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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 ejpeittititen
losse$ at different transverse beam separations in the storage ring. The experimental results are compared to
simulated particle losses in a beam-beam simulation m@8&0D63-651X97)00503-3

PACS numbe(s): 41.85~p, 29.27.Bd

I. INTRODUCTION resonance is obtained by taking the derivative of the beam-
beam potential with respect to the action coordinate. The
The electromagnetic interaction between two collidingresultant beam-beam resonant driving term for a resonance
particle distributiongthe beam-beam interactiphas in the of ordern is
past been a dominant factor in limiting the integrated lumi-
nosity in a colliding beam storage rifd]. Efforts to curb

this measurable luminosity limitation in the Fermilab collider V’(a)=§ij27 CONPHCOSp

led to an implementation of a helical orbit scheme. Proton n 2 dy

and antiproton orbits were separated in both transverse ed CO%—F
o

planes at every beam-beam collision point except for the two

crossing points at the high energy physics detectors. An in-

vestigation of beam-beam interaction effects of colliding X
proton and antiproton distributions which are separated

transversely is presented in this paper.

A weak-strong model of the beam-beam interaction iswhere a=28J (B is the beta function at the collision
used to describe the motion of a “weak” or low intensity point), ¢ is the beam-beam tuneshift parameter, and the
antiproton bunch colliding with a “strong” or high intensity prime denotes a derivative with respectX$3].
proton bunch. Antiprotons, in a weak-strong model, are the Beam separation is defined as the distance between the
main focus of attention as test particles. Test particles diffebrbit of a zero amplitude antiproton and the orbit of the
from each other in amplitude. centroid of the colliding proton distribution. The parameter

It is of interest to examine a particle’s motion under ady denotes the transverse beam separatiorormalized to
single resonant excitation. The resonant driving term of thehe rms transverse size of the proton distribution
beam-beam interaction is nearly isolated when an antiprod,=d/o. Units of beam separation are expressed in terms of
ton’s tuneQ is close to a value satisfyingQ=p, wheren 0.
and p are integers. A convenient method of isolating the For head-on collisionsd=0), the amplitude of beam-
beam-beam resonant driving term is to use a Fourier serieiseam resonant excitation for various even-ordered reso-
expansion of the beam-beam potential. In one dimension, theances is shown in Fig. 1. Note that the absolute magnitude
Fourier series expansion of the beam-beam potential iaf resonant excitation is greater for lower order resonances
action-angle coordinatesl(¢) is than for higher order resonances. This is true for a particle at
any oscillation amplitude.

Resonant excitation for a colliding beam separation of 2
o is shown in Fig. 2. As seen in the figure, a nonzero beam
separation introduces resonant components of the beam-
where the summation ovar includes all orders of reso- beam force which drive odd-ordered resonani®s It is
nances. In an isolated resonance model, a single resonanceagfparent that for separated beams, one can no longer gener-
ordern is accepted as the dominant resonant excitation termalize that the amplitude of resonant excitation is larger for
The resonant width functioV,(J), represents the amplitude lower order resonances. A particle oscillating at a given am-
of the dominant resonant excitation term of the beam-bearplitude may see a larger resonance excitation near a higher
potential[2]. The beam-beam resonant excitation for a givenorder resonance.

| 3
1—ex —2( \/Zcos(b—?)

], (1.2

V(J,¢)=n§1 V,(J)cone, (1.2
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FIG. 1. Amplitude of a beam-beam driven resonance of order
n for head-on collisions. A round beam approximation is used.

Particle amplitude (a) in units of ¢

Particle amplitude (a) in units of ¢

FIG. 3. Amplitude of a beam-beam driven resonance of seventh

order for various horizontal separations in units;ofA round beam

approximation is used.

The amplitude of resonant excitation due to the beam-
beam interaction for various beam separations is shown iments discussed below. The values listed for beam emittance
Fig. 3. It is also apparent in this figure that it is difficult to refer to 95% normalized emittance values; 95% of the par-
predict how destructive a resonance will be on a partic|éiC|e distribution in phase space is included in the definition
distribution at different beam separations. of beam size.

The mathematical model, therefore, does not lead to any Control of the beam separation and crossing angle for all
easy generalizations which can be used to predict collidingxperiments was obtained using separator four bupdps
beam behavior in the presence of a nonzero separation. Féhe accuracy in measuring the beam separation and the
this reason, a simulation code was developed to simulaterossing angle is determined by measuring the luminosity as
beam-beam collisions in the Fermilab collider. Simulationthe beam separation and crossing angle are varied. Luminos-
results are compared to experimental measurements of beaffy as a function of separation and crossing angle, along with
beam resonant excitation in the Fermilab collider. a fit to the data, is shown in Figs. 4 and 5, respectively. The

standard deviation of the Gaussian fit in Fig. 4 is the convo-
lution of individual proton and antiproton widths;

\/(rpy2+ cr;yz [4]. Assuming equal beam sizes, the accuracy
of beam separation is estimated from the accuracy in the

Table | lists typical values of the experimental parameterstandard deviation obtained from the Gaussian fit. From Fig.
and the accelerator lattice parameters for the collider experi4, the accuracy in beam separation is thus estimated to be
known within 0.0%r.

