op = 0 or negative,
respectively). In a typical case the maximum dispersion increases to ~ 7.5 m from 2
m in the unperturbed matched FODO cell. The total horizontal tune per arc remains
integral to maintain dispersion matching.

The perturbation also affects betatron functions. The maximum (Sx increases from
30 in to ~ 60 m. Targes! (3 and largest ?/ do not coincide, however. Figure 2 shows
betatron functions in an arc for an o;, — 0 lattice. If we set a required emittance
and momentum aperture these functions translate into magnet aperture requirements.
Figure 3 shows required aperture with an unnormalized emittaiice requirement of 20

r and a momentum aperture requirement of Ap/p --- ±0.0025. An aperture of
0.04 m is indicated.
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An ap — 0 lattice may have longitudinal instability difficulties at highest energies.
In that case a negative ap lattice would have superior stability properties, and that
lattice can be generated by increasing the perturbation. A lattice with ap = —0-003
per arc (ap Rs - 0.002 in the full ring) has also been generated; the betatron function
perturbation is similar to the ap —- 0 case. However large (3 and large TJ coincide more
closely than in the previous case; the aperture requirements increase to nearly 0.05 m
(see Figure 4),

The nature and detailed design of the long straight sections has been deliberately
left open. The lattice can accommodate any lattice features that may be required-
Some requirements may include: a Siberian Snake for polarization, large (3 insertions
for extraction, low j3 for injection, etc. We assume 200 in would be adequate length.
With 200 m straight sections, the ring circumference is 1264 m. In Table 2 we display
a summary of lattice parameters in which the straight sections include only a simple
FODO line.

The 60 GeV requirement implies that the dipoles and quadrupoles are relatively
strong (2.16T for 6.25 m dipoles and ~ 25 T/m quads) with only ~ 1 m free space per
half-cell. Further investigation is needed to see if this is adequate.

References

1. R. Servranckx and U. Wienands, 'Towards a Slow Extraction System for the
TRIUMF Kaon Factory Extender Ring with 0.1% Losses," submitted to the pro-
ceedings of the Accelerator Design Workshop, Los Alamos National Laboratory,
February 22-27, 1988.
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Layout of AHF Lattice

Total Circumference 1264 m

Figure 1: Overview of racetrack lattice.

433



Figure 2: Betatron functions for a o;) - 0 arc.
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5.00

Figure 3: Aperture requirements of the lattice of figure 2. An acceptance of 20 IT
mm-mr and Ap/p — ±0.0025 is required.
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Figure 4: Aperture requirements of an n;,
acceptances required in figure 3.

— -0.003 per arc lattice, with the same
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Table 2. Lattice Parameters

Maximum Energy
Circumference
Lattice-type

Tunes (ux, uy)
flmax.min ~ horizontal

fimax.min - vertical

'ftvaxtnun

Arc Structure
Natural Ohroinaticity

IT
Lattice C'omponents

di poles
quaclrupoles

Straight Sections

60 GeV
1264 m

racetrack with 200 m
(y)—0) straight-sections

13.2, 12.7
60.7, 4.3 in
40.2, 6.3 ni

7.77, -5.27 in
24 FODO cells 18 m long

-18.8, -15.9
22.1 i

96, 2.16T, 6.25 m
72, 24T/m, 1.2 m
12, 22 T/m, 1.8 m
12, 16 T/m, 1.2 in

~ 32 quads, lm, 20 T/m
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Table 1. DIMAD input for an arc of the ap = -0.003 per arc lattice

! FIT FOR A H F ring
utransport
qfa: quadrupole, 1 * 0.60, kl ~ 0.075181
qf: quadrupole, 1 « 0.60, kl * 0.1205872
qfb: quadrupole, 1 - 0.60, kl « 0.16775816
qd: quadrupole, 1 - 0.60, kl - -0.114436
hi: sbend, 1 - 6.5, angle « 3.75, kl « 0.0, el * 1.875, e2 « 1.875
Fl: drift, 1- 1.3
SF: sextupole, 1» 1.0, k2 - 0.
SD: sextupole, 1 « 1.0, k2 - 0.
hO: line - (hi, fl)
arc: line *(qfa, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfb, &

qfb, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfa, &
qfa, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfb, &
qfb, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfa, &
qfa, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfb, &
qfb, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfa, &
qfa, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfb, &
qfb, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfa, &
qfa, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfb, &
qfb, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfa, &
qfa, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfb, &
qfb, hO, qd, qd, hO, qf, qf, hO, qd, qd, hO, qfa)

use, arc

diraat
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Kaon Factory Architecture Summary
F. E. Mills

Fermi National Accelerator Laboratory*

Introduction
As has been remarked elsewhere1, Kaon Factory proposals are

In various states of consideration. EHF has recently been rejected,
so the EHF group is not actively pursuing changes in its design, while
TRIUMF is under active consideration so will not make major
changes in its design. Then any considerations here are of necessity
aimed at LANL, which plans to wait some years before making a firm
proposal, or possibly at the Japanese Hadron Facility, or possibly the
discussed hadron facility at INR. Under these conditions, the
specific properties of the LANL site are the principal backdrop to
discussions of "Architecture".

