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Abstract Coulomb scattering was first applied to explain teamice
growth in electron beams, and was called the "pilelti
Touschek effect” [5].

Piwinski later generalized multiple Coulomb scattgr

Intra-beam scattering (IBS) is the limiting factdrtioe
luminosity lifetime for Relativistic Heavy lon Cdadler
(RHIC) operation with heavy ions. Over the last fgyars ” : L .
the process of IBS was carefully studied in RHIGhwi for proton machines [6], without approximations i

dedicated IBS measurements and their comparisom wif/€ré rglevant for h|gh-energy_ electron beams [Jje T
the theoretical models. A new lattice was recentl enera_hzed treatment of multiple small-angle Conlio
designed and implemented in RHIC to suppress teaesv cattering was then renamed I.ntrabeam S}cgtterB@. I
IBS growth, which lowered the average arc dispersip €0y was later extended to include variationstia
about 20%’ [1]. This lattice became operational ryri betatron functions and momentum dispersion fgnctlon
RHIC Run-8. We review the IBS suppression mechanis long the accelerator lattice, and was summarizgd b

: tini (referred to here as “Martini's model”) [7]
IBS measurements before and after the lattice chaamgyl ar _ .
comparisons with predictions. Bjorken and Mtingwa took a different approach to

modeling IBS, using the scattering matrix formalisom
quantum electrodynamics (“B-M model”) [8]. Both B-M
INTRODUCTION and Martini's models are in good agreement.

IBS limits the present performance of the RHIC ideit As far as Coulomb scattering is concerned, basg IB
with heavy ions. To achieve required luminosities & scattering physics is the same as that of gas mlelem a
future upgrade of the RHIC complex, the Colliderclosed box. However orbit curvature produces dispar
Accelerator department at BNL has been developing circular accelerators. Because of this dispersian
several approaches to counteract IBS such as@teatrd energy change leads to a change in the betatron
stochastic cooling [2, 3]. Stochastic cooling ine th amplitude. In other words, we have coupling of the
longitudinal  direction was already successfulljongitudinal and transverse motion.
implemented in RHIC, suppressing longitudinal eamitie Another important consequence of the curvature in
growth due to IBS. Implementation of stochasticlt@p circular accelerators is that it leads to the dteda
in the transverse plane is presently under devedop8]. “negative mass” behavior of particles above tramsit

Simple features of IBS above transition energyvedid  energy. This in turn leads to different IBS consames
us to explore a possibility of reduction of thensaerse below and above transition energy, as pointed qut b
IBS growth rate with a modification of the RHICtlae  Piwinski [9]. Below transition energy the sum of
[4]. This approach is less expensive and intrush&n horizontal, vertical and longitudinal oscillatiomplitudes
cooling. The new RHIC lattice was developed oveis bounded. Particles can only exchange energy, and
several dedicated Accelerator Physics Experimenkghave like molecules in a closed box. Howeveryabo
(APEX). After successful experimental verificatiohthe transition energy the total oscillation energy aasrease.
reduction of transverse IBS growth rate during APEEX This leads to both longitudinal and transverse tamie
June 2007, the new lattice became operationakiatiest growth.
d-Au run in 2008. Accurate expressions for the growth times of thenbe

In this paper, we describe the IBS-suppressiogimensions are available [7, 8, 9]. We use these
mechanism, experimental measurements, and compasgressions [7-9] implemented in the BETACOOL code

our measurements with predictions. [10-11] for comparison with our experimental
measurements. Approximate relations are given bétow
IBSIN RHIC illustrate the IBS-suppression mechanism.

For energies much higher than transition energy,
longitudinal diffusion dominates IBS growth rates
because the RMS velocity spread in the beam fraame i
much smaller in the longitudinal direction than time
transverse. Expressions for the growth rates can be
significantly simplified in this case.