Il. BEAM-BEAM EXPERIMENTS
IN THE FERMILAB COLLIDER

006 T T T T T T TABLE |. Experimental parameters.
004 [— Accelerator parameters Value
E Kinetic energy(GeV) 900
002 — Beam-beam tune shift parameter 0.005
C _ Beta atBO collision point
V)18 000 | Horizontal beta(m) 0.35
" E Vertical beta(m) 0.35
002 — Horizontal dispersiorfm) -0.005
L Slope of dispersioiim) 0.28
oos - Synchrotron tune 557104
N ] Momentum spread %104
T T Protons per bunch 20010°
006 g 1 2 3 4 5 6 Antiprotons per bunch 7010°
Particle amplitude () in units of & Transverse emittancerfnm mrad
Proton 25
FIG. 2. Amplitude of a beam-beam driven resonance of orderAntiproton 15
n for a beam separation ofo2 A round beam approximation is Longitudinal emittancéeV se¢ 4

used.
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FIG. 4. AminuiT fit of measured luminosity vs vertical beam

separation of proton-antiproton collisions20. FIG. 6. A comparison of proton losses measured@twhile

crossing fifth order resonances for protons only and a colliding
beam store. The tune scan was “diagonal” in that the vertical tune
was also varied during the tune scan from 20.545 to 20.645.
Measured proton and antiproton tunes in the collider are
nominally in an area in betatron tune space that border 7thiding protons and antiprotons. Proton losses are seen to be
and 5th order resonances. Under separated beam conditiosggnificant only in the case of tune scans with colliding
a measure of proton losses during tune scans were used b@ams when crossing 7th order resonances in Fig. 7. From
identify whether these odd-ordered resonances were beartiiese measurements, it is concluded that the beam-beam in-
beam driven resonances. Figure 6 compares measured protiaction is the sole driving term which at least initially
losses as the proton tune is moved across 5th order resdrives 7th order resonances in the collider. Once a particle’s
nances for a proton only store of six bunches and>x66 amplitude grows due to nonlinearities of the beam-beam in-
colliding beam store. It is evident from the measured losseteraction, it can be lost because of nonlinear kicks it receives
that the 5th order resonance is driven both by the collidefrom elements in the collider lattice itself.
lattice itself and by the beam-beam interaction between col-

A. Identification of beam-beam driven resonances
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FIG. 7. A comparison of proton losses measured@@twhile

FIG. 5. AminuiT fit of measured luminosity vs horizontal cross- crossing seventh order resonances for protons only and a colliding
ing angle of proton-antiproton collisions BO. beam store. The horizontal tune remained constant at 20.585.
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FIG. 9. Antiproton background losses B0 when the proton
tune is near 7th, 9th, and 11th order resonances. Each symbol rep-
resents a different proton-antiproton bunch separati@0at units

B. Resonant effects as a function
of o.

of transverse beam separation

Measurements of beam-beam interaction effects as a
function of beam separation were done using>allcollid- IIl. RESONANT EFFECTS MEASURED
ing beam store; one proton bunch colliding with one antipro- IN A BEAM-BEAM SIMULATION

ton bunch at two locations in the storage ring. The twWo The simulation code developed to simulate resonant ef-
bunches were set to collide at tB® high energy physics fects in the Fermilab collider was based on a previously de-
detector and consequently also collided at the oppoB@g veloped codd5].
location in the collider. In the experiment, the separation of The model used for the simulation is concerned only with
colliding protons and antiprotons was variecBdt while the  particle motion due to the beam-beam interaction. The mo-
separation aEO remained constant ato4 Particle losses tion of a particle between beam-beam crossing points is as-
were measured at four locations in tune space, as labeled 8umed to be linear motion. The particle experiences an an-
Fig. 8. The uncertainty in the measured proton tune at eachular kick due to the beam-beam interaction at each beam-
location is represented in the figure. This uncertainty in tungheam crossing point. Beam-beam kicks of magnitddée
is the standard deviation of four tune measurements taken fefnd Ay’ are calculated for nonround beams in the simula-
four different beam separations at the same proton tune sefion. A vertical kick in the simulation is given by
tings, or equivalently, correction quadrupole current settings.
There exists a transient behavior of particle losses during a
tune change, therefore measurements of particle losses were 2Nyrpy
taken only after losses reached an equilibrium value after a Ay'=—
tune changé¢4]. Fig. 9 represents particle losses at each la-
beled tune location under conditions of four different trans-

A . where
verse beam separations; the orbits were separated equally n
each plane by &, 1o, 20, and 3. The rms beam separa-
tion was thus @, 1.40, 2.80, and 4.2r, respectively.

