_AD-A280 382
BT A

v The
American
Physical

§m:ie Y

Proceedings E;ﬁgﬂ&
of the = S D
1993 L

Particle Accelerator

Conference N

Volume 1 of 5

Pages 1-747

This document bag Deed cpproved
for public teleass and saley its
dumbuncn 18 Lm imited

o94-179
lmwmmmmmmr

Papers from the fifteenth biennial Particle Accelerator Conference, an international forum on
accelerator science and technology held May 17-20, 1993, in Washington, D.C., organized by
the Continuous Electron Beam Accelerator Facility (CEBAF), jointly sponsored by the Institute
of Electrical and Electronics Engineers Nuclear and Plasma Sciences Society and the American
Physical Society Division of Physics of Beams, and conducted with support from the U.S.
Department of Energy, the National Science Foundation, and the Office of Naval Research.

DTIC QUALITY INGPECTED 1

94 6 106 C(S6 ‘
____._..._..__-—___—_‘




-‘.

1993 IEEE Particle Accelerator Conference

Abstracting is permitted with credit to the source. Libraries are permitted to photocopy beyond the limits of U.S. Copy-
right law for private use of patrons those articles in this volume that carry a code at *he bottom of the first page, provided
the per-copy fee indicated in the code is paid through the Copyright Clearance Cenwr, 27 Congress Street, Salem, MA
01970. For other copying, reprint, or republications permission, write to the Copyright Manager, IEEE Service
Center, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331. All rights reserved. Printed in the USA, Copyright
© 1993 by The Institute of Electrical and Electronics Engineers, Inc.

IEEE Catalog Number: 93CH3279-7
Library of Congress Number: 88-647453

Additional copies of this publication are available from

ISBN Softbound: 0-7803-1203-1
Casebound: 0-7803-1204-x
Microfiche: 0-7803-1205-8

IEEE Service Center
445 Hoes Lane
Piscataway, NJ 08854-4150




®
IEEE

. Tlye
Americam
Bhysical
Sariety

1993 Particle Accelerator Conference, Washington, D.C., 17-20 May

Conference Chairman
Christoph Leemann, CEBAF
Annie Soltys, Executive Assistant
Telephone: (804) 249-7575
E-mail: soltys@cebaf.gov

Fax: (804) 249-5024

Organizing Committee
M. Allen, SLAC

W. Barletts, LLNL

K. Berkner, LBL

D. Berley, NFS

J. Bisognano, CEBAF
R. Briggs, SSCL

Y. Cho, ANL

L. Costrell, NBS

M. Craddock, U. of BC
W. K. Dawson, TRIUMF
H. Edwards, FNAL

S. Holmes, FNAL

S. Krinsky, BNL

H. Lustig, APS

C. Roberson, ONR

S. Schriber, LANL

D. Sutter, DOE

S. Tazzari, U. of Rome Il & INFN
M. Tigner, Cornell
W.T. Weng, BNL

Program Committee

J. Bi , Chair, CEBAF
Telepbone: (804) 249-7521
E-mail:” bisognano@cebaf.gov
H. Edwards, Deputy Chair, FNAL

Program Treasurer

Julie Levereaz

Telephone: (804) 249-7642
E-mail: leverenz@cebaf.gov

Conference Editor

Steven T. Comeliussen, CEBAF
Telephone: (804) 249-7582
E-mail: comeliussen@cebaf.gov

Editorial Assistant
Linda Cariton

Telephone: (804) 249-7690
E-mail: carlton@cebaf.gov
Fax: (804) 249-5024

18-May-94
Boy 2 of 2

DEFENSE TECHNICAL INFORMATION CENTER
BUILDING 5, CAMERON STATION
ALEXANDRIA, VA 22304-6145

REF.:

GRANT NO.[ N00014-93-1-0623

\
Dear Sir or Madaims____ o

—_—
Enclosed please find two (2) copies of the
Proceedings of the 1993 Particle Accelerator
Conference (PAC93). The above-referenced $15,000
grant from the Office of Naval Research helped
fund the cost of publishing the Proceedings,

enabling us to keep the registration fee to a
mninimum.

On behalf of the conference organizers and the
more than 1300 participants, thank you for
supporting PAC93.

. Leemann
Conference Chairman

cc: D. Galicki, IEEE

c/o CEBAF, MS 12-A1, 12000 Jefferson Avenue, Newport News, VA 23606-1909




Conference Organizers and Staff

Conference Chair
Program Chair
Deputy Program Chair

Local Arrangements Chair

Program Coordinator

Organizing Committee
C. Leemann,gCEBAF

M. Allen, SLAC
W. Barletta, LLNL
K. Berkner, LBL
D. Berley, NSF

R. Briggs, SSCL
Y. Cho, ANL
L. Costrell, NIST

M. Craddock, TRIUMF
J. Bisognano, CEBAF W. K. Dawson, TRIUMF

Committee

Christoph W. Leemann, CEBAF
Joseph J. Bisognano, CEBAF
Helen Edwards, FNAL

Isidoro E. Campisi, CEBAF
Avril Quarrie, CEBAF

H. Edwards, FNAL S. Schriber, LANL

S. Holmes, FNAL D. Sutter, DOE

S. Krinsky, BNL S. Tazzari, INFN
H. Lustig, APS M. Tigner, Cornell
C. Roberson, ONR W. Weng, BNL

J. Bisognano, CEBAF
T.’Antaya, MSU

W. Barletta, LLNL

I. Ben-Zvi, BNL

J. Brennan, BNL

S. Chattopadhyay, LBL

R. Cooper, LANL
M. Cornacchia, SSRL
M. de Jong, AECL
P. Debenham, DOE
G. Dutto, TRIUMF
L. Evans, CERN

T. Fessenden, LBL
R. Gerig, SSCL

R. Hamm, AccSys

R. Hardekopf, LANL
M. Harrison, BNL

Conference Staff

Meeting Planner

H. Edwards, FNAL
J. Hinkson, LBL

F. R. Huson, TAC
G. Jackson, FNAL
R. Jayakumar, SSCL
C. Joshi, UCLA

T. Katsouleas, USC
Y. Kimura, KEK

L. Klaisner, SLAC
H. Klein, Goethe Univ.
M. Knott, ANL

S. Krinsky, BNL

S. Kurokawa, KEK
R. Kustom, ANL

K. Leung, LBL

G. Loew, SLAC

P. Lucas, FNAL

Conference Treasurer
Companions’ Suite Coordinator
CEBAF Tour Coordinator
Conference Administrator
Executive Assistant

Industrial Exhibits

Proceedings and Publications
Conference Editor

Proceedings Compiler

Photography

J. Madey, Duke

P. Mantsch, FNAL

J. Marriner, FNAL

J. McGill, SSCL

J. Nation, Cornell

D. Neuffer, CEBAF
D. Olsen, ORNL

H. Padamsee, Cornell
R. Pollock, Indiana
D. Proch, DESY

D. W. Reid, LANL
M. Reiser, Maryland
J. Rosenzweig, UCLA
R. Ruth, SLAC

J. Seeman, SLAC

R. Shafer, LANL

PJ Meals

Julia B. Leverenz
Sarah Ingels
Tammy L. Hudson
Yvonne B. Casalino
Annie Soltys

R. Sheffield, LANL

G. Shenoy, ANL

K. Shepard, ANL

S. Simrock, CEBAF
C. Sinclair, CEBAF

P. Sprangle, NRL

J. Strait, FNAL

R. Sundelin, CEBAF
D. Sutter, DOE

M. Syphers, SSCL

J. Watson, SSCL

G. Westenskow, LLNL
K. Whitham, Titan Beta
F. Willeke, DESY

E. Willen, BNL

R. Witkover, BNL

Trade Associates, Inc. (Rockville, Md.)

Steven T. Corneliussen
Linda Carlton

Twin Lens Photo (Silver Spring, Md.)

Credits: Supplemental photographs by Stanford Linear Accelerator Center. Concept for conference
poster and publications covers by Juliet A. Rake; satellite image by SPOT Image Corp., Reston, Va.




The 1993 Particle Accelerator Conference

The fifteenth biennial Particle Accelerator Conference met May 17-20, 1993, in Washington, D.C., at the Omni
Shoreham Hotel. Previously, the first, second, third, sixth, ninth, and twelfth of the series were also held at the Shoreham,
and once again this site proved especially well suited for the interdisciplinary exchanges that are at the heart of the gathering.
Since its inception in 1968, the conference had been organized under the auspices of the Institute of Electrical and Electronics
Engineers. With the 1993 conference, the American Physical Society Division of Physics of Beams has joined with the IEEE
Nuclear and Plasma Sciences Society in co-sponsorship. A memorandum of understanding has been signed to continue this
relationship for future years. The support of these two major professional organizations gives the Particle Accelerator
Conference a unique breadth of perspective and full recognition in both the engineering and physics communities.
Conference attendance, although somewhat lower than that of the 1991 San Francisco meeting, exceeded 1300, including
about 300 from outside North America. This year's 1291 papers set a record.

The Opening Plenary Session began with C. H. Llewellyn Smith’s incisive talk on the “Frontiers of High Energy
Particle and Nuclear Physics,” which highlighted successes and limitations of the standard model as well as the puzzle of the
baryon number of the universe and the experimental challenges of the Higgs, CP violation, and quark-giuon plasmas. Then
B. Wiik described the very fruitful first year of HERA operations, notable for excellent beam-beam tune shift stability and
physics data of remarkable clarity. After the intermission, Paul Horn of IBM startled the audience with his frank comments
on the frailty of a national competitiveness argument for justifying the construction of large accelerators. Although listeners
were far from convinced, Horn’s comments generated healthy discussion throughout the meeting. On a more positive note,
the closing talk of J. Kirz on “Soft X-Ray Microscopy with Synchrotron Radiation” clearly demonstrated with fascinating
photomicroscopy of biological systems the value of accelerator technology for applications outside physics research.

The program followed a new set of topical categories that stressed the commonalities of the underlying accelerator
technology and the evolution of accelerator science in recent years. In general, talks and poster papers were arranged by
accelerator types rather than energy. A half-session dedicated to accelerator control systems was very well attended During
the Photon Source parallel session, the spectacular speed in commissioning and reaching beam performance milestones at the
Advanced Light Source at Berkeley, the European Synchrotron Radiation Facility at Grenoble, and the SRRC in Taiwan was
reported. The Advanced Accelerator Concepts presentations included John Blewett's R. R. Wilson Prize account of his
involvement in many innovative accelerator developments during his career and C. Clayton's report on successful high-
gradient acceleration with plasma beat waves. S. Schultz discussed the possibilities of photonic band-gap structures for
particle acceleration. In the Magnet session, K. Halbach explored novel uses of permanent magnets, and R. Scanlan
discussed advanced superconductors that exhibit very high critical current. Radioactive beam production and applications
were overviewed by J. D’ Auria and G. Alton. During the Multiparticle Beam Dynamics Session, R. Ryne explored the
profound impact that massively parallel processors will have on 3-D simulation within the next few years. These are among
the very many fine papers which can be found in this proceedings.

During the banquet awards ceremony, the IEEE PAC Technology Awards went to T. Collins for his invention of the
long straight section and his lattice designs for Fermilab, and to L. Anderson and Y. Mori for their invention of the optically
pumped negative hydrogen ion source. The APS R. R. Wilson Prize was presented to J. Blewett for his contributions to
synchrotron radiation physics, alternate gradient focusing in linacs, and other developments in machine design and
construction. J. Palkovic received the APS dissertation award, and R. Sheffield, J. Fraser, and M. Ross accepted awards from
the U.S. Particle Accelerator School for achievements in accelerator physics and technology. New fellows of the APS and
IEEE were also announced. The political satire group Capitol Steps entertained at the banquet and had the courage to present
their “science nerd” routine to an audience of physicists and engineers.

The first part of the Closing Plenary Session comprised progress reports on large-scale initiatives: the Japanese B-
factory and linear collider programs, the Large Hadron Collider at CERN, and the U.S. Supercollider. The final two tatks
explored more fundamental aspects of accelerator technology and its limits. R. Jameson discussed the mechanisms for halo
formation in the high-current hadron linacs that are required for applications such as nuclear waste transmutation. For these
machines, low residual beam loss is critical to prevent machine activation. M. Tigner closed the conference by delineating
the fundamental limits on usable beam energy and luminosity for high energy physics that are implied by falling cross
sections and rational electrical power budgets. The path to a PeV collider appears difficult.

The accelerator community experienced the loss of three of its most productive and creative talents during this past
year, and their colleagues took the opportunity of the conference to honor them. The Single-Particle Beam Dynamics session
was dedicated to the memory of L. Jackson Laslett, who laid the foundation of much of our understanding of nonlinear and
collective phenomena in accelerators. The Multiparticle Beam Dynamics session was dedicated to the renowned beam
dynamicist 1. M. Kapchinskiy, and his last paper was presented by his co-worker N. V. Lazarev. During the awards
ceremony, H. Winick accepted G. Fischer's APS Fellowship certificate and commented on his many contributions, including
his most recent work on understanding the effects of tidal forces on LEP.

C. W. Leemann J. J. Bisognano
Conference Chair Program Chair
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HERA Operations and Physics
B. H. Wiik
University of Hamburg and
Deutsches Elektronen-Synchrotron DESY
Notkestrasse 85 - 22603 Hamburg, Germany

Abstract

HERA is designed to collide 820 GeV protons with
30 GeV electrons in 4 interaction regions spaced equidistant
around its 6.3 km circumference. The initial commissioning
of the HERA collider was successfully completed in the
summer of 1992 with the start up of the experimental
programme. In the talk I’ll first focus on the performance of
the accelerator and on the operational experience. At present
two general pupose detectors H1 and ZEUS have been
installed in two of the four interaction regions of HERA. I'll
briefly review the layout and the performance of these
detectors and then report on the first physics results. At the
end I'll comment on a possible fixed target programme at
HERA using targets installed in the circulating electron and
proton beams.

I. INTRODUCTION

Last year the electron-proton collider HERA [1] and its
large multipurpose detectors H1 [2] and ZEUS [3] made the
transition from a virtual to a real source of data on electron-
proton interactions in a new, greatly expanded kinematic
region.

The HERA project is a truly international effort. It was
built within the framework of a collaboration where
institutions in 10 countries contributed either componeats
built at home or delegated skilled manpower to work on the
project at DESY. Also the large detectors H1 and ZEUS have
been built and are exploited by international collaborations.
Only some 25% of the 750 physicists presently involved in
the programme are from German institutions while the
remainder comes from 69 institutions in 15 countries,

Data taking by H1 and ZEUS started at the end of May
1992 and continued to November 8, with a 7 weeks shutdown
in Angust and September. The remaining time until early
December was used for machine studies.

During this period a total, integrated luminosity of
58 nb~1 was delivered to each of the experiments and data
corresponding to some 30 nb-1 were recorded.

Both experiments functioned from the outset and they
bave already analyzed and published a series of papers on
deep inelastic scattering at low x [4,5], on photo production
[6,7] and on the search for new particles [8,9].

The winter shutdown 92/93 has been used to upgrade the
control system and to prepare HERA for multibunch
operation. Improvements to the detectors and to the data
acquisition system have also been made.

0-7803-1203-1/93$03.00 © 1993 IEEE

Il. HERA
2.1 Overview

HERA is made of two independent accelerators designed
to store respectively 820 GeV protons and 30 GeV electrons
and to collide the two counterrotating beams head on in four
interaction regions spaced equidistant around its 6.5 km long
circumference.

The layout of the accelerator complex is shown in Fig. 1.

Fig. 1.
The layout of the HERA accelerator complex.

The general purpose detectors H1 and ZEUS are installed in
straight section North, respectively South. In straight section
East the HERMES experiment, designed to scatter
longitudinally polarized electrons on polarized H, D and He3
targets installed in the internal electron beam, will be
installed. An experiment, designed to measure the CP
violation in the bb System, usiug an internal wire target in
the halo of the proton beam, is being considered. If approved,
this experiment will be installed in straight section West.

2.2 The HERA Electron Ring

The injection into the electron ring works well with an
efficiency of roughly 80%.




The design energy of 30 GeV was reached using the
normal and the superconducting RF system [10] in parallel.
However, to have sufficient safety margin in the case an RF
station is lost, the HERA operating energy was chosen to be
26.7 GeV.

The superconducting RF system is made of 16 four cell
superconducting 500 MHz cavities assembled pairwise into 8
cryostats. The S.C. RF system has now been in operation for
some 10000brs. It has been very reliable and it provides
nearly a third of the total circumferential voltage of 160 MV.

During the 1992 run the maximum current which could be
stored with lifetimes on the order of a few hours was limited
to roughly 3 mA at 26.7 GeV. This limit may have been due
to dust particles trapped in the strong field of the circulating
electron beam. Using the proton loss monitors, the beam loss
was traced back to two vacuum chambers hit by synchrotron
radiation from a reverse bend magnet. Replacing these
vacuum chambers seems to have solved the problems. A total
of 27 mA have now been stored in 100 bunches compared to
the design value of 60 mA in 210 bunches.

A 5 MHz bandwidth multibunch feedback system needed
to control coupled bunch instabilities, has been installed and
successfully commissioned.

