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Multipole compensation of long-range beam-beam interactions with minimization of nonlinearities
in Poincare maps of a storage-ring collider
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In cases of multibunch operation in storage-ring colliders, serious long-range beam-beam effects could be
due to many parasitic collisions that are localized inside interaction regions or/and distributed around the ring.
To reduce the long-range beam-beam effects, the compensation of long-range beam-beam interaction with
magnetic multipole correctors based on minimizations of nonlinearities in one-turn or sectional maps of a
collider has been proposed. With Large Hadron Collider as a test model, the effectiveness of the multipole
compensation of long-range beam-beam interactions was studied in terms of improvement of dynamic aperture
and reduction of emittance growth. The emittance growth was studied with a self-consistent beam-beam
simulation. The study showed that both the local and global compensation of long-range beam-beam interac-
tions with magnetic multipole correctors are very effective in increasing the dynamic aperture and improving
the linearity of the phase-space region relevant to the beams.
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[. INTRODUCTION beam-beam interactions can be used either for a local com-
pensation of localized parasitic collisions such as the case of
In large storage-ring colliders such as LKIGirge Hadron LHC or for a global compensation of a large number of
Collider being constructed in CERN, Switzerlarahd Teva- honlocalized parasitic collisions such as the case of Tevatron.
tron (Fermilab, Chicagp the long-range beam-beam interac-  The principle of the multipole compensation of long-
tion could be a major factor that reduces the beam lifetimgange beam-beam interactions is based on the idea of global
and limits the luminosity. For LHC, a wire compensation COmpensation of nonlinearity in a storage-ring collider by
scheme has been proposed to compensate the long-rang@ind maps7,8]. The use of Poincaréone-turn maps to
beam-beam perturbations due to parasitic collisions insidgtudy nonlinear beam dynamics in storage rings has been
interaction regiong1]. Simulation studies showed that the developeql in the last two decad_es by many resez_;\rchers
wire compensation is very effective to such localized Iong-[g_ll]' It is well understood that without beam-beam inter-

range beam-beam perturbatiof#s3]. In the case of multi- actions, the nonlinear beam dynamics in a storage ring can
bunch operation in Tevatron RUN I, serious Iong-rangebe descrlbed by a one-turn map that contains aII. globgl In-

' o S formation of nonlinearities in the system. By minimizing
beam-beam effects are due to many parasitic collisions th

distributed d the rina. F h localized | onlinear terms of one-turn maps order by order with a few
are distributed around the ring. For such nonlocalized longy 55 of multipole correctors, one can reduce the nonlinear-
range beam-beam perturbations, it is very difficult, if not

: : : ; ity of the system globally. To include long-range beam-beam
impossible, to apply the wire compensation scheme. Theeractions into the map for the global compensation, one