Particles within the beam scatter from one anotfeer
Coulomb collisions. When the scattering anglessanall,
the random addition of such small scattering eveats
lead to a growth of the beam dimensions. Such pielti

*Work supported by the U.S. Department of Energy
#E-mail: fedotov@bnl.gov



In a typical RHIC run, the beams are stored atgtasr reduced by increasing the horizontal tune advaecea
(y=107) much higher than the transition energy=(23). FODO cell,AQ,. Due to a strong dependence of the
We therefore can use high-energy approximations fdunction on the tune (in smooth approximatitty ~
growth rates, when simple estimates are deemddQ)’), a small tune increase results in significant
sufficient. Dependence of the longitudinal growditeron reduction ofH,. For example, an increase of the tune
various beam parameters in the high-energydvanceAQ, per cell from 0.23 rad (82°) to 0.3 rad (107°)

approximation is described, for example, by [12]: would result in a 2-fold reduction of,, strongly
. 1 dU,ZJ richi L, _suppress_ing the“ transverse gr_ovv,"[h rate. This isntam
I, =— = T 3 32 12 5 (1) idea behind the “IBS-suppression” lattice [14].
g, dt  8p3 Ve <,3x >030p When the RHIC lattice was designed, IBS was one of

wherer, is the classical radius of iong, is the RMS the main concerns. This led to a lattice desigrh vilite
' P shortest and strongest focusing FODO cells in tlos a

momentum spready, 'S ““”_‘ber of ions in the bunch, than any other existing hadron collider. The ch@t&2-
'S the_: Coulomb logarithmz is t_he RMS bunch _Iengtl,z& 90° phase advance per cell was selected as anuwptim
= B is the average beta-function around the ring,&Rd  peyeen IBS and other effects [4, 15]. Howeverthat
& Is the transverse beam emittance. _ time of RHIC lattice design there were also many

The transverse emittance growth rate is expressed joknowns such as beam parameters, dynamic aperture,
terms of the Iongm;dmal growth rate as etc. For typical Au beam parameters in 2004, the 82

2_lde, 0o Df +(D,'B, +a'XDX)2 9 phase advance per cell lattice was not an optimutim w

) e () respect to IBS. We then decided to proceed witticéat
X development with an incremental increase of thes@ha
where( ) is an average around the rigg,anday are the advance per cell. o
The range of available tune advances per celhigdd
by the existing RHIC power supplies and supercotidgic
magnets. Also, since dispersion reduction requaeger
sextupole strengths for chromaticity correctionpaiyic
: ) . _— aperture may become a limiting factor.

In RHIC.:’ the vertical dispersion _con.tr|but|on_a\g§fd IBS-suppression lattice development started in 2005
over the ring is close to zero. Longitudinal hegtisithus | w1 o increase of the horizontal phase advancegié
transferred through the horizontal dispersi@ninto the .. goo o 92° [16]. IBS growth rate simulationstiw
horizontal oscnl_atmn ampl_ltude. For a lattice Hvit expected beam parameters were performed using the
transverse coupling, the horizontal growth rate WulBS BETACOOL code, which showed a 30% reduction in the
is shared between the horizontal and vertical tdoes. If | Ji 00 emittance growth rate. This first stegsw

the hmotion” s <r:]om|?II3eSter cm;pl_ed within a time peli - o nqigered to be sufficient to prove that the cphae
much smaller t fanb h growt tlmfef, onde ca}n USEEDET | BS.suppression is correct. The lattice developnaemt
transverse rate for both degrees of freedom: dedicated IBS measurements were done as part of
1 _ 1( 1 1 ] Accelerator Physics Experiments (APEX).
uncoupled

e dt €

X X

horizontal beta- and alpha-functions, ddgdandD,' are
the dispersion function and its derivative withpest to s.
A similar expression holds for the vertical growéte for
lattices with vertical dispersion.

