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Abstract .

Simulations of axial bunch compression in heavy-ion rings_12Pl€ 1: Ring parameters and envelope model results.

have been carried out as part of a feasibility study for gen-Parameter CR-18 CR&OO

erating intense beams in a facility at GSI. The compressign!on U3r3“88 U§r3s

is implemented by a fast rotation of the longituding) ( | Ring Radius [ [m] 34.49 157

phase space and results in greatly increased transveyse E;Sg 'F‘Q";té'iiife[rgr)%w %g (158

space-charge strength while the bunch is compressed in a Tunes,Qogf,) Qoy 4.2,3.4| 10.8,9.7

dispersive ring from an initial prebunch with|lamomen- | Particle K.E. £, [MeV/u] 200 127

tum spread ofAp/p ~ 10~* (full half-width) to a final | Particle NumberN' 2x 10 | 8.5x10"2

spread ofAp/p ~ 1% at the final focus optic. The need | 1 Emittances¢, = ¢, [nm-mr] |~ 10 20

to maintain beam quality during the compression results ig [| Emittance., [m-mr] 16.8 20.7

numerous issues that are explored with PIC simulations. REVortaga(h 'i;“"eflo[is/]MOdel Re;‘gtos 2506

1. INTR.ODUCTION . . Laps for%:ompress,ion 59.475 | 49.412

Plasma physics experiments at GSI are bgmg deS|glj 0] Prebunch, 1/2 Ring, Mid-Pulse

to produce dens_,e, Iarge-volume _p_lasmas with heayy-| ™Tune Depressiong /oo 0,978, 0.994,

beams for use in general scientific research and in eX-Momentum Spread\p/p 5%x10~4 | 1.1x10~%

ploring target issues in Heavy-lon Fusion. These applica- Full Compression, Mid-Pulse

tions require high beam intensity on target with small focal Pulse Duratiorr,, [ns] 32 39

spots and short pulse durations. Overall system configyi-Tune Depressiony /o 0.652 0.592

rations under consideration to achieve the needed paramelune shift AQ —-132 1 —4.18

ters are discussed in a related papeatere, we examine Momentum Spreadhp/p 0.01 0.01

the final || bunching needed to achieve such high intendistribution and al matched, KV distribution. The
sities. Economic considerations dictate that the bunchidipe-charge density within the bunch is parabolic with
is best carried out in a ring using a fast rotation of the A o 1 — (§z/r.)?, wheredz is the || coordinate rel-
phase-space. Parameters for 18 T-m and 100 T-m compresive to the synchronous particle and thebunch ra-
sor rings (CR-18 and CR-100), which represent a rang#ius r, evolves according to the envelope equation
of bunching options, are summarized in Table 1. Bunch- o k2. — Ky _ g _ 0 (1)

. . . . . . . z 0s! z 2 3 — .

ing rings with similar compression physics are also un|-_| . denotd/d e h T tion dis-
der development at RIKEN and ITEP. The bunching wave-c'c: Primes deno /ds, wheres is || propagation dis

forms needed for these options are consistent with convetr"?‘-nce of the bunclk, is the synchrotron wavenumber in

tional, low-frequency magnetic alloy RF "cavities” or new,the linear RF approximatioriy is the space-charge per-

high repetition rate induction cells developed at LINL '<2nC€ (dimension length), agf= const is the rms emit-

o 2 2 2 2
For cavity/cell superpositions that approximate ideal, linta"ce- More explicitlyko, = qVhln|/(2m B2y 3;mc”)

ear bunching waveforms, little difference is expected “Ilor an RF cavity operating on harmonic(h = number

the physics of bunching implemented by RF and inductio%{f bunches) with a maximum voltage gain per turnigf
Il

_ aqz.2 392, 2 _
technologie& Thus, here we assume linear RF bunching. | _eg’r%‘letg!ﬁgéfgsﬂimf % \:LVh;{e(g is a)n (avea:ﬁge of
2 SIMULATIONS g y =1/ n(rp/m) (rp andr,

A hierarchy of simulations with increasing model de_are the L pipe-radius and bunch radius of the matched
y 9 K}/ beam; g includes weakl / || coupling), ande; =

tail has been developed to investigate the compression 0

a bunch ofV particles of rest mass and chargg moving |77.|TZ.AP/.p = const whe_reAp/p 'S the half-width of thej
. . . : . distribution in the fractional particle off-momentuip/p.
in a ring of radiusk about a coasting, synchronous particl

i ineti i Here,j = 1/42 — 1/42 < 0is the "slip factor” with tran-
with || Kinetic energy, = (1, — ime®. Here,cis the ~ GE = n% "~ gs ) is he sl actor” wit ran.
speed of light in vacuo, angl, = 1/,/1 — 42, wheref,c t = oz [Koa 0y
i the|| velocity of the synchronous particlg (z-plane) and vertical(-plane) undepressed tunes].