electron-beam compensation of beam-beam tune spread, @Rould recognize that a large beam separation is typical at
the other hand, has been proposed for an elimination gharasitic collision points. In both LHC and Tevatron, for ex-
bunch-to-bunch tune variation due to the parasitic collisionslmp|e, the beam separation is in a scalé@f14o [1,12],
in Tevatron[4,5]. The nonlinear beam-beam perturbationwhereo is the nominal beam size. In the phase-space region
from the parasitic collisions could still pose a serious prob-relevant to the beam, the long-range beam-beam interactions
lem that causes emittance growth and limits the luminositycan thus be expanded into a Taylor series around the beam
even after the elimination of the tune variation. Note that theseparation and be included into the one-turn map for the
use of the electron-beam compensation to reduce the beamlobal compensation of the nonlinearities of the system. In
beam tune spread within a bunch may not improve and coulthe case of localized parasitic collisions, one can use a group
even damage the beam stabilf§]. In order to control ad- of local multipole correctors to minimize nonlinear terms of
verse effects of long-range beam-beam interactions in such local sectional map that contains the Taylor expansion of
cases involving a large number of nonlocalized parasitic coltfong-range beam-beam interactidrigl]. With a few groups
lisions, we proposed a compensation scheme: the global @f multipoles correctors, therefore, nonlinear terms in one-
local compensation of long-range beam-beam interactions biyirn maps and/or sectional maps including the long-range
using magnetic multipole correctors based on minimizatiorbeam-beam interactions can be minimized order by order
of nonlinearities in one-turn or sectional maps of a storageand, consequently, the nonlinearity of the system in the
ring collider. This multipole compensation of long-range phase-space region of interest can be significantly reduced.
With LHC as a model, the effectiveness of the multipole
compensation of long-range beam-beam interactions was
*Corresponding author. Fax{785864-5262; Email address: evaluated in terms of the improvement of dynamic aperture
jshi@ku.edu and the reduction of emittance growth. Dynamic aperture of
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LHC with and without the multipole compensation was cal-where = f (7)=[1+(07/0z—1)7] ¥? and f,(7)=[1
culated with 16-turn tracking. Head-on and long-range +(g§/g§_1)7-]*1/2_ Note that at parasitic crossingg is
beam-beam interactions at two high-luminosity interactionmuch larger than the size of the beams and therefgre in
points (IPs) as well as multipole field errors in the lattice Eqgs.(1)—(3). The beam separation could, however, be in any
were included in the tracking. The emittance growth wasgdirection and it is not always true thag>x andy,>y. Ap
examined with a self-consistent beam-beam simulation by Egs. (2) and (3) cannot be directly expanded into poly-
using the particle-in-cell method with>610° particles in  nominals ofx andy at x, andy,. In order to guarantee the
each beam. The study showed that the multipole compensgpnvergence of the expansialp should be expanded in the
tion of long-range beam-beam interactions is very effectivejirection of the beam separation at each parasitic crossing

in increasing the dynamic aperture and improving the linearpoint. A in Egs.(2) and(3) was therefore rewritten as
ity of the phase-space region relevant to the beams. This

paper is organized as follows. In Sec. Il, the principle of the Go(x+Xo) (1 m(1—12)
multipole compensation of long-range beam-beam interac- Apxz—ZJ drf,exp — >— (X+ Xo)?
tions is discussed. The testing result of the multipole com- 20 0 Ox
pensation in LHC is presented in Sec. Ill. Section V contains 2
a summary. % ex;{ _ T_><2|F+ o2 @)
20%
II. MULTIPOLE COMPENSATION SCHEME
whenxy,=y,, and
In high-energy storage-ring colliders, long-range beam-
beam interactions at parasitic crossings can be approximated Go(x+Xg) (1 r(f)z(— 1) 5
by momentum kicks in transverse phase sjaé¢ Consider Apsz rfiexp — T(YJFYO)
the beam that exerts the beam-beam interaction is a round Ix Ix
Gaussian beam at IPs. The momentum kick on a particle in -
the counterrotating beam can be calculated ffas| % exp{ — F'F +1o2 (5)
X
_ Go (7 [* Ftfo-hy . j _
Ap= 5 j 0 wheny,>X,. Similar equations foAp, can be obtained by
TOxTy )~ = |+ 7o =1 exchangingx andy and exchanging the conditions af,
9 2 >yq andyy>X, in Egs. (4) and (5). Whenxy>yq, Xo>X
Xexp( _ X_lz_ y_12) dx.dy;, (1)  and, therefore,X+xo)*~x3=<1 and|f + FO|2—2r§<1. When
20y 20y Yo>Xo, Yoy and, therefore, {+yo)?—yg<1l and |f

