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Beam-beam interaction effects for separated beams in a proton-antiproton collider
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An investigation of the beam-beam interaction as a function of transverse separation of colliding proton and
antiproton bunches is presented. A mathematical model describing resonant excitation of separated beams is
examined. Beam-beam experiments in the Fermilab collider measure beam-beam resonant excitation~particle
losses! at different transverse beam separations in the storage ring. The experimental results are compared to
simulated particle losses in a beam-beam simulation model.@S1063-651X~97!00503-5#

PACS number~s!: 41.85.2p, 29.27.Bd
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I. INTRODUCTION

The electromagnetic interaction between two collidi
particle distributions~the beam-beam interaction! has in the
past been a dominant factor in limiting the integrated lum
nosity in a colliding beam storage ring@1#. Efforts to curb
this measurable luminosity limitation in the Fermilab collid
led to an implementation of a helical orbit scheme. Pro
and antiproton orbits were separated in both transve
planes at every beam-beam collision point except for the
crossing points at the high energy physics detectors. An
vestigation of beam-beam interaction effects of collidi
proton and antiproton distributions which are separa
transversely is presented in this paper.

A weak-strong model of the beam-beam interaction
used to describe the motion of a ‘‘weak’’ or low intensi
antiproton bunch colliding with a ‘‘strong’’ or high intensit
proton bunch. Antiprotons, in a weak-strong model, are
main focus of attention as test particles. Test particles di
from each other in amplitude.

It is of interest to examine a particle’s motion under
single resonant excitation. The resonant driving term of
beam-beam interaction is nearly isolated when an antip
ton’s tuneQ is close to a value satisfyingnQ5p, wheren
and p are integers. A convenient method of isolating t
beam-beam resonant driving term is to use a Fourier se
expansion of the beam-beam potential. In one dimension
Fourier series expansion of the beam-beam potentia
action-angle coordinates (J,f) is

V~J,f!5 (
n51

`

Vn~J!cosnf, ~1.1!

where the summation overn includes all orders of reso
nances. In an isolated resonance model, a single resonan
ordern is accepted as the dominant resonant excitation te
The resonant width function,Vn(J), represents the amplitud
of the dominant resonant excitation term of the beam-be
potential@2#. The beam-beam resonant excitation for a giv
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resonance is obtained by taking the derivative of the be
beam potential with respect to the action coordinate. T
resultant beam-beam resonant driving term for a resona
of ordern is

Vn8~a!5j
1

2pE0
2p

df
cosnfcosf

aS cosf2
dN

2Aa
D

3H 12expF22SAacosf2
dN
2 D 2G J , ~1.2!

where a5A2bJ (b is the beta function at the collision
point!, j is the beam-beam tuneshift parameter, and
prime denotes a derivative with respect toJ @3#.

Beam separation is defined as the distance between
orbit of a zero amplitude antiproton and the orbit of t
centroid of the colliding proton distribution. The paramet
dN denotes the transverse beam separationd normalized to
the rms transverse size of the proton distributions;
dN5d/s. Units of beam separation are expressed in term
s.

For head-on collisions (d50), the amplitude of beam
beam resonant excitation for various even-ordered re
nances is shown in Fig. 1. Note that the absolute magnit
of resonant excitation is greater for lower order resonan
than for higher order resonances. This is true for a particl
any oscillation amplitude.

Resonant excitation for a colliding beam separation o
s is shown in Fig. 2. As seen in the figure, a nonzero be
separation introduces resonant components of the be
beam force which drive odd-ordered resonances@2#. It is
apparent that for separated beams, one can no longer g
alize that the amplitude of resonant excitation is larger
lower order resonances. A particle oscillating at a given a
plitude may see a larger resonance excitation near a hi
order resonance.
3521 © 1997 The American Physical Society
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The amplitude of resonant excitation due to the beam
beam interaction for various beam separations is shown
Fig. 3. It is also apparent in this figure that it is difficult to
predict how destructive a resonance will be on a particl
distribution at different beam separations.

The mathematical model, therefore, does not lead to an
easy generalizations which can be used to predict collidin
beam behavior in the presence of a nonzero separation. F
this reason, a simulation code was developed to simula
beam-beam collisions in the Fermilab collider. Simulation
results are compared to experimental measurements of bea
beam resonant excitation in the Fermilab collider.

