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Importance of beam-beam tune spread to collective beam-beam instability in hadron colliders
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In hadron colliders, electron-beam compensation of beam-beam tune spread has been explored for a reduc-
tion of beam-beam effects. In this paper, effects of the tune-spread compensation on beam-beam instabilities
were studied with a self-consistent beam-beam simulation in model lattices of Tevatron and Large Hodron
Collider. It was found that the reduction of the tune spread with the electron-beam compensation could induce
a coherent beam-beam instability. The merit of the compensation with different degrees of tune-spread reduc-
tion was evaluated based on beam-size growth. When two beams have a same betatron tune, the compensation
could do more harm than good to the beams when only beam-beam effects are considered. If a tune split
between two beams is large enough, the compensation with a small reduction of the tune spread could benefit
beams as Landau damping suppresses the coherent beam-beam instability. The result indicates that nonlinear
(nonintegrablgbeam-beam effects could dominate beam dynamics and a reduction of beam-beam tune spread
by introducing additional beam-beam interactions and reducing Landau damping may not improve the stability
of beams.
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[. INTRODUCTION beam. The effect of nonlinear perturbations due to the origi-
nal beam-beam interactions between phandp beam and
In storage-ring colliders, beam-beam interactions are onthe additional beam-beam interactions betweenpttend e

of the major factors that reduce beam lifetime and limit lu-beams have however not been carefully studied.
minosity. Beam-dynamics experiments in SSsiper Proton To have a better understanding of the electron-beam com-
Synchrotron, CERN, Geneyal] and Tevatron(Fermilab, pensation of beam-beam tune spread, let us take a glance at
Chicago [2,3] showed that in the presence of high-orderformal Hamiltonian for the transverse motion of théeam.
resonances of beam-beam interactions or nonlinear fields iNeglecting nonlinearities in latticenonlinear magnetic field
lattice, a large beam tune spread due to head-on beam-beatrorg, the Hamiltonian can be written as
interactions could result in a significant emittance growth

and beam-particle loss. For LH@arge Hadron Collider H=5-T+Hgp(l, 1)+ Hge(T, 1)
being constructed at CERN and Tevatron, efforts are being .-
made to reduce beam-beam effects in order to achieve or =71+ t(Hpp) + (Hpe) +{Hpp} + {Hpel )

exceed the designed luminosity. Electron-beam compensa- . .. _ )
tion is one of the schemes being developed for Tevatrovherev is the betatron tune and (¢) the action-angle vari-
RUN I to reduce bunch-to-bunch tune variation due to PAC-ables for the transverse motion of tpebeam.Hyg;, is the
MAN effect of beam-beam interactiofd—6]. It has been perturbatn@ Hamiltonian for beam-peam interactions be-
explored that the electron-beam compensation scheme couf¢een thep and p beam at the nominal IPs ardg. the
also be used for a reduction of beam-beam tune sp@ad perturbative Hamiltonian for beam-beam interactions be-
plitude dependence of tunegue to head-on beam-beam in- tween thep ande beam for the electron-beam compensation.
teractions and, therefore, to compensate nonlinear bear? the second line of Eq1), (Hpp) and(Hge) are the aver-
beam effects [7]. In this scheme of the nonlinear age ofHy, andHy. over ¢ andt, respectively, and are the
compensation of beam-beam tune spread with electrofirst-order phase-independefintegrable perturbations of
beams, high-intensity low-energy electrge) beams will  beam-beam interactions that lead to the lowest-order beam-
collide with antiproton p) beam at certain locations in the beam tune spread. Because of the opposite chargawde,
ring other than nominal interaction point®) for proton(p)  (Hpp) and(Hye) have an opposite sign and cancel each other
andp beam. The tune spread of tipebeam due to the col- if the e beam has the same intensity and charge distribution
lisions between the andp beam will then be compensated as that of thep beam. In the use of the electron-beam com-
by the collisions between theandp beams. Previous stud- pensation, the degree of the cancellation betwgts,) and
ies[7] based on non-self-consistent treatmestsong-weak  (Hpe) can be varied by adjusting the intensity and charge
mode) of beam-beam interactions with either single- distribution of the e beam. {Hg,}=Hg,—(Hp,) and
resonance analysis or numerical simulation have shown thg{Hg.)} =Hp.—(Hpe) are the nonintegrable(nonlineay
the use of electron beams can effectively reduce beam-beaphase-dependentoscillating parts of the perturbative
tune spread and possibly improve beam dynamics ofpthe Hamiltonians that could lead to nonlinear resonance effects

and beam-beam instabilit}8]. Note that integrable(H))

and nonintegrable{H}) perturbation are usually referred to

*Corresponding author. Email address: jshi@ku.edu FAX:linear and nonlinear perturbation, respectively, in nonlinear

