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BEAM-BEAM OBSERVATIONSIN RHIC*

Y. Luo, W. Fischer, Brookhaven National Laboratory, Upthity, 11973, USA

Abstract

The relativistic heavy ion collider (RHIC) at Brookhaven
National Laboratory has been in operation since 2000. ﬂfm P2
Over the past decade the luminosity in the polarized proton /) B=7.5m
(p-p) operations has increased by more than one order of
magnitude. The maximum total beam-beam tune shift with
two collisions has reached 0.018. The beam-beam interac-

tion leads to large tune spread, emittance growth, and short 'ESESE;N'X

beam and luminosity lifetimes. In this article, we review beam-beam

the beam-beam observations during the previous RHIC p-p 1P6 STAR
runs. The mechanism for particle loss is presented. The oS08

intra-beam scattering (IBS) contributions to emittance an
bunch length growths are calculated and compared with the

measurements. In the end we will discuss current limits ipigure 1: Layout of RHIC. Two beams collide at IP6 and

beam-beam interaction

the RHIC p-p operations and their solutions. IP8.
INTRODUCTION 0705 ‘ To10 |
1-20
RHIC consists of two superconducting rings, the Blue o7 %gg 1
560

ring and the Yellow ring. They intersect at 6 locations
around the ring circumference. The beam in the Blue ring
circulates clockwise and the beam in the Yellow ring cir- 0.69
culates counter-clockwise. The two beams collide at two
interaction points (IPs), IP16 and IP8. Figure 1 shows the

0.695

0.685

Qy

layout of RHIC. RHIC is capable of colliding heavy ions 0.68

and polarized protons (p-p). The maximum achieved total oers A

beam-beam parameter with two collisions was 0.003 in the

100 GeV Au-Au collision and 0.018 in the p-p collision. 0.67

In this article we only discuss the beam-beam effects in the ,:h\\\

p-p runs. 0.66?).665 0.67 0675 068 0.685 0.69 0.695 0.7 0.705

The working pointin the RHIC p-p runs is chosen to pro- &

vide a good beam-beam lifetime and to maintain the prasigure 2: Tune footprints without and with beam-beam.

ton polarization during the energy ramp and physics storehe bunch intensity i8.0 x 101

Current working pointis constrained between 2/3 and 7/10.

2/3 is a strong 3rd order betatron resonance. 7/10 is a 10th

order betatron resonance and also a spin depolarization ragne footprints including beam-beam interactions. In this

onance [1]. Experiments and simulations have shown thaélculation, the proton bunch intensity 2 x 10! and

the beam lifetime and the proton polarization are reducatie 95% normalized transverse emittance is tén.mrad.

when the vertical tune of the proton beam is closgtt0.  The total beam-beam parameter with two collisions is 0.02.
The main limits to the beam lifetime in the RHIC p-pFrom Figure 2, there is not enough tune space to hold the

runs are the beam-beam interaction, the nonlinear magneiti¢ge beam-beam tune spread when the proton bunch inten-

field errors in the interaction regions (IRs), the nonlineasity is larger thar2.0 x 10'!.

chromaticities with lows*s, the horizontal and vertical 3rd  Tg minimize the beam-beam tune spread and to com-

order betatron resonances, and the machine and beam pansate the nonlinear beam-beam resonance driving terms,

rameter modulations. head-on beam-beam compensation with electron lenses (e-
To further increase the luminosity, we can eitherincreaqgnses) is adopted for RHIC [2, 3, 4]. Two e-lenses are

the bunch intensity or redu¢¥. Figure 2 shows the proton peing installed on either side of IP10, one for the Blue ring
*This work was supported by Brookhaven Science Associate§, L and one for the Y.ello.w rng. The goal of head-on peam-

under Contract No. DE-AC02-98CH10886 with the U.S. Departtrof beam compensation is to double current RHIC luminosity

Energy. in the p-p operations.
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Table 1: Parameters in 2012 255 GeV p-p runs Béﬁméi&pﬂsﬁ
Parameter Unit Value 180 A; exp(/Ty) |
No of colliding bunches - 107 il 1
Protons per bunch 101 1.7 S 140 1
Trans. emittances mm.mrad 20 2 120 - :
8* at IP6/IP8 m 0.65 8 j00| ]
Long. emittances eV.s 2 E gl |
Voltage of 28 MHz RF kv 360 &

\oltage of 197 MHz RF kV 300 R ]
rms momentum spread 10~* 1.7 T 1
rms bunch length m 0.45 20 1
Beam-beam parameter per IP - 0.007 0 S —
Hour glass factor - 0.85 ot 2z 3 4 5 6 7 8 9
Peak luminosity 103%cm—2s7t 165 Time [hour]

Figure 3: An example of Blue ring beam intensity evolution

OBSERVAT|ONS at store which was fitted with Eq. (3). Fill No. is 16697.