The observed transverse beam polarization [11] is shown
in Fig. 2 as a function of synchrotron tune and beam energy.
The buildup time of 25.8 min is consistent with the measured
masimum beam polarization of 58 + 5%. A high polarization
can be achieved routinely.
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Fig. 2.
a) The transverse electron beam polarization as a function of
time. The build up of transverse polarization is easily seen.
b) Beam polarization during a long storage.

2.3 The HERA Proton Ring

The operation of the HERA proton ring has been greatly
eased by the reliability and the stability of the accelerator. In
particular the refrigerator and the superconducting magnet
system have been extremely reliable.

~

A total of 2156 superconducting magnets and correction
coils are installed in the HERA proton ring. None of the
magnets in the ring had to be removed during 2'% years of
operation. Only a few beam induced and no spurious
quenches have been observed.

The field quality of the superconducting magnets is
seriously affected by persistent magnetization currents.
However, the strength of persistent current multipoles vary
little from magnet to magnet and are well reproducible and
can hence be compensated by correction coils wound directly
on the dipole and quadrupole beam pipes.

In order to determine the required strength of the
correction elements at injection and during acceleration, the
dipole and sextupole fields are measured continously in two
superconducting reference magnets, powered in series with
the ring magnets.

The proton beam lifetime at injection is on the order of
10hrs after a careful cycling of the magnets and after
correction of persistent current multipoles using the scheme
outlined above.

The geometric acceptance is larger than 2 x mm mrad and
the dynamic acceptance is of order 1 * mm mrad. The design
value of the unnormalized 20 transverse emittance is 0.5 n
mm mrad at injection. Including magnet cycling the proton
filling time is roughly 1 hour,

The proton injection efficiency is of order 95%.

Only small beam losses occur during the acceleration
cycle from 40 GeV by 820 GeV. The single bunch current is
limited to 4 - 1010 protons/bunch compared to the design
value of 1011 protons/bunch. So far at most 160 proton
bunches with low currents have been stored. With 90 bunches
a total of 17 mA have been stored compared to the design
value of 160 mA in 210 bunches.

The measured proton lifetime at 820 GeV for 10 bunches
each with 25% of its design intensity is several weeks. The
measured normalized 20 emittance is on the order of
25 n mm mrad in agreement with the design value.

2.4 Colliding Beams

The luminosity is measured wusing the
bremsstrahlungs reaction e+p=e+y+p with the electron and
the photon detected in coincidence. A maximum luminosity
of 2.5 - 1029 cm-2s-1 with 9 bunches in each beam has been
observed corresponding to 25% of the design luminosity per
bunch crossing. The observed proton tune shifts are close to
their design values of 0.001, wheras the electron tune shifts
are a factor of two below design.

During the 1992 run the number of electron bunches was
limited to 10 by the maximum electron current which could
be stored in the ring. This limit has now been raised to
27 mA corresponding to 100 bunches at design current. A
total of 160 proton bunches has been stored in HERA, The
number of protons per bunch has so far been limited by the
proton in‘ectors and by losses during beam transfers to 25%
of the design value.




number of colliding bunches to 100 in each ring with the
same bunch currents as in 1992 This would yield a peak
luminosity of order 2- 1030cm2s°1,

The proton beam lifetime is strongly dependent on the
transverse dimensions of the electron beam and is maximized
when the cross sections of the two beams match at the
interaction point and the beams are well centered. The values
of the B-functions at the interaction point has been adjusted
to match the transverse size of the two beams. Under these
conditions the proton beam lifetime is of order 50 hours
compared to a typical 4 hour lifetime of the electron beam.
Thus in general protons are filled once every 24 hours wheras
electrons are dumped and reinjected every 4 to S hours.

The stored currents, luminosity and the specific
luminosity as measured using the H1 luminosity detector is
plotted in Fig. 3.
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Fig. 3.
The stored currents, the luminosity and the specific
luminosity as measured by the H1 detector as a function of
storage time.

The specific luminosity, defined as L /[ -1, is a
measure of beam overlap and transverse beam dimensions.
Wheras the luminosity drops by a factor of 2 during the 9
hours storage time the specific luminosity remains nearly
constant. This demonstrates the stability of the two rings and
that the proton beam emittance remains constant over the fill,
It also demonstrates that the proton beam emittance is not
strongly influenced by noise in the electron beam - i. e. there
is negligible cross talk between the two beams.

I11. THE PHYSICS
3.1 Introduction

In a deep inelastic electron-proton collision the incoming
electron interacts directly with one of the quarks in the proton

In the 1993 run we thus expect to be able to raise the by means of a spacelike current, charged or neutral. This

results in a very simple final state topology. The struck quark
will materialize as one or several jets of hadrons whose
momentum components transverse to the beam axis are
balanced by the transverse momentum of the final state
electron (or neutrino). The remainder of the proton will
appear as a sharply collimated jet of hadrons travelling along
the initial proton direction.

This event topology is indeed observed at HERA as
shown for a neutral current event e+p—e+X in Fig. 4.
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Fig. 4.
Deep inelastic neutral current event observed by the ZEUS
detector at HERA.

A deep inelastic process is described in terms of

-Q%* =(k-k’) and v-p%p

where the fourmomenta of the incident lepton, the final state
lepton and the incident proton are denoted by k, k’ and p.

Often the scaled variables x=Q2/2mv and y'%max are

used With HERA, present maximum values of Q=
GeV2 and v = 400 GeV which are available in fixed target
experiments can be extended by nearly two orders of
magnitude to Q2 and v values of order 30000 GeV2 and
40000 GeV.

A complete up-to-date discussion on HERA physics can
be found in reference 12,

3.2 Physics Results
3.2.1 Deep inelastic neutral current events
The kinematic region in 1/x and Q2 available to HERA

and to a 600 GeV muon beam incident on a proton at rest is
plotted in Fig. 5.
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Fig. 5.
The kinematic region in 1/x and Q2 available at HERA and
with a 600 GeV muon beam incident on protons at rest. The

perturbative and non-perturbative domains are separated by a
transition region.

The kinematic region can be divided into three main
areas: a QCD perturbative region located in the lower right
hand corner at moderate x and large Q% a non-perturbative
region in the left hand upper corner and a transition region in
between.

At low x-values the structure functions are dominated by
the gluon distribution function xG(x,QZ). Extrapolating
xG(x,Qz), as determined in the perturbative region, towards
small x for constant Q2 leads to a steeply increasing function
that violates unitarity, Since the gluon density incrcases with
1/x, the gluon-gluon interaction can no longer be neglected

although the gluon-gluon coupling o,(Q?) is still small. In
this transition region one may be able to use the parton
language and the behaviour of the structure functions may be
described by adding a recombination term to the perturbative
evolution equations.

A further extrapolation in 1/x yields a very dense partonic
system. Although the coupling constant is still small the
effective interactions are strong due to the high parton
densities. In this region the perturbative approach breaks
down and the parton picture may not be applicable.

At HERA the structure functions can be explored down to
x-values of 104, a factor of 100 below the region available
in fixed target experiments. Both experiments reports data on
e+p—e+X. The details of the experiments and the data
reduction can be found elsewhere {4,5]. The formfactor

F,(x,Q0%) measured by the H1 collaboration is plotted in

Fig. 6 versus x for Q2 = 15 GeV2 and Q2 = 30 GeVZ2. Note
the rise in the formfactors towards lower values of x,
reflecting the increase in gluon density.
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The formfactor F,(x,Q") plotted versus x for

02 =15 GeV2 and Q2 = 30 GeVZ. The data are from the
H1 collaboration.

3.2.2 Phatoproduction

The photon is a particle with unique properties. On the
one hand it is a fundamental gauge boson with well defined
couplings to basic fermions and gauge bosoas, on the other
hand, part of the time the photon behaves like a strongly
interacting vector boson. For larger values of p,, the photon
interacts indeed dominantly via its hadronic constituents,
quarks and gluons, yielding resolved photon events. The total
photon-photon section has previously been studied for center
of mass energies up to 18 GeV. Both experiments reports
[6,7] data on the total photoproduction cross section:

H1 quotes at a c. m. of 200 GeV:

o, (yp) = (150 = 15(stat.) £ 19(syst. ))ub
ZEUS reports at a c. m. of 210 GeV:

o,(Yp) = (154 £16(stat.) = 32(syst.))ub.

The data are in good agreement with predictions
based on Regge models and show an increase with energy
similar to that observed in the p-p total cross section.

The hadronic character of the photon can also be observed
directly in the final state. A pointlike interaction between the
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quark and the photoa will in general yield two jets of hadrons
from quark fragmentation. If the photon interacts via one of
its hadronic copstituents then we will observe, in addition to
the two hadron jets at large angles also a jet along the
incident electron direction resulting from the fragmentation
of the remains of the photon. Lego plots, showing the two
classes of events, are depicted in Fig. 7.
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Fig.7.
Deposited energy in photoproduction events as a function of

q and n =~ -1ntan 9£ measured by the ZEUS collaboration.

The occurance of resolved photon events have been
confirmed by a detailed analysis [6,7].

3.2.3 Search for new particles

HERA is ideally suited to search for leptoquarks, exotic
particles with mixed electron baryon quantum numbers.
Leptoquarks occur naturally in composite models in which
leptons and quarks are made of common building blocks and
in various technicolour models. Particles with mixed baryon-
lepton gaantum numbers also occur in certain classes of
supersymmetric models. The favoured leptoquark decay
mode is into an electron and a quark jet.

Leptoquark production will thus lead to a neutral-current
type final state and will show up in the x-distribution of
neutral-current events as a bump at
x=(Mass of Leptoquark)?/(Center of Mass energy)>

Both groups quote mass limits [8,9] as a function of the
electron-quark coupling constant. Assuming this coupling

strength to be of order ¢ = Jano, the experiments find that

the mass of an (eu)-bound state must be above roughly
170 GeV depending somewhat on the helicity structure of the
eu coupling.

3.3 Fixed target experiments

HERA offers the intriquing possibility of carrying out
high luminosity, high duty cycle experiments by using
internal targets in both the electron aud the proion beam.

The aproved HERMES experiment plans to use the
longitudinally polarized electron beam incident on a
polarized H, D or He® gas jet target to investigate the nucleon
spin structure. Given the good duty cvcle the experiments can
measure the scattered electron in coincidence with the
hadronic final state.

The ARGUS collaboration are investigating the
possibility of doing fixed target b-physics at HERA by
positioning a thin wire target in the halo of the proton beam.
Indeed, early studies using an internal target at HERA have
given promising results. Although the primary goal is to

measure the CP-violating parameters in B® — %, K? channel

a series of other experiments on B physics can also be carried
out.
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Nonlinear Beam Dynamics Experiments at the IUCF Cooler Ring

S.Y. Lee
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Abstract

Results of nonlinear beam dynamics experiments at the
IUCF Cooler Ring in past two years are discussed. Our
experiments include studies on (1) betatron motion at 1-D
resonance island, (2) linear coupling correction, (3) Hamil-
tonians determined experimentally from 2-D difference and
sum resonances, (4) longitudinal phase space tracking, (5)
beam response to rf phase modulation, (6) beam response
to «f voltage modulation, (7) synchro-betatron coupling
induced by dipole field modulation and (8) attractors of a
weak dissipative Hamiltonian system.

1 INTRODUCTION

There have been many nonlinear beam dynamics experi-
ments in the past. [1-5) The beam-beam interaction Ex-
periments at Novosibirsk VEPP-4 measured particle loss
and lifetime at various nonlinear resonance conditions and
similar experiments at the SPS observed large background
in detector area when a high order resonance is encoun-
tered. [1] More recently, due to advances in electronics,
large amounts of data can be recorded for post analysis,
where the Poincaré maps becomes a powerful tool in the
study of nonlinear dynamics. [3-5] Nonlinear perturbs-
tions in the accelerator include sextupoles, octupoles, and
higher order multipoles. These anharmonic terms usually
do not significantly perturb the particle motion in phase
space except when the betatron tunes are near to a res-
onance condition with my, + nv, = £ (m,n, ¢ integers),
where the Poincaré map deviates from a simple ellipse.
This paper reports highlights of recent nonlinear beam
dynamics experiments performed at the IUCF Cooler
Ring, which is one of recently completed storage rings with
electron cooling. [6] Fig. 1 shows the IUCF Cooler Ring
geometry. The lattice properties are C = 86.8 m, with
Ve = 3.8, v, = 4.8 and D, = 4.0 m. The beam rigidity
varies from 1 T'm to 3.6 Tm with proton kinetic energy
ranges from 45 ¢o 500 MeV. At 45 MeV, the revolution pe-
riod is Tp = 969 ns. The 95% emittance is electron cooled
to € ~ 0.3x mm-mrad with o, =~ 0.7 mm. The available
dynamical aperture is about 20x mm-mrad. There are
two rf systems capable of operating at harmonic numbers
from A = 1 to 13. Our experiment started in December
1990, when the cooler experiment CE22 was approved by
the Program Advisory Committee. The first test of ex-
perimental hardware was in May 1991. We completed 50
shifts of beam time in March 30, 1993 and are request-
ing 50 shifts for a new series of beam dynamics experi-
ments. Currently, our Lkardware/software can digitise 6D
phase space up to 256K turns. In past two years, we have
studied 3v,, 41, Ve — Vs, Vg — 2V, Vg + 21, transverse reso-
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Figure 1: The schematic drawing of the IUCF Cooler Ring.
The BPMs used are marked as PH or PV.

nances and studied longitudinal synchrotron Poincaré map
with rf phase modulation, rf voltage modulation and the
synchro-betatron coupling. From these experimental data,
we were able to derive nonlinear Hamiltonian at nonlinear
resonance conditions. [5-6] In section 2, the experimental
procedure and some results will be reported. Section 3 will
discuss future plan and conclusions.

2 NONLINEAR BEAM
EXPERIMENTS

Our experimental procedure started with a single bunch
being kicked transversely with various transverse angular
deflections, x, by a pulsed deflecting magnet within one
revolution or kicked longitudinally by rf phase shifter or
rf phase modulation or rf voltage modulation. The sub-
sequent beam-centroid displacement was measured by two
BPMs (four BPMs for both z and z degrees of freedom) for
betatron motion. The synchrotron motion was tracked by
1 BPM located at a high dispersion region with D, = 4.0m
for the momentum deviation and 1 WGM or a sum signal
with a phase detector relative to the rf wave to obtain the
synchrotron phase. The turn-by-turn beam positions were
digitised and recorded in transient recorders up to 256K
memory in 8 channels for the 6D phase space. The num-
ber of turns for the particle tracking can be increased by
digitising once in every P turns (the rate divider), where
P varies from 1 to 99. Important issues in these experi-
ments are (1) the stability of beam closed orbit and be-
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Figure 2: Poincaré maps at third order resonance.
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Figure 3: The Poincaré map at the fourth order resonance
(left) is shown in the inset. The effect of the linear coupling
motion is shown as a winding motion around an island fixed
point. The Poincaré map after linear coupling correction
is shown on the right.

tatron tunes, (2) the resolution of beam position monitor,
(3) linearity and dynamical range of the amplifier, (4) dig-
itization bandwidth for the time resolution and (5) careful
preparation of the beam condition. Depending on physics
issues, the available memory can be also important. For
most of electron storage rings, the damping time is of the
order of milliseconds and the betatron amplitude decoheres
in hundred revolutions, the amount of memory buffer is not
important. For the study of diffusion process in the hadron
storage ring, large memory becomes necessary.

Besides hardware issues, beam properties in storage
rings are also very important in nonlinear beam dynam-
ics experiments. To better simulate single particle motion,
nonlinear beam dynamics studies prefer a small emittance
beam. The BPM measures the centroid of the charge dis-
tribution. With a smaller beam size, dynamics of reso-
nance islands can be explored. The oscillation frequencies
inside the island can be measured. The effect of betatron
decoherence is smaller for smaller beam size also. When
the bunch of particles is kicked to a large betatron ampli-
tude, particles with different betatron tunes decohere in
the betatron phase space. Although each particle may re-
main in a large betatron amplitude of a hollow beam, the
centroid of the bunch becomes zero due to decoherence,
which limits the number of measurable turns. Another
important issue is the linear coupling, which may not de-
stroy the island but it will mess up the interpretation of

nonlinear experiments. Besides, linear coupling is also an
important topic in nonlinear beam dynamics experiments,
where careful measurement of v, 4+ v, = n resonance re-
mains to be seen.

The conditions for most of our experiments were h =
1, n =~ —0.86, ¢o = 0. We chose an rf voltage of 41 V to
obtain a synchrotron frequency of about 262 Hz 10 ordcr to
avoid harmonics of the 60 Hz ripple. Sometimes, we chose
fsyn = 540 Hz in order to improve the resolution of the %2
measurement.

2.1

The Hamiltonian for particles encountering a single reso-
nance, myv, + ny, = £, m > 0, is given by

Transverse Beam Dynamics Experiments

Iml Iaf
H = Ho(Jz,J:)+gJ:* J:* cos(més +nd, — 0+ x) (1)

where g is determined by nonlinear elements in the ac-
celerator. The unperturbed Hamiltonian Hy, is given by
Ho(J1,J2) = u,,oJ,+V,oJ,+%auJ3+a”J,Jz+§aqu+
-+-. The Hamiltonian in the single resonance approxima-
tion is integrable. Particle trajectories follow invariant tori
of the Hamiltonian flow.

