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Abstract for the design of our cooling system [7].

A high-energy electron cooling system is presently being Fo_llowing the 2004_1 measurements severa_l simulation
developed to overcome emittance growth due to Intra-beatft/dies were done trying to understand a possible source of
Scattering (IBS) in RHIC. A critical item for choosing ap- (€ disagreement, including IBS growth for the lattice with
propriate parameters of the cooler is an accurate descripfferent average dispersion functions, FODO approxima-
tion of the IBS. The analytic models were verified vs ded!on for the lattice vs. realistic RHIC lattice with straigh
icated IBS measurements. Analysis of the 2004 data wiection insertions, dispersion mismatch and others [8]. As
the Au ions showed very good agreement for the longit.? result of these studies, our conclusion was that the dis-
dinal growth rates but significant disagreement with exa@dreement for the transverse growth rate is most likely re-
IBS models for the transverse growth rates. ExperimentLﬂted to the uncertainties in the 2004 measurements rather
measurements were improved for the 2005 run with the cf§an due to the effects described above.
ions. Here, we present comparison of the 2005 data with The latest 2005 data with the Cu ions showed very good

theoretical models. agreement between the measurements and Martini’'s model
[5] of IBS for the designed RHIC lattice without any ap-
INTRODUCTION proximation. Comparison of the 2005 data with the theo-

retical models for the IBS is presented in this paper.
Present performance of the RHIC collider with heavy
ions is limited by the process of Intra-Beam Scattering
(IBS) within the beam. To achieve required luminosities GENERAL MODELS
for the future upgrade of the RHIC complex [1] an Elec-
tron cooling system was proposed [2]. For electron cooling A theory of IBS for proton beams was proposed by Pi-
it is extremely important to make sure that the models afinski [9], who calculated the beam growth rates in all
IBS, used in our cooling simulations, are in a good agreghree dimensions. In the original theory, growth rates were
ment with experimentally measured growth rates. estimated as an average around the circumference of the
With the dedicated IBS measurements performed iring. For this purpose, the ring lattice functions were also
2004 for Au and in 2005 for Cu ions it was intended toaveraged. This model was later extended by a CERN team
increase the accuracy and parameter range of previous IBfScollaboration with Piwinski to include variations of the
experiments [3]. For this purpose, bunches of various inattice function around the ring. An improved model was
tensity and emittance were injected, and growth rates tdter described in a detailed report by Martini [5] and is re-
both the horizontal and vertical emittance and the bundirred here as Martini's model. Similar results were also
length were recorded with the lonization Profile Monitorobtained with a completely different approach of S-matrix
(IPM) [6] and the Wall Current Monitor (WCM), respec- formalism by Bjorken and Mtingwa [10].
tively. Other effects which may obscure comparison, like Both Martini's and Bjorken-Mtingwa’s models require
the beam-beam collisions, were turned off. Experimenig merical evaluation of the integrals at each of the lattice
were done with the RF harmonic h=360 allowing growthelements, which may be time consuming. As a result, a va-
of the longitudinal profile without losses from the bucket. yigty of approximate models were developed over the years
Although, agreement for the longitudinal growth ratguyhich allow a quick estimate of the IBS rates. However,
was very good for the 2004 measurements with the Auiongince we are concerned with accurate description of each
the growth of the transverse emittance had some uncertagfthe effects in our cooling simulations using the BETA-
ties [4]. The measured transverse emittance growth WgsooL code [11], we do not use the approximate models.
larger than the one predicted by S|mulat|0n using Martlnl S The models by Martini and Bjorken-Mtingwa were
model [5] of IBS with the_exact designed RHIC Ia_lttlce. ASb nchmarked vs one another within the BETACOOL code
a result of the 2004 studies, a fudge factor was _mtrodgcc? r various types of the lattices and found to be in a very
for the transverse growth rate of IBS so that simulation ood agreement. For our numerical studies of cooling as

would agree with the measuremen?s. This was done ell as for comparison with the experimental data we use

make sure that we do not underestimate 1BS growth rajgy \jatini's model [5, 11]. We also use the designed lat-
*Work supported by the US Department of Energy tice of RHIC which includes the derivatives of the lattice
T fedotov@bnl.gov functions.