+F0|2—r§<1. Ap, can then be expanded into a Taylor se-
wheref'=(x,y) are transverse coordinates of the particle andies of (x+ x,)?—x3 and|F + Fo|>—r2 whenxo=y, or a Tay-
p=(px.py) the conjugate momentary=(Xo.Yo) and |or series of §+yo)2—y2 and|F+Fy|2—r2 whenyy>Xg:
(oy,0y) are the horizontal and vertical beam separation and
rms size of the beam that exerts the kick at the parasitic Go(X+Xo) mtn=M o q)n+mc)

crossing, respectively. The kick strend®h is related to the ~ Apy= S|Pl

2 < 2
beam-beam parametéby G,=8mo* 2¢/ 8%, whereo® and 20, nm=0 niml(205)"" "
,8*_ are the Qo[nitnal beam size a_nd beta function at IP. By X[ (X+X0)2—X2]"+O(M +1) 6)
using 1A= [je~2'dt, the integrals in Eq(1) can be changed
into for xo=yy where
1 (X34 f2y?2)
Ap :M C|§T:‘|Lr)]=J Tn+mf)2(m+l(l_f)2()neXF{_M dT,
X 20’5 0 20y
1 r and
x | drt ey — oo+ By v,
° 205 Go(x+x) "&M (=1 me?)
2 T 202 it niml(2¢2)"tM
Go(y+Yo) X[+ o2 =181 (y+Yo)?~y51"+ O(M +1)
Sy )
1 r for yo>Xq, where
x | drfyexp — —=[(y+Yo)2+f2(x+x0)?]¢,
JO o, p{ 2oL o0’ P T ded
3 Col= JOT fo(fz—1)"ex BT dr.
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In Egs.(6) and (7), M is the order of the truncation of the near the origin is of most interest, low-order nonlinearities of
expansions in the calculation of one-turn or sectional mapsone-turn or sectional maps are usually more important than

The neglected term®(M + 1) are of the order of|F+|?
— 2] (x+%0)2—X3]" in Eq. (6) or [|F+Fo/>—r2]™(y
+Y0)2—y2]" in Eq. (7), with m+n=M+ 1. Similarly, Ap,
can be expanded as

Goly+yo) M " (=1)™ D)

y 2 < 2\n+m
207 nm=0 n!m!(207)

X[F+7ol 2= 18] (y+Y0) 2~ y5]"+O(M+1)
8
for yo=xq, where
- (yg+oxd)

20, dr,

1
D$r11.r)1: fo Tn+mf§m+1(1_f§)n exr{
and

_Golytyo) " (=D)"™DE)

Apy 252
y

X [P+ 7o|2=r 8] (x+X0)*~x5]"+O(M +1)
©)
for xo>Yyq, where

1 T(y3+12x3)
(2)— 2_ _ 20 yrol
D= fo M (Fy—1)" exp{ e dr

y

At any parasitic crossingC{), ¢ D) “andD) in

high-order terms of the map. The global or local compensa-
tion of the nonlinearities with the map is based on an as-
sumption that with a few groups of multipole correctors,
{H,/n=3}, can be minimized order by order and, conse-
quently, the dynamics of the system can be substantially im-
proved. In order to minimiz¢H ,|n=3} with a few param-
eters of the global correctors, we postulate thatrttieorder
undesirable nonlinearity in a one-turn or sectional map can
be characterized by the magnitude of ritth-order undesir-
able coefficients which are defined by

12
0 2

(Uijki — Uijir)

itjixti=3 Y 1kl

and

1/2

U | for n>2, (13)

An=
i+j+KHl=n+1

where uﬂkI of i+j+k+1=3 denote the sextupole compo-
nents from the chromaticity correctors and should be ex-
cluded from the minimization oHz. For convenience, we
define thenth-order global/local compensation when a|l

with i=2,... n are minimized order by order using the
multipole correctors up to thath order. For example, the
second-order compensation is to use sextupole correctors to
minimize \,, the quadratic nonlinearity in the map.