2.1 Envelope Simulations ' The envelope equation (1) is integrated from an initial

Parametric changes associated with ideal bunch coﬁf— = 0) prebunch to estimate parametric changes due to a

pressions are first analyzed with a simple envelope mod&c_)mpression induced b_y a_sudden increage in R'.: voltage
In this model, continuous bending (ring radid and V. Results are shown in Fig. 1 as a function of ring laps

1 and || focusing are assumed along with linear par[S/(%R)] for CR-18 parameters, a single bunch= 1),

ticle equations of motion consistent with |a Neuffer 2nd @ half-ring prebunchr{ = «12/2). Results of this
compression and an analogous one for CR-100 are sum-

* Research performed by LLNL, US DOE contract W-7405-ENG-48. marized in Table 1. The compression corresponds tda 90
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rotation of the initial phase-space ellipse and takes pladable 1), and compression implemented by continuously
in 59.475 laps §9.475 > (1/4)/(Rkso) = 59.147 due adjusting the particle weights and momentum deviations
to space-charge]. As the full-width pulse duratign=  consistent with the envelope model. The initial prebunch is
2r, /(Bsc) decreases, thé space-charge becomes strongemodeled by loading an rms matcheédemi-Gaussian (uni-

as measured by the decreasesifo, (0 and oy are the form density and temperature) and| @&aussian momen-
phase advance per lattice periodlofparticle oscillations tum spread (rms Neuffer equivalent) distributions and then
with and without space-charge) or the increase in tune shdtlvancing the coasting beam many laps to allow relaxation
AQ = (1—o0/00)kgoR, Wherekgy = (Qz0+Qyo)/(2R). of the loaded distribution due to weak space-charge and
This increase in space-charge strength occurs rapidly owdispersive effects in the ring. These mid-pulse simulations
the final phase of the rotation and is accompanied by raodel the region of strongest space-charge and momentum
large increase in the momentum-spread width of the distrspread, and are structured to explore physics issues as op-
bution,Ap/p. This spread contains a coherent componenposed to detailed design evaluations.

(Ap/p)le = (rL/Inl)(dz/r.), that nulls at full compression  The rms emittances{ = 4[(z2)(z"2) — (zz')?]"/2, etc.)
(upright phase-space ellipse with= 0) and an incoherent eyolution is shown in Fig. 2 for a 18@hase-space rotation
component,(Ap/p)lic = =£[e/(Inlr:)]\/1—(0z/r2)?,  in the CR-18 lattice with zero (smaN) and full current.
associated with the increasing local thermal spread. Theagpeak compression (9059.475 laps), the in-bend-plane
spreads vary along bunch axis, ranging from all incohereptemittance undergoes a large increase, whereas the out-
at mid-pulse §z = 0), to all coherent at the bunch endsof-bendy-emittance undergoes a smaller, nonlinear space-
(6z = £r;), and both coherent and incoherent in-betweegharge driven increase. The thickness of themittance
(plotted at 1/4 pulsejz/r. = 1/2). The compression is trace indicates the amplitude of emittance oscillations at the
timed such that, shortly before full compression, the bundattice and betatron frequencies that result from dispersion
is extracted from the ring into an extraction line for transand the distribution being dispersion mismatched due to the
port to the target. The RF voltag&sare set for mid-pulse bunch compression, respectively. To better understand this,