The existence of LAMF as an injector, the finite size of the
mesa, and the desire to reach 60 GeV proton energy pose powerful
constraints on the choices for the AHF. Further considerations
include the desire to carry out other research programs in
conjunction with the AHF, including a new PSR at 2 GeV, occasioning
an extension of the linac to 2 GeV, and an "intermediate" physics
program at 9 GeV.

General Considerations
We consider the set of elements:

I Injector
A Accumulator
B Booster
C Collector
D Driver
E Extender
X Experiments

The question of whether A is needed is determined by the form of I
or modifications to I, which can be taken to be pre-existing.

There is general consensus that both B and D are needed to
obtain the intensities of interest to a Kaon Factory.

* Operated by Universities Research Asssociation Inc. under contract with the US
Department of Energy
1 F. Bradamante; talk at this Workshop
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There remain the questions of whether C and E are needed,
what are their forms, and what are the forms of B and D. These
questions are determined by the needs of X in terms of duty cycle,
polarization, extraction efficiency and residual radioactivity, and
other functions imposed on B (and I) such as "compressor" rings or
interim lower energy experimental programs.

Spin
Spin requirements are treated elsewhere, but can be

summarized by requiring "transparency" (In transfer matrices across
straight sections) and high periodicity in arc regions in B. Then only
several resonances need to be crossed. The alternative is to build B
with high (6,8,or 10) superperiodicity. D needs straight section
space for two Siberian Snakes. E does not need snakes2.

Extender
1. In view of the low phase oscillation frequency, 1 kHz or

less in D or E, high duty cycle debunched extraction does not appear
to be easy in the brief periods allowed for extraction, particularly if
there is no Extender. In what follows we assume that appropriate
technical measures can be taken to prepare the beam and extraction
system to obtain good duty cycle with bunched beam.

2. If there is no Extender, the Driver needs more straight
section space to accommodate both the snakes and the slow
extraction system ( «140m)3)

3. Without an Extender, the duty cycle will of necessity be
less

4. If there is to be no Extender, a careful study needs to be
made of the magnet power supply requirements of the Driver to
accommodate slow extraction. Further, the 2.1T field proposed for
the Driver may seriously complicate slow extraction. A study needs
to be made using realistic magnetic fields.

2 P. Bloom; talk at this Workshop
3 C. Tschalar; talk at this Workshop
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Collector
1. If no physics program requirements are imposed on the

Booster, then the optimum length of the Booster is about 1/3 - 1/5
that of the Driver, and the Collector length is equal to the Driver
length4.

2. If the Booster length is taken to be 1/2 that of the Driver,
the Collector length can be equal to the Booster length, and the two
rings can share the same tunnel. Also, some physics program can be
fulfilled with the Booster5.

3. If there is no Collector, fractional length boosters will
reduce the duty cycle.

4. Full length Boosters, which might share stored magnet
energy with the Driver, need more careful study before being
seriously considered. It seems at first sight that the apertures and
stored energies will be larger in this case, because to achieve the
same final line density in the Driver, the invariant emittance of the
beam must be higher to accommodate the same tune shift. If there
is also no Extender, extraction must be investigated carefully to
determine the Driver aperture.

Conclusions
The most radical changes, that is, those which have the

potentiality to reduce the project TEC need more study before they
can be accepted with confidence. These are; deletion of the
Collector and Extender, with a full circumference Booster. The high
magnetic field needed to obtain 60 GeV protons at LANL is a
significant further complication, as is the large emittance needed to
deal with the space charge in the booster at injection.

4 M. Craddock; talk at this Workshop
5 F. Bradamante; ibid.
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STRAWMAN 1.6-GeV COMPRESSOR DESIGN

Eugene P. Colton
Los Alamos National Laboratory

1 Introduction
There is some local interest for a 1.6-GeV compressor ring which will deliver nominally
1 MW of beam power at < 24 Hz. The 1.6-GeV kinetic energy would l>e obtained
from an add-on linac to LAMPF. The flux requirement is 1.55 x 1014 ppp at 24 Hz.
This can be met by using two stacked rings which are fed with two macropulses from
LAMPF; the present H~ source must be upgraded. There are two constraints which
must be met: (1) The slow losses which occur in the Los Alamos Proton Storage Ring
(PSR) cannot take place in these rings. (2) It may be necessary to store beam in one
of these rings for up to 8 msec so the rings must be stable against coherent instability.
In view of these requirements it appears to me that certain steps have to be taken -
they are spelled out below.

1. The injection must be direct H~ to H+ in a stripping foil instead of the two-step
process used in the PSR. The stripping magnet introduces extra beam divergence
in the bend plane. The lack of control over the neutral beam is another negative
aspect.

2. The injected beam should be matched to the machine in transverse phase space.
We need to limit the injected dp/p, and to position the beam at the foil in x - x'
and y - y' phase space.

3. We need to choose an aperture large enough to contain the tails of the l>eam to
the 99.9% level. Collimation schemes have to effectively restrict, losses to the 100
nA level locally. We are looking to absorb protons scattered out of the normal
acceptance by large-angle scatters in the stripping foil.
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4. Efforts should be made to reduce the number of foil traversals for circulating
protons. These include beam bumping, transverse painting, x - y mixing by
means of skew quadrupoles, injecting into a dispersive straight section and using
synchrotron motion to move the beam off the foil, etc.