(785864-5262. dynamics although bottH) and{H} are nonlinear functions
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of phase-space variables. In this paper, we also follow thisveak case of beam-beam interactions, it is commonly be-
terminology. For a weakly perturbednear-integrable lieved that the collective beam-beam effect is not important.
Hamiltonian system, it is commonly believed even though itThe simulation study together with the HERA experiments
is not always true that the phase-independent perturbatiorshowed that in the nonlinear regime of beam-beam interac-
are the dominant effect when a system is away from majotions the traditional boundary between the strong-strong and
resonances. The electron-beam compensation of beam-beatnong-weak case of beam-beam interactions is no longer
tune spread is therefore based on the assumption{ithgh  valid and beam-beam effects have to be studied self-
is the dominant term ofig;, and a smaller beam-beam tune consistently .
spread would always improve beam performance because of To understand collective beam-beam instabilities, many
less crossings of resonances. When the nonlinear phasefforts have been made to formulate the beam-beam problem
dependent perturbations of beam-beam interactions are ingelf-consistently by using methods of approximations or per-
portant, however, the beam-beam interactions could lead trbation expansions. For lepton storage-ring colliders, two
onset of chaotic coherent beam-beam instability that couldiifferent types of theoretical models have been shown to be
result in a spontaneous chaotic coherent beam oscillation argliccessful[14—16. In the first type of models nonlinear
an enhanced beam-size grod]. In that situation, having a maps for the moments of beams are obtained by a truncation
large tune spread could benefit the beam stability since thef a moment expansion for beam-particle distributions, while
existence of the tune spread is a necessary condition for Lain the second the instabilities of equilibrium distributions of
dau damping that could suppress the coherent beam-beameams are analyzed with the linearized Vlasov equation. In
instability [9—11]. Moreover, the existence of a large tune both models, steady states of coherent beam oscillations
spread reduces the possibility of trapping particles inside badere obtained and the instability of the coherent oscillations
resonances. The compensation of beam-beam tune spreads studied. For high-energy electron beams, because of the
may therefore damage the beam stability by reducing theadiation damping, the time scale for a beam to reach the
Landau damping when coherent beam-beam effects arequilibrium distribution is much less than the storage time.
dominant. Moreover, the compensation of the beam-bearConsequently, the study of beam dynamics can be focused on
tune spread with electron beams unavoidably introduces atie behavior of the distribution near its steady states. More-
additional nonlinear phase-dependent perturbatiofHy.}  over, a fast damping of high-order fluctuations permits the
to thep beam that could further enhance the coherent beantruncation of the moment expansion at fairly low orders. For
beam effect. The question is then how important the nonlintepton storage-ring colliders, therefore, methods of perturba-
ear phase-dependent perturbatioftds,} and {Hg.} are tion are usually effective in the study of beam-beam effects.
when the beam tune spread is reduced as desired by using tRer high-energy hadron beams, on the other hand, the damp-
electron-beam compensation. On the other hand, in pursuingg time scale is usually larger than the storage time so that
a better understanding of beam-beam effects in storage-ringotions of beam particles are determined by Hamiltonian
colliders, the electron-beam compensation of beam-beamynamics. In the presence of nonlinear perturbations due to
tune spread is an effective means, not only for simulatioreither beam-beam interactions or nonlinear field errors in lat-
study but also for future beam-dynamics experiments, tdice, the particle distribution may not reach any steady state
probe the importance of the phase-independent and phaseithin a fraction of the storage time. In the near-linéaear-
dependent perturbations of beam-beam interactions. integrable regime of beam-beam interactions in which the

It should be noted that the coherefpllective beam-  phase-dependent perturbations of beam-beam interactions
beam instability could occur in both cases of strong-strongare not important, the beam distributions change very little
(symmetrical or nearly symmetrigahnd strong-weakvery  due to beam-beam interactions in the time scale of interest.
un-symmetricgl beam-beam interactions when nonlinearin this case, quasistationary states of the Vlasov equation
beam-beam perturbations dominate beam dynamics. Recetduld be considered and methods of perturbation could be
simulation studies and beam-dynamics experiments of beanemployed to study beam-beam effects. In the nonliiean-
beam effects in HERAHadron Electron Ring Accelerator at integrable regime of beam-beam interactions in which the
DESY, Hamburg, Germanyshowed that the collective phase-dependent perturbations of beam-beam interactions
beam-beam instability could occur in the HERA Upgrade. Itare dominant, no stationary distribution for the nonlinear
was predicated by a self-consistent beam-beam simulatiovlasov equation that is relevant to beams in accelerators has
[12] and observed in beam-dynamics experimgafy that been found theoretically or observed experimentally. Note
when the beam-beam parameter of the positron beam exhat the Gaussian distribution is not or not even close to an
ceeds a threshold that corresponds to an overlap of the posgquilibrium distribution when the beam-beam parameter is
itron beam with the fourth-order resonance, the onset of théarge. Computer simulations have shown that the beam dis-
collective beam-beam instability results in a significant emit-tribution could deviate significantly from its initial Gaussian
tance growth of the proton beam. In the HERA Upgrade, thalistribution due to the formation of beam hd®,12]. Con-
beam-beam parameter of the positron beam is over 20 argkquently, the truncation of the moment expansions or the
100 times larger than that of the proton beam in the horizonlinear stability analysis of equilibrium distributions of the
tal and vertical directions, respectively, and the two ringsnonlinear Vlasov equation is no longer valid in this case.
have a very different working point. Traditionally, the beam- Moreover, it has been well recognized in the field of nonlin-
beam effect in such a situation is considered as a typicatar dynamics that in the nonintegrable regime of a Hamil-
strong-weak or very unsymmetrical case. For the strongtonian system, the use of perturbation expansions such as
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various canonical perturbation methods usually distorts th@ormally do not change the characteristic of the beam-beam
dynamics of the system and may result in incorrect concluinstability [8]. In the case of the Tevatrop,andp beams are
sions. collided only at one interaction point DO in the simulation.
The difference in characteristics of particle distributionsThe value of theg function at the IP isg*=0.35 m. The
of high-energy lepton and hadron beams in storage-ring colelectron-beam compensation is located at FO wigefenc-
liders can also be understood in the aspect of statistical physon is about 70 m in both horizontal and vertical planes. As
ics [17,18. In statistical physics, a dynamical system couldthe intensity of thep beam is much larger than that of tpe
attain a thermodynamical equilibrium through interactionspeam, thep beam is perturbed more severely than fhe
with its environmentheatbathor through internal stochastic peam due to the collision between theandp beams. The
processes as either external or internal stochastic interactiogfectron-beam compensation of the beam-beam tune spread
introduce fluctuations and dissipation into motions of paryas thus only applied on thp beam as proposed for the
ticles. In the case of high-energy lepton beams, leptons infeyvatron RUN I1B[4]. In the case of the LHC, twp beams
teract with the synchrotron radiation, which results in quan-are collided at two high-luminosity interaction points 1P1
tum fluctuations and synchrotron damping of leptons. Theng IP5(8*=0.5 m) in the simulation. Since thp beams
phase-space distribution of leptons can therefore attain equirave equal intensity, the electron-beam compensation of the
librium in a time scale that is much smaller than the storag&,eam-beam tune spread was applied on both beams in this

time. In the case of high-energy hadron beams, however, theydy, in which eaclp beam was collided with ae beam at
interaction between hadrons and the synchrotron radiation igither IP2 or IP8 whergg function is about 250 m in both

much weaker and other external stochastic interactions angorizontal and vertical planes.