(Ap/p)ic = 1% at full compression, corresponding to thethe z-particle equation of motion is well approximated by
chromatic focusing limit of the final focus optic. Since this

envelope model is only consistent with linear focusing, the” + ( 1T+ 1+5) T o= i - ,Zi?é?fz, )
linear RF voltagel” must be interpreted in terms of har-
monic cavity superpositions (requiring additional RF voIt
age) sufficient to suppress nonlinear phase-space wrapp
consistent with the prebunch extent in the phase of the fuRls
damental RF harmoriic

whered = ép/p, p is the local bend radiusg, =
,/0x)/[Bp] is the L focusing strength of the mag-
ic quadrupoles, and is the self-field potential. Ne-
glecting space-charge, chromatic effects/[1 + §) —

jvesmenas B Momentur Spreads kq), and higher-order dispersive effectsle?/ds =
N (59.475 laps) M Pue . Ap A (32/p)[(x?)(z'5) — (xz'){x4)], showing that the emittance
| rabuseh ’ evolves primarily in the bends. For an uncorrelated ini-
1 [metg( tial distribution (28) = 0, etc), it can be shown that

€2(s) = €2(0) + F(s)e;(0){6?), whereF(s) is a func-
tion (constant out of bends) depending only on the lattice.
N a P 001/7; N = This oscillation can be understood by examining a group
 wpj(COnerentand incohereny | of particles with off-momentund. If the closed orbit of
2p .o this particle group is shifted from the phase-space center
of the group (from dispersion and dispersion mismatch),
Ap then the particles will betatron-rotate about the shifted or-
ome ) bit which oscillates according to the dispersion function.
ence, the phase-space ellipse bounding all off-momentum
roups ¢ e€,) will oscillate with components at the beta-
2.2 PIC Simulations tron frequency (wavenumbéi;) and at the frequency of
The combination of strong space-charge and large mo-dispersion function oscillation22f/k ~ lattice period).
mentum spread in the ring/extraction line lead to issueBhe pumped momentum spread of the applied compression
in maintaining L beam focusability (limiting emittance acts to increase the average and amplitude of the emittance
growth) that are being explored with 2d and 3d electrostatiscillation. In this context, the emittance increase is a dis-
PIC simulations based on the WARP code of LLNand persion induced distortion that is reversible, and can be cor-
several GSI codes. These simulations include lattices witiected in the extraction line with appropriate, compensat-
varying levels of detail, a proper treatment of dispersioring bends. However, this distortion influences théunch
and self-consistent space-charge fields. Presented heresire, and thereby the aperture and extraction. More-
1 2d mid-pulse §z = 0) simulations with a symmetric over, nonlinear space-charge, chromatic, and higher-order
FODO lattice for L focusing (occupancy of quadrupolesdispersive effects can produce amplitude dependences that
and dipoles are 25% and 15% of the lattice period, respeghase-mix (thermalize) part of these reversible emittance
tively, with tunes),o ~ @,0 equal to the mean of those in oscillations causing uncorrectable, "irreversible” growth.

rp:32ns\
I

0.652 ———m

Laps“ La
Figure 1: Envelope model of bunch compressmn (CR-18).
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Such growth must be limited, since it can also interfere withs: .o ‘ 2.0 ‘
Full Current Full Current
the correction of larger, reversible growth components. A% 1.88 >
measure of the irreversible growth is obtained in full 180 &
phase-space rotations, since these recover the initial mgg ..
mentum spread and emittance in the absence of irreversible
effects. Small chromatic and dispersive terms prevent exa@
recovery in the zero current simulation shown. The emit9 , ..
tance growth of these full-current simulations are qualita<

0= 114°

(nominal)

. . . . [}

tively comparable withi80° rotation experiments g s = * g g

__ Zero Current " T T gitiGe pariod Full Current wo Laps i ) Laps il

T g T Figure 3: Emittance growth with no bends (CR-18).
334 3.70

order dispersive terms can phase-mix otherwise reversible
distribution distortions into irreversible growth. Although
these effects are typically weaker than space-charge in-
duced nonlinearities, compensations should be considered.
Also, since a momentum deviatighis equivalent to all
dipoles and quadrupoles having the same field error, tune
values@,o = Mk/2 (k = 1,2,---) should be avoided.