5. The maximum transverse space-charge tune shift -dQy should not exceed 0.2.
This requirement stipulates the beam core emittaiice.

6. With regard to coherent instabilities we should endeavor to reduce the peak
currents seen in PSR, as well as maintain a significant dp/p width. This may
be difficult to achieve with conventional rf systems. We really need to make a
smooth vacuum chamber with gradual transitions.

7. The machines should have long straight sections for injection, extraction, and rf
cavities.

I have produced a design for a "strawman compressor" which hopefully satisfies
the majority of the above requirements. During the course of this workshop it was
agreed that the 50-MHz rf system which had been proposed was unacceptable; the
design needs further work of course. Nevertheless it is presented in its preworkshop
form. Its weaknesses will be discussed later. The parameters of the designed machine
are listed in Table 1.

2 Lattice Design

The machine was chosen to have the structure of the LEAR facility. It has two
superperiods composed of four nearly identical sections. The circumference was chosen
to be 110.74 m; this corresponds to the distance occupied by 80 microbunches from
LAMPF with 201.25-MHz spacing. The machine as designed is shown in Fig. 1. The
H~ are injected through a3-degree bend magnet which combines the H~ and circulating
protons, then the H~ are stripped to protons in the foil (indicated). Each straight
section contains identical quadrupole doublets. One rf cavity is shown in the bottom
straight section. At the end of injection the protons are fast extracted using the kicker-
septum combination. The elements for half the machine are given in Table 2.
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Table 1: Strawman Compressor

Kinetic Energy
Average Current
Repetition Rate
Protons/Pulse
Circumference

Number of Rings
Number of Superperiods
Betatron Tunes QX,QU

Chromaticities £r,£v

Transition Gamma 7*
RF Frequency

Harmonic Number
RF voltage

1.6 GeV
600 microamperes

24 Hz
1.55 x 101"
110.74 m

2

2
2.2,2.3

-2.64,-4.67
4.65i

50.3125 MHz
20

200 KV
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Table 2: One Superperiod

ELEMENT
Drift

HF quad
Drift

HD quad
Drift

Dipole 28.5 deg bend
Drift.

Dipole 30.0 deg bend
Drift

Dipole 30.0 deg bend
Drift

HD quad
Drift

HF quad
Drift

HF quad
Drift

HD quad
Drift

Dipole 30.0 deg bend
Drift

Dipole 30.0 deg bend
Drift

Dipole 28.5 deg bend
Drift

HD quad
Drift

HF quad
Drift

Dipole 3 deg bend
Drift

LENGTH(m)
3.7
0.75
0.80
0.75

0.791
3.50
0.50
3.50
0.50
3.50

0.791
0.75
0.80
0.75
10.0
0.75
0.80
0.75

0.791
3.50
0.50
3.50
0.50
3.50

0.791
0.75
0.80
0.75
4.20
1.60
0.50

B(T) OR B'(T/M)

4.261

-4.507

1.118

1.177

1.177

-4.507

4.261

4.261

-4.507

1.177

1.177

1.118

-4.507

4.261

0.257
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The elements in Table 2 start at the stripping foil and end at the diametrical
position on the other side of the ring. The quadrupole strengths given in Table 2
result in betatron tunes Qx — 2.2 and Qy — 2.3 for the entire ring. The chromaticities

dQx/Qx/dp/p = -2.64
and

dQy/Qy/dp/p = -4.67.
The transition gamma turns out to be imaginary 7t = 4.65i. The matched machine
functions for one superperiod are presented in Fig. 2(a). The maximum /3y occurs in
the HD quadrupoles and is about 45 m. The maximum dispersion is 4.4 m and occurs
in the long straight sections. The dispersion is nominally negative in the dipoles.
These 30°-bend dipoles are sector magnets with normal entry and exit. The beam
halfwidths are shown in Fig. 2(b) through the superperiod. The indicated beam
emittances and relative momentum spread dp/p were used to calculate the beam sizes
using the expressions

/77+ ^v * p

and

The emittances and dp/p which we have used were obtained from a study of the
injection process which is discussed later in this paper. Figure 2(b) does show that
the beam is contained in a 7-cm radius pipe if we ignore safety factors.

3 The Injection Process

As stated in the introduction it is absolutely essential to reduce the foil traversals to
their absolute minimum. We also need to increase the phase space of the injected
beam in order to offset transverse space-charge detunings. The injection procer*
repeatedly puts the beam off center onto the foil at x and y values of 3.0 cm, and
2.5 cm, respectively. The coordinate system used has x positive toward the outside
of the machine. The central momentum was increased from the nominal value to a
value 0.25% higher over the injection period, which corresponds to 2500 turns. The
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Table 3: Injection Parameters

Machine Functions at the Foil
fix, <*x
Vx,Vx>

Py,<*y

Parameters of the Injected Beam
fix,Otx

Vxtfx1

Py,<Xy
rms x-x' emittance
rms y-y' .emittance

rms dp/p width
<f> halfwidth
central x,x'
central y,y'

2.652 m,-1.225
4.377 m,0.02245
16.11 m,-0.0819

2.652 m,-1.225
0. m,0

16.11 m,-0.0819
0.5 mm-mrad
0.5 mm-mrad

0.06%
0.087 radians

3.0 cm,0
2.5 cm,0

stripping foil was assumed to be of carbon with thickness pL of 250 //g/cm2. The rf
system was made up of a single h = 20 cavity carrying 200 kV (50.3125 MHz). Further
information on the machine functions and the injected beam are given in Table 3.

