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RECENT RESULTS ON BEAM-BEAM EFFECTSIN SPACE CHARGE
DOMINATED COLLIDING ION BEAMSAT RHIC *

C. Montag,BNL, Upton,NY 11973,USA

Aer aCt ; - Bean Decay

To search for the critical point in the QCD phase dia EM
gram, RHIC has been colliding gold ions at a variety o ;3@

beam energies ranging from 2.5 GeV/nto 9.8 GeV/n. Dui &
ing these low energy operations below the regular injec — .
tion energy, significant lifetime reductions due to the bearr *
beam interaction in conjunction with large space charg W U U0 T U0 U 0 L 50 159 1510 418 820 028 00 B 1800

tune shifts have been observed. Extensive simulation stud-

ies as well as beam experiments have been performed to

understand this phenomenon, leading to improved perfaFigure 1: Beam decay rates during several Au beam stores
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mance during the 7.3 GeV runin FY2014. at 5.75 GeV /nucleon beam energy. The Blue beam decay
rate improves dramatically as soon as the Yellow bean is
INTRODUCTION dumped at the end of each store (see insert). Note that the

The Relativistic Heavy lon Collider RHIC was designea‘g‘lgorlthm to _calculgte the bgam decay rate from the mea-
ured beam intensity has a time constant of 20 sec. Hence,

to collide beams of fully stripped Au ions at a top energ h wal drop in instant b d .
of 100 GeV /nucleon. To search for the critical point in the € actual drop In instantaneous beam decay IS even more
(a'g\matlc than suggested by the picture.

QCD phase diagram, center-of-mass energies in the ran
from 5 to 20 GeV per nucleon pair are required, which
extends far below the nominal RHIC injection energy of
9.8 GeV /nucleon. At such low energies, the space charg@nly over a number of turns that corresponds to seconds
tune shift becomes significant, and typically exceeds tHe real beamtime, we can therefore assume that the parti-
beam-beam tuneshift by an order of magnitude [1]. cle distribution remains constant in amplitude space over
When RHIC operated at beam energies of 3.85 arItgpe course of the simulation. This approach,wh_ich is _sim—
5.75 GeV /nucleon in 2010, a significant reduction in beamilar to the weak-strong method of beam-beam simulations,
lifetime due to the beam-beam interaction was observed, &ignificantly speeds up the simulation. In addition, since
illustrated in Figure 1. During that entire physics run, thé&-calculating the electro-magnetic fields from the actual
working point was set &, Q) = (28.13,29.12) as the particle distribution is avoided, no artificial noise due to
result of a brief tune scan. the limited number of particles is introduced into the sim-
To gain a better understanding of beam-beam effectdation. Furthermore, si.nC(.a thg space chargt_a kicks do not
in space charge dominated colliding ion beams, extensi#¢Pend on the actual distribution of test particles, we can
simulations have been performed. In the following sec@PPly methods such as frequency map analysis or action
tions, we describe the simulation methods and present (@iffusion that require special, non-realistic distributions.

sults on emittance growth as well as frequency map analy- Two different accelerator models are used for tracking,

sis and diffusion studies. a simplified “toy model”, and the realistic RHIC lattice.
The simplified model consists of 11 FODO cells. The
TRACKING MODELS guadrupoles are modeled as thin lenses, while the dipoles

S h imulati tend to b CPU-i in this “ring” are just drifts, i.e. their bending radius is infi-
pace charge simuiations tend to be very “Me COlxe 10 of these FODO cells are identical, while in the 11th

suming .due to the frequent recalculations (.)f Fhe partlclge" the quadrupole strengths are increased by 3 percent to
distributions and associated electro-magnetic fields. HO‘%’reak the periodicity of the lattice. The phase advance per
ever, in the particular problem under study here, we ¢

. “390DO cell is approximately 108 de rees, depending on the
take advantage of the fact that the evolution of the par'['Clgxact working ggint. In the)éenter ogone of th% driftsgof the
distribution is comparatively slow, as indicated by the ex

. tallv ob db q f | hundred 11th cell a beam-beam kick is applied. The drift spaces
perimentatly observed beam decay ot several hundred p I('Jlipoles”) are subdivided into 32 slices of equal length
cent per hour, which is equivalent to a beam lifetime o

: . . . ) ) ach; at the end of each slice a space charge kick is applied
tens of minutes. Since typical simulations track part'deaccording to the local-functions and the beam emittance

*Work supported by Brookhaven Science Associates, LLC under Coﬁ{yhiCh is assumed to_be constant. The tune is adjusted us-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.  ing all quadrupoles simultaneously. The space charge tune