Usua”y negllglble in the time scale of interest here. A hlgh- Our Se|f-consisterﬂstrong-Strongbeam_beam simulation
energy hadron beam is more like an isolated thermodynamiode has been fully tested and presented in detail in our
cal SyStem and cannot attain equi”brium in the time scale Obrevious pape[S] The re||ab|||ty of the code has also been
interest through interactions with a heat bath. The intrabeamerified by a Comparison between the simulation and beam-
scattering, on the other hand, could redistribute energyynamics experiments at the HERA recenf?]. In this
among different degrees of freedom and exchange energpde, each beam is represented by a large number of macro-
among “hot” particles in beam tails and “cold” particles in particles with given initial distributions in transverse phase
beam core. Due to a very low density of a typical high-space. In this study, the initial phase-space distributions of
energy hadron beafseveral orders of magnitude smalles  two counter-rotating beams are chosen to be round Gaussian
compared with a gas under normal conditions or fusionheams in the normalized transverse phase space with stan-
plasma, however, the relaxation time due to the intrabeargy,g deviationo, and truncated at-4o,. oo=0o*/\B*,
scattering is usually even longer than that due to the synchrQyhereo* is the nominal transverse beam size at IP. Without
tron radiation. Chaotic dynamics of beam particles could alseam-peam interactions, the initial beam distribution used in
lead to the ergodicity of particle motions and result in atne simulation matches exactly with the lattice. During the
thermodynamical equilibrium. It could, however, only hap- tracking, beam-beam kicks in four-dimensional transverse
pen when most beam particles are in fully developed chaotignase space are calculated at each IP by using the particle-
regions[19], which never be a case in normal operation con-in_cell method. This task consists of three major sf@)s(a)
ditions of particle accelerators. The beam charge distributions at each crossing of IP are
In order to understand the beam-beam effect of hadrogptained by assigning macroparticles to the grid points of an
beams, one has therefore to study transient states of the noghiform mesh in two-dimensional transverse configuration
linear Vlasov equation. For transient states in the nonlmeaggpace for each beam using the four-point cloud-in-cell tech-
regime of beam-beam interactions, only validated methoqi“que_ (b) The beam-beam kicks are calculated at the grid
currently available for a theoretical understanding of beam'points using the precalculated Green’s functions for the
beam effects is self-consistent numerical simulation. To Unpeam-beam kicks(c) The kicks are then interpolated to the
derstand the importance of the phase-independent and phasgysition of every macroparticle. In order to ensure the con-
dependent perturbations of beam-beam interactions, W@ergence of the simulation parameters and to avoid any arti-
therefore conducted a self-consistent beam simulation Witljsial result due to those numerical approximations, the size
both Iatt_ice_ quels of Tevatron and LHC. In this paper thegf mesh. the grid constarthe length between nearest neigh-
em_pha3|s is given to the results of Tevatron model, meamyoring grid point$, and the number of macroparticles have
while, to make the study more general the results of LHGq pe carefully teste@8]. In this study, we found that a uni-
model is presented as well but with less detail. The paper igym mesh extending tod, in all directions of the normal-
organized as follows. In Sec. I, the simulation models arg,qq configuration space with a grid constant of 2s
briefly discussed. The simulation results are presented in Seﬁood enough. To have a reliable beam-beam simulation for
Ill. Sec. IV contains a summary remark. hadron beams, on the other hand, the number of macropar-
ticles has to be large enough, typicaltyl®® [8]. In this
study, we use % 10° macroparticles for each beam. Track-
ing of particle motion has been done in four-dimensional
Two test lattices used in this study were Tevatron RUNtransverse phase space without synchrotron oscillations and
[IB in Fermilab [20] and LHC in CERN[21]. Only linear = momentum deviations. The beam dynamics has been studied
lattices were used since multipole field errors in the latticewith up to 1¢-turns tracking that corresponds to about 21

II. SIMULATION AND LATTICE MODELS
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and 90 sec run for the case of the Tevatron and the LHC, (x107%)
respectively. 10—

For the simulation of the electron-beam compensation, we
considered the idea case that the electron beam has the sar ©
type of charge distribution of the initigd beam. The distri- > 0.6L
bution of the electron beam is therefore chosen to be the bo '
Gaussian distribution with a standard deviation that change« | .
with the root-mean-squar@ms) beam size of thg beam 3 0.2}
during the tracking. The momentum kick exerted by the elec- :
tron beam was simply calculated with the standard formula 0'00 — i — é
for the beam-beam interaction of a Gaussian bg22h

08

35
turn (x107)
FIG. 1. Evolution of rms beam size of tiebeam without the

IIl. SIMULATION RESULTS compensation of the beam-beam tune spread;y, )
A. Model lattice for tevatron RUN IIB =(20.582,20.574) 5= —0.01, andé;pz=—0.002. o is the aver-

. age of the horizontal and vertical beam sizes apdhe initial beam
To probe the importance of the beam-beam tune spread e (a) e;=0.75¢, and(b) e5=¢, . €5 ande, are the emittance of

beam-beam effects, the electron-beam compensation wifiep andp beams, respectively.
different intensity of thee beam were studied, i.e{s

=~ \&pp, Whereépe andéy, are the beam-beam parameters ;4 1 g the tune spread is shrunk as expected after the

of the p beam forp-e andp-p collisions, respectively, and = g|ectron-beam compensation. Figure 2 is an example of the

A=<1 represents the degree of the compensation. Two diﬁeri'nitial tune spread of thep beam without or with the
ent working points were used in this studyw,(vy)