Previous p-p runs 250 ' " 2012255 GeV Run |
2011 250 GeV Run
The luminosity in the p-p collision is given by 200 | 2009 250 GeV Run |
3N2N *
I = P b’YfrevH(B_). (1) .

2men B* o1 — 150 . i
Here IV, is the proton bunch intensity, antl, the num- g S
ber of bunchesy the Lorentz factor f.., the revolution o 100 F 5t 1;1 1
frequency.e, is the 953/0 normalized emittance aadthe Ty e
rms bunch IengthH(f_—l) is the luminosity reduction due 50 g"“f‘ * 1
to hour-glass effect. The total beam-beam parameter, or A
the totoal linear incoherent beam-beam tune shift with two 0 ‘ ‘ ‘ ‘ -
collisions is N 0 0.5 1 |:hl.5 : 2 25 3

T ours
£= b, ) 1
TEn

Herer, is the classical radius of proton. We assumed Eigure 4: The Blue ring beam loss fit parametgrand,
collisions at IP6 and I1P8. in the previous 250 GeV runs.

In the 2009 RHIC 100 GeV p-p run, with*=0.7 m and

abunch intensity of .5 x 10!, we observed a shorter beam

lifetime of 7 hours compared to 12 hours in the 2008 RHI(l:OSS in the first 1 hqur foIIowed.by a slow beam loss n the
100 GeV p-p run with3* = 1.0 m [5, 6, 7, 8]. In the rest of store. The instant maximum beam loss rate in the

2012 RHIC 100 GeV p-p run3* = 0.85 m lattices were blegmlnlng COUltd r(_eaclr 3100;?51/?]”' Tk_:_(;b%am Io?cfs rat(te %fthe
adopted, the beam lifetime was 16 hours with a typica?t oW 10ss was lypically -=~o/nour. *he burn-oit contribu-
: . 11 lon to beam loss rate is less than 1%/hour.

bunch intensity ofl.65 x 10** [9]. Empirically. the total b intensit be fitted with

In the 2011 250 GeV and 2012 255 GeV p-p runs, mpiricatly, the total beam Intensity can be Titted wi
common 9 MHz RF system was used to produce a Ion%OUbIe exponentials [11],
bunch length on thel energy acgeleration to maintain both N, (t) = Ay exp(—t/m1) + Ay exp(—t/73), ©)
transverse and longitudinal emittances [9, 10]. When the
beams reached store energy, the bunches were re-bucketéere N, (¢) is the bunch intensity, and, » andr, » are
to 28 MHz RF system. To achieve an even shorter bundh parameters. Figure 3 shows an example of beam inten-
length, we added 300 kV 197 MHz RF voltages at store. |gity evolution at store which was fitted with Eq. (3). Fig-
these two runsg* at the collision points was 0.65 m. Theure 4 shows 4 ,m2) of the physics stores in the past three
maximum bunch intensity reachéd? x 10''. The store 250 GeV or 255 GeV p-p runs. The reasons for the fast and
length was 8 hours. Table 1 shows the lattice and typicalow beam losses will be discussed in the next session.
beam parameters in the 2012 RHIC 255 GeV p-p runs.

Transverse Emittance and Bunch length
The transverse emittances are routinely measured with

In the previous RHIC p-p runs, after the beams wer@nization profile monitors (IPMs) in RHIC. Figure 5
brought into collision, we normally observed a large bearshows an example of IPM measured emittances at store.

Beam Lifetime
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Figure 5: IPM measured transverse emittances at store fiéigure 6: WCM measured FWHM bunch length at store
Fill 16697. for Fill 16697.