_E — T ©) Progress with the IBS-suppression lattice during th
r Iy I, 2005 Cu-Cu run was limited. The main problems were

which is the case for a typical RHIC run. In thexgeal 'elated to the tune swings during the ramp and beam

case without full coupling, IBS formalism for coegll losses causing magnet quench protection interlotks.
motion is also available [9, 13]. 2006 polarized proton run could not be used for-IBS

suppression lattice development. Progress with aume
SUPPRESSION OF TRANSVERSE IBS coupling feedk_Jack ir_l the 2007 Au-A_u run I_owered_ pam
development time with IBS-suppression lattice, whied
AND LIMITATIONS to experimental verification of IBS-suppression ogpt
The function in < > in Eq. (2) is the so-calle¢i- [N @ June 2007 APEX experiment [1]. The IBS-
] ) . suppression lattice with a 95° phase advance pewas
function, which we denote as,. Another way to writé hen implemented in operations for the Yellow RHii®y
the dispersio-function is: in the 2008 d-Au run. We used the standard latticéhe
H(D, DX') :nyx2 +2aXDXDX'+ﬁXDX'2_ (4) Blue RHIC ring during this run, with 82° phase ade@
per cell, since IBS-suppression was not neededHher
euteron beam. IBS is a much more important efierct
eavy ions, as can be seen from Eq. (1) where B®th

X, y,coupled

The H-function is an invariant of the motion in dipole-
free regions. Equation (2) immediately suggestst th

minimizing the H-function will reduce the transvers . . .
growth rate. rate is proportional to the square of the classiadius of

The RHIC lattice consists of six arcs and six iatgion 2" 10N, Of Z'IA’, whereZ is the charge and is atomic

regions. Each arc consists of 11 FODO cells. ThE'ass of the ion, respectively.
dominantH, contribution comes from the ards, can be



IBSMODELS EXPERIMENTAL VERIFICATION

We used the accurate IBS models implemented i ;
BETACOOL code for RHIC IBS growth rate predictionﬂ)q7 APEX experiment
and benchmarking with experimental data. We used th Figs. 1-3 show APEX IBS measurementsyet07 Au
corresponding design lattice, which includes thigica 10ns in June 2007.
function derivatives, for each analysis of APEXadHt6]. bunch intensities
The Martini and Bjorken-Mtingwa models were Lo ‘ ‘ ‘
benchmarked vs. one another within the BETACOOL 135
code for various lattice types and found to be aody 12
agreement for RHIC parameters. These models aedbasg 1.0s)
on the assumption that beam distributions arex ,,
approximately Gaussian. This assumption holds yfairl

tens

well for the parameters of our dedicated experiseAt =< o .
more accurate treatment of IBS is required for beant 06
distributions which strongly deviate from Gaussi#n. ° 045
variety of models for treatment of IBS in non-Gaass 03
distributions, including the most recent model whic o015
treats amplitude-dependent diffusions coefficient8-D, 0 L L L L L L
0 1000 2000 3000 4000 5000 6000

are also available in BETACOOL. We use Martini’s
model [7, 11] for our numerical simulations presehin
this paper.

time [sec]

Figure 1. Bunch intensity: 1) upper three curvethree
high-intensity bunches in the Blue ring; 2) lowéree
PARAMETERS OF DEDICATED IBS curves — three high-intensity bunches in the Yeltow.

MEASUREMENTS
bunch length

Over the last few years we performed a series of 14 ‘ : ;
dedicated APEX IBS measurements to verify these IBS 5, ;
models. Machine parameters were configured to mii@m
or eliminate various effects which might complicate
accurate comparison between the experimental data a._.
the models. Good agreement between IBS models arii 104
measurements was found for both longitudinal and& 95

11.3

transverse emittance growth [17, 18]. <
We use RF with harmonic h=2520 and a total of about .
3MV gap voltage in standard RHIC operations. The
bunches fill the buckets already at the beginnifghe 6.8
store. Without recently implemented stochastic icapl 5.9
there is then a significant beam loss from the btickie 5 L L \ L \ \
0 1000 2000 3000 4000 5000 6000

to IBS. There is also the possibility of emittargrewth
driven by beam-beam collisions.