) : electron-beam compensation=1.0). A small remaining
=(20.582,20.574) is the nom|nfa| betatron tunes for Tevatron,, e spread of\v ~0.002 after the electron-beam compen-
and (vy,vy)=(20.740,20.730) is close to the fourth-order ga4ion [see Fig. 2b)] is the high-order contributions from
resonance. In addition, the situation in which h@ndp  hoihp-5ande-p collisions that are, in general, not compen-
beams have a slight tune split was also studied. sated each other and become observable when the lowest-
order tune spread is eliminated. In Fig. 3, the evolution of
rms beam size of thp beam was plotted for the cases of
The study of the electron-beam compensation of tune.=0.0, 0.25, and 1.0. Without the electron-beam compen-
spread at the nominal working point of Tevatron is to undersation, the size of thp beam increases less than 0.6% in 3
stand how the electron beam would affect dynamics ofpthe x 10° turns (see curve a of Fig.)3 With the electron-beam
beam in a good working point that is far away from major compensation, however, the beam-size growth becomes
resonances. In this case, batandp beams have the same more severe even though the tune spread is reduced. More-
betatron tunes and the intensity of fhédoeam is one fifth of over, the rate of the beam-size growthe tangent of curves
that of the p beam, i.e.,&5=—0.01 and §,;5=—0.002, in Fig. 3 increases with the intensity of treebeam. Since
whereis the beam-beam parameter of fheeam for the  the original tune spread of thebeam does not lead to cross-
p-p collision. In the nominal condition of Tevatron, the ratio ings of any major resonance, the reduction of the tune spread
of emittance between the andp beams ise;/€,=3/4 and  with the electron-beam compensation does not improve the
that results in a mismatcheuh beam sizgcollision at the IP.  beam dynamics but introduce more nonlineafiffds} in
The beam experiments in HERA and SPS have shown thdiq. (1)] to the beam that is responsible for the increased
the beam-beam interaction due to a mismatched collisionseam-size growth. Since there is no obvious single dominant
gives rise to a shorter beam lifetime than that in the case afesonance that is responsible to the beam-size growth, the
matched collisiong23,1]. In Fig. 1, the evolution of rms enhanced beam-size growth after the use of the electron-
beam size of thg beam was calculated for both the cases ofbeam compensation is not a single resonance effect. It should
matched and mismatched collision of theandp beams in  also be noted that the initial beam-size blowgpe Fig. 3is
Tevatron without the electron-beam compensation. It condue to the nonlinear beam filamentation in phase space re-
firms that the beam-size growth rate in the mismatched cassulting from the nonlinear beam-beam perturbation and is
is larger than that in the matched case in Tevatron. In order taot an emittance smear due to a linear mismatch between the
be close to the realistic Tevatron situation, however, the misbeam and the linear ring including the linear beam-beam
matchedp-p collision with e5/€,=3/4 was used in the fol- tune shift. When the nonlinear beam-beam perturbations of
lowing study of the electron-beam compensation of beam{Hp.} and{Hg,} are important, the initial particle distribu-
beam tune spread in Tevatron. Note that the rms beam siz®ns that are Gaussian in the normalized phase space are far
(o) plotted in this paper is the average of horizontal andaway from a constant of motion for the Hamiltonian with
vertical rms beam sizes. beam-beam interactions. That results in a very subtle, since
To exam the reduction of beam tune spread after théhe beam-beam perturbation is still weak relatively, but rapid
electron-beam compensation, the initial tune spread opthe change in the distributions as well as the beam-beam inter-
beam was calculated with 420 test particles during the firsactions within a very short period of timghe first 1000
2000-turns tracking. In all cases we studied=0.25, 0.5, turng. The beam sizes therefore increase quickly at the be-

1. Symmetrical rings with nominal betatron tune
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0.60 T T T T T [ 1 T T | T T T T T T T T T (xlo-z)
[ vy = 20.582 ) 3.0 . .
[ v, = 20.574 ] i
- fﬁp = —01 - ° [
i Epp = —.002 ] Q 20
| fﬁe = .0 i na :
- i Ib :
- 1 o 1.0
Vy 0.8 - ~ _
[ + ] 0.0
i - 0 2 3
- i turn (x10%)
i | FIG. 3. Evolution of rms beam size of tfrebeam for the cases
L (a') i of Fig. 2. o is the average of the horizontal and vertical beam sizes
056 — v L v and o, the initial beam size(a) Without the tune-spread compen-
0.56 0.58 0.60  sation,(b) with the compensation 0f=0.25, and(c) with the com-
pensation of\=1.0.
Vx
the collective beam-beam effect, in which particle distribu-
0.60 T L} L} T T L} L} T T I L} T T L} L} T T L} L} t f b h b . | d . h . b .
), = 20.582 d ions of both beams are involved with time, becomes impor-
[ v, = 20.574 ] tant.
[ &5p = —.01 - N
- £pp = —.002 . 2. Unsymmetrical rings
[ épe = 01 - In Tevatron, thep andp beams could have slightly differ-
[ ] ent betatron tunes because they circulate along different
v. 0.68} - closed orbits and thus experience slightly different magnetic
y i i fields. On the other hand, the Landau damping in an unsym-
K - - metrical system, due to unsymmetrical rings or/and unsym-
i ) metrical beams, could suppress the coherent beam-beam in-
i i stability that could be the reason of the enhanced beam-size
- growth. Because of the differences in the emittance and in-
i (b) ] tensity between the two colliding beams, the Landau damp-
{0 J5Y & J 4 N T S S S A ing should exist in Tevatron even with symmetrical rings. A
0.56 0.58 0.60 small difference in the betatron tunes of the two beams
U could, however, further enhance the Landau damping. The
X simulation was therefore conducted also for the case of un-

FIG. 2. Tune spread of th@ beam during the first 2000 syntwr.ne’?rlcal rmt%S' tI)n tO;der IO be ?ompz;ed with the fﬁlm_
turns when (/X,Vy)=(20.582,20.574),é%pZ—O.Ol, and fpﬁ metrical case, the petatron tunes Tor W eam were st