25

Table 1: Beam parameters for the MADX-SC RHIC track- _. " with nonlinear beam-beam’ .
. 2 with linear beam-beam
ing model. S ot without beam-beam -/ |
beam energy [GeV] 5.86 s Gl /]
bunch intensity 410" E ;
transverse rms emittance [mm mrad] 0.16 s ol \,4 |
5 [m] 10 5 ——
orp [mm] 1.3 § 5 // E
RMS bunch length [m] 3.0 % D
space charge tune shift -0.065 g2 o e b
beam-beam tuneshift per IP -0.005 <
05 01 o015 02 025 03 035
Q_y=Q_x-0.01
shift in this model is set tg;c = —0.05, while the beam-
beam tune shift is set tg,, = —0.003. In cases without g re 2: Emittance growth rates during a tune scan with
beam-beam interaction, the space charge tune shift is $ehonjinear (red) and a linearized (green) beam-beam kick
to & = —0.053; this ensures that the total tune shift isiy addition to the nonlinear space charge kicks. The blue
indentical in both cases. line corresponds to the case without any beam-beam inter-

The large number of defocusing space charge and beagttion.
beam kicks modifies the optics, and therefore the
functions at each kick location, while the kicks themselves
depend on the local RMS beam sizes and therefore theAddlng the beam-beam kick leads to an additional break-
actual 5-functions. In a first step, the self-consistght ing of the periodicity of the lattice. To ensure that the ob-
functions in the presence of (linearized) space charge aggrved emittance growth is indeed caused by the nonlinear
beam-beam kicks are determined. Using this informatiomature of the beam-beam force and not due to broken pe-
in the second step test particles are tracked and the appf@dicity, we compare the results obtained with the nonlin-
pria‘[e space Charge and beam-beam kicks are app“ede@ﬂ' beam-beam kick with those using only the linearized
each slice, depending on the local RMS beam sizes. part of the beam-beam force. As Figure 2 demonstrates,

The second approach uses the MADX-SC program t€ observed emittance growth is indeed dominated by the
model space charge in the real RHIC lattice. Space charggn“”eamy of the beam-beam kick. With the nonlinear
kicks are applied at each quadrupole, while beam-beaR¢am-beam kick added, tunes close to the integer exhibit
collisions are modeled at IPs 6 and 8. Multipole erfhe smallest emittance growth, while the emittance growth
rors are added to each dipole and each quadrupole badg#f increases aimost monotonically with the distance from
on measurements on a single spare dipole and a si€ integer. Without the beam-beam kick, no emittance
gle spare quadrupole at a field strength corresponding @°Wth is observed within the error bars of the linear fit
2.5GeV/nucleon Au ions. Since this model had beeft any working point during the scan, which is in quali-
benchmarked against dynamic aperture measurements whve agreement with experimental observations of beam
5.86 GeV protons, which have the same rigidity and therdfetime.
fore use the same lattice as 2.5GeV/nucleon Au ions, To provide a better understanding of the underlying
measured beam parameters for 5.86 GeV protons are usBfchanism causing the emittance growth in the presence of
throughout the study. Table 1 lists the relevant beam p#he beam-beam interaction, the method of frequency map

rameters used in this study. analysis was used. For this purpose, a single test particle
was tracked over 1024 turns, and the tune for the first and
RESULTS last 512 turns was determined to high precision using an

interpolated FFT technique [2]. As Figure 3 shows for the

Most of the tracking studies were performed using th&Y2010 fractional working point@., @,) = (.13,.12),
simplified “toy” model. As a first step, a tune scan waghe presence of the beam-beam interaction results in a sig-
performed along a parallel to the coupling resonance, fromificant enhancement of tune diffusion, especially alomg th
(Qz, Qy) = (3.09,3.08) to (3.35, 3.34), and the emittance coupling resonana®, = Q,,. A similar picture is obtained
growth rate was determined by tracking 1000 particles overt the near-integer working poiff);, Q) = (.09,.08), as
20000 turns and fitting a straight line to the turn-by-turn 43hown in Figure 4.
emittance data. The number of slices, and therefore spaceComparing these two working points in amplitude space
charge kicks, per drift was set to 8, 16, and 32, respectivelyields similar results, Figure 5, with the near-integer kvor
to determine the necessary number of slices. This studlyg point showing slightly higher tune diffusion at smaller
resulted in the number of slices set to 32 throughout th@mplitudes. This is surprising insofar as the tune scan (Fig
entire tracking study. ure 2) indicates a significantly smaller emittance growth at
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Figure 3: Tune footprints in the “toy” model without (top) Figure 4: Tune footprints in the “toy” model without (top)
and with (bottom) beam-beam interaction, for a workingand with (bottom) beam-beam interaction, for a working

point of (Q,, Qy) = (.13,.12).

these tunes.
All results presented so far are obtained in a purely lin

point of (@, Q) = (.09, .08).