To implement the global or local compensation of the
nonlinearities with the one-turn or/and sectional maps, the
maps can be obtained by using the method of differential
algebra[10] or Lie algebra[9] based on the measured field

Egs. (6)—(9) can be calculated by using numerical integra-errors of magnets and the long-range beam-beam interactions

tion. With the method of differential algebfautomatic dif-
ferentiation [10] or Lie algebrd 9], Ap as polynominals ok
andy can be calculated by using Eq6)—(9) to any desired

at designed parasitic beam crossings. During the operation,
the beam-beam interactions and thus the maps change with
the beam sizes. The strength of the multipole correctors for

order. Neglecting the transverse and longitudinal coupling, dhe compensation could be adjusted dynamically with the
four-dimensional one-turn or sectional map for the transversbeam-size growth. If a one-turn map can be extracted with
motion including long-range beam-beam interactions cardesired accuracy directly from beam-dynamics measure-
then be calculated in the form of Dragt-Finn Factorizationments[16,17], moreover, the global compensation of the

[15] nonlinearities could be further optimized during the commis-
sion of an acceleratdi8]. Such a beam-based global com-

pensation is especially important when there is a significant

_ ) _ uncertainty in the linear lattice and/or in the field measure-
whereR, is a linear transformation that corresponds to thement of magnets.

betatron oscillation.H,, : represents the Lie operator associ-
ated with the functiod ,(',p), which is defined by the Pois-
son bracket operatioH;,:F=[H,,r]. H, is a homogeneous
polynomial of degreen that is associated with the
(n—1)th-order nonlinearity in the map,

H,= 2

i+jfk+i=n

|\/|:R0e:H3:e:H4:...e:Hn:...7 (10)

IIl. TESTING RESULT OF MULTIPOLE
COMPENSATION IN LHC

The test model used in this study is the LHC collision
lattice [18]. The fractional parts of horizontal and vertical
tunes are #,,v,)=(0.31,0.32). Head-on and long-range
beam-beam interactions at two high-luminosity IPs as well
as multipole field errors in the lattice were included in the
whereu;; are constant coefficients containing all global in- study. For long-range beam-beam interactions, there are 15
formation of nonlinearities of the system, including the long-parasitic crossings on the each side of an IP with vertical
range beam-beam interactions and multipole field errors iseparation at one IP and horizontal separation at another. The
the lattice. For an accelerator, since the phase-space regiseparation of two beams at parasitic collisions ranges from

(11)

UijkIXi piykply ,

036502-3



SHI, JIN, AND KHEAWPUM PHYSICAL REVIEW E69, 036502 (2004

0.3 , , : , 12

10

& - with multipole
< ) sl compensation
~ ~
=} o
< a L
O : £=0.02 E 6 -_ .
L O : ¢=0.01 1 3 without multipole
L A : £=0.0088 L compensation |
- % : ¢=0.0034 3
0.0 1 1 1 1 4 P I T TR S S N T T
2 3 4 5 6 7 0.5 1.0 1.5 2.0_2
n £ (x107%)
FIG. 1. The magnitude of one-turn map Coefﬁcienﬁsafter the FIG. 2. Dynamic aperturQD) Vs beam-beam parametéf)

multipole compensation of long-range beam-beam interactions Vijithout or with the multipole compensation of long-range beam-
the order of the compensationg, is the magnitude of one-turn  peam interactions in the linear lattice with head-on and long-range

map coefficients without the compensation. The correctors for thyeam-beam interactions: is the nominal transverse beam size of
multipole compensation are in the arcs. Four curveg=e0.0034, [ HC.