IPMs require knowledge off functions and need peri- Particle Loss Mechanism

odic calibrations of micro-channels. An averaged all-plan The WCM brofile i liv th il lation di
emittance of both rings can be derived from luminosity € profile s actually the particle population dis-

based on Eq. (1). In the previous RHIC p-p runs af'gribution in the longitudinal plane. For a given period, we

ter beams were brought into collision, the measured emftan calculate the number of particles leaking out of the cen-

tances decreased in the first 1 hour then slowly increased!fl bunch area. Figure 7 shows each bunch’s particle leak-

the rest of store. The early emittance reduction was relat € percentage qut C,Jf ['_5 ns, 5 ns] area duri_ng the first 0.5
to the large beam loss in the beginning of store. Exper-ou”n the Blue ring in Fill 15386, together with the actual

ments showed that the emittance growth with beam-bea‘??rtide loss percentage in the same period. The patterns

was smaller than that without beam-beam of particle leakage and particle loss show a strong linear

Bunch length was measured with a wall current moni(_:orrelatmn, as shown in Figure 8.

tor (WCM). Figure 6 shows one example of averaged full The st.rong Iinqar correlation between particle Ieakz?lge
width half maximum (FWHM) bunch lengths at store. TheAnd particle loss is also true for the rest of store. During
spikes around 0.4 hour in the plot were due to polarizatiowe RHIC p-p runs, there was not dg-bgnched beam ob-
measurement. To improve signal/noise ratio during the pé_erved from the WCM profiles. Considering thaf[ p_ar'ucles
larization measurement, the voltages of 197 MHz RF cavil the bunch tail have larger off-momentum deviation, we
ties were reduced to 20 KV temporarily. After beams Wergonclude that the particles got lost in the transvgrse plane
brought into collision, the bunch length decreased in thgl,Je to a small trahsversg off-momentum dynamic aperture
first 1 hour then slowly increased in the rest of store. Th\ﬁ”th beam-beam interaction.

early bunch length reduction was related to the large beam

loss at the beginning of store. And the bunch length growt®ff-momentum Dynamic Aperture

with beam-beam was less than that without beam-beam in-

teraction. To achieve a short bunch length at physics store,

197 MHz RF cavities were used besides the acceleration
RF cavities of 28 MHz. Figure 9 shows a typical longitu-
EXPLANATIONS dinal bunch profile. With 197 MHz cavities, the relative
B L R dB b momentum spread for the center bucket between [-2.5 ns,
eam Loss Rate and Beam-beam 2.5 ns] increases t®x 10~4. And for the tail particles out
The store beam loss rate was mainly determined by tié [-6 ns, 6 ns] (full width), the relative momentum devia-
beam-beam interaction. Without beam-beam interactiofion is bigger tharé x 10~*.
the beam loss rate can be better than 1%/hour depending-igure 10 shows the calculated off-momentum dynamic
on machine tunning. After the beams were brought intaperture without and with beam-beam interaction from a
collision, the instant beam loss rate could reach a maxl0° turn particle tracking. The 2012 255 GeV Yellow ring
mum of 30%/hour. The beam loss rates for bunches withttice is used. The off-momentum dynamic aperture with
1 and 2 collisions were different. In RHIC, 10 out of 109beam-beam is much smaller than that without beam-beam
bunches have only one collision instead of two collisionsvhen the relative off-momentum deviatiap/p, > 4 x
For example, for Fill 15386, for bunches with 1 collision,10~* . For the tail particles withip/py > 6 x 1074, the
the fitted(r,, 72) are (1.5 hours, 100 hours). While for thedynamic aperture is less thawb
bunches with 2 collisions, they are (0.8 hour, 30 hours).  The large beam loss in the beginning of store was re-
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Figure 7: Particle leakage and particle loss of all bunchdsgure 9: Longitudinal bunch profiles with RF re-bucketing

in Fill 15386. and 197 MHz RF voltages.
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Figure 8: Correlation of particle leakage and particle loskigure 10: Calculated off-momentum apertures without
of all bunches in Fill 15386. and with beam-beam interaction.

lated to the initial large number of particles with large moP€ calculated as [12]

mentum deviation. Those particles were generated dur-

. . . 1 1 do? r2eN; A

ing RF re-bucketing and 197MHz RF cavity voltage ramp- Tl = _2_p 375 3 . (4
up. From WCM profiles, large momentum particles were op dit 8y33% < g1/ > m/20107
observed on both sides of the center bunch area after re-

bucketing. We also observed beam loss shortly after RF re- 02 H, 1

bucketing without beam-beam. When beams were brought L= P < Ba T ®)

into collision, transverse off-momentum aperture was r “ereor ando.. are the rms bunch lenath and the rms rela
duced. Those particles would get lost sooner or later in tqgemacl)men?pms read]. — ~. D2 29 D, D' +B,D"
first 1 hour depending on how close théitp/pg)maz t0 v umsp @ = Yoy +20aUa Uyt Pallz

: : :
the off-momentum aperture and the longitudinal diffusiorf®’ Bw’.% are TW'SS para.met_erst, D, are honzpntal
rate. dispersion and its derivative. is the Coulomb logarithm.