Referring to Fig. 1 note that we locate four injection bump magnets in the injection
straight section. It is understood that they would be programmed to create closed-
orbit bumps in both the x and y planes. Use of the 3-degree combining dipole allows us
to inject the H~ directly instead of through a long ( > 4m) injection septum. However,
the superperiodicity is reduced to two. At the start of injection the closed- orbit bumps
Xb = 2.5 cm, and tfc = 1.8 cm; during the injection these are reduced linearly to Xf, ~ 1.3
cm, and t/6 = 0. This choice maintains a near-constant horizontal betatron amplitude
during the injection period because

x0 = Xf - {xb + r/x* dp/p)
where Xf is the injection x position on the foil (x/ = 3.0 cm). The sum within the
parenthesis is nearly constant since the bump .T& is reduced as we simultaneously raise
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the injected momentum. The y betatron amplitude increases from 0.7 cm to 2.5 cm
during the injection. After the injection x\, is reduced rapidly to zero.

An optimization was carried out in order to ascertain the proper foil orientation
- a foil tilted with edge at 60 degrees to the x axis seemed to yield the minimum
number of foil traversals. The equation of the foil edge is y(cra) = -x(cm) * tan(60°)
+ 7.0 An extensive set of computer simulations was carried out in order to ascertain
optimum values for the parameters in Table 3, and the bump program. H~ particles
were generated in a Monte Carlo fashion at the foil location, stripped to protons,
and coasted until the 2500 turns of injection were completed. The transverse phase
spaces were taken to be bigaussians with rms areas of 0.5 n mm-mr, and particles were
generated out to 5.0 TT mm-mr. Figure 3 shows a spatial distribution of the injected
beam at the foil location - the foil edge is so indicated. We assume a foil thickness pL
of 250 ng/cm2.

The injection process is carried out for nominally 2500 turns. We obtain the foil
traversal probability Pf which is 3.25%. The definition for Pf is the total number of
foil traversals divided by the total number of times that protons pass the foil location.
Less than 0.08% of the particles were lost due to a 5-cm aperture limitation at the foil
location. After the injection the beam was coasted for 250 turns until Xb was reduced
from 1.3 cm to 0. The resulting x - x' and y - y' phase-space distributions are plotted in
Figs. 4(a) and 4(b), respectively. The rms emittances are 75 mm-mr and 38 mm-mr,
respectively; these values encompass 97.5% and 91.8% of the particles, respectively.
My definition for the rms emittance is e~ = 4[< z2 >< z'~ > — < z * z' >2]1>'2. Based
on these distributions we define the monoenergetic 100% emittances ex = 100 mm-mr
and £y = 60 mm-mr. The x and y projections are located in Figs. 5(a) and 5(b),
respectively.

As discussed above I used an h = 20 rf system for most of the studies. The
advantage of such a choice is that the fraction of foil traversals is reduced as compared
to the use of a h = 1 rf system. The rapid synchrotron oscillations of the former system
helps to move the injected protons off the foil more quickly. The injected bunches were
"painted" in </>-dp/p space in a special way which produces a uniform density in the
limit of an infinite number of turns injected. The bunches were injected into existing
h = 20 buckets formed with a 200-kV rf voltage. The bunches were injected with <j>=0
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but the beam energy was increased with time. The injected central momentum on the
nth turn pn is given by

po 6<k{p'~p

where p0 is the momentum corresponding to 1.6 GeV kinetic energy ami (dp/p)sep
is the maximum momentum on the separatrix. The parameter <f>c is the maximum
<̂ >-angle swept out by the particle having the injected central momentum (;>„)- Tlie
value of <j>c is obtained each turn by using the relation n — 6 <f>c sin(<j>r/2), and the
constant 6 is obtained from the boundary condition of specified pn on the 2500th turn-
Figure 6(a) shows the resulting </>-dp/p distribution after 2500 turns of injection and
250 turns of coast, as Xb is reduced to zero. The rms longitudinal phase space area of
a single bunch is computed to be 0.1 eVs (including the factor of four). The bucket
area is 0.22 eVs with space charge ignored. The <f> and dp/p projections of Fig. 6(a)
are shown in Figs. 6(b) and 6(c), respectively. The minimum local bunching factor
deduced from Fig. 6(b) is about 0.33. The full dp/p range is ±0.003.

The studies performed with a h ~- 1 system resulted in a minimum Pf of about 9%.
This value can be reduced somewhat by moving the injection point upstream to the
center of the 3-degree dipole where the beam passes through a double waist.