0.0068, 0.01, and 0.02 almost overlap each other.

calculated with 18-turns element-by-element tracking be-
70 to 130, where o is the transverse beam size. In LHC, fore and after the compensation. Figure 2 plots the DA as a
nonlinearities of the collision lattice are dominated by non-function of ¢ without or with the multipole compensation.
linear magnetic field errors inside the inner triplets of inter-when the DA without the compensation is smaller than 9
action regions. Each triplet contains a group of multipolethe multipole compensation improves the DA significantly.
correctors for a correction of those nonlinear fields. To tesiithout the compensation, the DA also decreases With
the local compensation of both long-range beam-beam integyuickly. After the compensation, such reduction of the DA
actions and the nonlinear fields in the triplets, we used thosBecomes much slower as more nonlinear is the system, the
correctors in the triplets to minimize,. To test the global larger is the increase of the DA after the compensation. In the
compensation of both long-range beam-beam interactionsase that the DA without the compensation is larger than 9
and nonlinear field errors in the lattice, we also included fourwhen £<0.005, the original system is already quite linear
corrector packages symmetrically located in arcs. Each pacland the compensation fails to further improve the DA. Note
age of correctors contains normal and skew components @hat 9r is the average beam separation at parasitic collisions.
desired multipole correctors. Before and after the compensan the phase-space region that is close to or larger than the
tion of long-range beam-beam interactions, the linear latticéyeam separation, the expansions for the long-range beam-
in this study was always tuned to the design value. beam interaction in Eqg6)—(9) are invalid and the multi-

In order to isolate the effect of the multipole compensa-pole correctors for the compensation could make the system
tion on long-range beam-beam interactions, we first considesven more nonlinear there. The phase-space region that is
the case that contains only head-on and long-range bearrelevant to the beams is, however, near the closed orbit. In
beam interactions and otherwise a linear lattice. Correctors ithat region, the expansion of the long-range beam-beam in-
the arcs were used for a global compensation of long-ranggractions is always good and the compensation should there-
beam-beam interactions. In Fig. 1, the ratioXof after to  fore be effective in improving the dynamics of the beams.
before the compensation was plotted as a function of th@vhen the original DA is close to or larger than the beam
order of the compensation for differeét In all the cases, separation, the DA is thus no longer a good quantity to char-
after the compensation the quadratic nonlinearkty)(in the  acterize the benefit of the multipole compensation of long-
one-turn map was reduced to roughly 10% of the originalrange beam-beam interactions. In Fig. 3, the increase of DA
and higher-order terms\(,,n>2) were also reduced signifi- after the compensation was plotted as a function of the order
cantly. The compensation is therefore very effective in reducef the compensation. It shows that as the order increases the
ing the nonlinearities due to long-range beam-beam interadurther improvement of the DA becomes less pronounced.
tions. The reduction rate ok, after the compensation, This indicates that the lower-ordécubic and fourth-order
however, decreases with As the number of monomials of a nonlinearities dominate long-range beam-beam interactions.
given order in the one-turn map increases quickly with the To examine the effect of the multipole compensation
order, it is difficult computationally to locate an optimized on the linearity of the phase-space region that is relevant
minimum (semiglobal minimuny in the minimization ofA, to the beams, the evolution of particle distributions was
whenn is large. Figure 1 also shows that the reduction ratestudied by tracking of % 10° particles for each beam up
of A, after the compensation is about the same fogall to 1P turns. Because of a large beam separation at the para-

To study the effect of the multipole compensation of long-sitic collisions, long-range beam-beam interactions were cal-
range beam-beam interactions, dynamic apertDie) was  culated with the strong-weak formula in E¢®) and (3).
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2.0

[ - 1m0z T T T i multipole compensation of the long-range beam-beam inter-
L A : £=0.01 . actions improves the linearity of the phase-space region
1.8| * :¢=00068 4 nearby the closed orbit and, consequently, improves the dy-

[ namics of the beams even though the phase-space region
close to or beyond the average beam separation at the para-
sitic crossings could become more nonlinear due to the mul-
tipole correctors for the compensation. Moreover, after the
multipole compensation the evolution of the emittance with
long-range beam-beam interactions was found to almost
overlap that without the long-range beam-beam interactions.
The multipole compensation therefore eliminates the effect
of long-range beam-beam interactions on the emittance
growth.