II. BEAM-BEAM EXPERIMENTS
IN THE FERMILAB COLLIDER

Table I lists typical values of the experimental parameter
and the accelerator lattice parameters for the collider expe

FIG. 1. Amplitude of a beam-beam driven resonance of orde
n for head-on collisions. A round beam approximation is used.

FIG. 2. Amplitude of a beam-beam driven resonance of orde
n for a beam separation of 2s. A round beam approximation is
used.
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ments discussed below. The values listed for beam emitta
refer to 95% normalized emittance values; 95% of the p
ticle distribution in phase space is included in the definiti
of beam size.

Control of the beam separation and crossing angle for
experiments was obtained using separator four bumps@4#.
The accuracy in measuring the beam separation and
crossing angle is determined by measuring the luminosity
the beam separation and crossing angle are varied. Lumi
ity as a function of separation and crossing angle, along w
a fit to the data, is shown in Figs. 4 and 5, respectively. T
standard deviation of the Gaussian fit in Fig. 4 is the con
lution of individual proton and antiproton widths
Aspy

21s p̄y
2 @4#. Assuming equal beam sizes, the accura

of beam separation is estimated from the accuracy in
standard deviation obtained from the Gaussian fit. From F
4, the accuracy in beam separation is thus estimated to
known within 0.05s.

r

r

FIG. 3. Amplitude of a beam-beam driven resonance of seve
order for various horizontal separations in units ofs. A round beam
approximation is used.

TABLE I. Experimental parameters.

Accelerator parameters Value

Kinetic energy~GeV! 900
Beam-beam tune shift parameter 0.005
Beta atB0 collision point
Horizontal beta~m! 0.35
Vertical beta~m! 0.35
Horizontal dispersion~m! -0.005
Slope of dispersion~m! 0.28
Synchrotron tune 5.731024

Momentum spread 131024

Protons per bunch 2003109

Antiprotons per bunch 703109

Transverse emittance (pmm mrad!
Proton 25
Antiproton 15
Longitudinal emittance~eV sec! 4
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A. Identification of beam-beam driven resonances

Measured proton and antiproton tunes in the collider
nominally in an area in betatron tune space that border
and 5th order resonances. Under separated beam condit
a measure of proton losses during tune scans were use
identify whether these odd-ordered resonances were be
beam driven resonances. Figure 6 compares measured p
losses as the proton tune is moved across 5th order r
nances for a proton only store of six bunches and a 636
colliding beam store. It is evident from the measured los
that the 5th order resonance is driven both by the colli
lattice itself and by the beam-beam interaction between c

FIG. 4. A MINUIT fit of measured luminosity vs vertical beam
separation of proton-antiproton collisions atB0.

FIG. 5. AMINUIT fit of measured luminosity vs horizontal cross
ing angle of proton-antiproton collisions atB0.
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liding protons and antiprotons. Proton losses are seen to
significant only in the case of tune scans with collidin
beams when crossing 7th order resonances in Fig. 7. F
these measurements, it is concluded that the beam-beam
teraction is the sole driving term which at least initiall
drives 7th order resonances in the collider. Once a partic
amplitude grows due to nonlinearities of the beam-beam
teraction, it can be lost because of nonlinear kicks it receiv
from elements in the collider lattice itself.

FIG. 6. A comparison of proton losses measured atB0 while
crossing fifth order resonances for protons only and a collidi
beam store. The tune scan was ‘‘diagonal’’ in that the vertical tu
was also varied during the tune scan from 20.545 to 20.645.