4 Extraction

Figure 1 indicates that the extraction takes place in a single long straight section. Ti'ie
extraction kicker EK was taken to have a length of 6 m, and produce a 22.875 mr
outward kick - this can be accomplished with a peak field of 300 gauss. The following
extraction septum ES was taken to be 2 in in length, and impart a 200-mr kick outward
- this could be obtained with a field of 0.787 T. Figure 7 shows the beam extraction
envelope up to and including the extraction region. The outline of the circulating
beam is cross-hatched. We should be able to take out the "100% beam" without
losses.
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1.6 GeY Compressor
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5 m

Fig. 1
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5 Conclusions

The body of this report, illustrated a design for a 1.6-GeV compressor. It will be
necessary to redesign the system to accomodate an h - 1 rf system. The new rf
system has to operate reliably under heavy beam-loading conditions. The optics have
to be redesigned so both (3X and j3y are small at the center of the straight section where
the foil will be located. Probably quadrupole triplets are needed instead of qnadrupole
doublets in the straight sections. We also have to design a collimation system to absorb
particles which have undergone large-angle scatters in the foil.

6 Figure Captions

Figure 1 Plan view of the 1.6-GeV compressor. The H~ and circulating protons are
combined in a 3° bend, and the exiting H~ are stripped to protons in the foil. The
protons are fast extracted using the kicker-septum combination EK-ES.

Figure 2(a) Machine functions for one-half the machine starting from the foil location.

Figure 2(b) x and y beam halfwidths assuming the "100% beam emittances" deduced
in the text. The maximum y is of the order of 5 cm.

Figure 3 Spatial distribution of the injected beam in x - y space, x positive refers
to the outside of the ring. The foil edge is slanted and lies along the line y(cni) = -
x(cm) * taii(60°) + 7.0.

Figure 4 Beam distributions after 2500 turns of injection and 250 turns of coasting
beam. Beam bumps are zero at this time, (a) x - x' distribution, the rms emittance
is 75 mm-mr; (b) y - y' distribution, the rms emittance is 38 mm-rar.

Figure 5 Spatial projections of Fig. 4. (a) x distribution, the rms width is 7.8 mm;
(b) y distribution, the rms width is 12.3 mm.

Figure 6 (a) Longitudinal <f>-dp/p distribution after the 2750 turns of injection and
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coast. The separatrix represents the motion of the boundary particle under the influ-
ence of a 200-kV applied voltage with h = 20 rf cavity. The bucket area is 0.22 eVs
and rms bunch area is 0.1 eVs. The small amplitude synchrotron tune is 7.3 * 10~3.
(b) <f> projection, the rms width is 0.81 radian; (c) dp/p projection, the rms width is
0.14%.

Figure 7 Extraction envelope for a beam width 100-nim-mr horizontal emittance and
full momentum spread dp/p = ± 0.3%. The cross-hatched envelope shows the circu-
lating beam. The fast kicker EK imparts a 22.875-mr kick, and the septum supplies a
200-mr kick.
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SUMMARY OF COMPRESSOR ..GRUUP. pISCUSS1ONS

Chairman: G. Rees

The group consisted o-f B. Blind, R. Baartman, D. Clark,
E. Colton, M. Craddock, D. Fitzgerald, J. Griffin,
R. Hardekopf, J. Hurd, A. Jason, M. Kibara, 5. KoscieJniafc,
G. Lawrence, Y.Y. Lee, R. Macek, S. Machida, G. Mackenzie,
M. Masullo, D. Neuffer, R. Fdrer, S. Ohnuma, E. Raka,
R. Ryder, G. Rees, H. Schonauer, R. Shafer, and Y. Yamazaki.

Six topics were addressed and the main conclusions are
itemized as follows:

I. PSR

1. All considered the change from H° to H~ injection very
desirable, though it is advisable to check the effect
of converting the ring to a superperiod-one machine.

2. The available apertures in the regions Df the proposed
horizontal and vertical orbit bumps should be checked
carefully.

3. "Single-scatter" foil and halo collimaters are very
important. The PSR is strongly encouraged to install
and test a collimation scheme as soon as possible.

4. The possibility of a "free-suspension" stripper foil
is a very interesting development.

5. For optimum injection, the conditions to be satisfied
at the -foil positions are:

«« x + (JK x ' = 0 and «>, y + /5V y' - O

for all y. ,y where x, y, >: ', y' are coordinates of the
input beam centre relative to the orbit bumps.

6. Shielding of the bellows and similar discontinuities
should be considered. (It may be useful to look at
information from relevant studies made in the FNAL
main ring).

7. Bob Macek and Gene Col ton are complimented on their
presentations, which made the group's findings very
strai ghtforward.
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I I . CompressorR_i.n,g Fi.L.l..in_g .Tijne

1. The limits o-f the present (LAMFF) and proposed linacs
should be reviewed to see if the peak current and/or
the pulsa-lengths may be increased. A -factor of two
is needed in particles per macropulse to allow
complete -filling of the compressor ring(s) in one
pulse (a -factor of four for the BOO MeV option).

2. Filling within one pulse seems highly desirable as it
reduces the maximum time for the beam to be held in
one Df the proposed rings from (8 + T,») to Tg,.
<TP — pulse duration in milliseconds). However, the
instability criteria should be carefully examined to
assess the difficulty of storing the beam for
S milliseconds or more.

3. The neutron community should be asked to review the
24 Hz repetition frequency requirement. For example,
an increase to 48 Hz would halve the peak requirements
of the linac. A European study settled for 50 Hz, but
into two target stations.