A special class of the above Hamiltonian is a 1D para-
metric resonance, i.e. my; = £ or nv, = £. Most pre-
vious experiments [2-4] was set up to study these reso-
nances, where stable regions of phase space around sta-
ble fixed points (SFP) are called islands. The beam was
kicked onto a resonance island to study properties of the
Hamiltonian flow. With a small emittance beam, de-
talls of island motion could be studied. Fig. 2 shows
the Poincaré maps at the third order resonance condi-
tion. The Hamiltonian for third order resonance is given

by, H = 6, + Yas.J2 + ZLLF cos(3(4, + X)), where

¢ is the betatron phase, § = v, — %, with £ integer, and

Fei3 = [ ﬂgl 2%"-6"3*"ds with B” as the 2nd derivative

of the magnetic field. The relative magnitude of F and
auJi-/ % determine the characteristics of the 3rd order res-
onance islands. For a third order slow extraction process,
a small detuning parameter and good linear coupling cor-
rection are important in achieving high efficiency.

The fourth order 1D resonance data (inset) is shown on
the left side of Fig. 3. Because of the linear coupling, the
Poincaré map winds around fixed points of a resonance
island. The linear coupling at the IUCF Cooler may arise
from the solenoidal field at the electron cooling section.
Averaging the winding motion of linear coupling reveals
an ellipse around an island’s fixed point. [4] Eliminating
the linear coupling with skew quadrupoles, the right side
of Fig. 3 shows the fourth order resonance Poincaré maps
(4], which give greater precision in predicting the nonlinear
Hamiltonian of the synchrotron.

On the 2D v,—2v, = —6 resonance, Fig. 4 shows the char-
acteristic z, z nonlinear coupling resonance data vs revolu-
tion number. The corresponding FFT spectrum exhibits
typical nonlinear coupling sidebands. Tranforming the 2D
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Figure 4: The measured z and z position vs turn number
are shown for the experiment at v; — 2v, = —6 resonance
condition. The Poincaré map in the resonance frame is
shown on the right.

data in the resonance frame, i.e. (v/J; cosd, V/Jz sin ¢1)
with ¢, = ¢, — 2¢,, the Poincaré maps in resonant frame
becomes invariant tori. These data, shown in Fig. 4, was
used to derive the 2D Hamitonian experimentally. [4] Al-
though the aperture may be reduced because of the energy
exchange between horizontal and vertical planes, the differ-
ence resonances are intrinsically stable. On the other hand,
particle motion is unstable at a sum resonance, where the
beam intensity becomes too low to make any meaning-
ful measurement. A ferrite Panofsky quadrupole (7] was
constructed to change the betatron tunes in 1 us so that a
beam bunch with reasonable intensity is tracked at the sum
resonance condition. Parts of our successful initial results
at vy + 2v, resonance are reported in these proceedings.

4

2.2 Longitudinal Dynamics Experiments

Longitudinal beam dynamics experiments are also impor-
tant. The phase space cooidinat&s, (¢,6), with the nor-

. _ A .
?allzed off momentum § = ;?--pl, obey the mapping equa-
ions,

bng1 = On + 27056, + Ap(0), (2)
Sapt = bn —210y(1 + A(0))Sin fngy — 4—"36,,, 3)
where the orbital angle 8 is used as the time variable,

Ap(8) is the rf phase error, A(f) is the rf voltage error,
and « is the phase space damping coefficient due to elec-
tron cooling at the IUCF Cooler Ring. The damping time
for 45 MeV protons was measured to be about 0.4 sec or
a = 2.5s~! at an electron current of 0.75 A. Thus o € w,.
The rf phase and voltage errors can arise from the noise of
power supply or external modulation in the rf system, or
from synchro-betatron coupling. The SB coupling is im-
portant to electron storage rings, where the fractional parts
of the synchrotron and betatron tunes are of the same or-
der of magnitude. For the SSC, where the synchrotron
frequency varies from 7 Hz at injection energy to 4 Hz
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Figure 5: The response of sinusoidal modulation to the rf
phase for 22 and ¢ vs revolutions are shown on the left
frame. The measured peak ampiitude and the modulation
period is shown as a function of the modulation frequency.

at 20 TeV, SB coupling may arise from ground vibration.
At RHIC, the synchrotron frequency ramps through 60 Hz
around 17 GeV/c for heavy ion beams, SB coupling may
result from power supply ripple.

To understand the dynamics of synchrotron motion in
the presence of phase or voltage errors, we examine first the
Hamiltonian. Neglecting the damping term (a = 0), the
synchrotron equation of motion, can be derived from the
Hamiltonian, H = 10,62+ v,(1+ A(6))[1- cos 4]+ 6A¢(6).
Let us transform the phase space coordinates, (¢,6), into
(6,8) by Fy(,8) = (¢ — Agp())8. The new Hamiltonian
becomes, H = 1,8 + v,(1 + A(0))[1 ~ cos($ + Ap(0))],
where the potentlal energy term is now independent of the
momentum variable. The phase coordinate 4 is relative to
the revolution frequency.

Consider now the case that both the phase and the volt-
age errors are small and sinusoidal, i.e. Ap = viacosvyf
and A = esinvyf with a,¢ « 1. The Hamiltonian sys-
tem can be expanded in terms of the action-angle of the
unperturbed Hamiltonian, i.e. J = 3 § §dé. For our ex-
periments with a small action, J < 2, the action-angle
canonical transformation can be carried out approx1mately

by the generating function, Fi(¢,9y) = —L tany with
¢ = V2Jcos¥, § = —v/2Jsinyy. The new Hamxltoman

can be approximated by,

HzVsJ—"Vi-]z-f-AHo-{-ZAHét).{_ZAH(i) 4)

2k+1°
16 k=1

The corresponding perturbed synchrotron tune is given by
by v, (1~ %), which is a good approximation to the exact
synchrotron tune up to about J = 2.5. The nonlinear res-
onance terms arising from the unperturbed Hamiltonian,
AHo = vs[—4cos2y— 2377 (- )¢ J2k (V2T cos 2ky), are
not important because v, < 1073 is a small number so that
the resonance condition occurs at 2ky, = integer with a
large k, where the resonance strength, proportional to Ja,
is very small. Here Jo; are Bessel functions of the first

kind.
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The Hamiltonian due to the external modulation induces
parametric resonances at harmonics of the synchrotron fre-
quency, i.e.

AH®) = { (=)eav, Jae4+1(V2J) sin(1y6 + (2k + 1)¥)
" (=) v, Jor (V2T ) sin(vqf + 2k9).

&)
The resonances due to external modulation are some-
times called parametric resonances. The resonances due
to the voltage modulation are located at even multiples
of the synchrotron harmonics and the resonances due to
the phase modulation are located at odd synchrotron har-
monics. When the modulation frequency, v; or vy, equals
to the multiples of the synchrotron frequency, the coher-
ent kick due to resonance condition dominates the beam
dynamics. Making the canonical transformation to the
resonance precessing frame with the generating function,
Fo(¢,J) = (Y — %= — -)J, the time averaged Hamilto-
nian becomes,
{—’6—.]2 - V,fJn(\/ﬁ) cos(ny), (6)
where J, is the Bessel function, f, aside from a possible
+ sign, stands either for ¢ or ¢ and v, stands either 1
or v5. The particle trajectory will be located on the tori
of the time independent Hamiltonian flow. The longitu-
dinal Hamiltonian is therefore almost identical to that of
the transverse resonant Hamiltonian of Eq. (1). Hereafter,
we drop the tilde notation for simplicity. Since the Hami-
tonian in Eq. (6) is time independent, it is a constant of
motion. The particle trajectories, obeying the Hamilton-
Jacobi equation,

(H) = (v = 22)] -

J = -2nn'u,c(2J)"/2 sinny, U
- Umy Vs UfJL(V2])
v = (vy— - ) - 3 J o] cosny, (8)

are tori with constant Hamitonian values. The fixed
points, which determine charachteristics of tori, are given
by J =0, ¢ = 0. There are in general n stable (SFP) and
n unstable (UFP) fixed points. (There is a possible extra
fixed point at J = 0 arising from the unperturbed Hamilto-
nian). The Hamiltonian flow corresponds to a torus about
an SFP.

For illustration, we consider the lowest order parametric
resonance al ¥, = v, due to the rf phase modulation.
Using g = V2J cosp with ¢ = 0 or 7 as the rf phase
coordinate of the fixed point, the equation for g becomes,

(9)

which has three possible solutions at modulation frequen-
cies below the critical frequency v, called the bifurcation
frequency given by v, = v,[1 — %(4a)*/3]. When the mod-
ulation frequency is below v., there are two SFPs and one
UFP. Beyond the bifurcation frequency, only the outer SFP
exists.
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Figure 6: The response of the bunch at 42° initial phase
kick to the sinusoidal modulation at a modulation ampli-
tude of 1.3°. The Poincaré map of (4, ) is shown on the
left frame and the Poincaré map in the resonance frame on
the right

At the IUCF Cooler Ring, we measured Poincaré maps
of the beam with phase or voltage modulations. [5] When
the bunch is kicked with an rf phase shift, the synchrotron
tune, measured as a function of the synchrotron amplitude,
was found in excellent agreement with theory. When the rf
phase is modulated sinusoidally, the response of the bunch
motion located initially at the origin shows characteristics
of parametric resonant system (Fig. 5). The modulation
period shown in Fig. 5 characterizes the tune of the motion
about an SFP. The modulation amplitude characterizes the
intercept of the torus with the phase axis. The peak re-
sponse and the peak modulation period occur at the same
modulation frequency, which reflects the condition that the
separatrix of these two resonant islands pass through the
origin of the rf bucket, which is the initial condition of the
beam. Figure 6 demonstrates that the reduction of the
Poincaré map in the resonance frame revealing indeed the
simplicity of the Hamiltonian flow of Eq. (6) from experi-
mental data.

The rf phase modulation may also arise from synchro-
betatron coupling. For proton storage rings, the syn-
chrotron tune is small, therefore synchro-betatron coupling
is usually not important. However dipole field modula-
tion at a non-zero dispersion function location can change
the circumference by AC = D.6(t). The corresponding
tf phase difference becomes, A¢ = 21rhAc.—C. In our exper-

iment, the maximum rf phase shift per turn was A¢ =
0.78 x 1038, [Gauss] radians. Because the synchrotron
frequency is much smaller than the revolution frequency in
proton storage rings, the phase errors of each turn accu-
mulate. The modulation phase amplitude is enhanced by
the factor 520-. In this run, the injected beam was cooled
and simultaneously modulated by a small dipole. A win-
dow frame ferrite dipole magnet was used to produce the
transvese dipole modulation. [7] The horizontal dispersion
function was D, =~ 4.0 m at the modulation dipole loca-
tion. The result is shown in Fig. 7, where the inset shows
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Figure 7: The inlet shows the trace of signal from a wall
gap monitor triggered by the rf frequency. The measured
phase amplitude of the outer beamlet is shown to compare
with the fixed points of the Hamiltonian.

the trace of the bunch shape accumulated on an oscillo-
scope. It appears that the beam split into two beamlets.
The phase amplitudes of the outer and the inner beamlets
measured from the oscilloscope and digitized phase detec-
tor are also plotted in Fig. 7, where lines are solutions of
Eq. (9). Because of the phase space damping due to elec-
tron cooling, particles in the phase space are trapped into
the islands of the resonant Hamiltonian. These beamlets
are observed to rotate about the center of the bucket at
the modulation frquency. Results from similar measure-
ments for the voltage modulation at v,, = 2v, indicate
that the beam split into three beamlets. The measured
phase amplitude of the outer beamlet agrees well with the
fixed point of the Hamiltonian (6). Data analysis of these
experiments will be reported shortly. [5]

3 CONCLUSION

Recent advances in fast digitizing electronics and also the
availability of small emittance storage rings offer us the
possibility of long term tracking of betatron and syn-
chrotron motion. Combined with recent advances in nu-
merical nonlinear beam dynamics methods of using the
Taylor map, Lie algebraic and canonical perturbation tech-
niques, nonlinear beam dynamics experiments are timely
and important in supporting, verifying and guiding theo-
ries. Our experiments indicates that indeed a particle mo-
tion in synchrotron obeys Hamiltonian flow. In particular,
the longitudinal phase space experiments reveals the sim-
plicity of invariant tori. They are simple and predictable.
Our results can therefore be used to set the tolerance for
high energy accelerators on errors associated with rf volt-
age and phase modulations, such as ground motion, the
power supply ripple etc.

The limitations of nonlinear beam dynamics experiments
rest on 1) finite beam size, 2) decoherence of betatron mo-
tion, 3) uncontroled tune modulation. These limitations
reflect however a realistic storage ring environment. The-
oretical calculations are usually limited by its difficulties
in predicting the realistic environment. Qur next phase of
experiments will begin with rf phase/voltage modulation
to create longitudinal island structure and study the par-
ticle motion when a vecond harmonic modulation at the
island tune is applied. However, transverse bearn dynam-
ics remains to be our major focus. With a successful sum
resonance experiment [4] by using the Panofsky quadrupole
for the tune jump, we will study 2-D resonances. We will
not forget the survival plot either. All these experiments
require careful planning and beam conditioning. These
difficult experiments have just begun to take place.
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Abstract

Many future linear collider designs require beams with
very small transverse emittances and large emittance ratios
¢z » ¢y. In this paper, we will discuss issues associated
with the preservation of these small emittances during the
acceleration of the beams. The primary sources of trans-
verse emittance dilution in a high energy linear accelera-
tor are the transverse wakefields, the dispersive errors, RF
deflections, and betatron coupling. We will discuss the es-
timation of these effects and the calculation of tolerances
that will limit the emittance dilution with a high degree
of confidence. Since the six-dimensional emittance is con-
served and only the projected emittances are increased,
these dilutions can be corrected if the beam has not fila-
mented (phase mixed). We discuss methods of correcting
the dilutions and easing the tolerances with beam-based
alignment and steering techniques, and non-local trajec-
tory bumps. Finally, we discuss another important source
of luminosity degradation, namely, pulse-to-pulse jitter.

Introduction

In this paper, we will discuss emittance preservation in
the linear accelerators of future linear colliders. Currently,
many groups around the world are designing the “next gen-
eration” of e~ /et linear collider which would have center-
of-mass energies ranging from 3 to 2 TeV [1]. Although
some designs are more extreme than others, they all spec-
ify beams with low emittances and a large aspect ratio
€z €y, t.c. flat beams. Parameters for the various designs
are listed in Table 1 and a discussion of the differences can
be found in Ref. 2.

There are three principal reasons for using low emit-
tance flat beams: first, the small emittances allow for small
spot sizes at the IP which is needed to achieve the re-
quired luminosity. Second, flat beams take advantage of
the natural asymmetry of the damping ring based sources
and of the final focus; quadrupole focusing is asymmet-
ric and a flat beam final focus is easier to design than a
round beam final focus. Third, for a given cross sectional
area and charge, flat beams generate less beamstrahlung
than round beams; the beamstrahlung increases the energy
spread and causes detector backgrounds. In fact, a simple
scaling suggests that very large aspect ratios are needed
at the higher energies of 1 to 2 TeV to keep reasonable
detector backgrounds {3].

Although low emittance flat beams are desirable from
the standpoint of the luminosity and the IP physics, there
is the obvious disadvantage that the low emittance beams
need to be generated and then the emi rinces must be
preserved during the subsequent acceleration and manip-
ulation. In this paper, we will discuss issues pertinent to
emittance preservation during the acceleration; these is-
sues, a8 well as issues relevant in the damping rings, are
described in more detail in Ref. 4.

#* Work supported by Department of Energy, contract DE-
AC03-76SF00515.
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Sources of Dilution

In a high energy linear accelerator, the principal
sources of emittance dilution or luminosity reduction are
conservative dilutions and pulse-to-pulse jitter. A conser-
vative emittance dilution arises when the transverse or lon-
gitudinal degrees of freedom become coupled. In this case,
the six-dimensional emittance is conserved but the pro-
jected emittances, which are the values relevant at the IP,
are increased. It can easily be shown that coupling of two
planes always increases the smaller of the two projected
emittances from the uncoupled value.

Thus, the primary sources of dilution in the linacs of
a future linear collider are:

o Dispersive errors: §—(v,v)
o Transverse wakefields: z — (y,¢)
o RF deflections: z—(v.v)
o Betatron coupling: (z,2") = (v, )
e Multi-bunch effects: z—(y,v)
e Pulse-to-pulse jitter: ¢t — (y,¥/)

Because the emittance dilutions are conservative, they can
be corrected, i.c., the emittance can be uncoupled, pro-
vided that the dilution has not filamented (phase mixed).
The filamentation occurs because the beam has a spread in
betatron oscillation frequency due to an energy spread in
the beam, space charge forces, ions trapped in long bunch
trains, elc.