=—0.002. (a) Without the tune-spread compensation &hdwith kept —at the nominal working  point 1, vy)
the compensation ok=1.0. Solid lines are the even-order reso- — (20.582,20.574), while for thp beam @y, »,) =(20.582
nances up to the tenth order andindicates the lattice bare tune. + 6v,20.574+ 6v), wheredv is the tune split between the

two beams. The simulation studies in R¢#4,25 have sug-

. . , ) . . gested that the Landau damping due to a tune split could
ginning. As such the “nonlinear mismatch” increases with h5ye significant effect on the coherent beam-beam effects
the beam-beam perturbation in general, the initial beam-sizgpy hen the tune split is close to or larger than the linear
blowup increases with the intensity of tekebeam(see Fig. peam-beam tune shifts. Two casesd¥=0.001 and 0.005
3). A similar study was also conducted for the casefgf  were therefore studied. Whefv=0.001, the tune split is
=—0.01 and&z,=—0.005, i.e., the ratio of the intensity smaller than the linear beam-beam tune shifts of both beams,
between thep and p beams is 1/2. The result obtained is while 5v=0.005 corresponds to the casedf= Epp-
consistent with that presented here. When 6r=0.001, the result is roughly the same as that in

In Ref.[7], a study based on a single-resonance analysithe symmetrical rings and thebeam does more harm than
and simulation with a weak-strongnon-self-consisteit good to thep beam in all cases ok. Figure 4 plots the
model of beam-beam interactions suggested that thbeam-size growth of thp beam fordy=0.005. Without the
electron-beam compensation of beam-beam tune spread wigtectron-beam compensation, the beam size increases about
50% strength(A=0.5) would improve thep beam. The dis- 3% in 1¢ turns. With the full-strength compensatigh
crepancy between the results here and that of Réfsug- =1.0), the collision between theandp beam again deterio-
gests that the non-self-consistent treatment of beam-beam imates the performance of the beam (curve c in Fig. 4).
teractions is not valid in the case when the nonlinear phaséA/hen\=0.5, on the other hand, the electron-beam compen-
dependent perturbatiof$i,.} and{Hg,} are dominant and sation improves beam dynamics slightly. The increase of the
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0.76 T T T T T T T T T T T T T T T T T
[ v, = 20.74 1
[ v, = 20.73 ]
- fﬁp = —02 m
B £pﬁ = —01
[ fﬁe =.0 .
0000 —— L v 1 L L vy 0.741 ]
0.0 0.2 0.4 0.8 0.8 1.0B B i
turn (x107) I i
FIG. 4. Evolution of rms beam size of the beam in unsym- L * J
metrical rings. The betatron tune for the and p beams are i 1
(vx,vy) =(20.582,20.574) andi,vy)=(20.587,20.579), respec- i (a) \
tively. é5p,=—0.01 andéz=—0.002. ¢ is the average of the hori- (0 JA %) < S A S T S S S T A S L1
zontal and vertical beam sizes awng the initial beam size(a) 0.72 0.74 0.76
Without the tune-spread compensatid), with the compensation
of A=0.5, and(c) with the compensation of=1.0. Vg
P beams size during $aurns reduces to about 2.5¢urve 0.76 ————— 1T
b in Fig. 4. Moreover, the rate of the beam-size growth is [ v, = 20.74 ]
significantly reduced after the compensation. Note that the [ v, =20.73 ]
difference between the cases of symmetrical and unsym - &{pp = —.02 .
metrical rings is only a small change in betatron tunes of the [ $pp = —-01
p beam that can only affect the dynamics of fhebeam [ {pe = 01

through collective beam-beam effects, i.e., changes of par

ticle distributions due to the nonlinear phase-dependeni, 0.74
beam-beam perturbation §fi5.} and{H,}. The change of y
the characteristic of the beam-size growthsat~0.005 in-

dicates that the enhanced beam-size growth after the

electron-beam compensation is a collectigeherent beam- +
beam effect. In this system, there are two competing forces
affecting the coherent beam-beam effect. The nonlineal (b)
phase-dependent beam-beam perturbation is the source 1 ovello
coherent beam-beam instabilities, while the Landau damping .
pine 0.72 0.74 0.76

tends to stabilize the beams. A recent study on the beam
beam effects in the HERA Upgrade has shown that when the v
nonlinear beam-beam perturbation is dominant the coherent

beam-beam instability could occur in a very unsymmetrical F|G. 5. Tune spread of thg beam during the first 2000 turns
system in which the Landau damping is supposed to be sigyhen (v, ,»,)=(20.74,20.73) Epp=—0.02, and¢,;=—0.01. (8
nificant [12]. On the other hand, the existence of the tunewjthout the tune-spread compensation, the beam core crosses the
spread is a necessary condition for the Landau dampingeurth-order resonances ard) with the compensation af=0.5.

With the 100% compensation of the tune spread, the lowesisgjid lines are the even-order resonances up to the tenth order and
order tune spread is eliminated and therefore the system be- indicates the lattice bare tune.

comes very unstable because of a much weakened Landau

damping. In the case afv=0.001, sv<{,p<é&pp. The in- . )

crease of the Landau damping due to such a small tune spf¥/and a large beam-beam tune shift, a reduction of the tune

has little effect on the coherent beam-beam effect and thepread with the electron-beam compensation could move the

nonlinear beam-beam perturbations{éfse} and{Hg,} are beam away from the resonances and improve the beam dy-

dominant. Whenév=¢,5, on the other hand, a stronger namics. In order to explore this possible benefit of the tune-

Landau damping due to a larger tune split could suppress thgpread compensation, we studied the case that the working

coherent beam-beam effect if the perturbatiofitdfe} isnot  point of both the p and p beams is at #%,v,)

too strong. A less-than-100% compensation of the tune=(20.740,20.730) that is close to the fourth-order resonance.

spread with the beam could therefore benefit thebeams if ~ To have a significant resonance crossing, a larger beam-beam

the p andp beams have an appropriate tune split and if theparameter is also used for thep collision, i.e., &5p=

nonlinear beam-beam perturbations{éfs,} and{Hge} are  —0.02 and¢,z= —0.01.