4. Though it does not affect the filling time, a larger
circumference one-ring alternative to the two ring
scheme should be considered. The number of proton
traversals through the stripper foil<s) is then
automatically reduced by the factor o-f the increase in
circumference. A factor of two is considered, to
leave the value of the beam current unchanged. It is
thought maintenance and operation would be simplified
for a one-ring scheme. In using one ring, though the
space—charge tune shift is doubled, one may consider
increasing the acceptance to leave the Q-shift
unchanged.
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III. Cgme.ress.gr Al.ter.nati..ye: 300 ._Me,y at... 1200JJ A

1. Foilswing discussions with Gary Russell (LANSCE target
designer) it became clear that much detailed
study is required to check if 1.6 GeV at 600 pA and
800 MeV at 1200 pA provide equivalent neutron sources.
Though the total number of neutrons produced in the
spall ation target is approximately the same, the
neutron output -for experiments is a complex function
of target length and moderator and reflector designs.
Shielding considerations are also very important.
Such a detailed study is therefore strongly
recommended.

2. From a ring design aspect, there are pros and cons for
the 8OO MeV option. The ring has to have a larger
acceptance for equivalent transverse space—charge tune
shifts. Large angle elastic scattering from the foil
may prove easier to contain. Instability problems are
more severe because of the lower energy and increased
current, but this is mitigated by the increased
acceptance and thus reduced transverse impedances.

3. The major consideration is thought to be the increased
linac current requirements, and whether or not a major
re-design of the linac RF system is unavoidable.

4. The question of a shared target between the neutron
and neutrino communities should be studied more
carefully as the neutrino production appears to be the
dominant factor in the selection of the higher energy.
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.MH2..._pr__h=l.>_.

It is not clear that there are any advantages for an
h=20 rf scheme in the compressor, though further studies are
needed to compare injection for h=20 with that -for h=l. The
relevant point is the reduction in the number of proton-foil
traversals.

There ars the following disadvantages for h=20 (or h=40
for a larger circumference ring) as compared to h=l:

1. Transverse space charge effects are larger because of
the bunching factor difference.

2* The RF system is an order—of-magnitude more difficult.
3. Due to the extraction kicker gap there is the

additional problem of transient beam loading to
consider.

4. There is the additional problem of coupled bunch
instability to consider, both transverse and
longi tudinal.

5. Longitudinal space charge forces are much larger.
6. Synchro-betatron coupling is enhanced.
7. There is a greater danger af particles migrating into

the extraction kicker gap.

The advantages of using complex rf waveforms at h=l
include:

1. Reduced transverse spsce charge forces.
2. Reduced longitudinal space charge forces.
3. Better filling of longitudinal phase space.

The increased voltage to combat the longitudinal space
charge forces at the ends of the bunch needs to be
determined for the different h=l waveforms.

A general comment is that the space-charge tune shifts
should be quantified for both the h=l and h=20 schemes, and
dangerous levels should be indicated.

(See also Lir.ac Group Summary for discussion of the 50 MHz
requirement. )
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iD..st..ab.iJL_i ti_§5..__<see In.s_tab.i..l_i_ty Gro.up__Sufnm.ary;)_

Of most importance -for the design of the compressor
are:

1. Use of an aluminum or coated stainless—steel vacuum
chamber to reduce the resistive component of the
transverse coupling impedance. (See SSC Design Group
Study).

2. Shielding of the bellows to reduce the impedances.
3. Profiling the vacuum chamber envelope to follow the

beam envelope. This reduces the reactive components
of both the longitudinal and transverse coupling
impedances.

4. Smooth transitions for all vacuum chamber components.
5. Minimizing impedances of all machine components.
6. Choice of Q-values.
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VI. L a t.t ic.e ajvd_Jj^Js£tJ^jx_liSee___l, n jec t.i on Graup... SummarY A.

1. The most important consideration is that the overall
design should minimize the number of proton traversals
of the stripper foil.

2. The lattice should therefore be designed around the
injection and collimation systems.

3. Direct H~ injection is recommended, as proposed.
4. A comparison is needed of the relative merits of

merging the H~ beam and circulating beam in a main
ring magnet or in an orbit bump magnet. The former
has the advantage of eliminating the need for an
injection septum magnet. The latter may allow more
flexibility in designing the lattice.

5. Optimum injection requires three conditions to be
satisfied, when both horizontal and vertical orbit
bumps are used:

«v y + £y y' = 0; «„ x + /3M x ' = 0;

where a*,, (lM, ev, (iy, K R , « P ' are lattice parameters
at the stripper foil. Large angle elastic scattering
in the foil is best contained by choosing low values
for £„ and £v. If the lattice could provide a double
waist at the stripperT then cc = av = 0, and the third
condition reduces to «p' = 0 .

6. The relative merits of finite or zero dispersion at
the foil also need to be considered.

7. The design of the orbit bumps is very important.
There are advantages if the bump magnets are all
located within the injection region, spanning as few
main lattice magnets as possible.

8. Adequate apertures must be made available for the
emergent H° and unstripped H~ beams.

9. Enhanced Q-values are of interest to reduce
instability growth rates.

10. The need for long straights (for injection,
collimators, etc) -forces the lattice to one of low
superperiodicity. Variations on this basic lattice
theme should be considered for further study.