Bare Machine Tolerances
It is straightforward to calculate alignment tolerances
assuming only simple 1-to-1 trajectory correction, i.e., the
trajectory is corrected to zero the beam position moni-
tors (BPMs) located at the focusing quadrupoles; we refer
to these tolerances as “bare machine tolerances.” Approx-
imate tolerances to limit the principal single bunch dilu-
tions to 25% of the design emittance with a 95% confidence
are listed in Table 2. Brief descriptions of the formula used
in these calculations can be found in Refs. 5 and 6 and more

detailed derivations can be found in Ref. 4.

The first tolerance is on the amplitude of a betatron
oscillation injected into the linac which will filament and
increase the projected emittance; this tolerance is sim-
ply related to the injected beam size specifies the mini-
mum BPM precision (reading-to-reading measurement jit-
ter) since the trajectory needs to be resolved at this level.
The second tolerance is that on random misalignments of
the quadrupoles and BPMs. With standard trajectory cor-
rection, the trajectory is deflected to follow these random
misalignments. This leads to anomalous dispersion and
wakefield errors since the beam is off-axis in the cavities.
The third tolerance is on the random misalignments of the
cavities which leads to wakefield dilutions and the last tol-
erance is on the rotational alignment of the quadrupoles
which leads to betatron coupling.

In all designs, these bare machine tolerances are very
tight and thus we must consider methods of correcting the
emittance dilutions. There are essentially two approaches:
non-local correction where the beam emittance is mini-
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Table 1. Parameters of future linear

collider designs for 500 GeV c.o.m.

CLIC |VLEPP| JLC NLC DLC |TESLA
vz [nmmrad] | 18 | 20 5.5 5 10 20
v¢y [mm-mrad] 0.2 0.08 0.08 0.05 1 1
Part./bunch [10'°)] 0.6 20 1.3 0.7 2.2 25
Bunches/pulse 4 1 20 90 172 1600
Rep. rate [Hz] 1700 300 150 180 50 12

Table 2. Bare machine tolerances for 25% ¢ dilution

Source CLIC | VLEPP

JLC NLC | DLC |TESLA

Injected betatron osc.
with BNS damping [3.5pm| 1.5um

0.7pum | 0.7pum | 7pm | 15um

BPM and quad.
misalignments 05um| 9.2um

b pm 4pm | 20pum | 50 pm

Accel. section
misalignments 0.4pm| 0.4um

1.4 pum Spum | 15pm | 300 gum

Quadrupole rotations | 1 mrad | 0.2mrad | 0.3 mrad | 0.3 mrad | I mrad | 1 mrad

!rrv]r1'v v'vvl'vu

T T | T
Nl B PP R

2260 2280 2300 2320 2340
S [meters]
Fig. 1 A non-dispersive bump (solid) compared
with a betatron oscillation (dashes); from Ref. 4.

Table 3. Non-dispersive bumps in the NLC
with 70 um RF structure misalignments

Uncorrected dilution 11.7%2 €40
Initial conditions (yo, ¥5) 9.8%1 ¢y0
2 Non-disp. bumps (near front) | 2.6+.2¢y0

4 Non-disp. bumps 1.44.1¢y
6 Non-disp. bumps 1.1+.02 ¢,0

mized at diagnostic stations and local correction where one
effectively attempts to re-align the linac.

Non-local € Correction
To perform non-local emittance correction, the linac
is interspersed with diagnostic stations where the beam
emittance is measured. Then, the emittance couplings are
removed using trajectory bumps to compensate the disper-
sive errors, transverse wakefields, and RF deflections, using
kickers or special structures to re-align bunch trains, and
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using skew quadrupoles to cancel the betatron coupling.
Because the dilutions cannot be corrected after they fil-
ament, the spacing between diagnostic stations must be
small compared to the filamentation length; in the NLC
design, the linacs need to be divided into four sections.

In the SLC, simple betatron oscillations are used to
reduce the effects of the wakefield dilutions [7], but, in most
future linear collider designs, both dispersive and wakefield
errors are important. Thus, one needs to have orthogonal
correction for the two effects. This is possible using non-
dispersive bumps to correct the wakefield tails and non-
wakefield bumps for the dispersive errors; a non-dispersive
bump is illustrated in Fig. 1.

Table 3 lists the average of twenty simulations of the
NLC where non-dispersive bumps were used to correct for
70 pm rms random accelerator section misalignments. The
average uncorrected diiution is over 1000%. As additional
pairs of non-dispersive bumps are added, pairs of bumps
separated by 90° in betatron phase are needed for orthog-
onal control, the emittance dilution is corrected to 10%
on average. Thus, the bare machine tolerance of 5 um on
the accelerator section alignment could be eased to a more
reasonable 70 um with this non-local correction.

The difficulties with this approach are: (1) the beam
emittance and tails need to be measured accurately to cor-
rect the dilution, (2) multiple stations are needed to pre-
vent filamentation of the dilutions, and (3) the technique is
sensitive to changes in the linac energy profile and quad-
rupole settings since it depends upon the phase advance
between the dilutions and the corrections.

Local ¢ Correction
Local emittance correction involves correcting the
emittance dilutions at their source, typically using infor-
mation from the BPMs and not from emittance measure-
ments. There are a few techniques that have been pro-
posed. To align the quadrupoles one can: (1) vary inde-
pendent power quadrupole power supplies as suggested in
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Fig. 3 Effectiveness of DF type correction ver-
sus the energy deviation or quadrupole scaling
(K/Ko) used. The curves correspond to cases
where the rms alignment of the BPMs rela-
tive to the quadrupoles is 20p.ec (s0lid), 100p,ec
(duhﬂ), md looc,,.c (dots)-

the VLEPP design, (2) use the beam-based alignment like
that used in the SLC [8], or (3) use specialized trajectory
correction techniques such as the Dispersion-Free (DF) or
Wake-Free (WF) techniques [9,10]. To align the acceler-
ating structures, BPMs could be build into the structures
with a very high accuracy as suggested in the CLIC de-
sign, or, the dipole wakefield, induced by the beam, might
be measured directly and then minimized.

In all cases, the best alignment that can be attained
is limited by the BPM precision (the reading-to-reading
jitter of the BPM measurement) and is roughly indepen-

ﬂ
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dent of the magnitude of the misalignments. To limit the
emittance dilution to 6% using these techniques, the BPM
precision in the VLEPP and CLIC designs must be roughly
Oprec ~ 100nm, while the JLC and NLC designs require a
precision of oprec ~ 1 pm and the DLC and TESLA designs
need Opree ~ 10 pm.

The SLC beam-based alignment technique has been
demonstrated experimentally (8] and there has been ex-
tensive simulation of the other approaches. Simulations
results using the VL_PP approach can be found in Ref. 1
while simulations using the DF and WF correction tech-
niques are described in Refs. 9-12. Results from one simu-
lation in the NLC are plotted in Fig. 2 where the quadru-
poles and BPMs were randomly misaligned with a 70 um
rms and the BPM precision was assumed to be 2 um. Using
just the standard 1-to-1 trajectory correction, the emit-
tance is increased by a factor of 2400%. Using the DF
technique, the dilution is reduced to roughly 1000%, but
wakefield tails, due to the non-zero trajectory in the struc-
tures, are still apparent. Then, using the WF technique,
the emittance dilution is reduced to less than 10%.

Finally, the various correction approaches can be stud-
ied using analytic techniques [13]. The effectiveness of the
DF technique is illustrated in Fig. 3. Here, the residual
emittance dilution is plotted versus the magnitude of the
quadrupole scaling (K/Ko); the BPMs were assumed to
be aligned to the quadrupole magnets with rms errors
of 20pr¢. (solid), 100y,.. (dashes), and 1000,..c (dots).
The large peak at a quadrupole scaling of K/Ko = 1.0 is
roughly equivalent to the 1-to-1 steering technique, while
the values near 0.8 corresponds to the DF technique and
the values near —1.0 approximate the SLC beam-based
alignment approach. Notice that, using the DF or beam-
based alignment techniques, the residual is roughly inde-
pendent of the initial alignment and instead only depends
upon the BPM precision.

The primary difficulty with these approaches is that
the beam emittance is not actually measured, instead, the
alignment information is inferred from the BPM measure-
ments. Thus, one would not want to use these techniques
alone without also having non-local diagnostic stations to
correct for residual dilutions.

Pulse-to-Pulse Jitter

Another source of luminosity degradation is pulse-to-
pulse jitter. The jitter can arise from motion of the quad-
rupole magnets, dipole power supply fluctuations, pulsed
kickers, or noise from the klystrons in concert with the
RF deflections. The induced oscillation will then either
filament, increasing the projected emittance, or shift the
beam centroid so the beams do not fully overlap at colli-
sion; this later effect is partially ameliorated by the beam-
beam pinch.

Usually, the most severe effect is due to the motion
of the quadrupole magnets. This motion arises from mo-
tion of the ground and the support structures in addition
to turbulence in the cooling flows and vibrations trans-
mitted through the RF feeds. Extensive measurements of
the ground motion relevant to linear colliders have been

made around the world. Some examples can be found in
Refs. 14-17.




Assuming that the motion is uncorrelated from mag-
net to magnet, tolerances on the linac quadrupoles are typ-
ically a few nanometers in the small emittance designs and
tens of nanometers to a 100 nanometers in the DLC and
TESLA designs. At low frequencies, f ~ 0.15 Hz, the am-
plitude of the ground motion tends to be very large, the
order of microns, while at higher frequencies, f 2 1 Hz, the
motion is at the level of a few nanometers. Fortunately,
the motion is highly correlated at low frequencies where
the amplitude of the motion is large. When the quad-
rupole motion is correlated, the beam response is small
at frequencies below the first resonance where the wave-
length of the motion is equal to the betatron wavelength.
An example of the beam response Yseam/Yquad to corre-
lated motion in the NLC design is plotted in Fig. 4 versus
the frequency multiplied by the cosine of the angle of in-
cidence; the first resonance occurs at 2.5 Hz, assuming a
wave parallel to the linac.

Of course, the higher frequency motion, which is domi-
nated by cultural (man made) noise, is not correlated over
long distances. In an attempt to model recent measure-
ments [18] we have calculated the response with a fre-
quency dependent random phase such that the correlation
length is given by I, ~ 100/(f + 0.03). The average of
16 seeds is plotted in Fig. 5. Notice that the response to
the low frequency motion is significantly larger than that
calculated for purely correlated motion.

To reduce the effect of the ground motion, one can
use feedbacks, based on either the beam position or the
actual motion of the quadrupoles. In addition, one needs
to have well designed support structures with resonances
where the feedback systems can reduce the response or
where the ground motion is not significant. Typically, ac-
tive feedbacks are needed on the IP quadrupoles, where
the tolerances are much tighter. But, installing such a sys-
tem on each of the hundreds of quadrupoles in the linacs
becomes expensive and complex. Thus, it is desirable to
use a few beam-based feedback systems to stabilize the
trajectory. Unfortunately, the frequency response of the
beam-based system depends upon the linear collider rep-
etition rate. Simple analysis of the broadband feedbacks
suggest that they can begin damping at frequencies below
frep/6. More realistic feedback designs have much lower
crossover frequencies. For example, the SLC fast feedbacks
begin damping at frequencies below f,.,/30 [19].

Results from the SLC

Three elements crucial for a future linear collider have
been demonstrated at the SLC; these, as well as other
recent SLC results, are described in Refs. 20-22. First,
beam-based alignment techniques [8] have been used to
reduce the rms alignment of the quadrupoles to roughly
60 pum; this is four times the BPM precision of 15 yum. Sec-
ond, fast feedback systems are used to stabilize the beam
trajectory and energy [19]; currently, there are over 28 fast
feedbacks operating in the SLC. Third, trajectory bumps
have been used to decrease the emittance dilutions in the
linac.

The SLC has been running with “flat” beams since
March 1993 [21,22). In normal operation, bunches of over
3 x 1010 particles are accelerated from 1.2 GeV to 47 GeV.
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Fig. 4 Beam response to correlated motion of
the linac quadrupoles in the 1 TeV c.o.m. NLC

design.
T
00_—
s
'_i 60 |-
2 40[-
© b
§ ao_L
P AN N TN I S
0 10 20 30 40 50

Frequency & Cos® [Hx]

Fig. 5 Beam response to motion having a corre-
lation length given by I, = 100/(f + 0.03) in the
1 TeV c.o.m. NLC design.

At the beginning of the linac, the rms beam emittances
are roughly v¢; = 30mm-mrad and v¢, = 3 mm-mrad.
Without trajectory bumps to correct the emittance di-
lution, the emittances measured at the end of the linac
are roughly ye. = 60 ~ 80 mm-mrad and y¢;, = 20 ~
50 mm-mrad. With trajectory bumps, the emittances are
reduced to roughly ve; = 40 ~ 50 mm-mrad and ye, =
5 ~ 10 mm-mrad; at lower currents, vertical emittances of
v€y = 2mm-mrad have been attained. The electron beam
trajectory, with the emittance bumps, is shown in Fig. 6.
The reduction in the emittance achieved with the bumps
is equivalent to reducing the alignment errors by roughly
a factor of three.

Figure 7 is a history of the emittances measured at
the end of the linac during a week in April 1993. The
fast fluctuations are thought to be due to changes in the
linac energy profile which changes the phase relation be-
tween the emittance correction bumps and the sources of
the dilution; this is one problem with non-local correction
techniques and a feedback system is planned to compen-
sate the phase errors.

Summary
We have discussed the principal sources of emittance
dilution in future linear colliders and have listed some
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Fig. 6 e~ z and y trajectories in the SLC with
emittances of roughly ve; &~ 40mm-mrad and
v¢, = 6 mm-mrad. Notice the large betatron os-
cillations used to control the emittance dilutions.
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Fig. 7 e~ and et emittances at the end of the
SLC linac recorded over roughly one week in time.

“bare machine” alignment tolerances. In all designs, these
alignment tolerances are extremely tight. Thus, detailed
correction, tuning, and recovery procedures must be an
integral part of a future linear collider design. In a linear
collider the bare machine tolerances cannot be considered
alone — emittance correction is needed just as orbit cor-
rection is needed in a storage ring. The emittance cor-
rection can be performed with a combination of local and
non-local techniques. The local techniques are limited by
the BPM precision while the non-local techniques are lim-
ited by the beam size measurement and by filamentation
(phase mixing). Finally, jitter is another important source
of luminosity reduction and feedback systems are essential.

A number of experiments have been performed or are
being planned to fully verify the feasibility of preserving
the necessary emittances. Foremost, of course, is the SLC
which has demonstrated very impressive results. In addi-
tion, there is the FFTB project at SLAC, the ATF project
at KEK, the ASSET project at SLAC, and multi-bunch
and RF studies are planned for all of the linear collider
designs.
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Abstract

In the modem hadron colliders, like LHC, SSC and RHIC,
the stability of the single-particle motion is basically
determined by the field-shape imperfections of the
superconducting dipoles and quadrupoles, especially during the
injection flat bottom, when the effect of the persistent currents
is maximum and the transverse siz¢ of the beam is large. The
non-linear fields are at the origin of two effects: the betatron
tunes change with the amplitude and the momentum of the
circulating particles, and, for certain combinations of the
horizontal, vertical, and synchrotron tunes, non-linear
resonances are excited. These phenomena have a destabilizing
influence on the particle motion, over a time-scale extending
up to several million turns. Some precautions can make the
motion of the particles less sensitive to the non-linear
components of the guiding fields. Correcting multipoles can
be foreseen in the regular cells, to reduce the non-linear tune-
shift caused by the systematic components of the field errors.
The variations of the orbit functions can be limited along the
insertions. The closed orbit and the linear coupling can be
corrected sufficiently well. Finally the ripple of the power
supplies can be reduced as much as possible. Most of these
concepts have been embedded in the design of the LHC and
their beneficial effects on the dynamic aperture have been
extensively evaluated by computer simulations.

1. INTRODUCTION

The motion of charged particles in circular accelerators is
basically governed by the magnetic field of the guiding dipoles
and the focusing quadrupoles. Intentional and non intentional
non-linear fields are in general also present, the side-effect of
which is to induce losses at large amplitude. Sextupoles are
used to reduce the chromaticity and octupoles make the tune
dependent on the amplitude, which is sometime exploited to
improve the current-dependent behavior. In hadron
accelerators, the destabilizing action of chromaticity
sextupoles is self-compensated to a large extent due to the
regularity of the lattice. However, usually, a strongly focused
lattice is necessary to reduce the sensitivity to field errors, and
this in turn produces two adverse effects: the strength of
chromaticity sextupoles has to be increased, therefore the beam
stability is reduced, and the space available for dipoles along
the ring is shortened with a consequent decrease of the
maximum beam energy. Unintentional multipoles due to
unavoidable imperfections of the guiding and focusing fields
introduce additional non-linearities, which represent the
greatest hazard,. However, compromises are to be found
between making magnetic fields as uniform as possible and
keeping the magnet cost low. This is a difficuit achievement
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especially for superconducting magnets, whose quality depends
on the mechanical tolerances of the coil geometry, rather than
on the shape of the poles. Both in the Tevatron and in the
Hera magnets, typical deviations from uniformity have been
limited to about one part in ten thousand at 2.5 centimetres
from the magnet axis. Similar values, properly extrapolated
with the inner coil diameter and the superconducting filament
size, are expected to be reached in the magnets of the SSC, the
LHC, and RHIC.