PARAMETERS OF THE EXPERIMENT nice Gaussian profiles were observed. The emittance val-

For the 2005 data with Cu ions dedicated IBS measur%lr-es were reconstructed from the measured rms of the dis-

ments were done at both the injection beam energy of 1Lﬂé’butions and known beta function values at the location of
GeV/n and the full energy of 100 GeV/n. The transition en- e horizontal and vertical IPM's.

ergy corresponds tg, = 23 GeV. At injection, the growth

rates were measured both with and without the horizontal—COl\/I PARISON WITH EXPERIMENTAL

vertical coupling. At 100 GeV/n beam energy the growth DATA
of the emittance and bunch length was measured for a fully Figure 2 shows comparison of simulations vs measure-

coupled motion. Since standard operation ir_1 RHIC _iS _%ents for the growth of the horizontal and vertical emit-
beam energy of 100 GeV/n close to full coupling we limit,_ .o ¢ the bunch intensity of 2199 Cu ions
the present discussion of the data to this energy. '

First, the coupling strength was measured to be 20
dQmin = 0.006 with a tune separation @008, which we
call a fully coupled motion. This allows us to use standard 18 1L
treatment of IBS for uncoupled motion and then assume | ;A _—c-mraaT i I
that the horizontal growth rate is equally shared between & 16 5| W|
the horizontal and vertical dimension. Otherwise, in a gen-
eral case without full coupling, one has to use the IBS for-
malism for the coupled motion developed by Piwinski [9]

or, recently, by Lebedev [12]. 12
Six bunches of different intensity were injected and ac-

celerated to a beam energy of 100 GeV/n in both rings 500 1000 1500 2000 2500 3000 3500
(“yellow” and “blue”). Different intensities in the buncke time

also resulted in different emittances. This allowed us to

verify a scaling of the IBS growth rate with the intenSityFigure 2: Horizontal and vertical 95 normalized emit-
and emittance. The bunch intensities in the “blue” ring aréance 1] vs time [sec] for bunch intensity 2:910° Cu
shown in Fig. 1. ions. Measured emittance: top green curve (horizontal),
bottom pink curve (vertical). BETACOOL simulation us-
ing Martini's model: top red dash line (horizontal), blue
el ety dash line (vertical).

emittance

14

Analysis of the emittance and bunch length growth for
different bunches in both rings showed that the measured
growth rates scale correctly with the bunch intensity and
the value of the initial emittance, as shown for the two in-
tensities in Fig. 3 and Fig. 4 for the bunch length and hori-
zontal emittance, respectively.

intensity

500 1000 1500 2000 2500 3000 3500
time

Figure 1: Bunch intensities{10°] vs time [sec].

For standard RHIC operation one uses RF cavity with
harmonic h=2520 which corresponds to a very small ac-
ceptance. As a result, there is a significant beam loss from
the bucket due to IBS. Also, there is a possibility of emit-
tance growth due to the beam-beam collisions. To insure

bunch length

an accurate benchmarking of the IBS models, the measure- 500 1000 1500 2000 2500 3000 3500
ments were done with h=360(; = 300 kV) so that there time

were no losses from the bucket due to IBS. The beam-beam

collisions were turned off. Figure 3: Growth of FWHM bunch length [ns] vs time

The growth of the longitudinal bunch length was meafsec] for two bunch intensities: 2:910° (upper curve) and
sured for each individual bunch using the Wall Currenl.4x10° (lower curve) Cu ions. Dash lines - simulations.
Monitor. The horizontal and vertical emittances for each
individual bunch were measured with the lonization Profile Since the growth of the transverse emittance is very
Monitor [6]. In both the vertical and horizontal directionsweak on this time scale it may appear that even using the