In the case of the nonlinear lattice with beam-beam inter-
actions, the multipole compensation can reduce overall non-

FIG. 3. The increase of dynamic aperture after the multipolelinearities due to both long-range beam-beam interactions
compensation of long-range beam-beam interactions vs the order a@ind nonlinear field errors in the lattice. To study the effect of
the compensation. D and,ls the dynamic aperture with and with- the multipole compensation in nonlinear lattice, we have ex-
out the compensation, respectivef=0.0068, 0.01, or 0.02. amined 50 different cases of random multiple components of
field errors in order to improve the statistical significance of

Head-on beam-beam interactions at the IPs, on the othdhe simulation that involves random magnetic field errors. In
hand, were calculated by using a self-consistent beam-bealflis Study, the beam-beam parameter was taken to be
simulation code based on the particle-in-cell mettiag]. ~ §=0.0068. Note that the nominal beam-beam parameter of
The initial distributions of two beams were round Gaussian-HC is §=0.0034. Because in the simulation only two col-
in the normalized transverse phase space truncatedrat 4/iSion points instead of four in LHC were included, we in-
Without beam-beam interactions, the initial beam distribu-t€ntionally used that is twice the LHC design value in order
tion matches exactly with the linear lattice. During the simu-{0 Pe closer to the LHC situation. The study of DA of those

lation, the transverse rms emittance was calculated in term0 Samples showed that without any beam-beam interac-
of E:<§)2(+ 77)2(+§§+ 7]§>/27 where €,.£,) and (7,,7,) are tions, the smallest and average DA ared7ahd 9.&, re-

the normalized transverse coordinates and their conjugafPectively. With both head-on and long-range beam-beam
momenta, and ) is the average over particles in each beam Nteractions but without the multipole compensation, the

Because of a large number of particles used in the tracking /1St arf]d averagehDA are 6.and 6'57|' The dynamic
the calculated emittance has very low noiiectuation due apertur'e o LHC Is 1 \us domlnated by ong-range beam-
to motions of individual particles Figure 4 plots the emit- beam interactions. This result is consistent with other DA

tance growth without or with the multipole compensation asStudies of LHC20]. After the fifth-order multipole compen-

functions of the beam-beam parameter. It confirms that théation with the correctors either in the interaction regions or
in the arcs, the smallest and average DA increase o &2l

8.80, respectively, which is a more than 40% gain in the DA.
(x107%) Even though the correctors in the arcs are away from the
40— sources of nonlinearities, they are as effective as the correc-
tors inside the IRs for a global compensation of long-range
beam-beam interactions and nonlinear field errors. Figure 5
plots the emittance growth with or without the multipole
compensation for a typical case of the 50 samples. For a
comparison, the emittance growth in the same nonlinear lat-
tice with head-on beam-beam interactions but without long-
range beam-beam interactions and without the multipole
compensation was also plotted. It shows that without the
multipole compensation, the long-range beam-beam interac-
tions result in a 57% increase of the emittance growth during
i 5x 10* turns. With the multipole compensation, the increase
0.0 '0'5' — 1'0' — 1'5' — '2 0 of the emittance growth due to the long-range beam-beam
' ' ' (x10°2) interactions was again completely eliminated in both cases
when the correctors are close to or far away from the para-
FIG. 4. Emittance growth in § 10¢ turns vs beam-beam param- Sitic collisions. Moreover, due to a simultaneous compensa-
eter without or with the multipole compensation of long-rangetion of nonlinear fields in the lattice and long-range beam-
beam-beam interactions in the linear lattice with head-on and longdeam interactions, the emittance growth after the multipole
range beam-beam interactions. The upfl@wen curve is without ~compensation is smaller than that without long-range beam-
(with) the compensatiorg, is the initial emittance. beam interactions and without the multipole compensation.