To insure accurate benchmarking of the IBS models, .
dedicated IBS measurements are taken with harmoq%t':gure 2. Bunch length: 1) upper three curves -edhr

h=360 so the losses from the RF bucket are minihize igh-intensity bqnches |n_the Blue fing; 2) Iovyerete
curves — three high-intensity bunches in the Yeltow.

time [sec]

provided that the RF voltage is close to 300 kVams
are steered out of collision to avoid beam-beam Measurements were taken with the standard 82° phase
contributions. In a typical experiment, we injectsix advance lattice in the Blue ring, while a new &attivith
bunches of different intensity and accelerated thetD0 92° phase advance was used in the Yellow ring. Six
GeV/nucleon beam energy in both rings. Differenddiu  bunches were injected in each ring — three witthérig
intensities resulted in different emittances. Thil®wed intensity and three with lower intensity. Only tarbigh-
us to verify the growth rate scaling with intensapd intensity bunches from each of the rings are shawn
emittance in Eg. (1) and conclude that the scalgyg Figs. 1-3 for clarity. Fig. 1 also shows that thevas
consistent with IBS [18]. substantial intensity loss due to insufficient Réltage
Longitudinal bunch length growth was measured foduring the measurements. At the time of the
each individual bunch using wall current monitorsmeasurements, we had only 140kV per ring, comptored
Horizontal and vertical emittances for each indinat the typical settings of 300kV for dedicated IBS
bunch were measured with ionization profile morstormeasurements.
(IPMs). The emittances were reconstructed from theIn Fig. 2 one can see that bunches in the Yellow ri
measured RMS of the distributions and known betare shorter than in the Blue ring. This is a direct
functions at the horizontal and vertical IPM locas. consequence of the new IBS-suppression lattice with



higher phase advance per cell. Higher phase advaerce 2008 APEX experiment
cell results in higher tune and, correspondingiyhigher

transition energy;. For energiey >> Yy, the RMS bunch
lengthos ~1Ay,. The Blue ring with 82° lattice hag=23,
while the Yellow 92° lattice hady, =26. Expected
reduction in bunch length in the Yellow ring is th@%.
In Fig. 2, initial measured lengths of high-intépsi
bunches in the Yellow ring are 7-9% shorter tharthie Figs. 4-5 show a comparison of measurements with
Blue ring. Also note that there was an initial mgity loss BETACOOL simulations for one bunch. We show the
for bunches in the Blue ring while there was nOhsuctime evolution of a bunch from RF bucket #121 foe t
initial loss for bunches in the Yellow ring. Thisrtbe <o o 5 fully x-y coupled machine (fill #9552)erid we

explalngd by thg fact that RF bucket acceptan-cetrfer measured\Q,,;,=0.018, and separated the horizontal and
new lattice was increased by 14%, because of higher vertical tunes by 0.018.

emittances in Yellow and Blue rings 200
T

The IBS-suppression lattice (dAu82) became
operational in the RHIC Yellow ring during the 2068
Au run. This newly implemented lattice had 95° ghas
advance per arc cell and a transition gamma=#6.6.
We performed dedicated IBS measurements in theWell
ring withy=107 Au ions in January 2008.
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Figure 3. Horizontal emittances: 1) upper threevesir—

three high-intensity bunches in Blue ring; 2) lovieree

curves — three high-intensity bunches in Yellovgrin

Figure 4. Time evolution of the RMS bunch lengthueb
curve — simulations, red curve — measurements.

Fig. 3 shows horizontal emittances of high-intgnsit Simulations vs M easurement
bunches in the Blue and Yellow rings. Beam emitanc
are directly correlated with bunch intensities. rarbig. 1
one can see that bunches in the Yellow ring haweto 128 /
intensities, leading to lower emittances in FigoBnpared 1 (
to those in the Blue ring. We should note that ivakt
emittance measurements in the Yellow ring were ver
close to those of the horizontal emittance in Fy.
however, vertical emittance IPM measurements in th

\é[mm mrad]
=
[e2]