The single-particle approach provides a sufficiently simple,
reliable and coherent model of the real accelerator to
investigate performances related to non-linear dynamics. The
key issue is to estimate the stability of the motion over the
operational cycle of the accelerator. In a linear machine with
irrational tunes the motion is stable and regular all around the
closed reference orbit near the magnetic axis. The non-linear
fields add a tune dependence with the amplitude, which shifts
tunes to rational values, provoking resonant phenomena
accompanied in the phase space by islands of finite area
surrounded by thin chaotic layers. The islands and the chaotic
layers exist through the entire phase space. However, at small
amplitude, trajectories follow invariant surfaces, the KAM
toril, and remain stable for indefinite time. As amplitude
increases, the islands become larger until they overlap.
Beyond that point, the chaotic layers become interconnected
and the particle motion is no longer bounded. This is the
domain in which the non-linear forces are able to provoke
particle losses, that sometimes may occur after millions of
tums. The border between regular and chaotic motion is called
dynamic aperture. This is analytically well defined for 14
dimensional (14-D) systems only2. With more degrees of
freedom, particles in stochastic layers, even close 1o the
origin, may escape through the entire phase space, due to the
so called Amold diffusion. However, for all practical
purposes, the border between mostly regular and mostly
chaotic trajectories can be used as the dynamic aperture,

Both analytical and numerical tools are used to estimate the
dynamic aperture as a function of various machine parameters.
Improvements of the linear lattice and correction schemes are
studied to reduce the influence of the non-linear forces, and to
specify upper limits for the magnet imperfections. The final
confirmation is in general performed with numerical
simulations in which the particle position is tracked element
by element around the machine for large numbers of turns.

Simpler dynamical systems, such as the Hénon map?3, are
advantageously used to investigate mechanisms of long-term
losses.

Machine experiments with existing accelerators, in which
non-linear perturbations are deliberately introduced, allow
comparisons with predictions of numerical simulations.




In the following sections three subjects are reviewed, with
special emphasis for the case of the LHC: the tools by which
predictions on beam stability are formulated, the particular
applications on accelerator design, and finally the outcome of
the experiments performed in the CERN-SPS and in the
FNAL-TEVATRON.

2. TOOLS FOR DYNAMIC APERTURE ESTIMATES

2.1. Tracking Simulations

Simulations with thin-lens approximation and symplectic
integrators are considered as the master tool for quantitative
estimates of particle behavior in the LHC with non-linear
elements. They provide exact solutions of the equation of
motion for a dynamical system approximating the accelerator.
A sequence of linear transfer matrices interleaved with localized
polynomial non-linearities is to be computed. Reliable results
are easily obtained, since computer rounding errors can be kept
under control4. However a vast computing power is required
1o get reliable estimates of the dynamic aperture as a function
of various lattice and beam parameters. A fully realistic
description of the accelerator structure is difficult if not
impossible. Simplifications are also imposed by limitations
in computing power. Thin-lens description of guiding and
focusing fields is used, and do not imply relevant changes to
orbit functions. Ignoring fringing ficlds, and representing
non-linearities with equivalent thin-lenses is also considered
acceptable.

Two computer codes are routinely used to describe LHC
lattice models and compute particle trajectories of given initial
conditions: MAD3, developed at CERN, and SIXTRACKS,
developed at DESY. Both of them have scalar versions to be
processed in the modern farms of workstations as well as
vectorized versions to make use of modern parallel processors.

22. Maps

In linear lattices, particle coordinates can be propagated
along the accelerator azimuth by Twiss transfer matrices.

The use of maps can be extended to non-linear dynamics
with some precautions. This extension, originally motivated
by the need to speed-up long-term tracking simulations in
hadron colliders, in fact provides a powerful tool to handle
dynamical quantities, like the tune dependence with the
amplitude and the momentum, the distortion functions and the
smear, the high-order non-linear invariants, and finally the
Fourier harmonic coefficients of the resonance driving terms.
Non-linear matrices can be constructed very efficiently with
Differential Algebra techniques using Taylor expansion to
some high order of algebraic operators7. One-turn Taylor
maps resulting from the composition of all the linear and non-
linear clements in the accelerator, are inherently not
symplectic because of the high order truncation, therefore
inappropriate to preserve volume in phase space. A way to
restore symplecticity, whose physical meaning, however, is
not fully understood, is to replace the truncated map with a
Normal Form8, that is an integrable map, represented by a
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rotation of an angle depending on the amplitude of the orbit.
In practice this is performed by a local change of coordinates
in the phase space, which brings intricate orbits into circles.
However, the normalized map has an optimized order of
accuracy. Above it, the approximation is improved at lower
amplitude and worsened at higher amplitude. The domain of
convergency is limited by resonances of low order that are
allowed by the truncated Taylor map. There are ways (o
handle the first limiting resonance, with Resonant Normal
Forms, which are not yet made of practical use.

In the LHC, the mapping approach based on Taylor
expansion and Normal Form is used to evaluate the dependence
of tune-shift on the amplitude and the momentum due to
systematic field-shape imperfections?. By this it is possible
to identify the multipoles that are more dangerous for the
stability of the motion, taking into account the quite strong
high order cross terms, and to define and optimize the most
suited scheme of multipolar correctors.

High order Taylor maps are also used to estimate the
dynamic aperture in a faster way than with the usual element
by element tracking10: however, in the LHC, this approach is
non-controversial only for simulations up to few 104 wrmns.
By increasing the order of the map the violation of area
preserving transport can be made arbitrarily small, but the map
size grows exponentially and the computing speed decreases
accordingly. An interesting result is that one can correlate the
accuracy of the truncated Taylor map tracking to the size of the
high order terms in the map. Alternatively, one can restore
the symplecticity of the Taylor map by a linear scaling
transformation to the particle coordinates at each turn. The
transformation is staged in three different scale
transformations, two in the transverse and one in the
longitudinal directions respectively, characterized by three
different scaling factors chosen in a suitable manner to ensure
that the Liouville's theorem is obeyed, at least in average. In
fact, there is an infinite set of possibilities for the choice of
the three scaling factors. The additional criterion to determine
the final choice is based on the following arguments. It is
assumed that Taylor maps up to order 11th are sufficient for an
accurate description of the beam dynamics in the LHC, at least
in the region of the phase-space where the motion is regular or
only weakly chaotic. The beam trajectories are computed both
with element-by-element tracking and with Taylor maps with
initial values of the scaling factors. The difference of
amplitudes in the phase-space of the two results are estimated
in few iterations by slightly varying the scaling factors. From
that one can optimize the scaling factors in such a way that
the amplitude differences between the direct tracking and the
iteration of the Taylor map is constant as a function of the
number of turns. The comparison between direct tracking and
iteration of truncated maps with and without dynamic re-
scaling has been made for a large number of turns: the
agreement is two orders of magnitude better with re-scaling
that without.

2.3. Early indicators of chaos
Early indicators of chaotic motion have been used to speed




up the estimate of the dynamic aperture in the LRC. The
exponential divergence of two initially very close trajectories
is a criterion for chaos, a linear growth indicating regular

motion. The exponential coefficient, called Lyapunov
exponent! ], can be used 10 localize stochastic layers in the
phase space and eventually to identify the stability border
below which its value is zero. The routine way to evaluate
the Lyapunov coefficient is to track simultaneously two
particles with a slightly different initial amplitude, and to
compute periodically and plot their mutual distancel2. An
equivalent method is based on the analytical evaluation of the
Jacobian in the phase space domain of interest!3. A third
possibility is to compute the slow change of an action
invariant14. The predictability of all three methods is
enhanced when the non-linear deformation of the phase space
is removed by Lie algebraic or Normal Forms type change of
coordinates. It is currently admitted that through early
indicators of chaos a conservative estimate of the dynamic
aperture can be obtained with about ten times less computing
power than for standard tracking.

2.4 Figure of merit and data processing

The linear aperture, based on smear and tuneshift with the
amplitude, and the short-ierm dynamic aperture were widely
used in the past15 to estimate non-linear effects, since
threshold values for detuning and amplitude distortion were
considered sufficient to ensure long-term stability. However,
the validity of this extrapolation has not been confirmed by
deeper studies. Therefore, intensive tracking and sophisticated
data processing are preferred nowadays to estimate the dynamic
aperture, after a preliminary selection of rather few significant
cases, on the basis of short-term simulations. Results are
presented in graphical form: survival plots depict the
maximum number of stable turns as a function of starting
amplitude16, These plots and early indicators of chaos provide
a practical estimate of the stable region. Dense survival plots
are ragged and show a large spread in the survival time close to
the chaotic border, rapidly decreasing at larger amplitudes.
Such an irregular shape reflects the local origin of the particle
instability: at moderate amplitude in presence of weaker
perturbations, the escape time is largely influenced by
microscopic changes of initial coordinates; at large amplitude,
instead there are only fast losses. Under the influence of non-
linearities, particles migrate across different nests of
resonances, which can be at least phenomenologically
correlated 10 average lifetime. The loss mechanism is in
general sudden: the particle may stay confined even for
millions of turns and then diverge in a few thousand turns.

3. APPLICATIONS IN ACCELERATOR DESIGN

The LHC must operate with negligible loss for long
periods, up to 108 tums, in spite of the unavoidable field
shape imperfections. An upper limit to unintentional
multipoles and practical compensation strategies have to be
devised for a safe operation. This implies a thorough
understanding of the influence of the non-linearities on the
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long-term behavior of particle trajectories. Analytical methods
available are not yet fully exploited. Numerical simulations
are 100 heavy and time consuming for an exhaustive overview
of all the possible situations. Nevertheless, remarkable
progress has been made through heuristic approaches proposed
in the recent past, based on the investigation of simplified
non-linear models of the LHC lattice and on the use of empiric
criteria for beam stability.

Too crude simplifications of the lattice structure itself have
dramatic effects on non-linear performances. Cell lattice
models with only regular cells and no interaction regions show
a regular azimuthal pattern of the orbit functions and in
particular of the betatronic phase advance leading to unrealistic
enhancement of the particle stability. They are in general used
for numerical studies of simple dynamical systems as the
Hénon map. A more realistic way to drop the insertions is to
replace them with equivalent rotation matrices. Part of the
chromatic aberration and some unintentional field errors are
disregarded in this way. However, relevant informations can
be gained with less computing power and complexity,
especially during the injection plateau, where the stability of
motion is mainly determined by non-linear perturbations in
the arcs. This approach was used to determine the optimum
value for the length and the phase advance of the LHC celll7,
fixed to about 100 m and 90 degrees, respectively. More
advanced studies are based on models with realistic descriptions
of the insertions.

The field-shape imperfections are equivalent to multipoles
up to large order, which can be expressed as the sum of two
parts, one systematic and the other random. The general
agreement is to stop at order 11th in the multipolar expansion
and to neglect correlations between random maltipoles of
different orders. Systematic errors are larger at injection due to
persistent currents. Large low-order (374 and 5th) values
provoke a sizeable detuning with the amplitude and the
momentum, which can be corrected either locallyls, as in the
LHC lattice version 2, or using a clever cancellation of the
detuning terms by means of Sympson rules!9, as in the LHC
lattice version 1. In the latter case, multipolar correctors are
to be located near the main quadrupoles as well as at about the
middle of each half cell®. Octupolar imperfections have, in
the LHC, a particular behavior related to the symmetry of the
magnetic field in two-in-one magnets: the integrated value
along the azimuth is expected to be zero, therefore the
detuning with the amplitude is expected 10 be self-compensated
without specific correctors. Large high-order (7th and gth)
systematic multipoles destabilize off-momentum particles and
have to be minimized by design: tolerable values for the LHC
have been found to be of the order of 2:106 and 5-10-7 units
at 1 cm radius, respectively.

Random imperfections, which vary from magnet to magnet
due to manufacturing tolerances, are the main source of non-
linear resonances and distortion functions. Statistical
distributions can be easily predicted, but are insufficient for a
complete knowledge of the non-linear optics, since resonance
strengths depend on the specific sequence of the random errors
around the ring rather than on statistical properties. Therefore,




criteria for magnet design are to be studied on several non-
linear lattices, with different sequences of random multipoles.
In fact, there are many parameters that limit the stability of
the particle motion in the LHC, therefore the first task is to
identify the most important ones, in order to reduce 10 a
reasonable amount the enormous need of computing time
required for an exhaustive set of simulations. Parameters
routinely considered in the accelerator models are residual
closed orbit, linear coupling due to imperfections,
synchrotron motion, and main power supplies ripple.
Chromaticity and non-linear detuning are corrected with suited
set of correctors. Special cases with some residual
uncompensated chromaticity are considered as well. Short-
term dynamic aperture is first evaluated by tracking particles of
different starting amplitudes for 103 wrns. This is fast and
well suited for a first exploration of the space parameters, and
is also sufficient to reveal the most important features of the
non-linear phase space. Ten different seeds are used to fix the
test samples of the random errors. Appropriate subsets of
them are considered to disentangle the effects of the dipole
imperfections from those of the quadrupole imperfectious in a
machine with a perfect closed orbit and no linear coupling. By
choosing three representative seeds in each distribution, i.e.
one with the smallest, one with the largest, and one with an
average value of the aperture, one can easily check the
combined effect of the dipole and the quadrupole errors and
identify a limited number of representative sets of non-linear
lattice models to be investigated with long-term tracking
simulations. With this strategyzo, beam stability has been
found to be strongly influenced by linear lattice parameters
like tune, residual linear coupling, and peak-B values in the
insertion quadrupoles as well as by a residual chromaticity of a
few units. Instead, residual closed orbit associated to magnet
misalignment and tune ripple of a few 10-4 units showed a
weak interference with beam stability.

Particles above the stable region are expected to diffuse
towards the vacuum pipe at a speed strongly increasing with
the transverse amplitude. A set of collimators2! is used to
absorb them before they hit the magnets and provoke an
unwanted deposition of energy in the superconducting coils.
The transverse position of the primary collimator defines the
mechanical aperture of the accelerator. It is basically fixed
taking into account the mechanical tolerances of the cold bore
and of the thermal screen of the main magnets, the expected
peak-values of the closed-orbit, of the dispersion, and of the 8-
function modulation, and, of course, the optimum value of the
separation between the primary and the secondary collimators.
For a safe operation, careful matching of physical aperture and
stability border is to be perfonned20 With a small
mechanical aperture, trajectories with small amplitude
oscillations only are allowed, which are weakly perturbed even
in presence of large field-shape imperfections, whilst, with
larger mechanical apertures, and larger amplitude oscillations,
the non-linear perturbation becomes larger and the size of the
magnetic errors start to play a leading role for the dynamic
aperture. On the other hand, we believe that particles with
amplitudes up to the chaotic boundary are stable, although the
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non-linear perturbations induce a finite smear of their
trajectories, whilst particles with larger amplitudes may
become unstable after a sufficiently large number of tuns.
ldeally, the chaotic limit should be equal to the dynamic
aperture evaluated in presence of collimators, in which case
only the unstable particles will be intercepted by the
collimators. In this respect the mechanical size and the field
quality of the LHC at injection have been found to be well
matched to a value of 6 ¢, i.e. of 7.2 mm, which is considered
a wise choice for the nceded dynamic and physical aperture.

Strategies of magnet sorting have been invented, by which
the magnets are installed in such a sequence in the machines as
to minimize the combined non-linear effects. For practical and
theoretical reasons, the sorting scheme should te as local as
possible and must refer to a limited kind of multipoles.
Different solutions have been proposcdzz. By introducing a
quasi-periodicity of multipoles every two betatronic
wavelengths, the harmonic content of non-linearities can be
shified away from harmful frequencies. Alternatively, small
groups of magnets, typically ten, are ordered in such a way to
minimize a broad band of non-linear driving terms computed
to 2nd perturbative order, contributing to resonances up to
order 12th. The first method is used in the LHC and the SSC,
the last method is used for HERA and is still under
investigation for the LHC.

Diffusion with steady state increase of the amplitude has
never been detected in numerical simulations, even in presence
of external tune modulation, contrary to what is usually
observed with beam-beam interaction. Due to resonance
crossing and non-linear coupling, migration of particles in the
tune diagram and mixing of horizontal and vertical oscillations
are well visible in I.. term tracking results. However large
increases in amplitude and particle losses are sudden and
unpredictable, even if they occur after a large number of turns.