1.6}

D/D,

1.4}

1.2f

1.0E
2 3 4 5 6 7
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(x107%) collisions such as in Tevatron, no other viable solution is
currently available for a compensation of nonlinear long-
range beam-beam interactions. The multipole compensation
scheme proposed here opens up a possibility for the reduc-
tion of nonlinear long-range beam-beam effects in this case.
To apply the multipole compensation of long-range beam-
. £=0.0068, Nonlinear Lattice ] beam interaction_s in Tevatron, one needs to _conside_r that the
0 1 > 3 " 5 two counterrotating§ andp) beams of very different inten-
(x10% sities have to pass through common multipole correctors be-
cause they share a single vacuum pipe. The minimization of
FIG. 5. Evolution of rms transverse emittance in nonlinear lat-nonlinearities of one-turn maps has therefore to be done si-
tice with two IPs.¢=0.0068.(a) With long-range beam-beam inter- multaneously for both the beams. Since the beam-beam in-
actions but without the multipole compensatidb) With long- teraction on thep beam is much weaker than that on fhe
range beam-beam interactions and the multipole compensation. Tr&am, in the nominal condition of Tevatron RUN II, no com-
correctors are in arcgc) Without long-range beam-beam interac- pensation of the beam-beam interactions is needed fop the
tions and without the multipole compensatidh) and (c) almost  haam | order to satisfy this unsymmetrical requirement of
overlap egch other ar(d) is slightly higher thartb). & is the initial 4 multipole strengths of the correctors for the compensa-
beam emittance. tion of the long-range beam-beam interactions, the correctors
can be placed unsymmetrically with respect to the closed
IV. SUMMARY orbits of the two beams, i.e., the orbit of thdeam is at the
center of the correctors while the orbit of thbeam is away

The global or local multipole compensation of Iong—range]c th i that th ; ; h st
beam-beam interactions based on the minimization of non_on! th€ center so that the correctors exert much stronger
onlinear perturbations on the beam than that on thp

linearities in one-turn or sectional maps is an effective meaneg]e During th nimizati f th i i f th
to suppress long-range beam-beam effects due to localiz am. vuning the minimization of thé noniinéarities of the
maps, the off-center distance of tfpebeam will be opti-

or/and distributed parasitic collisions. With a few groups of 4 withi hard traints. togeth ith th

multipole correctors, nonlinear terms in one-turn or sectiona tlze ’thWI fl?h any It'ar lware cotns rallntsﬁ ogel' ert. Wi fthe

maps including long-range beam-beam interactions can paengths of the mullipole correctors. in the appiication of the
ultipole compensation of long-range beam-beam interac-

minimized order by order and, consequently, the nonlinearit)p1 the of th of tors h b ble f

of the system in the phase-space region that is relevant to t fons, the strength of correctors have to be reasonale for a
beams is significantly reduced. In the case of localized par abrication of the correctors. In all the cases we studied, the
sitic collisions such as in LHC, both the wire compensationStrengths of the multipoles were found to be in a normal
[1] and the multipole compensation are very effective inf219€ NO matter WhEt_h'T:r the correctors are C'OS’? to or away
eliminating adverse long-range beam-beam effects. With thfom the parasitic collisions. On the other hand, if the com-

multipole compensation, however, the overall non”nearitiesoensatlon requires stronger correctors, one could increase the

in the system including both the long-range beam-beam inhumber of correctors so that the strength of each corrector
an be kept in a preferable range.

teractions and magnetic field errors in the lattice can bé&
treated systematically with the same group of multipole cor-
rectors since the field errors and long-range beam-beam in-

teractions can be simultaneously considered in the maps. In This work was supported by the U.S. Department of En-
LHC, for example, there is already a group of multipole cor-ergy under Grant No. DE-FG03-00ER41153. The authors
rectors inside each inner triplet for a local magnetic-fieldwould like to thank the Center for Advanced Scientific Com-
correction. The multipole compensation of long-range beamputing at the University of Kansas for the use of the Super-
beam interactions could thus be accomplished by using theomputer. J. Shi would also like to thank Dr. Tanaji Sen for
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