11. In reaching its conclusions, the detailed
presentations of Gene Col ton made the group's tasks
much easier.
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Summary



TECHNICAL SUMMARY OF THE
ACCELERATOR DESIGN
WORKSHOP,
22-27 FEBRUARY 1988

(Henry A. Thiessen)

An accelerator design workshop was held at the Los Alamos Study Center from February
22-27,1988. Among the participants were representatives from the European Hadron
Facility, the Japan Hadron Project, TRIUMF, CERN, the Brookhaven AGS, and the
Moscow Meson Factory.

After opening day plenary talks on the status of kaon factory proposals and reports on
performance of boosters and spallation sources, the workshop broke into parallel sessions
to discuss specialized problems related to achieving the necessary performance for an
advanced hadron facility.

The linac working group considered the ingredients of a 1600-MeV H" injector. They
reported that the "Culham" volume source shows the most prospects for being a high-
current, low-maintenance source. A polarized ion source would be switched on a
macropulse basis with an H" source at the entrance to an RFQ. A 50-MHz RFQ was
considered, but a 200-MHz RFQ was chosen because of the lower peak current in each
micropulse. To obtain the 50-MHz structure required for injection into a kaon factory, a
two-stage chopper was suggested between the RFQ and the drift tube linac. A possible
common design for EHF, SSC, and AHF based on a 50-MHz RFQ was discussed. This
idea was rejected because of the higher peak current at LAMPF and the other lower-cost
options available to SSC. To obtain higher energy than LAMPF, the linac group suggested
that the 805-MHz side-coupled linac be replaced with a higher-gradient structure.

The instability working group considered the problems encountered in reaching the desired
performance of a kaon factory and a next generation spallation source. The kaon factories
present no insoluble problems. Care must be taken with the rf system to assure that the
generator current is safely larger than the beam current, and the spurious resonances of the
cavities must be controlled to keep the revolution harmonics of the "kicker gap" from
driving these higher order resonances. The ceramic vacuum chamber with internal
conducting stripes is much preferred over the thin-wall metal chamber because of the
possibility to reduce the resistive wall impedance by a large factor at the frequencies of
interest to a kaon factory. The group recommended that integral capacitors be studied. The
instability working group found serious problems with the 50-MHz if suggested for a
compressor and suggested instead a much lower frequency rf system to cope with the very
high circulating current of such a machine. The group also recommended a very low
impedance vacuum chamber such as aluminum or copper-plated stainless steel. The control
of the space-charge impedance limits the Laslett tuneshift to less than 0.07 in such a
machine. With these modifications, the proposed compressor would not be much more
difficult to control than the present PSR. This group also studied the status of the work on
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the PSR instability problem. They recommend further tests of the e-p instability
hypothesis, a search for the source of the observed impedance including a measurement of
the impedance of the existing kicker and power supply, direct measurement of the beam
transfer function with a transverse kicker driven by a signal generator, and measurement of
the change of stability threshold with intentional closed-orbit distortion.

The polarized-beam working group considered the necessary hardware for polarized beam
in a hadron facility. The main ring must have a Siberian snake since there are too many
resonances to be crossed. Although a single snake is sufficient, two snakes are preferred
because the single snake version will require a spin precessor between the main ring and
stretcher, which needs no snake. For boosters, the aperture required in a snake is too large
even with the high (1.6-GeV) injection energy suggested for an advanced hadron facility.
A high-symmetry booster was recommended (superperiodicity 6 or more) so that the
number of resonances that must be crossed is reduced to two. An interesting alternative
was suggested that might be used in a racetrack-shaped booster. If the arcs have high
symmetry and the straight sections have integer tune, then the machine has the spin-
resonance structure of a machine with much higher symmetry. The idea of spin-transparent
straight sections should be investigated further and might prove very attractive.

The painting and injection group considered the problem of H~ injection in all proposed
machines. It was shown that the stripping cross section goes as 1/p2. (The 1/E usually
used is a non-relativistic approximation not valid above 500 MeV.) Thus the stripper for a
1.6-GeV injection system need be only 20% thicker than for 800 MeV. The Los Alamos
group showed that single Coulomb scattering dominates the losses in all presently
proposed H" injection schemes (see graph). This problem is considered "solved". To
reduce the losses, it is necessary that painting schemes be considered that minimize the
number of times the proton beam must hit the foil. One example of such a scheme is that
proposed by TRIUMF, which uses the synchrotron oscillations as an additional degree of
freedom to keep the beam off the foil. In the TRIUMF scheme, the beam hits the foil
approximately 4% of the number of turns it is in the ring. Other geometric schemes were
considered. A one-dimensional fixed offset of injected beam and foil reduces the hit rate to
50%. If the foil and beam are offset in two dimensions, the hit rate is reduced to 25%.
Various bumping schemes or use of skew quadrupoles reduce the hits further, but the best
schemes so far can only reduce the hit rate to 8-10%. Further study is required to see if a
method can be found that improves on the TRIUMF scheme.