4. EXPERIMENTS

In the last decade, experiments have been devised to study
the effect of high-order resonances under controlled conditions.
The hope is that by comparing theoretical or numerical results
with experimental ones, it may be possible to define suitable
criteria for beam stability and evaluate their predictive power.
This is an ambitious goal, since real machines are much more
complicated than models used in wacking codes or analytical
evaluations. There are many phenomena, like collective
instabilities, synchro-betatron resonances, linear imperfections
affecting the orbit functions, the linear coupling, the closed
orbit, non-linear imperfections due to fringing fields and
saturations, which may take a long time to be quantified in
order to disentangle single-particle effects from measurements.
However, analysis of operating situations provides a wealth of
informations which can be exploited to bridge the gap between
models and reality. These experiments have been performed in
the CERN-SPS and the FNAL-TEVATRON which are already
well understood, so that clear conditions could be defined,
spurious effect eliminated and phenomena under study carefully
isolated, with reasonably small effort. Having repeated similar




measurements in different accelerators is invaluable to help in
distinguishing results of general interest from those which are
just a property of the machine used. Common motivations of
the two experiments are related to the refinement of aperture
and field quality criteria for future large hadron accelerators,
like LHC or SSC. A common procedure consists in exciting
already existing sextupoles in order to introduce in a controlled
fashion non-linearities in an otherwise linear lattice. To probe
large amplitudes, a pencil beam with small emittance and
momentum spread is used, to which a large enough coherent
deflection is applied. In a few hundred turns, a ‘hollow’
distribution of charges is created around the central orbit due to
nonlinear filamentation, whose behavior is observed with
several instruments: current transformers record lifetime,
Schottky noise detectors give tune and tune-spread, flying
wires provide transverse profile, and orthogonal pairs of
position monitors are able to produce a phase space portrait.

In the experiment E778 at FNAL23, sextupoles were
exciting strongly the third integer resonance together with the
higher-order ones. Smear, injection efficiency and short-term
dynamic aperture were measured and compared with tracking.
The agreement is good, however long-term losses could not be
quantitatively reproduced. The existence of stable nonlinear
resonance islands was demonstrated experimentally by
observing coherent persistent signals of particles captured into
them. Tune modulation effects were explored and compared
with those of 1-D forced pendulum.

In the experiments at the SPS24, the sextupolar excitation
chosen such as to minimize the third integer resonance.
Detuning compensation was experimentally tested by using
existing octupoles. A 30% increase of dynamic aperture
resulted from a factor ten reduction of tune-spread. This
provides experimental guidance in devising correction schemes
for large hadron accelerators. However most of the emphasis
was put on the study of slow diffusion induced by power
supply ripple, and controlled modulation of a special
quadrupole. The diffusion coefficient was measured as a
function of the amplitude, the modulation frequency and depth,
and the tune. It was obtained by scraping the beam tail with
horizontal and vertical collimators, retracting them suddenly
by a few mm, and observing the beam lifetime to estimate the
time taken by the particles to fill the gap created by the
retraction.  Diffusion immediately sets in when tune
modaulation is turned on, and there is evidence that a ripple
which leads to tune modulation of 10-3 cannot be tolerated in
a machine with strong non-linearities. A tune modulation at
two frequencies is more destructive than a modulation at a
single frequency for the same overall depth. The agreement
with numerical simulations is of the order of 20%, however
the strong dependence of diffusion on modulation depth and the
dependence on frequency are not yet understood.

Recent experiments at FNALZ5 have also addressed the
problem of ripple induced diffusion. Intensity and transverse
profile were recorded and used to deduce a phenomenological
dependence of the diffusion coefficient on amplitude. The
proposed model assumes a threshold amplitude, below which
there is no diffusion, and above which the diffusion speed
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increases as a polynomial of the amplitude. A steady
reduction of beam size was pointed out which was never
observed at the SPS. This is likely to be typical of the
regime of large losses explored at FNAL.

The phenomenological model of FNAL for diffusion has
been found to be in contradiction with some results of the
CERN experiment as well as with the sudden manifestation of
fast amplitude growth in tracking26. More general models of
diffusion based on Markov process with jumps, using master
equations on status transition probability are under
investigation.

5. TRENDS

Studies of theoretical aspects of the LHC related to non-
linearities are being pursued, to develop new tools for stability
estimate, and to understand diffusion in 1-D and 2-D Hénon
map models. However, the main tools to evaluate beam
stability in the design lattice will continue to be tracking
simulations and maps associated to Differential Algebra
methods, whose potentiality seems to be far from being fully
exploited. Experiments are likely to be vigorously pursued,
to compare predictions with real world in a controlled fashion,
and to clarify features of slow diffusion in presence of external
modulation and non-linear fields.
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Emittance Growth in a
Low Energy Proton Beam

John A. Palkovic
Superconducting Supercollider Laboratory *
2550 Beckleymeade Avenue
Dallas, TX 75237

Abstract

We have measured emittances in a low energy proton beam
at energies between 19 and 45 KeV and cutrents between
9 and 39 mA. The rms emittance of the space charge dom-
inated proton beam, as measured by a moving-slit emit-
tance probe, grew by an average amount of 60% in a prop-
agation distance of 2.5 cm. An Abel inversion procedure
was applied to the measured transverse charge distribution
of the proton beam in order to calculate the electrostatic
field energy, which is the driving quantity for emittance
growth. We have found that all of the emittance growth is
due to a halo containing ~ 10% of the beam particles.

I. INTRODUCTION

This paper is a report on an expermental investigation
of space-charge driven emittance growth in a low-energy
proton beam. The emittance! growth of a space charge
dominated beam is given by a differential equation which
relates the change of the emittance with z, the axial length
coordinate, to changes in the field energy: [1]

de? __KX'd (U o
dz - 2 dz Wo ’
where U = W — W,, and W is given by
=<}
W= reo/ rEdr. 2)
0

Physically, W, is the electrostatic field energy per unit
length of a uniform beam with the same current and energy
as the real beam. It is calculated from

W, = Wo (1 +4In(b/X)), b > X, (3)

where b is the radius of the (assumed present) beam pipe

and X = 2V z? is twice the width of the beam. Wy =
(eN)?/16me, is the field energy within the uniform beam,

*Operated by Universities Research Association for the U.S. De-
partment of Energy under Contract No. DE-AC35-89ER40486.
1The rms emittance of a beam is given by the formula

€= ,:7\/<s2><p3) ~ (2ps)?

where p: is the average momentum of the particles in the direc-
tion of motion of the beam; £ and p; are a transverse displacement
and momentum, respectively. With an azimuthally symmetric beam,
er =gy =e.
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Figure 1. Emittance vs. extraction voltage.

with the logarithmic term giving the contribution from the
field outside of the beam.

The proton beam was generated by a duoplasmatron
which is capable of producing proton currents in excess
of 100 mA. However, the peak current in the experiment
was limited by the acceptance of the emittance probe to
30 mA or less. The primary diagnostic used in the experi-
ment was the moving slit emittance probe. In addition, a
toroidal current transformer and a Faraday cup were used
for current measurement.

A set of measurements was done solely on the “young”
beam immediately out of the ion source. The emittance
seen out of the source depends on many factors — filament
current, arc voltage, gas pressure, etc. A reproducible
method of generating a beam with a given emittance was
needed. It was found that for any setting of the ion source
parameters used to produce extracted beam, there was a
minimum value of emittance that was obtained as the ex-
traction voltage was varied. This is shown in Fig. 1. The
procedure to acquire data that was used for the emittance
measurements was to change the ion source arc voltage
and the accelerating voltage to produce a desited energy
and current, then the extraction voltage was varied until
a minimum emittance was found. This ensured that the
beam was matched into the accelerating column.

By varying the extraction voltage, the shape of the
“plasma emissive meniscus” from which the beam is ex-
tracted in the expansion cup of the duoplasmatron is
changed. [2] This directly affects the angular distribution of




the emitted beam, as ions tend to leave along trajectories
normal to the meniscus. Since the shape of the distribution
function f(z,z’) is changed, the emittance changes.

II. ABEL INVERSION

As was mentioned above, the emittance growth of a space
charge dominated beam is driven by the electrostatic field
energy of the beam. Thus we are interested in calculating
the electrostatic field energy from the measured distribu-
tion function of the beam. A necessary part of this process
is the Abel inversion of the density profile. It is easy to ex-
tract the distribution f(z) from the measured data. Since
the beam is azimuthally symmetric, what is needed is f(r).
It is straightforward to calculate the electric field from f(r)
by solving Poisson’s equation.

A moving-slit emittance probe measures the projection
of the six-dimensional beam phase-space onto the trans-
verse “trace-space” z — z’. [2] The intensity I(z) of the
integrated signal measured at a particular value of z, is
given by

I(z) = f(r)dy.

— 00

(4)

Using the fact that z, y, and r are related by the
Pythagorean theorem, dy can be expressed in terms of dr

to yield R
_ ® rf(r)dr

Hz) =2 /, T )
We say that I(z) is the Abel transform of f(r). This is an
integral equation which must now be solved for f(r), the
quantity of physical interest. The solution can be written
2 [3] ar

o dz
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The literature on the numerical evaluation of Eq. (6) is
large. This form of the solution is not suitable for appli-
cation to experimental data, for several reasons. There is
a singularity in the integrand, and the evaluation of the
derivative dI/dz tends tc introduce large errors, since the
intensity I(z) is discretely sampled. Therefore, we would
like to express the inverse transform in a different form.
Also, real data has a noise component, which can be am-
plified by the inversion process, particularly for points near
the origin. [4] It is desirable to remove the noise with a dig-
ital filter while processing the data.

It can be shown that the Fourier, 1lankel, and Abel
transforms form a set known as the FHA cycle; i.e., apply-
ing the Abel transform and then the Fourier transform to
a function, we obtain the Hankel transform.[3] The Fourier
and Hankel transform can be computed with fast Fourier
transform (FFT) algorithms, thus decreasing the compu-
tation time required. [5]

We write the Fourier transform [ Eq. (4) as

400  p4o0
FI(z)} = /_ [ f0)ezp(—iznaq)dzdy (7
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Using a standard identity from the theory of Bessel func-
tions, Eq. (7) can be recast as

+o00
F{I(z)} = 21/ rf(r)Jo(2xrq)dr (8)
0
The right hand side of Eq. (8) is the Hankel transform
of f(r). The inverse Hankel transform is identical to the
forward Hankel transform, hence Eq. (7) and (8) lead to

+00 + 00
f(r)= 21/0 qu(21rrq)/_ I(z)exp(—i2nzq)dzdq
(9)

Eq. (9) is the form which was used for the inversion of
the experimental data. This result has several advantages
over Eq. (6). There is no singularity in the integrand. The
data can be filtered in the transform domain to smooth
it. [6] Considering the baseband nature of the data, a low
pass filter is appropriate. A filter with a bandwidth of 0.2
times the Nyquist frequency was used. This smoothing is
an important part of the Abel inversion process. Without
smoothing the output would contain noise which is the
Abel transform of the input noise. The use of FFT routines
increases the speed with which the calculations can be done
on a computer, and the absence of the derivative in Eq. (9)
removes a source of (numerical) uncertainty in the analysis.

Given the radial distribution function f(r), we wish to
calculate the field energy per unit length of the beam W,
since that is the driving quantity for emittance growth.
The radial electric field is easily calculated from Gauss’
law; with the electric field determined, the field energy per
unit length can be calculated from Eq. (2).

II1. DATA INTERPRETATION

The result of an Abel inversion for a measured beam dis-
tribution is shown in Fig.(2). The high frequency noise
evident in I(z) is completely gone after Abel inversion to
obtain f(r). It has to be remembered that the uncertainty
in f(r) is largest near the origin of r when comparing the
results of two inversions. [4] Since it is the product r and
f(r) which is integrated to obtain E,(r), the input noise
does introduce uncertainty into W. This was born out in
the experiments, which showed that W varied by 3:5% over
a set of 20 runs taken with identical ion source parameter
settings.

The two most important quantities observed were the
beam emittance and the electrostatic field energy of the
beam distribution. We recall that it is the electrostatic
field energy that drives the emittance growth. A total of
370 emittance was studied.

One observation that was made concerns the shape of the
function f(r). Emittance was measured at three different
positions along the beam axis. We shall call them z;, z5,
and 23. At position z;, we observed that the beam had a
hollow shape. This is illustrated by the distribution in Fig.
3, which shows the result of the Abel inversion procedure
for a single emittance run. This shape can be changed
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Figure 2. Input x density and inverted density f(r) for 45
keV proton beam. The upper curve is the radial density,
which is plotted with negative abscissa values for compar-
ison.
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Figure 3. “Hollow” beam distribution from the 2y y.sition.

The ordinate is in em—3.

somewhat by varying the ion source parameters. However,
we found that the hollow shape was predominant at the
z1 position with the extraction optics tuned for minimum
emittance as stated above.

When the emittance probe was moved out 5.9 cm to z3,
it was found that the beam was no longer hollow. It had
assumed mote of a flattened shape, with a “peak” in the
middle, as in Fig. 4. As before, the figure corresponds to
a single emittance run. Moving another 2.5 cm to posi-
tion z3, the beam has assumed an even more pronounced
peaked shape in its distribution. This is shown in Fig. 5,
which shows a typical beam. The interpretation is that
the particles on the edge of the beam at position z; have
moved into the region near the beam axis due to an inward
component of radial velocity. Of course, the space charge
of the beam also contributes to development of this shape,
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Figure 4. Sample beam distribution at the z2 position.

although it is not easy to untangle the two contributions.

An important statement of the theory of space charge
dominated beams is the equation of energy conservation
given by

T + W = const. (10)

where W is the field energy/unit length of the beam, de-
fined above, and T is given by

ron ()

where ' = p;/p,. Eq. 11 is derived from a similar result
in the literature. {7] Physically, T is the transverse kinetic
energy per unit length of the beam. The two quantities T
and W were tabulated for each emittance run. We find that
the average value of T+ W, as measured at the three longi-
tudinal positions, is constant within the statistical spread
in the data. The results, tabulated from all the data, are
shown in Table III..

A correlation was found between the quantity U of Eq.
(1) and the rms width of the beam. This is plotted in
Fig. (6). This particular correlation was unexpected when
first seen. This is perhaps the most striking relationship
found in the data. We know of no satisfactory quantitative
explanation for it. Qualitatively, the relationship seen is
that the smaller beams have more nonlinear field energy.
This quantity is strongly dependent on the shape of the
distribution function. It is considered to be a property of
the duoplasmatron. Although not shown on the graph,
the points with the largest U values come mostly from
the emittance measurements at position z;, immediately
outside the exit of the ion source.

Perhaps the most dramatic prediction of emittance
growth theory is the large “explosive” growth of emittance
that a beam experiences when injected into a uniform fo-
cusing channel. This growth is predicted to occur in a dis-
tance Ap/4 = mwp/p., where wp is the plasma frequency
of the beam. [8] Several comments are appropriate before

(11)
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Figure 5. Sample beam distribution at the z3 position.

Table 1
Field energy vs. position. T and W are measured in
Joules/m.
| T+W | z,em |
(29+1.6)x10"° | 0.0
(65.1+£32)x10"° | 59
(6.5+3.5) x 10~° | 8.4

we reach any conclusion on the nature of any such growth
in the data presented here.

Rms fitting procedures suffer from a sensitivity to out-
liers; that is, a small subset of data points that are far from
the mean can contribute a large amount to the rms value.
In our case, these outliers came from electrical noise on the
wires in the backplane of the emittance measuring appara-
tus. The effect of the noise on the rms emittance calculated
from the measured beam data was to make the calculated
rms emittance much larger than the true rms emittance
of the beam. The outliers introduced by noise could in-
crease the rms emittance by a factor of 2-4. Measurements
taken with no beam incident on the probe indicated ran-
dom noise voltages were present at the V < 0.015 Volt
level. In order to eliminate this spurious contribution to
the emittance, a cut was taken at the 0.015 volt level. It
was seen that approximately 10% of the wire readings in
a typical emittance run contribute to the calculation, the
other 90% being noise since little or no beam was incident
on these wires.

As was done with the field energy data, it is possible to
tabulate the average rms emittances for the three positions
at which emittance data was taken. This is shown in Table
1. There is no significant growth in the rms emittance as
the beam propagates from z; to z2, a distance of 5.9 cm.
As the beam moves from z; to 23, however, the average
measured emittance has grown by a factor of 1.6. This
certainly qualifies as a large, fast growth.

Figure 6. Nonlinear field energy U (dimensionless) vs. rms
beam size in cm.
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Figure 7. RMS emittance vs. fraction of beam removed.

The typical value of A, /4 for the beams measured was
13.3 cm. Simulations published in the literature often ne-
glect the emittance of the initial beam, and also assume
that the beam is subjected to an external force field. In
addition, the initial distributions are idealized abstractious
which do not completely simulate the charge distribution
of a real beam. It is not clear how to relate this observation
of emittance growth in a drifting beam to published emit-
tance growth curves. It is plausible that the sharp growth
seen is strongly dependent on the initial distribution.

We have found that almost all of the emittance growth
is due to particles in the “halo” of the beam, i.e. particles
which are positioned near the edge of the distribution in
phase space. Fig. (7) is an illustration of this effect. This
figure was produced by taking two sets of emittance runs
and then increasing the level of the cut from the minimum
level (0.015 volts) upward until there was no emittance
growth evident at all. Then the fraction of beam removed
is calculated. This is proportional to the volume of the




Table 1. RMS Emittance vs. position for low-energy proton
beam

[ €, *mm —mrad [ z, cm |

0.98 + .31 0.0
1.02 + .32 5.9
1.60 + .15 8.4

distribution that is removed, i.e. the change in the integral

V=//f(z,::')d:d:’.