this particular resonance tune diffusion does not necessar

ily indicate amplitude diffusion. To prove this theory, we

ear lattice, with the space charge and beam-beam forc%grform a tune scan on the linear coupling resonance and

being the only non-linearities. This limitation is overcem
by tracking in the realistic RHIC lattice with its known
non-linearities, both from lattice sextupoles and mulépo
errors. Comparing tune diffusion in the RHIC lattice for,
the FY2010 working point(Q.,Q@,) = (.13,.12), and
the near-integer working poifi., Q)
shows higher tune diffusion at smaller amplitudes at th
near-integer working point than &t 3,.12), see Figure 6.
This is in stark contrast to experimental results obtain
during beam experiments in previous years as well as d
ing FY2014 which showed improved beam lifetime in col-
lisions at the near-integer working point [3, 4]. Dynamic

(.095, .085)

aperture simulations qualitatively agree with this experi
mental result as well.
The fact that those areas with enhanced diffusion cor-
respond to particles on or near the linear coupling resevhereN denotes the number of turns amg, (N), 0.5, (V)
nance(Q, = Q) leads to the suspicion that at least orthe rms action spread at turN of a set of particles

D(Jy, Jy)

ing point (Q.,Qy) =

= lim
N—oo

0% (N) + 03, (V)

record the emittance growth as a function of tune, using our
“toy” model. As Figure 7 shows, there is still no emittance
growth without beam-beam interaction.

If we now perform a frequency map analysis at the work-
(.08,.08), we notice very strong
tune diffusion even at small amplitudes, as depicted in Fig-
yre 8. The fact that this tune diffusion does not translate
into emittance growth proves that frequency map analysis

harge dominated ion beams. Instead of tune diffusion, we

(i;%misleading when studying beam-beam effects in space
therefore study amplitude diffusion.

We define the amplitude diffusion coefficient as [5]

e @
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F;g“ée 5 Tune qllffu_smn at two_worléggogomés,ttm afm'Figure 6: Tune diffusion in the RHIC lattice with beam-
piitude Sp_aci'?) lgp.(Qz,Qy) = (.09,.08). Bottom: beam interaction, in amplitude space. Tdj2.,Q,) =
(Qz,Qy) = (.13,.12). (28.095,30.085). Bottom: (Q., Q,) = (28.13,30.12).

launched at identical horizontal and vertical action value
Jz, Jy in phase space.

Atregular intervals in théJ,, J,) space, we launch 100 0.025 , without beam-beam o
particles of equal actiod, ;, J, ; in phase space and track 2
them over 10000 turns. After each tu) we calculatethe 3 002 T
RMS action spread 3,
% 0.015
Jrms(N)? = ((Ji(N) = (J(N)))?) ) £ |
= ((Jui(N) = (Jo(N)))? s 0% P
+(Jyi(N) = (J,(N)?) (3) g 0.005 |
and perform a linear fit % . . R o A L L
a ’
JRMS (N)2 =a+bN 4) < i
-0.005 : : : . .
to determine the diffusion coefficient 005 01 015 02 025 03 035
D(J) = li W) _,, () o

As Figure 9 shows, the diffusion coefficieBt J) at am- Figure 7: Emittance growth rates without beam-beam in-
plitudes belowdo is larger the further away from the inte- teraction on the coupling resonance as a function of tune.
ger the working point is chosen. This result is consistent
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Figure 8: Tune diffusion on the coupling resonance without

beam-beam interaction, in amplitude spa¢€.,, Q,) = 10 m o 0010107 muum
(.08,.08). of - SRR
B g3.16*10™° miumsD()<1*107;2 m/turn |
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with the emittance growth data obtained using the same 7 -
tracking model, shown in Figure 2. Since only 1000 par- oL ™
ticles were tracked to obtain those emittance growth data, S | "Umg
amplitudes beyondo are irrelevant because the probabil- < L.
ity of any one of those 1000 particles being launched at 4 ’_. "ny =
such large amplitudes is extremely small. 3t B ymom g " =
) . LI R o
DISCUSSION ! L m =
Simulation studies in the “toy” model show that emit- ' \ ‘ | = w omomE =
tance growth rates due to the beam-beam interaction in "1 2 3 4 5 6 7 8 o9 10
space charge dominated ion beams increase with the dis- Aclod
tance of the working point from the integer resonance, 10— —_—
which is in agreement with lifetime observations in RHIC. ol ™ Saage? m,m,'ﬁ(jgjﬁ)-i‘j&g:m miturn
However, this observation is not supported by frequency - ;fggf}gﬂta:,qgagg;ﬁj1;3:1335 v
map analysis in the same tracking model, thus indicat- Bl g et i "
ing that tune diffusion studies are not suitable for an un- 7t -
derstanding of the underlying dynamics. Amlitude diffu- oL ™ ", -
sion simulations, on the other hand, agree with emittance = L] m
growth simulations and experimental observations of beam F ’... "u | '. "
lifetime. 4t , = "
3r u 1
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