FIG. 7. A comparison of proton losses measured atB0 while
crossing seventh order resonances for protons only and a collid
beam store. The horizontal tune remained constant at 20.585.
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B. Resonant effects as a function
of transverse beam separation

Measurements of beam-beam interaction effects as
function of beam separation were done using a 131 collid-
ing beam store; one proton bunch colliding with one antipr
ton bunch at two locations in the storage ring. The tw
bunches were set to collide at theB0 high energy physics
detector and consequently also collided at the opposingE0
location in the collider. In the experiment, the separation
colliding protons and antiprotons was varied atB0 while the
separation atE0 remained constant at 4s. Particle losses
were measured at four locations in tune space, as labele
Fig. 8. The uncertainty in the measured proton tune at ea
location is represented in the figure. This uncertainty in tu
is the standard deviation of four tune measurements taken
four different beam separations at the same proton tune
tings, or equivalently, correction quadrupole current setting
There exists a transient behavior of particle losses during
tune change, therefore measurements of particle losses w
taken only after losses reached an equilibrium value afte
tune change@4#. Fig. 9 represents particle losses at each
beled tune location under conditions of four different tran
verse beam separations; the orbits were separated equal
each plane by 0s, 1s, 2s, and 3s. The rms beam separa-
tion was thus 0s, 1.4s, 2.8s, and 4.2s, respectively.

Resonant effects at each tune location are assumed to
related to the measured antiproton losses. From Fig. 9, a
proton losses are minimal for head-on collisions in all case
this result is expected in a region of odd-ordered resonanc
At the tune setting of measurement 1 in Fig. 8, antiproto
losses are minimal for both head-on collisions and for sep
rated beam conditions. This is the operating tune for colli
ing beam stores in the collider. No beam-beam driving term
are observed to strongly drive 9th or 11th order differen
resonances. The presence of beam separation is seen to
cite odd-ordered sum resonances at the tune locations
measurements 2 and 3. In measurement 2, the largest r
nant effects are observed at an rms separation of 2.8s sepa-
ration. In measurement 3, resonant effects are largest
4.2s separation.

FIG. 8. Locations in tune space in which resonant effects we
measured. The measured proton tune along with its uncertaint
depicted.
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III. RESONANT EFFECTS MEASURED
IN A BEAM-BEAM SIMULATION

The simulation code developed to simulate resonant
fects in the Fermilab collider was based on a previously
veloped code@5#.

The model used for the simulation is concerned only w
particle motion due to the beam-beam interaction. The m
tion of a particle between beam-beam crossing points is
sumed to be linear motion. The particle experiences an
gular kick due to the beam-beam interaction at each be
beam crossing point. Beam-beam kicks of magnitudeDx8
andDy8 are calculated for nonround beams in the simu
tion. A vertical kick in the simulation is given by

Dy852
2Nbr py

g S 2p

a22b2D
1/2

Re@ f ~x,y!#, ~3.1!

where

f ~x,y!5wS x1 iy

A2~a22b2!
D

2expF S 2
x2

2a2
2

y2

2b2D GwS x
b

a
1 iy

a

b

A2~a22b2!
D ,

~3.2!

for a.b @6,7#. The parametersa andb denote the horizonta
and vertical bunch sizes of the colliding proton distributio
The functionw(A1 iB) is the complex error function. The
real part of the square brackets of Eq.~3.1! is used to calcu-
late the vertical kick and the imaginary part is used to cal
late the horizontal kick.

e
is

FIG. 9. Antiproton background losses atB0 when the proton
tune is near 7th, 9th, and 11th order resonances. Each symbol
resents a different proton-antiproton bunch separation atB0 in units
of s.
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FIG. 10. Antiproton beam-beam tune shift due to beam-beam detuning overlaid on the tune of measurement 2. Tune shif
resonant effects are not shown. The proton intensity is 1203109. Beam-beam footprints represent collision points at bothB0 andE0. Each
plot represents a different beam separation atB0.
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The beam-beam interaction does depend upon the lo
tudinal position of a particle. Synchro-betatron resonan
are excited when a nonzero crossing angle is present@8,9#.
However, beam-beam simulations and experiments don
the super proton synchrotron collider demonstrated beam
bility in the presence of large crossing angles@10#. Since the
beam-beam collisions considered in this paper are sepa
and have a zero crossing angle, longitudinal motion is
included in the beam-beam kick expression.

In order to calculate a particle’s tuneq in the presence o
a nonzero beam separation, it is necessary to calculate
gradient of the beam-beam kick around the closed orbi
the particle;

q}
]~Dx8!