We see that all of the emittance growth is due to the ap-
proximately 10% of the beam particles which are in the
halo of the beam. In the core of the beam, the curve is
fiat. In the upper curve, which represents data from posi-
tion z3, a larger percentage of the beam has moved into the
halo. This contributes significantly to the rms emittance.

(12)

IV. CONCLUSION

In conclusion, there has been much excellent theoretical
work published in the field of low energy beam transport.
We have performed some new measurements to test the
most important aspect of the theory of emittance growth
in a space charge dominated beam. The results obtained
are not inconsistent with the theory. This is not surprising,
since it is well founded in classical physics. We have found
some new correlations which were not predicted by the
theory.

It is a well known fact that emittance grows for almost
any beam as it propagates through most any kind of trans-
port line or accelerating structure. The dynamics of this
process for a cold space charge dominated beam were pre-
dicted to show an explosive growth, and that has been
observed. Another important prediction is the constancy
of the field energy sum for a drifting beam, T+ W. Thus
is also verified, although not with high precision. We have
found that the emittance growth observed is due entirely
to particles in the halo of the beam. If a cut is taken in
an emittance run data set which removes 10% of the beam
particles, the emittance growth vanishes.
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Abstract

An experiment is being performed at the CERN-SPS to
study the feasibility of extracting protons from the halo of
a 120 GeV stored beam by nieans of planar channeling in
a 8.5 mrad bent silicon monocrystal. Two different tech-
niques have been used to bring the protous into the crystal.
In one case a kicker magnet was repeatedly energized to
displace particles up to 100 microns inside the crystal frout
face. In the other case a continuous flux of impinging par-
ticles was obtained by powering electrostatic plates with
a white noise excitation. In both cases we observed an
extracted beam of channeled particles. The detection was
performed with several large size scintillators, a fluorescent
screen, a scintillation hodoscope, and a pair of microstrip
gas chambers. Extraction efficiencies of the order of 10%
were measured.

I. INTRODUCTION

Planar channeling can occur when a proton beam is sent
onto a monocrystal with an incident angle relative to the
main crystalline planes smaller than a given critical an-
gle [2]. The impinging particles are confined between the
atomic planes and can eventually be deflected if the crys-
tal is mechanically bent [3]. The main features of planar
channeling are now well established from the theoretical
point of view [4]:

o The critical angle ¥, varies with the beam momentum
P as l/\/ﬁ The surface acceptance, which is the
probability that incident particles within the critical
angle get initially channeled, does not depend

e Multiple scattering on electrons can kick
channeled particles out of the guiding potent..

The dechanneling length is proportional to P in a
straight crystal.

o The curvature of the bent crystal introduces addi-
tional losses due to centrifugal forces acting on parti-
cles when ~ntering the curved region. The reduction
of the deflection efficiency is function of the ratio P/R,
where R is the bending radius.

Bending efficiencies of about 50%, with a deflection of 2.4
mrad, have been measured with 450 GeV protous chan-
neled in a silicon crystal [5). These resnlts were obtained
on a highly parallel external beam with an angular diver-
gence of x3purad, less than the critical angle for planar
channeling at this energy ¥, (450 GeV) = +7urad. Ex-
traction of 70 GeV protons from an internal circnlating
beam was reported with a much lower efficiency of ahout
1.5 x 104 [6).

0-7803-1203-1/93$03.00 © 1993 IEEE
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It has been proposed to use the technique of crystal
channeling to extract protons from the beam halo of both
future multi-TeV colliders SSC (7] and LHC (8], allow-
ing fixed target experiments to run in a parasitic mode.
The main expected difficulty comes from a reduction of
the channeling efficiency when the protons hit the crystal
with small impact parameters and remain close to the sur-
face where defaults of the crystalline structure can occur.
One is also concerned about the alignment of the crys-
tal relative to the circulating beam. The aim of the RD22
experiment. [9)] is to investigate these effects in the environ-
ment of a real accelerator. The experimental equipment
was installed in the CERN-SPS and became operational
by mid 1992.

II. EXPERIMENTAL LAYOUT

The experimental set-up, located in Straight Section 5 of
the CERN-SPS, is shown schematically in Figure 1. The
vacuum tank contains two silicon monocrystals, each 3 cm
long, 1 em high and 1.5 mm thick. Their upper and lower
edges are clamped onto cylindrical formers to bend the
crystal {110} lattice planes by 8.5 mrad. Each crystal is
mounted on a goniometer which can move horizontally into
the beam and which can provide angular adjustment with
a resolution of up to 4 urad. Four beam scrapers, three
in the horizontal plane and one in the vertical plane, are
used for a precise positioning of the beam. Protons are
extracted in the horizontal plane, towards the centre of
the ring. The deflected beam stays in the vacuum pipe for
about 15 meters and exits through a 0.2 mm thick stainless
steel window.

The three scintillators $1,82 and S3 form a telescope
to detect and count the extracted protons. The light out-
puts of scintillators S4 and S5 are attenuated to operate
at high fluxes. S4 is in the extracted beam line while S5 is
placed on the opposite side to monitor background. TV1
is a scintillating (Cesium Iodide) screen read by a CCD
TV camera providing an immediate image of the extracted
beam [{0]). Hh and Hv are two hodoscope planes 32 x 32
nun®, | mm pitch, to measure horizontal and vertical pro-
files. C1 and C2 are pairs of Micro Strip Gas Chambers
(MSGC) [11), 25 x 25 mm?, with horizontal and vertical
strips (200 jun pitch), spaced by 1 meter. Their spatial res-
olution is better than 100 psm. They are used to measure
the direction and profiles of the extracted beam. Counter
83, the hodoscope and the MSGCs are mounted on a mov-
able table to follow the position of the extracted beam and
account, for the parallax between the two crystals.
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First evidence of extraction by crystal channeling with a
circulating 120 Gev/c beam was obtained using the so
called "kick mode”. A fast kicker magnet was energized
during one SPS revolution (23 ss) to displace horizoutally
the circulating beam about 100 ssm at the crystal position.
The inner edge of the crystal was 10 mm from the nominal
closed orbit, about 3 o of the beam size after emittance
blow up, so that only a very small fraction (~ 10~%) of the
stored protons could hit the crystal at each kick. The hori-
zontal A function was 90 m at the crystal location, leading
to an horizontal angular spread of 1.1 prad for the pro-
ton trajectories when they first euter the crystal. This is
much less than the critical channeling angle ¥,,(120 GeV)
= +14purad. The time between two consecutive kicks was
long enough for the beam filamentation to refill the origi-
nally available phase space.

KICK MODE
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Figure 2: Extraction signal in "kick mode”

A clear signal synchronised with the kicker maguet exci-
tation was observed in the S4 counter after angular adjust-
ment of the crystal (upper trace of Figure 2). The toothed
pattern results from the betatron motion of the proton
beam which is successively displaced towards the crystal
or away from it. The lower trace of Figure 2 shows the S5
counter which essentially recorded particles produced by
nuclear inferaction in the crystal. The amplitude of botl
traces were about equal when the crystal was not aligned
and no chanuneling occurred.

IV. CONTINUOUS EXTRACTION

I'he continuous extraction was achieved by exciting an
electrostatic deflector with amplitude tunable white noise.
Each circulating proton received a sinall random horizoutal
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Figure 1: Experimental layout
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kick when passing between the electrodes of the deflector,
and the global effect was a continuous blow-up of the hor-
izontal emittance of the beam. Under these conditions,
the crystal received protons in a steady-state regime with
impact. parameters in the micron range. The hodoscope
counting rate as a function of the crystal tilt angle is shown
on Figure 3.
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Figure 3: Hodoscope response versus crystal tilt

The distribution has a ¢ of ~ 90urad, much larger than
the chauneling acceptance expected from the critical angle
¥,. The peak position corresponds to the same goniome-
ter setting as the one that gave the maximum signal of
channeled protons in the kick mode.

Our present understanding of the large angular response
curve is the following: The clamping of the crystal on its
bender introduces stresses and the crystal curvature is not
perfectly uniform. An X-ray survey of the crystal sur-
face, prior to its installation on the CERN-SPS, indicated
that the orientation of the crystalline planes varies at the
entrance and exit edges as one departs from the middle
plane. By displacing the beam vertically along the crystal
entrance face, we observed a shift of the peak position of
the angular response curve as shown on Figure 4.

The extracted heam was observed on the TV screen and
recorded by the hodoscope and the MSGCs. The horizon-
tal profile obtained with the hodoscope is displayed on
Figure 5. The width of the distribution corresponds to a
beam divergence of @ ~ 40prad at the crystal exit, again
larger than the critical angle ¥, that one would expect.
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Figure 5: Horizontal profile of extracted beam

The extraction efficiency is defined as the ratio of ex-
tracted protons to the number of protons initially hitting
the crystal. The number of extracted protous was deduced
from the counting rates in $1,82 and 83 while the fraction
of the beam hitting the crystal was constantly monitored
through the beam lifetime measurement.

Sample Crystal I Crystal 2
Protons on Crystal (Hz) | 6.7 10° 10. 10°
S1-S52- 53 rate (Hz) 61 10° 74 10%
Background rate (Hz) 27 10° .39 10°

Efficiency 12+3% 10x+3%

Table 1: Extraction Efficiencies
The S$1-82-S3 acceptance is limited by S3 anud defined
a 1.9 1079 Steradian solid angle containing the extracted
beam. The background was estimated in the surrounding
6.9 10~% Steradian still covered by the $1.82 coincidence.
With consetvative counter efficiencies of Y0 10%, one gets
the extraction efficiencies of Table 1.

V. CONCLUSIONS AND PROSPECTS

Stable coutimtious protou extraction from the periphery
of a 120 GeV/c beam circulating in the CERN-SPS was
achieved by means of particle channeling in a bent silicon
monocrystal. The intensity of the extracted beam could be
controlled by the strength of the excitation used to blow up
the horizontal emittance. We tested successively 2 crystals
and extraction efficiencies of ~ 10% were measured with
both samples.

Large widths were observed for both the channeling ac-
ceptance and the deflected beam. Mechanical distortions
of the crystals could explain the effects and we will inves-
tigate the problem using different bending devices during
the course of 1993.

We wish to thank the Beam Transfer, the Beam Instru-
mentation and the Operation groups of the CERN SL Di-
vision for their Lelp.
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Abastract

Synchrotron motion was induced by phase shifting the
rf of the Indiana University Cyclotron Facility (IUCF)
cooler-synchrotron. The resulting coherent-bunch motion
was tracked in longitudinal phase space for as many as
700000 turns, or for over 350 synchrotron oscillations. Re-
sults of recent experimental studies of longitudinal motion
in which the rf phase and amplitude were harmonically
modulated are also presented. Comparisons of experimen-
tal data with numerical simulations, assuming independent
particle motion, are made. Observed multiparticle effects
are also discussed.

1. Introduction

The IUCF cooler storage ring and synchrotron accelera-
tor was the first of many similar accelerator storage rings
designed specifically to employ electron cooling to produce
and use high quality medium energy ion beams for nuclear
research {1]. This machine has also been a near ideal labo-
ratory for conducting accelerator physics experiments. For
a beam of 45 MeV protons the equilibrium 95% emittance
or phase space area is about 0.3x mm mrad with a relative
momentum spread full width at half maximum, FWHM,
of about 0.0001. The motion of a beam bunch with this
small an emittance can closely simulate single particle mo-
tion. Several experiments studying transverse motion near
betatron resonances{2] have demonstrated this advantage.
In the last year, we have applied many of the same tech-
niques for studying transverse motion on a turn-by-turn
basis to a study of longitudinal motion, some of which has
been reported previously [8].

Since its discovery in 1945 by McMillan and Veksler(4]
synchrotron motion has come to be relatively well under-
stood. For a system with time-independent system param-
cters, the difference equations describing the longitudinal
motion are

V. .
b1 b + '-;-,E(m.».. —singo) — 2ab, (1)
¢n+l = ¢u + 2Thﬂ6n+l1 (2)

where § is the fractional momentum deviation of a particle
from that of a synchronous particle, and ¢ is the phase of

*This work supported by the National Science Foundation under
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P.O. Box 500, Batavia, IL 60510
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the particle relative to the rf, with the subscripts on these
variables indicating the turn numbe:r. In addition, % is the
phase slip factor, ¢o is the phase of a synchronous particle,
which for a st _red beam is 0 deg, h is the harmonic number,
a is the damping coeflicient, V is the rf voltage, ¢ is the
particle’s charge, E is the particle’s total energy, and 8 is
the usual relativistic factor.

Assuming that the system is not dissipative, these dif-
ference equations can be approximated by the differential
equations of motion which can be found from the Hamil-
tonian H given by

e Vwo
2x33E

where wg is the particle revolution frequency. While the
difference equations provide a more exact description of
the motion, Hamiltonian mechanics can be useful for gain-
ing insight on the motion. Even when the beam is electron
cooled, the damping is small enough that the approxima-
tions in using Hamiltonian mechanics still result in a rea-
sonable description of the motion.

We have experimentally tracked the beam in ten-turn
intervals, and made comparisons of the observed motion
with the theory. The response of the beam due to modu-
lating the phase and the voltage of the rf, was also easily
measured using the same techniques.

II. Procedure and Results

The experiment began with a beam bunch stored in the
IUCF cooler ring having about 3 x 10® protons with ki-
netic energy of about 45 MeV. The IUCF cooler ring has
a circumference of 86.82 m, n was about —0.86, and we
were using an rf system with a frequency of 1.03148 MHs
with a harmonic number A of one. The beam bunch was
about 60 ns (or 5.4 m) FWHM. The beam was injected into
the cooler ring in a 10 s cycle, with injection and electron
cooling being completed within the first 5 s.

Since measurements of longitudinal motion were being
made, the phase lock feedback loop for the rf, which is nor-
mally on, was switched off. Phase shifting and phase mod-
ulation of the beam relative to the rf was achieved by phase
shifting or modulating the rf control signal. The rf cavity
had a Q value of about 40 at a frequency of 1 MHs, with a
resulting half-power bandwidth of 25 kHs so the response
to a step phase shift occurs in about 40 turns, which is rel-
atively short compared to the shortest synchrotron period
used of about 1920 turns.

The phase of the beam was determined from the relative
phase between the signal from a pickup coil in the f cavity,

H= %hwon&’+ [(cos ¢ — cos éo + (& — do) sin go)]
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Figure 1: A longitudinal phase space plot after inducing

» synchrotron oscillstion by making a sudden shift in the rf
phase. The asymmetry observed here is due to a defect in the
phase detector used.

and the sum signal from a beam position monitor (BPM)
after it had been passed through a 1.4 MHsz low pass filter.
The work being reported here was conducted over a period
of time in which three different types of phase detectors
(5] were used. The first two phase detectors had either an
inadequate range of operation, or an uneven response over
its full range. Our final phase detector had a range of 720
deg and replaced the first two.

The momentum deviation of the beam was found from
the deviation of the beam from the closed orbit Az, mea-
sured by a BPM in a region of high dispersion D,. The
fractional momentum deviation 6, could then be found
from § = Az.,/D, where D, was measured to be 3.9 m.
The position signal was passed through a 3 kHs low pass
filter to remove the effects of any coherent betatron oscil-
lations.

Both the § and phase signals were digitised using
our dsia aquisition system which has been described
elsewhere[2]. As many as 16384 points were digitised in
time intervals which were integer multiples of the beam
revolution period. A typical measurement of the longitu-
dinal phase space variables after inducing a synchrotron
oscillation is shown in Fig. 1 as a Poincaré plot, where
every tenth turn is plotted. Similar data was taken for
induced synchrotron oscillations having initizl phase am-
plitudes in the range from 10 to 150 deg measured in fifty-
turn intervals. The synchrotron tune v,, which is the ratio
of the synchrotron frequency to the revolution frequency,
was determined for each case from a fast-Fourier transform
(FFT), or from a measurement of the synchrotron period
and was found to shift with amplitude as expected from
theory[3]. This data was also used to estimate the damp-
ing time for the synchrotron oscillation due to the electron
cooling. The 1/e damping time was found to be about
400 ms, which corresponds to a value of a in Eq.(1) of
about 2.5 x 1078,

The longitudinal response of the beam to forced phase
oscillations was also studied. In this case an additional
term A¢, must be included in Eq. (2) where A¢y =
a(Sin Wty 41 —8iN Wi, ) with @ the phase modulation am-
plitude, w,, the angular frequency of the rf phase modu-
lation, and ¢, and t,,1 the beam arrival times at the rf
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Figure 2: A plot of the measured beam response to phase
modulation for two different phase modulation amplitudes.
The solid lines are the results from a numerical simulation using
Eqs. 1 and 2.
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Figure 3: A plot showing the ¢ signal on a digital oscillo-
scope. The upper trace is with the electron-cooling “on”, and
the lower trace is with the cooling “off™.

cavity, which are approximately multiples of the revolution
period for a synchronous particle. Experimentally this was
accomplished by modulating the phase of the rf with vari-
ous a and w,,. The transient response was then measured.