The slow-extraction and collimation group considered the problem of efficient slow
extraction from a kaon factory. With conventional techniques, the loss on the septum
cannot be reduced below 1%, even if high-beta straight sections are used. The TRIUMF
group showed that these losses can be reduced to 0.2% by the use of a short 50-micron
septum upstream of the main electrostatic septum. The Los Alamos group showed that a
massless magnetic septum has the promise of reducing the hit rate by a similar factor. The
group took the position that one or the other of these techniques would be able to reduce the
septum losses to 0.1 %. Even this rate is 100 times larger than can be tolerated. The
necessary conclusion is that a collimation system must be provided to reduce the losses by
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an additional factor of 10-100 fold. Such a collimation system must be an integral part of
the slow-extraction system. The entire extraction system must be contained in a shielded
enclosure with 5-meter walls. Although people can enter the enclosure for brief periods,
the equipment should be designed for rapid replacement. Any portion of another ring
passing through the same enclosure should contain only passive elements designed for a
minimum of maintenance. A design for a collimation scheme was proposed, including a
collimator at a low-beta double waist to stop the penetration of neutrals. The half-integer
extraction is preferred from the point of view of collimation because the multiple
separatrices of higher order extraction prevent optimum placement of collimators.

The hardware group heard reports on impedance measurements, on power supplies, on the
ceramic vacuum chamber, and on rapid-cycling magnets. One afternoon was spent in an
in-depth review of the joint Los Alamos/TRIUMF main-ring cavity proposed for test in the
PSR. The group endorsed the proposed design. It suggested that one additional bias
configuration be investigated before the design is frozen. It also recommended that the rf
envelope in the region of the ferrite rings be slotted to permit the high-frequency
components of the bias field to pass into the ferrite with less attenuation by eddy current
shielding. The problem of beam loading in the kaon factory rings was considered. It was
decided to proceed with the existing 150-kW tube for test in PSR. Later, a change to a
300-kW tube will be made to better match the needs of the TRIUMF main ring.

The compressor group first considered the Los Alamos recommendations for upgrades to
PSR. No faults were found in the proposed upgrades. The group next considered the
problems of a 600-microampere compressor ring at 1.6 GeV. The group suggested that the
repetition rate specification (24 Hz) be reconsidered and perhaps raised to 50 Hz so that
only one macropulse from LAMPF need be stored. Failing this, they also suggested mat
the maximum current or pulse length of LAMPF be increased to accomplish the same
objective, namely, storing no more than one macropulse. The 50-MHz if system
suggested by the Los Alamos group was rejected in favor of a harmonic-one rf system. The
lattice needs to be redesigned to put a low-beta double waist at the stripper foil to minimize
injection losses and perhaps to have a higher tune to reduce instability growth rates. The
best available painting system is insufficient to contain the beam lost at injection and a
collimation and dump system must be an integral part of the injection straight section
design. Further study of the lattice, painting, instability, and extraction problems was
recommended.

The kaon factory group considered the problems of the architecture of a kaon factory. The
question of which rings are essential depends on the requirements. There is general
agreement that the booster and driver rings we needed for a machine of this energy.
Whether the extender ring is needed depends on the specifications for extraction. If the
extender is to be eliminated, then a detailed study is needed on the effects of field errors on
the slow-extraction system and the aperture requirements for slow extraction from the main
ring need to be carefully studied. The need for a compressor ring is partly dictated by
specifications on the use of the booster ring. If there is a specific need for a relatively high
energy booster, than a half-size booster and collector are appropriate. A small booster and
full-size collector will be cheaper. Perhaps a full-sized booster and no collector will be a
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reasonable alternative, but the cost of larger phase space in both rings should be carefully
investigated. This group concurred with the recommendations of the slow-extraction and
collimation group and noted that none of the proposed kaon factories as yet contains
adequate provisions for control of slow-extraction beam loss. The group considered the
problems of slow extraction in a rapid-cycling synchrotron. No method was shown for
debunching the beam rapidly enough to allow fully debunched slow extraction. Further
study of slow extraction in the presence of field errors was suggested for the Los Alamos
design using 2.1-tesla magnets. Also, the group suggested that explicit designs of the
transfer lines between rings be generated soon because experience at Fermilab shows that
there may not be sufficient space to meet all constraints.

Final remarks by Mike Craddock, Franco Bradamante, and Gerry Garvey showed the busy
schedule of meetings related to kaon factories for the rest of the year. There will be three
EHF workshops, the first 29-30 March at CERN, the second in mid-June, and the third in
October in Venice. There will be a three-week workshop at Snowmass the last week of
June and the first two weeks of July to consider "Physics in the 1990's". A kaon-factory
group chaired by Mike Craddock will be a highlight of the Snowmass Workshop. The
International Union of Pure and Applied Physics (IUPAP) has formed an International
Committee on High Intensity Accelerators that will have its first meeting at MIT March 8-9.
The next Los Alamos Accelerator Design Workshop will be held at the Study Center
February 20-25, 1989. With all this activity plus the Canadian Initiative, a change in the
status of kaon factories somewhere in the world is sure to happen soon.

The final highlight of the workshop was the blind tasting of red wines from British
Columbia and New Mexico by an unbiased panel of distinguished judges consisting of an
Austrian, an Italian, a Korean, and a Russian. The British Columbia wine was preferred
by the majority of the judges. One was led to wonder whether the next prize to be awarded
might not naturally go to the New Mexico Group.
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