]x
. ~3.3!
i-
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When Eq.~3.3! is evaluated for zero-amplitude particle
a dipole kick is apparent. The dipole kick is a constant or
kick which is independent of particle amplitude. A shift in
particle’s closed orbit occurs due to this dipole kick. T
tune of a particle, though, is not affected by the dipole kic
The change in the closed orbit of a particle due to the dip
kick is negligible for small kicks but is large for sizeab
kicks. This orbit change can easily be computed@11,12#. The
orbit change has been verified and observed at the large
tron positron~LEP! collider. In 1995, this orbit change even
tually limited the luminosity that the LEP collider operated
with bunch trains@13#.

The change in the closed orbit reference system due to
dipole kick must be taken into account in the simulation.
subtraction of the dipole kick is necessary to keep the p
ticle in the correct reference system. The simulation co



e
n

d
t in
nt

nd
fted
n a
re-
er.
erent
e
of

htly
ne
in
ir in
ly
of

on

n of

s of

axi-
ar-
ss-

tri-

f
ce
d
it
ed
xi-

ere
ts of
es
Fig.

ical
ote
nt
of
m-
as

ge

ed
ed
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subtracts the dipole kick contribution as shown

Dxtotal8 5Dx8~y1d!2Dx8~d!. ~3.4!

It is assumed in this analysis that the particle’s closed orbit
essentially stable and that no coherent dipole motion
driven by the beam-beam effect. A coherent dipole motion
excited when the coherentp mode is close to a low order
resonance; first and second order in the case of separa
beam-beam kicks. Coherent dipole motion would result in
very fast particle loss and thep mode would be very promi-
nent in the tune spectra@13#. Such a coherent motion is
therefore easy to detect and to avoid by an appropriate cho
of the tune.

Figure 10 displays the simulated tune footprints for th
antiproton distribution of measurement 2 of Fig. 8. Resona
effects are not shown in the figure; the footprint was ob

FIG. 11. Simulation of a 131 store measuring lost particles in
a vertical tune scan. Lost particles in the top and bottom figure a
defined with a horizontal and vertical amplitude limit, respectively
Each symbol represents a different beam separation atB0 in units
of s.
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tained from simulation runs in a ‘‘resonant-free’’ region an
overlaid on the proton tune of measurement 2. Each plo
the figure represents the tune footprint for four differe
beam separations.

Note that there is a shift in the cross hairs of Figs. 8 a
10. The proton tune in the simulation represents an unshi
proton tune; protons are not beam-beam tune shifted i
weak-strong model. The proton tune of Fig. 8 is a measu
ment of proton tune using Schottky detectors in the collid
These detectors have been found to measure the coh
motion of protons@14#. It is assumed that the proton tun
measurement in the collider is representative of the tune
small amplitude protons. Since these protons are slig
beam-beam tune shifted in the collider, the proton tu
shown in Fig. 8 must be tune shifted in the simulation
order to look at the proper resonant effects. The cross ha
Fig. 10 is shifted down and to the left by approximate
0.002 tune units to represent the unshifted proton tune
measurement 2 of Fig. 8@4#. In effect, Fig. 10 is a qualitative
picture of the initial tune spread of the antiproton distributi
and indicates that resonant effects of the 7Qx resonance are
observed in the head-on case and for a beam separatio
1.4s. Resonant effects of the (1Qx16Qy) sum resonances
are observed in measurement 2 for beam separation
2.8s and 4.2s.

Resonant effects were measured by monitoring the m
mum amplitude reached by a particle during tracking. A p
ticle was considered lost if it reached the tails of the Gau
ian distribution; an amplitude limit of 3.5s was defined in
both the horizontal and vertical plane. In a Gaussian dis
bution of particles, 99.95% are within a 3.5s amplitude
range.

When simulating ‘‘lost particles,’’ the absolute position o
a particle at a given location in the ring is important. Sin
all amplitude particles in a particle distribution are kicke
equally by the dipole kick, it is sufficient to add the orb
offset due to the dipole kick to the orbit offset measur
during tracking. In the simulation runs presented, a ma
mum dipole kick of 4.2mrad occurred atB0; the orbit offset
due to this dipole contribution is 0.02s which is a negligible
effect.

Lost particles measured in beam-beam simulations w
compared to the particle losses of the measurement poin
Fig. 9. A ‘‘simulated tune scan’’ measuring particle loss
across the two seventh order sum resonances is seen in
11. The horizontal axis represents a variation in the vert
proton tune. The horizontal tune remained constant. N
that there is a shift in the proton tune in which resona
effects are observed when comparing the horizontal axis
Fig. 9 and Fig. 11. This again takes into account the bea
beam tune shift of the small amplitude protons which w
previously discussed.