Gaussian distribution. However, as a result of electron
cooling, the core of beam distribution is cooled much faster
than the tails. The IBS theory was recently reformulated for
a bi-Gaussian distribution by Parzen [13]. A treatment of
IBS, which depends on individual particle amplitude was
proposed by Burov [14], with an analytic formulation done
for a Gaussian distribution in approximation that the lon-
gitudinal rms velocity in beam frame is much smaller than
the transverse. Also, a simplified “core-tail” model, based
on a different diffusion coefficients for beam core and tails
500 1000 1500 2000 2500 3000 3500 was proposed [15].
time Numerical approach to the IBS for non-Gaussian distrib-
) ) . ) ution was also presented [4, 16]. A treatment of IBS based
Figure 4: Horizontal 9% normalized emittanceufn] vs  on kinetic approach [16] was implemented in BETACOOL
time [sec] for two bunch intensities: 207 (upper curve) [17] and is presently being benchmarked with other mod-
and 1.4<10° Cu ions. Dash lines - simulations; solid linesg|g. Recently, the bi-Gaussian profiles were recorded to
- measurements. provide experimental data for the benchmarking of the IBS
models [18].

“enhanced” (50 higher than expected from exact Mar-

tini's model) transverse growth rate in simulations, which ACKNOWLEDGMENTS
we needed before for a good agreement with the 2004 data
would result in a close agreement with the measuremenFﬁ
However, plotting such “enhanced” IBS together with th
exact model (see Fig. 5) shows that for the present data t ELitvinenko, G. Parzen, T. Roser and many others from

simulations based on _Martini’s model agree much bett%e Accelerator Physics group of RHIC for many useful
with the data. We believe that such a good agreementéﬁscussions on this subject and constant support.
due to the fact that we reduced previous uncertainties to a

minimum. For example, compared to the assumptions used
in the analysis of the 2004 data, we now measured both the REFERENCES

horizontal and vertical emittance and thus do not need any1] w. Fischer, “RHIC operational status and upgrade plans”
assumption of whether they are equal or not. We also mea- Proceedings of EPAC’06 (Edinburgh, 2006).

sured the strength of the coupling. [2] I. Ben-2vi, V. Parkhomchuk, Report C-AD/AP/47 (2001).
[3] W. Fischer et al., Proceedings of EPACO02, p. 236 (2002).
[4] J. Wei et al., AIP Conf. Proc. 773 (HB2004), p. 389.

emittance

12

'Special thanks go to A. Sidorin, A. Smirnov and G. Trub-
kov for the implementation of various IBS models within
he BETACOOL code. We would like to thank I. Ben-Zvi,

17

16.5
16 [5] M. Martini, CERN PS/84-9 (AA), 1984.
g 155 [6] R. Connolly, R. Michnoff, S. Tepikian, PACO5, p. 230.
£ 15 [7] A. Fedotov et al., Proceedings of PACO5, p. 4236 (2005).
5 14.5 [8] A. Fedotov et al., unpublished (2004).
14 [9] A. Piwinski, Proc. of 9th Intern. Conf. High Energy Acc.
135 (1974); CERN 92-01, p. 405.

[10] J.Bjorken and S. Mtingwa, Particle Accel. 13 (1983},1%.

[11] A.O. Sidorin et al., Nuclear linst. Meth. A 558, p. 325
(2006); http://lepta.jinr.ru.

Figure 5: Horizontal 9% normalized emittanceyfn] vs  [12] V. Lebedev, AIP Conf. Proc. 773 (HB2004), p. 440.

time [sec]. Exact Martini's model: pink (dash) line; %0 [13] G. Parzen, BNL Tech Notes C-AD/AP 144, 150 (2004).

higher “enhanced” transverse growth rate: red (solid). Iineh4] A. Burov, FNAL report FNL-TM-2258 (2003).

Measurements: blue solid line. )
[15] A. Fedotov et al., Proceedings of PACO5, p. 4263 (2005).

[16] P. Zenkevich, O. Boine-Frankenheim, A. Bolshakov, Nu-

IBS EOR |ON BEAM DISTRIBUTION clear Inst. Meth. A, to be published (2006).
[17] A. Sidorin, unpublished (2006).

UNDER ELECTRON COOLING
[18] A. Fedotov et al., “Experimental studies of the magredi

Standard models of IBS discussed in this paper are based friction force”, to be published in Phys. Rev. E (2006).
on the growth rates of the rms beam parameters for the

500 1000 1500 2000 2500 3000 3500
time