Based on Egs.(2) and (3), Figures 11 and 12 show an
example of IBS contributions to the emittance and bunch
length for Fill 16697. We took the bunch intensity evolu-
tion, the initial emittance and bunch length from the real

The slow loss after first 1 hour into store was linked taneasurements. Comparing the calculated IBS contribu-
slow diffusion processes. Here we calculate the effects tibns to the luminosity derived emittance and WCM mea-
intra-beam scattering (IBS) on the proton beam emittanaired bunch length, the emittance and bunch length growth
and bunch length growth. With a smooth ring approximaafter 1.5 hours into the store are largely consistent with
tion, the longitudinal and transverse IBS growth rates calBS.

Intra-beam Scattering Effects
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Figure 11: Emittance modeling with IBS for Fill 16697, Figure 13: Calculated second and third order chromatitie
compared to the emittance derived from luminosity. vs. * in the p-p runs.
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Figure 12: Bunch length modeling with IBS for fill 16697, Figure 14: K.,L and B, P KL in IR8 in Yellow ring,

compared to the WCM bunch length measurement. based on the offline nonlinear IR model.
LIMITS B*. Large second order chromaticities push the particles
_ with large momentum errors to the 3rd or 10th order res-
Low 3* Lattices onances. Several correction techniques of nonlinear chro-

maticities have been tested and implemented in RHIC [16].
®fo further reduces*, we need to balance the hour-glass ef-
fect, beam lifetime reduction, and the luminosity increase

In order to further increase the luminosity, we can eith
increase the bunch intensity or reduge A low s* lat-
tice increases thg functions in the triplet quadrupoles and
therefore the particles will sample large nonlinear maignet
field errors at these locations. As a result, the dynam%Qw Resonances
aperture will be reduced [13]. For example, in the 2009 To mitigate the coupling between two beams, we would
100 GeV p-p run, we used a lattice witi = 0.7 mwhich  like to mirror the working points of the two RHIC rings on
gave a short beam lifetime [8]. At 250 GeV, we achievedtoth sides of the diagonal in the tune space. However, in
B* = 0.65 m. The reason is that the transverse beam sizhe operation we had to operate with both working points
is smaller at 250 GeV than at 100 GeV [14]. below the diagonal for better beam lifetimes. It was under-

A low p* lattice also increases the nonlinear chrostood in the 2006 100 GeV p-p run that the str8a, res-
maticity and reduces the off-momentum dynamic aperturenances af), = 2/3 prevented the working point above
Chromatic analysis shows that the nonlinear chromatgitighe diagonal [6]. At that time, the proton bunch intensity
are mostly originating from the lovg insertions IR6 and was1.3 x 10!,

IR8 [15]. The nonlinear chromaticities increase dramati- Inthe 2012 100 GeV run, even with both working points
cally with the decrease@d*. Figure 13 shows the calcu- below the diagonal, when the bunch intensity was higher
lated second and third order chromaticities as functions ¢fian 1.7 x 10!, we observed a larger beam loss due to
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0 02 0.4 06 08 1 happened in the transverse plane, which was due to limited
ggg ‘ ST YvEr T transverse off-momentum dynamic aperture. Beam-beam
T 300 | I i o i interaction, IR nonlinear multipole field errors, nonlinea
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5 -450 w W w “W W b\“‘w‘g W ?; W WH M', the transverse dynamic aperture. Measures had been im-
pedli (R M W M ‘ ] plemented in RHIC to correct the nonlinear chromaticities
0 0.2 0.4 0.6 08 1 and3@, , resonance driving terms. 10 Hz orbit modula-
Time [s] tion was reduced with a 10 Hz orbit feedback. To fur-

ther increase the luminosity in the RHIC p-p operations,
Figure 15: Orbit oscillation without and with 10 Hz orbit We plan to increase the bunch intensity and to regiicat
feedback. Fill No. is 15257. collisional IPs. To reduce the large beam-beam tune spread

from high bunch intensities, head-on beam-beam compen-

o sation with electron lenses are being installed in RHIC.
the 3Q, resonance which is located &, = 2/3 [9].
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