The vertical axis of Fig. 11 is a measure of percenta
P of particles lost from the particle distribution;

P51003(
b

wb

Nb
NLb . ~3.5!

The factorw represents a Gaussian weighting factor impos
on the initial antiproton distribution. Particles are binn

re
.



-
n

un
im
ca
lo

at
h
t
-

th
ve
p
fo
e
d
i-
s
se
ic
th
e

a

by

d
lo

is
he

ults
the
ob-

epa-
d in

la-
ter-
r-
ant
o-
are
epa-
is

are
m-
epa-
rent
n of
tive
uch
eam
ne
ict
u-

by
al
the
E-

te
pr

ted
pre-

55 3527BEAM-BEAM INTERACTION EFFECTS FOR SEPARATED . . .
with bin indexb according to initial amplitude and the num
ber of particles per bin,Nb , is weighted using a Gaussia
dependence. The range of amplitudes in each bin is 1s. The
number of lost particles in each bin isNLb .

Figure 11 displays particle losses across the particle t
spreads of measurements 1 and 2. The figures display s
lated lost particles with an imposed horizontal and verti
amplitude constraint, respectively. Each symbol in the p
represents a different transverse beam separation atB0. For
completeness, simulations were also run at a beam separ
of 5.7s, which corresponds to a 4s beam separation in bot
the horizontal and vertical planes. The resonant peaks in
tune scan occur at the (1Qx16Qy) resonance of measure
ment 2.

A qualitative agreement between the simulation and
collider loss measurements of measurement 2 is obser
As is the case in the beam-beam experiment, simulated
ticle losses are low in the case of head-on collisions and
1.4s separation. Losses are predicted to be largest at a b
separation of 4.2s. The next largest particle loss is predicte
at a beam separation of 2.8s. Figure 12 summarizes a qual
tative comparison of particle losses measured at the tune
ting of measurement 2 in the collider to peak particle los
observed in the simulation. The error in measured part
losses is a reflection of the fluctuation of losses during
measurement; each error bar represents the standard d
tion of particle losses over a four to five minute period.

A heuristic argument is used to estimate simulated p
ticle losses. Simulated particle lossesL in units of ~Hz! are
obtained by

L5S P100NtD S 1Dt DS. ~3.6!

The total number of particles in the simulation is given
Nt . The time of tracking isDt, whereDt5 ~number of
turns!/f rev . The parameterS is a constant scale factor use
to make a comparison of loss measurements on a unit s

FIG. 12. A comparison of measured particle losses to simula
particle losses for measurement 2 of Fig. 6. Each data point re
sents a different transverse beam separation atB0.
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(S5400 in this case!. The uncertainty of simulated losses
the statistical variation of the number of lost particles in t
simulation.

Figure 13 summarizes a comparison of simulation res
with measurement 3. Particle losses driven by
2Qx15Qy resonance are measured. Simulated losses are
served to be greatest at a beam separation of 2.8s. The quali-
tative comparison of measured losses at different beam s
rations is in agreement with the measured losses observe
the Fermilab collider.

IV. SUMMARY

A comparison of beam-beam experiments with simu
tions led to a deeper understanding of the beam-beam in
action in the Tevatron collider. Experimental work dete
mined that the beam-beam interaction is the predomin
nonlinear driving term which drives 7th order sum res
nances in the Tevatron collider. Odd-ordered resonances
found to be driven in the presence of a transverse beam s
ration or when a crossing angle at an interaction point
present.

Simulated particle losses using a beam-beam model
shown to accurately predict relative magnitudes of bea
beam resonant excitation at different transverse beam s
rations. At various tune settings, each representing a diffe
resonant excitation, simulated particle losses as a functio
beam separation were found to compare in a qualita
sense to measured losses in the Tevatron collider. With s
a strong correlation between experiments and beam-b
simulations, many possibilities exist for future studies. O
such possibility is using a beam-beam simulation to pred
minimum beam separation criteria for future bunch config
rations in the collider.
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