not dominant. In Figs. 5 and 6, the initial tune spread and the beam-size

growth of thep beam were plotted with or without the

electron-beam compensation. Without the electron-beam
If the original tune spread of the beam leads to cross- compensation, the core of thg beam crosses the fourth-

ings of major resonances due to either a bad working pointrder resonanc¢see Fig. %a)] and that results in a 60%

b 4

3. Effect of major resonances
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ent beam-beam instabilit}8] afterwards as the beam-size
jumps suddenly during £Oto 2x 10° turn (see curvec in

Fig. 6). After the onset of the coherent beam-beam instabil-
ity, the phase-space area nearby origin becomes unstable for
the beam centroid and the initially centered beams develop a
spontaneous unstable coherent oscillation in the vertical di-
rection as shown in Fig.(d). The dynamics of the unstable
coherent oscillation has characteristics of chaotic transport in
phase space and the growth of the beam size is significantly
enhanced by this chaotic coherent oscillation. The beam-size
growth rate(the slop of curves in Fig.)6after the sudden
jump in the beam size is therefore substantially larger than
hat in the case without the compensation. Note that in the
case without the electron-beam compensation, no spontane-
ous coherent beam oscillation was observed after the initial
nonlinear beam filamentatidisee Figs. ®) and 7b)]. With

the full-strength compensation, therefore, the nonlinear
increase in beam size during®furns tracking(see curvea phase-dependent beam-beam perturbations{Hf.} and

in Fig. 6). Note that the most of this beam-size growth is due{Hg,} dominate the beam-beam interaction and make signifi-
to the nonlinear beam filamentation in phase space during theant damage to the beam even though the beam benefits
initial 20 000 turns because of a severe deformation of thénitially from a reduction of the incoherent beam-beam effect
phase-space area nearby the resonance. With the electrahrough the elimination of the resonance crossing. In the case
beam compensation a£=0.5, the tune spread of tiebeam  of A=0.5, the nonlinear beam-beam perturbation fromehe

is shrunk as expected and the crossing of the fourth-orddseam is weaker than that 8f=1.0, while the Landau damp-
resonance is eliminated as shown in Figh)5Consequently, ing is stronger because of a larger tune spread optheam

the initial blowup of thep beam is suppressddee curveb  than that in the case af=1.0. Consequently, a weaker spon-
andc in Fig. 6). The tune-spread compensation, thereforetaneous coherent oscillation in horizontal direction due to a
effectively reduces the incoherent beam-beam effect. In theveaker coherent beam-beam instability dissipates quickly
case ofA=1.0, however, the nonlinear phase-dependent peffsee Fig. 7c)]. The onset of the coherent beam-beam insta-
turbations ofp-p ande-p collisions induce a chaotic coher- bility also induces a small jump in the beam size, but unlike

0.8. - ..O
(xlloe)

turn

FIG. 6. Evolution of rms beam size of tpebeam for the cases
of Fig. 5. o is the average of the horizontal and vertical beam size
and o the initial beam size(a) Without the tune-spread compen-
sation,(b) with the compensation af=0.5, and(c) with the com-
pensation ok =1.0.

10—————7———7 7+ ] 1.0 T T T T T ]
[ (a) ] E (b) ]
05F ] 05F ]
[=] o 9 (=] N
5 r s i
N 0.0f ] L 00 ' & :
% F ] v ; ]
—05L E —05F E
- 1 0 . PR TR [ SR T T N SR TR S NN SR S S N . —_ 10 : P | IR T T | PR | L
0.0 0.2 04 0.6 0.8 1.06 0.0 0.2 0.4 0.6 0.8 1.06
turn (x107) turn (x10%)
1.0 —— : :
£(d)
0.5F
(=] (=]
2 N
N N 0.0f
k] S [
A\ A\Y4 [
—05L
—1.0: e b b e 1 _1_0: . b o et S N L1y .
0.0 0.2 0.4 0.6 0.8 1'06 0.0 0.2 04 0.6 0.8 1'08
turn (x107) turn (x107)

FIG. 7. Beam-centroid motion of the beam for the cases of Fig. 6X) and(Y) are the normalized horizontal and vertical coordinates
averaged over each bunch of particlesg.is the initial beam size. Both the andp beams are centered in phase space initigdlyThe
beam-centroid motion in horizontal plane without the tune-spread compengajitine beam-centroid motion in vertical plane without the
tune-spread compensatido) the spontaneous coherent oscillation in horizontal plane with the tune-spread compensati@hSyfand(d)
the spontaneous unstable coherent oscillation in vertical plane with the tune-spread compensatibrd of
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the case oh=1.0, the beam-size growth rate after the jump (x1072)
is still the same as that in the case without the electron-bean 3.0
compensation because of the suppression of the coherel
beam-beam instability by the Landau damping and becaus:
of a weaker nonlinear perturbation {Hfi5.}. When the beam

is close to major resonances, the electron-beam compensi
tion could therefore improve the beam dynamics if the
strength of thee beam is carefully chosen in such a way that

the damping mechanism can suppress the coherent bean :
beam instability so that the damage effects of the nonlineal 0.0

(o-04)/0q
N
T Iol ™1 T

phase-dependent beam-beam perturbations are insignifica 0 1 turn 2 (“305)
or can be outweighed by the benefit of the tune-spread com-
pensation. FIG. 8. Same as shown in Fig. 3 but with both fhep andp-e

. ) o collisions being at a single IFD0). (a) Without the tune-spread
4. Importance of the difference between particle distributions  compensation(b) with the compensation of=0.75, and(c) with
of the p and e beams the compensation of=1.0.