The amplitude response A,, was found by measuring the
peak phase amplitude and normalising it by dividing by a.
The frequency response was characterised by measuring
the beat period 7,, of the phase signal. In Fig. 2, the
measured responses as a function of phase modulation fre-
quency are plotted for two different phase modulation am-
plitudes. The synchrotron frequency was about 536 Hs in
this case. The sudden transition from the lower stable solu-
tion to the upper stable solution near a frequency called the
bifurcation frequency is evident in this figure(3, 6]. This is
a characteristic shated by many other parametric resonant
systems(7].

An interesting aspect of these measurements was the rel-
ative insignificance of decoherence when the electron cool-
ing was optimised. In Fig. 3, the phase amplitude as a
function of time is shown for two cases where the applied
phase shift was about 150 deg. In the first case the elec-
tron energy was optimized to maximize cooling. In the
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Figure 4: Equilibrium bunch shape for 5% voltage modula-
tion where w, is 4.75 x 104,

second case, the electron energy was shifted 20 ms prior
to the start of the measnrement so that electron cooling
would be negligible (the electron velocity was shifted by
about 0.5%). Note that the damping of the coherent sig-
nal due to decoherence in the absence of electron cooling
is relatively rapid.

The response of the beam to rf voltage modulation was
also investigated. At this time, we chose to study the
equilibrium or steady-state response of the beam after the
transient had time to damp out. Experimentally, this was
accomplished by modulating the reference voltage in the
automatic level control (ALC) circuit for the rf voltage
by some fractional amount ¢. The motion in this case
is described by the difference equations after multiplying
V in Eq.(1) by 1 — esinwy,t. The revolution frequency
in this case was 1.03168 MHs and the small amplitude
synchrotron tune v,, (without voltage modtlation) was
2.55'x 10~4.

We found that when the beam was allowed to reach equi-
librium, it frequently split into multiple bunches in a pro-
cess that could take several seconds to occur. It was also
observed that the degree to which this occurred depended
on the beam current. In Fig. 4, the BPM sum signal trace
from a fast digital oscilloscope is shown for a modulation
tune of 4.756 x 10~* with the rf voltage modulated by 5%.
By making an appropriate canonical transformation to a
rotating reference frame, Hamiltonian methods reveal that
the particles accumulated at the locations of stable fixed
points (SFP) in this rotating reference frame(8].

Since the various phase detectors we employed were not
intended for use with multiple bunches, we used an os-
cilloscope to measure the peak phase amplitude for the
response. The measured responses, as maximum phase,
are plotted in Fig. 5. The large responses were obtained
by starting the voltage modulation at injection where the
beam occupies a larger amount of phase space. The gap
in the measured response for v,, from 4.91 x 10~* to
5.02 x 10~* occurred due to the small separation of the
SFP’s compated to the full width of the particle distribu-
tion of about 40 deg. For v,,, above about 5.02 x 104, the
response could again be determined since the SFP at the
origin becomes an unstable fixed point (UFP), producing
a greater separation between the remaming SFP’s. The
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Figure 5: Beam response for 5% voltage modulation.

solid lines in Fig. 5 correspond to the maximum phases of
the observed SFP’s and of a nearby UFP(8].

III. Conclusions

We have found that the experimental techniques used for
turn-by-turn tracking in studying transverse moticn are
equally effective for studying single-particle longitadinal
motion, at least in the case of transient motion. The
steady-state motion was somewhat more difficult to study.
In this case, the beam bunch may separate into two or
more bunches within an rf bucket. Phase space tracking
of individual bunches then becomes difficuit. Multiparticle
aspects of the motion we have observed are interesting in
their own right. The rate at which the bunch splitting oc-
curs, the dependence of the amount of beam accumulating
at each SFP on the beam current, and the relationship be-
tween decoherence and electron cooling may be of practical
interest in schemes in which these effects are to be used for
slow particle extraction, or in trying to understand bunch
diffusion.
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Abstract

Polarised, stored beams are becoming a more and
moze important tool in nuclear and high energy physics.
In order to measure the beam polarisation in a storage ring
the polarisation vector of the stored beam has to aim, rev-
olution for revolution, over a period of seconds to minutes,
into the same, so-called "stable”, direction. In this pa-
per measurements at the Indiana University Cooler Ring
(IUCF) are described in which for the first time in a stor-
age ring oscillations of the polarisation vector around this
stable direction have been measured [1]. The existence and
the dynamics of such oscillations are, for instance, impor-
tant for a new proposed technique for polarising stored
hadron beams [2].

I. INTRODUCTION

The behaviour of polarised beams was studied both
in electron-positron storage rings [3,4) and proton storage
rings [5].

The theoretical description of the polarization in these
storage rings is mainly based on a formalism introduced
by Derbenev and Kondratenko [6] and later by Chao (7).
The basic concept is the following: all the trajectories in a
storage ring can be calculated relative to the closed orbit,
a (fictive) trajectory, which repeats itself from one revolu-
tion to another. The behaviour of the polarisation can be
calculated in a similar way. A polarization vector is found
along this closed orbit which also repeats itself from one
revolution to another. This vector is called n-axis.

The thinking in terms of an ever-recurring polarisa-
tion direction is highly supported by the polarimetry used
in storage rings. In order to measure polarisation with suf-
ficient accuracy, the measurements have to be performed
over several seconds or minutes {8].

*This work is supported in part by the U.S. Department of
Energy, DOE-Grant No: DE-FG02-91ER10644, The University
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In this paper the first measurements on the stability of
time-varying spin components are reported. The practical
importance of an oscillating polarisation is described some-
where else [2,9]. The measurements were performed at
the Cooler Ring of the Indiana University Cyclotron Facil-
ity (IUCF) in Bloomington, Indiana. Recently a Siberian
Snake was installed in this ring for demonstration purposes
[5]. The snake consists of a solenoid which rotates the po-
larisation by 180 degrees around the momentum axis and
skew quadrupoles. The skew quadrupoles are located on
each side of the solenoid. The authors of this paper used
this Snake, the existing polarised source and the existing
polarimeter {10] to measure time-dependent spin motions.

II. THE STABLE SPIN DIRECTION

Particle and spin motion are related to each other.
When the particle is deflected by an angle a around a
certain axis its spin is rotated around this axis by an angle
¥:

g9-2

—51e=Gra=9 (1)

where g is the proton g factor and v the Lorents factor.
The numerical value of G is 1.7928. Equation (1) is a
direct consequence of the well known BMT-equation on
the behaviour of the spin S in a magnetic field [11]:

a5 _

% 2

=5 x[(1+6G1)BL +(1+ G5
m

For the experiment an energy was chosen in which the
spin performs two revolutions during one revolution of the
beam: Gv = 2. For a machine consisting only of bending
magnets the energy corresponding to Gy = 2 is 108.4 MeV.
A more careful analysis {5,12] showed that the solenoid
of the cooler also contributes to the spin tune and the
correct energy for Gy = 2 is 106.2 MeV. The solenoid of
the Siberian Snake rotates the spin around the momentum
axis by an angle of 180 degrees. The required field strength
for & 180 degree rotation can be derived from equation (2).




The n-axis of a machine with a Siberian Snake can be
derived from fig. 1.

injected
polorized beam

Siberion Snoke

Fig. 1 The coordinate system. A spin manipulation sys-
tem in the injector channel allows the injection of the beam
in any polarisation direction. For the experiment a polar-
isation vector parallel to the vertical direction was chosen.

Using the coordinate system [x,s,s] def: _+d in this fig-
ure and choosing ¥(#)=0 at the snake, the n-axis is

i = (sin(¥(s)), cos((s), 0) (3)

s is the path length of the trajectory and y(s) is the spin
precession angle. The spin rotation only takes place in
the bending magnets. The expression ¥(s) describes the
non-uniform spin advance in the mackhine.

III. THE EXPERIMENT

A beam polarised along the s-axis is injected into the
storage ring. The beam is cooled by an electron beam and
stored for circa 10 seconds. After this time, the beam is
directed towards the target of the polarimeter [10]. The
target is a 4.5 mm thick graphite slab. The transverse tail
of the bunch is scattered. During the next revolutions the
center of the beam is brought gradually closer to the target
until the whole beam intercepts with the target (fig. 2).
Afterwards a new beam is injected and the measurement
is repeated.

According to equation (3) the n-axis of the ring with
the Snake is in the horisontal plane. The polarisation P of
the injected vertically polarized beam oscillates therefore
around the n-axis:

P = Py(0,0,(-1)™) (4)
where m is the number of revolutions. For a moment en-
ergy oscillations are neglecied.

A standard polarimeter integrating over many revo-
lutions would find that the beam is unpolarized: in the
time average the vertical spin direction cancels. In order
to measure this time varying polarisation the polarimeter
has to be gated in such a way that data are taken only
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every second revolution (fig. 2). The gate is opened ev-
ery second revolution for half a revolution. If theze is no
depolarisation, the polarimeter should measure a vertical
polarisation.

Gate
Am A .
Bunches with ~ U ‘
allemating spin .
Tog ‘1‘
w“m

Fig. 2 The polarimeter and the gating system. The beam
is directed to a carbon target and the asymmetry in the dis-
tribution of the scattered particles is measured (10]. Both
the horisontal and the vertical polarisation are measured
at the same time. The polarimeter is gated in such a way
that data are taken every second revolution.

Synchrotron oscillations are energy oscillations around
the nominal energy.

( )o sin(w,t + §) (5)

where w, is the synchrotron frequency. Although the en-
ergy deviations are small these oscillations change the mea-
surement in the following way:

The spin rotation in the solenoid for particles with
energy deviation is no longer 180 degrees. Particles with
higher (lower) energies then the nominal energy are rotated
less (more) than 180 degrees according to equation (2).

This effect changes the results of the measurements
significantly. Due to the energy oscillations the spin devi-
ates from the vertical axis by

Ay

-

—

1 . .
u= - zﬂ:sm(Zﬂ + Asin(2nw,to + 5)) (6)
when the polarimeter only takes data every second revolu-
tion. i is the revolution time and A is a measure for the
magnitude of the energy deviations. As a result the energy
oscillations reduce the degree of the measurable polariza-
tion. The degree of reduction depends on the magnitudes
of A and w,. The degree of the measurable polarization
increases with w,.

In the following the rota.ion angle of the solenoid is
changed from 180 degrees to 180 + /2 degrees. For the
same measurement as before, equation (6) has to be rewrit-
ten in the following way

u(8) = % Y sin(2xn +nf + Asin(2nw,to +6)  (7)

n

e




B is changed by changing the current through the solenoid.

In fig. 3 the polarisation u(3) is plotted as a function
of # (=solenoid current). A current of 145.5 A corresponds
to & spin rotation of 180 degrees. A lower current means
less than 180 degrees rotation and a higher current more
than 180 degrees rotation. It was assumed that the origi-
nal polarisation of the injected beam was 80% parallel to
the vertical direction (as in the experiment). The distance
between the center frequency and the two sidebands cor-
responds to & synchrotron tune of Q,=0.004 (at which the
machine operates).
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Fig. 3 Simulation of the measurement. The injected beam
is 80% vertically polarised. The polarimeter measures the
transverse component of the polarisation. The polarimeter
is gated in such a way that data are taken only every second
revolution of the beam. The two peaks centered around the
main peak are caused by synchrotron oscillations.

Fig. 4 shows the results of the measurements. The
position of the side peaks relative to the main peak is in ex-
cellent agreement with the simple assumptions developed
in equations (6) and (7).
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Fig. 4 The results of the measurements. The 3 peaks

are separated by the amount predicted in fig. 3. The
absolute height is smaller by a factor of 2 compared with
the calculations. This deviation has to be investigated in
more detail in the future.

In summary, it was demonstrated for the first time
that oscillations of the polarisation around the stable di-
rection exist and can be measured.
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Abstract

ay is an important lattice parameter for transition cross-
ing. There exist several ways to measure aj, such as de-
bunching near transition. The extraction of a; from de-
bunching rate depends on the momentum spread of beam,
which is hard to measure accurately. Here we report an-
other way to bypass this difficulty. Instead of debunching,
the beam is stored in a stationary bucket near transition.
Since the bucket near transition is very small, the particles
inside the bucket will fill the bucket and those outside will
be lost if parameters are chosen properly. So the measured
bunch length is equal to bucket length, which can be used
to extract a;. The nice thing about this mothed is that
the measurement dose not depend on initial distribution
of bunch as long as its initial emittance is big enough to
fill the stationary bucket near transition. A test has been
carried out in the Fermilab Main Ring (MR).

1 Introduction

In a synchrotron or a storage ring, the momentum com-
paction effect influences the longitudinal motion through
the phase slip factor

1T-T, .
=5 = 6+ 0(8°
=T s o + mé + O(6%), (1)
where 7o = «o — .,% = :y‘l_’f_ - :,17, and
3 2 o .
m = «apr+ W - 7—2 (2)

Here T is the period of revolution for a particle with mo-
mentum offset § = Z=£2 and Ty, for a synchronous particle,
# and v follow usua{ relativistic kinematic notation, and
vr is the transition gamma for a synchronous particle, g
and a; are defined in the expansion of orbit length

C — Cy = Coapd [1 + aib+ 0(62)] , (3)

where Cj is the orbit length for reference particle.
Near transition where 7, vanishes, the nonlinear term

3
m & ool + 3) (4)

becomes very important. For a quasi-isochronous electron
storage ring, m; & aqa; since ¥ >> 7{-': The first. order

*Operated by the Universities Research Association Inc., under

contract with the U.S. Department of Energy.
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nonlinear compaction factor «ry can be calculated analyti-
cally [1] for a FODO lattice or numerically from a lattice
code such as MAD. But in a real machine, such as the Main
Ring, there are a lot of unknown nonlinear components. So
it is very important to be able to measure ;.

There exist several ways to measure ), such as nou-
linear dependence variation of revolution frequency on the
momentum offset. [2] or debunching near transition {3]. For
a ring with big radius and small aperture, it’s very diffi-
cult to apply the former method. The extraction of o
from debunching rate depends on the momentum spread
of beam, which is hard to measure accurately. To bypass
this difficulty, a new way to measure «r) has been proposed
[4], which uses a property of a stationary bucket near tran-
sition.

2 RF Bucket near Transition

The longitudinal Hamiltonian for stationay bucket (¢, =
0) including the nonlinear 7; term can be written as

A% [ B
H($,6) = /;—ZE cos ¢ + 21rh[§’,,.5~ + :?"“5"] (5)

where V is RF voltage, h harmonic number, E beam en-
ergy.

The separatrix is a Hamiltonian contour through the
unstable fixed point in the phase space. There are two
sets of fixed points, one at 6 = 0 and another at
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~o——) 6
7 Ye(ev1 + 3/2) (6)

=

introduced by the nonlinearity and approximation in Eq.
6 is valid near transition. The nonlinear strength can be
parameterized by a quantity

Wh[}z El"() I3

- 7
Vo (1)

When far away from transition (x > 1), the bucket around
é = «a is way outside the mo:uentum aperture. Near transi-
tion, # becomes smaller and the nonlinear contribution be-
gins to make the bucket unsymmetric in the é axis and the
second set of bucket around é = a moving close to the aper-
ture as seen in the Fig. 1. Then comes a piont when the
bucket. height 64 = a under the critical condition » = 1.
Even close to transition the bucket height does not depend
on RF voltage and the bucket width begin to shrink. The
properties of bucket can be summarized in the following
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regime bucket height width type
> by = b x VV 2x A
table: || z>1 by >b_ox VV 2x B
r=1 b+=26_=uc<\/7 2x C
<1 by =26_=a 4 arcsin(z) D

In the table above, é; and é_ are respectively the bucket
height in the upper and lower phase space as shown in
Fig. 1. Another important parameter is the maximum
momentum deviation in the separatrix. Since it’s always
at phase 7, let’s call this maximnm momentum deviation
éx. The ratio of 8, over e depends only on x, as shown 1
Fig. 2. Here we assume a > (.

For type D bucket, the bucket width depends on ;. Soif
bucket width can be measured, x can be calculated. Then
if know 2 very accurately, 1; (thus o) can be extracted.

3 Measurement Method and Parameter Choice

One way to measure the bucket length is to let heam fill
the bucket. Then the measured bunch length will be the
same as the bucket width. So if we can ramp the beam to
a energy near transition, probably below trantion to avoid
of complication of transition crossing. How far away from
transition? The ground rule for choosing parameters is

1.ha < 6:1;:ermn < by (8)

to make sure that particles inside bucket are captured and
those outside are lost to the momentum aperture. To get
clean sigual, the ratio of é; over a should be maximized.
From Fig. 2, z should be less than 0.3 to get %.‘ >24. On
the other hand, the lower limit of r is set by the resolu-
tion of bunch length measurement. For the Fermilab Main
Ring, the normal stationary bucket is 20 ns long. Bunch
length shorter than 1 ns can not be measured accurately.
The lower limit is = > 0.1. For a machine with lower RF
frequency, such as the Brookhevan AGS, the lower limit
could be even smaller.

4 Test in the Main Ring

4.1 Setup

The Main Riny is a synchrotron with following parameters

Radius | 1000 m
Yt 18.86
ey 53 MHz
h 1113

In the experiment, 20 bunches of beam with 1 x 10"
protons per bunch are accelerated from 8 GGev to a energy
very close to transition energy at 0.44s. Theu the RF volt-
age is lowe