= = s However, in a symmetric ringA = cell number) the

La oo < 180° phase-advance limit for a valid bunch en-

. . aps - Laps )
Figure 2: Em|t{)ance growth verses bunch laps (CR'18)'veIope preclude such resonances and likewise, low-order

The dominant source of irreversible emittance growth e
Y resonances due to systematic field errors. Resonances from

%pop deeasrsletzr?c?hr;cc)intljlnﬁir f?r:(;ec\j,oaniscr)ggziw[miss pg Cgé%‘gtr:%%struction errors are not regarded as troublesome due to
! g the comp ' {Ke limited number of laps in the compression and detuning
strated by the simulations in Fig. 3, where the compre

sion in Fig. 2 was carried out in a Straight lattige © Yueto varying space-charge strength as the particles change

). Rapid growth occurs wher/oo becomes sufi- | position in the bunch. This can be checked with full 3d

00)- pid g . g0 . simulations of distributions with realistic incoherent tune

ciently depressed and remains when the compression s . . . .
preads. Finally, although results of 3d simulations with

reversed. Negligible growth occurs for zero current, anéontinuous, linear RF bunching differed little from the re-

spgce_—charge ins_tability induced growt_h can be reduced la)(ﬁced 2d model presented, this must be re-evaluated for
adjusting L focusing foroo < 90° to eliminate envelope discrete RF cavities. The finite kick i& provided by a

and SUppress hlgher—_order collective m(_)des. Little chan screte cavity leads to an instantaneous shift of the closed
was induced by varying the compression rate by factors

. . . ) orbit of each group of off-momentum patrticles, which can
of 2, suggestln_g fast_l_n_stablllty Sa“_lfa“f?”- Al_though thesﬁaad to irreversible emittance growth when a series of kicks
space charge instabilities are modified in a ring due to thaere applied. This can be properly evaluated in 3d simula-
L dispersive broadening weakening space-charge forcgs X

o e - : ions with realistic distributions of RF cawvities.
theoq < 90° criteria appears sufficient for rings. Reduce 3 CONCLUSIONS
o0 aIsp decreases envelope flutter, r'educing sensitivity to This joint GSI/LLNL study is investigating the use of
focusing errors and prpblems_ associated with large ENVESst bunch rotation to compress a large number of particles
lope excursions combined with large momentum sprea

in bending dipoles. Unfortunately, this criteria is also in- heavy-ion rings. The combination of large momentum
. g dip ' X Y ) , spread and strong space charge in a ring creates challenges
consistent with long, low-dispersion straight sections (for

bunch insertion/extraction, RF cavities; cooling, etc.), in limiting L emittance growth. Simulations have distin-

since this requires high phase-advance through bends (Wngshed and characterized reversible (correctable) growth

small superperiod numbedf). However, in the presence Ue to dispersion induced distribution distortions and ir-
Perp ) ' pres: reversible (uncorrectable) growth due to various effects.
of compression, strong space-charge, and largerying

momentum spread. the conventional definition of a dis e'rl'_entative design criteria were developed to mitigate these
. N sp ' . P growths. Tradeoffs between these constraints and practical
sion functionD [D = z/d, wherez is the closed orbit

. ) . nsiderations will m in mor imal rin igns.
solution to Eq. (2) ford small andgp — 0] carries little (lg\fjefedrgr?(t;gss be made ore optimal ring designs
meaning. Larges-varying space-charge strength and mo- [1 ] P. Spiller, K. Blasche, O. Boine-Frankenheim, M. Emmer-

mentum spread in the compression result in a shifDof ling, B. Franzcak, I. Hofmann, S. Lund, S. Lund, and U.

complicating lattice design. From this perspective, the bet-  Ratzinger, these proceedings.

ter approach appears to be a symmetric lattice with a largd2 ] S. Lund, I. Hofmann, O. Boine-Frankenheim, and P.

M (= M = cell number), where the zero-current fluctu- _ SPiller, to appear, GSl internal report (1999).

ations ofD are as small as possible. This m_inimizes re- 3 ]ra'fdr(y%rgf,%"s;ﬁ'g;, 'ﬂ'éSFf[t_itéﬁ’_'l’lbigge(r‘l‘;%ﬁ)'Yerm°re Labo-

versible emittance growth at peak compression, reducing, ] R. Cappi, R. Garoby, D. Mfil, J.L. Vallet, and E. Wild-

consequences of correction errors and irreversible grOWth. ner, in Proceeding of the 1994 European Particle Accelera-
Chromatic focusing effects and possibly other higher-  tor Conference, London, 27 June - 1 July, p. 279.
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