When the phase advances betweenpihg and p-e col- initial distribution of thep beam is a Gaussian distribution.

lision points are multiples of 2, the beam-beam interac- Due to the beam-beam interaction between fhand p

tions of the_p—p anq thep-e collisions .Ca”C?' each other beams, the distribution of thp beam deviates from the
completely if there is no any other nonlinearity between the

llision points and if the charae distribution of taéear i Gaussian but the change in distribution is small since the
'::r?e :a?mepgs t?\:t of t bee(z:;lrr{:l %i thse alitigle%istribeuiionsof beam-beam perturbation on tpebeam is weak. Similar to
e ) P the previous cases, the distribution of tadeam is also a

thep beaf“ IS gonstgntly changing W'Fh time QUe to non“.nea.rGaussian distribution with the standard deviation changing
perturbations including beam-beam interactions, in reality, i

is impossible to generate anbeam that has a microscopi- With the rms beam size of thebeam. Figure 8 plots th

cally exact charge distribution of the beam. For a slight beam size growth fom=0:75 and L0 It ShOWS that the
difference in the distribution of the and p .beams such electro_n-beam compensation W|th72ance[lgt|on of beam-
2-cancellation of beam-beam interactions leaves ’small by interactions could damagg the stability of the beam. In

i . o e case of the 100% cancellation=1.0), the tune spared
usually high-order, nonlinear beam-beam perturbations. |

those remains of high-order, nonlinear beam-beam perturb ogether with all Gaussian-type beam-beam perturbations of

tions were not important, the ideal situation of the electronfill']e p beam are canceled. The remaining high-order non-
P ' Gaussian-type beam-beam perturbations induce a chaotic co-
beam compensation of beam-beam effects would be of th

2 cancellatior{4]. Such that the -cancellation of beam- ferent beam-beam instability as the initially centered beams

beam interactions has been attempted in the (BEpositif develop a spontaneous unstable beam-centroid oscillation
de Collisions dans I'lglopstorage ring at the Laboratoire de (see Fig. 9. Consequently, the beam size blows up quickly

'Accélérateur Linaire (Orsay, France where two pairs of (see curves in Fig. 8). This result is consistent with the DCI
) Y, i pairs result. The lack of the Landau damping due to the elimina-
electron and positron beams were brought into a collision

a single interaction pointfour-beams cancellationin that aﬁon of the tune spread and the addition of the high-order

. o nonlinear perturbations due to tiee collision could be the

case, all four beams had particle distributions that were VerYoasons of the onset of the instabilit
close to a Gaussian distribution and the differences in the Y-
distributions were small. The cancellation of the most of i
beam-beam interactions was achieved and the beam-beam B. Model lattice for the LHC
effect was expected to be much weaker. The beam experi- To test the generality of the above results obtained with
ment[26] and numerical simulatioh27] however showed Tevatron, the effect of the electron-beam compensation of
otherwise. The beam intensities in the DCI with the fourthe beam-beam tune spread was also studied on a model
beams were severely limited by coherent beam-beam effectittice of LHC. The betatron tune used here is the LHC
which indicated that the High-order nonlinear beam-beannominal working point, i.e., the fractional part of the betatron
perturbations could be very damaging when low-order beamtune is (v,,»,)=(0.31,0.32). Since the twp beams have
beam perturbations are removed. Recently, this four-beanthe same intensity, the compensation was used on both the
compensation scheme was studied again for the KEK Supdreams in the simulation. Eaghbeam collided with an elec-
B-factory[28]. Similar to the case of DCI, it was found that tron beam at locations of either IP2 or IP8 of LH21].
the coherent beam-beam instability could occur after a redudecause two interaction point$P1 and IP% of the p-p
tion of the beam-beam tune spread with the four-beam comeollisions were included in the simulation, the 100% degree
pensation in the Super B-factory. of the compensation correspondséip=—2§,,, whereé,¢

To test the 2r cancellation of beam-beam interactions in and¢,, are the beam-beam parameter for eped andp-p
Tevatron, a simulation was conducted with bothhe and  collisions, respectively. In order to explore, relatively easily,
p-e collisions at a single interaction poif@0). The betatron nonlinear beam-beam effects, the beam-beam parameter used
tune used here for both theand p beams is the nominal here is¢,,=0.01. Note that the designed parameter for LHC
Tevatron working point of ¢,,»,)=(20.582,20.574). The is £,,=0.0034.
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3 0.8[ .7 — 039 _'
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¥ = L £pp = 0.01 ]
-0.1p % 0.6 [ ebeam off a,b,c h
- 1 Q B -
0.2 " : 2, < : :
turn (x107) /I.-\'I\ 0.4 N
0.2 : : Q [ ]
0.2F -
o1l (b) p beam ] i ]
(=]

20.0 0.0 1. s L]
v ol -6 -4 -2 0 2 4 6

0.2 : . Z (00)

° ' 2 (x1305) FIG. 11. Projection of the distribution @f beam in LHC with-

t
e out the tune-spread compensatiom, (v,)=(0.31,0.32) and,,

FIG. 9. Spontaneous unstable coherent oscillation in horizontak 0.01. (a) Initial Gaussian distribution(b) z= X for the projection
plane for casée) in Fig. 8.(a) Thep beam and bthep beam. Both  to the horizontal normalized coordinate at the 20°th turn, (c) z

the beams are centered in phase space initighy.is the normal- =Y for the projection to the vertical normalized coordinate at the
ized horizontal coordinate averaged over each bunch of particle®x 10°th turn. po(0) is the maximum of the initial Gaussian distri-
oy is the initial beam size. bution ando the initial beam size. Note that all three curves over-

lap in this case.
Figure 10 plots the evolution of the rms beam size of one
p beam with or without the compensation of the beam-beanpecame very unstable instead as a spontaneous chaotic co-

tune spread. Since the betatron tune of the lattice is awajerent oscillation was excited and, consequently, the emit-
from major resonances, without the electron-beam compengnce ofp beams blows up quicklycurvesb andc in Fig.

effect that is associated with low-order resonances. More . -
. ».~ “the nonlinear ph - ndent m- m rturbation
over, the threshold for the coherent beam-beam instability i e nonlinear phase-dependent beam-beam perturbations

. . . X . Yominate the beam-beam effect and the additional nonlinear
¢.~0.03 in this case when twp-p interaction points are

. . ) rturbations from the- llision Id significantl m-
considered8]. Without the electron-beam compensation thepg;utht;aggai] siab?lit?/ :Vcec;] tshgugChOItJh((ja Ssgste%aist )allv(\j/:y from
p beams are therefore stable and very little beam-size growt

oo : ny major resonance.
V\f[as ol;;se)\r\ielc(éee c(;Jr;]/elfa ;n F'Qt" ){)9‘(’)‘"‘“ b|0tk: thebfull- To investigate the mechanism of the enhanced beam-size
strength( L ) and half-strength(r=0.5 electron-beam growth after the onset of the coherent beam-beam instability,
compensation, the tune spread of fhbeams is reduced as

th imilar to th f Tevat Thb h we also studied the dynamics of the particle distribution of
ose similar to the case of Tevatron. Tibeams, however, the p beams in phase space during the tracking. Because a

large number of macroparticles was used in the tracking, we
were able to reconstruct a smooth particle distribution with

15—

t? [ very little noise. In Figs. 11 and 12, projections of the distri-
~. 1.0} bution at the  10°th turn were plotted for the cases with or
3 [ without the electron-beam compensation. For a comparison,

t|> o5l 1 the initial distribution of the Gaussian beam was also plotted.