95% @nittan

Blue ring were very noisy. 8

For a direct comparison of IBS-induced beam growth 92
between the two RHIC rings with different latticese 86
must compare emittance growth vs. the corresponding 85 =00 1000 1500 2000 2500 3000 3500 4000
“IBS-density” in the bunch. Here, this IBS-density time [sec]
defined according to Eq. (1) as

Ni(t) Figure 5. Time evolution of the 95% normalized
nlBs(t) = . horizontal emittance: red noisy curve — measuresyent
\/<ﬂx>£x (He, (O (1) + &, (1) o (1) green dashed curve - simulations using 95° latiidee

Data analysis shows that IBS-density is higher fo#PPer curve —simulations using 82° lattice.

bunches in the Yellow ring while the emittance gfow  Fig. 5 shows that the measured horizontal emittance
rate in the Yellow ring is smaller than in the Blteg. growth (red noisy curve) is in good agreement with
Due to very noisy data for the vertical emittanice érror prediction (green dashed curve) for the 95° lattiae the
bars on the transverse emittance growth rates astta goe |attice the corresponding growth rate wouldenbgen
from the data are rather large, but the analyglsseows 300 larger, and one would expect to see the erndtan
that the horizontal emittance growth rate was redusy eyolution shown by the upper blue curve in FigF. 6
30+10% fOI‘ the 92° |attice Compared to the 82<1datt|n ShOWS the design dispersion functions for the mocbs
agreement with theoretically predicted 30% [1]. which were used in the simulations that produced Fi



Table 1 summarizes the measured beam parameters ACKNOWLEDGMENTS
with dAu82 lattice (95° phase advancgs26.6) for a
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Table 1. Measured beam parameters for the bunchinse  We are grateful to |. Ben-Zvi, D. Kayran, G. Parzen

Development and implementation of new RHIC lattice
with higher phase advance per cell became posaible

simulations for Figs. 4-5. and J. Wei for many useful discussions on this esibj

N, 10° 0.92 For IBS simulations, we used BETACOOL code
Ex: um (95%, normalized) 10.4 developed at JINR (Dubna, Russia).
gy, UM (95%, normalized) 10.3
RMS bunch length, cm 99 REFERENCES
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Figure 6. Design dispersion functions for two RHICs [12] A. Fedotov, BNL Tech Note C-AD/AP/168 (2004).
for the 95° phase advance per FODO cell latticeu@)  [13] V. Lebedev, AIP Conf. Proc. 773, (HB2004),404
and 82° lattice which were used in simulationsHigy. 5. [14] V. Litvinenko, October 2004, unpublished.
[15] A. G. Ruggiero, “The RHIC lattice”, BNL Techdte
CONCLUSIONSAND FUTURE PLANS AD/RHIC/AP-98 (March 1992).

The development of new IBS-suppression latticetier [16] S- Tepikian, unpublished. _
RHIC collider confirmed reduction of transverse 1B17] J. Wei, A. Fedotov, W. Fischer, N. Malitsky, G
growth rates with stronger arc focusing. IBS-driven Parzen, J. Qiang, AIP Conf. Proc. 773, (HB2004,
emittance growth measured during dedicated expetsne __Bensheim, Germany), p. 389.

is in good agreement with theoretical predictiomsl a [18] A. Fedotov, W. Fischer, S. Tepikian, J. Weio¢> of
computer simulations. HB2006, p. 259 (Tsukuba, Japan, 2006).

The IBS-suppression lattice offers a better verteld9] S. Tepikian, lattice development is in progres
luminosity for operational conditions (197 MHz REF,
rebucketing) due to shorter bunch length and laRjer
bucket acceptance as a consequence of highéis is in
addition to luminosity improvement due to slower
transverse emittance growth. The slower transverse
emittance growth also permits us to achieve lowetab
functions at the collision points when beam lifegirs
limited by this growth, also improving machine
luminosity for physics.

Our next step is the development of a 107° FODO
phase advance lattice which should provide a tvid-fo
reduction in the transverse emittance growth rate
compared to the standard 82° phase advance IHtf¢e