5 F b 1 Without the electron-beam compensation, théeams are
~ i stable and the particle distribution of tipebeams is main-

ool oty .., .8 tained as a Gaussian distributitfiig. 11). With the electron-
0.0 0.5 1.0 1.5 2.0

(x10°) beam compensation, the center of the distribution oscillates
turn around the origin and the shape of the distribution deviates
FIG. 10. Evolution of rms beam size of thebeam in LHC from the Gaussie}n dist_ri.but_ion significqntly due to the cqher—
when the fractional part of the betatron tune is, (v,) ent beam-peam instabilityFig. 12. In this case, the dens_lty
=(0.31,0.32) and;,,=0.01. o is the average of the horizontal and Of Protons in the beam core drops about 40% and 20% in the
vertical beam sizes and the initial beam size(a) Without the  horizontal and vertical plane afte2L0” turns, respectively,
tune-spread compensation. There is little beam-size growth so tha&nd most of those particles originally in the beam cores es-
the curve overlaps with axis, (b) with the compensation of=0.5  cape to the intermediate zorngo-4o0, whereo is the rms
used on both colliding beams, ari) With the compensation of beam sizg of the distribution via the chaotic transport in
A=1.0 used on both colliding beams. phase spacg9]. The beam-size blowup is therefore mainly
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10— T 7T of the e beam is carefully chosen in such a way that the
[ turn = 2 x 10 a Landau damping can suppress the coherent beam-beam in-
- vy =031 stability. For Tevatron RUN lI, it was found that a compen-

0.8 v, =032 sation with 50%-or-less reduction of the tune spread could
- &pp = 0.01 benefit thep beam if the difference in the betatron tune be-

e-beam on tween the two colliding beams is close to or larger than the

beam-beam parameter. With consideration of other nonlin-
earities in the lattice such as field errors and long-range
beam-beam interactions, there could be cases that the beam
dynamics is dominated by a few major resonances and other
limitations prevent a change of a better working point. The
electron-beam compensation of the beam-beam tune spread
could then be used to avoid those resonance effects if the
damage effects of the nonlinear phase-dependent beam-beam
perturbations from the beams can be outweighed by the
Z (o‘o) benefit of the tune-spread compensation.
The beneficial effect of the beam-beam tune spread on
FIG. 12. The same as in Fig. 11, but with the tune-spread combeam stability has also been observed in HERA recently
pensation o =1.0. [13]. In a simulation study of beam-beam effects in HERA, it
) was found that at some working points the coherent beam-
due to the formation of beam halo after the onset of th,eam instability is easier to be induced in the case of one IP
coherent beam-beam instability. than that in the case of two IPs. Note that the incoherent
beam-beam tune shift as well as the beam-beam tune spread
IV. SUMMARY in the case of two IPs is about twice as large as that in the
case of one IP. Recently, a beam experiment in HERA was

The onset of the collective beam-beam instability due to ducted t the diff ! it th b
the tune-spread compensation with electron beams indicat gnducted to compare the différence in emittance growth be-
een the case of one IP and the case of two IPs. In both

that the nonlinear phase-dependent perturbations of beam-
beam interactions could dominate beam-beam instabilities ¢f25¢S: the betatron tunes of both beams were kept the same

high-intensity hadron beams. Although the tune-spread confnd the positron beam crossed the fourth-order resonance. In

pensation could reduce incoherent beam-beam effects, t Qe experiment, a significant emittance growth of both the
associated reduction of the Landau damping and increase
the nonlinear phase-dependent beam-beam perturbations sig-
nificantly limit possible benefits of the compensation. At
both nominal work points of Tevatron and LHC that are
away from major resonances, the use of the tune-spread co

but not in the case of two IPs. The simulation study
owed that the emittance growth in the case of one IP is due
to the onset of the chaotic coherent beam-beam instability
rﬁrjd in this case a large number of positrons were trapped
pensation with electron beams can damage the beam stabili side the fourth-order resonance. The fourth-order reso-
and result in a significantly increased beam-size growth!l2N¢€ !N HERA is therefore more harmful in the case of one
When the working point is close to major resonances, on thép even thoggh the positron beam crosses more four'gh-order
other hand, the beam-beam interactions of hadron bean}§>°NaNc€ lines in the_ case of two IPs. These n_umencal and
could lead to crossings of the resonances and result in’Experlmental observations in HERA further confirmed that a

%‘oton and positron beams was observed in the case of one

beam blowup due to the nonlinear beam filamentation. | arge beam-beam tune spread may benefit the stability of

this case, the tune-spread compensation can effectively r cams.

duce the incoherent beam-beam effect by moving the beams
away from the resonances. The nonlinear phase-dependent
perturbation from thee beam could, however, still damage  This work was supported by the U.S. Department of En-
the stability of the beams by exciting a coherent beam-bearargy under Grant No. DE-FG03-00ER41153. The authors
instability. In the case of unsymmetrical rings, the effect ofwould like to thank the Center for Advanced Scientific Com-
the Landau damping to the coherent beam-beam instabilitputing at the University of Kansas for the use of the Super-
could be significant. A less-than-100% compensation of theomputer. The authors would also like to thank Professor
tune spread could improve the beam stability if the strengtl8.Y. Lee for many stimulating discussions.
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