Resonant effects at each tune location are assumed to be f
related to the measured antiproton losses. From Fig. 9, anti-
proton losses are minimal for head-on collisions in all cases;
this result is expected in a region of odd-ordered resonances. b a
At the tune setting of measurement 1 in Fig. 8, antiproton I{( X2 y? ) X2y
losses are minimal for both head-on collisions and for sepa- —eXQ | ~ 527 op2| (W T
rated beam conditions. This is the operating tune for collid- 2a” 2b 2(a®~b?)
ing beam stores in the collider. No beam-beam driving terms (3.2
are observed to strongly drive 9th or 11th order difference
resonances. The presence of beam separation is seen to éa>b [6,7]. The parametera andb denote the horizontal
cite odd-ordered sum resonances at the tune locations @ind vertical bunch sizes of the colliding proton distribution.
measurements 2 and 3. In measurement 2, the largest resthe functionw(A+iB) is the complex error function. The
nant effects are observed at an rms separation ef 8¢pa- real part of the square brackets of E8.1) is used to calcu-
ration. In measurement 3, resonant effects are largest é&dte the vertical kick and the imaginary part is used to calcu-
4.20 separation. late the horizontal kick.

2 1/2
az—bz) Ref(x,y)], (3.1

Y

2(a’—b?)
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FIG. 10. Antiproton beam-beam tune shift due to beam-beam detuning overlaid on the tune of measurement 2. Tune shifts due to
resonant effects are not shown. The proton intensity is<IZl. Beam-beam footprints represent collision points at B@handEO. Each
plot represents a different beam separatioB@t

The beam-beam interaction does depend upon the longi- When Eq.(3.3) is evaluated for zero-amplitude particles,
tudinal position of a particle. Synchro-betatron resonancea dipole kick is apparent. The dipole kick is a constant orbit
are excited when a nonzero crossing angle is pref#8l  kick which is independent of particle amplitude. A shift in a
However, beam-beam simulations and experiments done igarticle’s closed orbit occurs due to this dipole kick. The
the super proton synchrotron collider demonstrated beam signe of 4 particle, though, is not affected by the dipole kick.
bility in the presence of large crossing ang8]. Since the  ra change in the closed orbit of a particle due to the dipole
beam-beam collisions considered in this paper are separat ﬂ:k is negligible for small kicks but is large for sizeable
and have_ a zero crossing angle, Iongltu'dlnal motion is no icks. This orbit change can easily be compujted, 17, The
included in the beam-beam kick expression. g o -

In order to calculate a particle’s tumgin the presence of orbit change has been verified and observed at the large elec-
a nonzero beam separation, it is necessary to calculate tﬁ@r;l p?errog(LhEFT) cqlhde_r. ";]19?]5’ Erllzlslsorbl:.tdchange evc(ajn-
gradient of the beam-beam kick around the closed orbit of4a!ly limited the luminosity that the collider operated at
th o with bunch traind13].

e patrticle; : .

The change in the closed orbit reference system due to the
, dipole kick must be taken into account in the simulation. A
d(Ax") subtraction of the dipole kick is necessary to keep the par-

q= ax 3.3 ticle in the correct reference system. The simulation code
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0.4 : , : : : : : tained from simulation runs in a “resonant-free” region and
overlaid on the proton tune of measurement 2. Each plot in
0_12‘1)4 1 the figure represents the tune footprint for four different
—028 beam separations.
03 F ; A-aw 1 Note that there is a shift in the cross hairs of Figs. 8 and

| 10. The proton tune in the simulation represents an unshifted
fl ‘ | proton tune; protons are not beam-beam tune shifted in a

ok '» weak-strong model. The proton tune of Fig. 8 is a measure-

’ 0 ment of proton tune using Schottky detectors in the collider.

f | These detectors have been found to measure the coherent

! ': motion of protons[14]. It is assumed that the proton tune

! . measurement in the collider is representative of the tune of

f : small amplitude protons. Since these protons are slightly

beam-beam tune shifted in the collider, the proton tune

0.1

% of particles lost (horizontal amplitude limit)

I
_ﬂﬁﬁ';% - shown in Fig. 8 must be tune shifted in the simulation in
00 o6 0567 0568 0569 0570 0571 0572 0573 0574 0575 order to look at the proper resonant effects. The cross hair in
Vertical Baso Tune Fig. 10 is shifted down and to the left by approximately

0.002 tune units to represent the unshifted proton tune of
- measurement 2 of Fig.[&]. In effect, Fig. 10 is a qualitative
picture of the initial tune spread of the antiproton distribution
and indicates that resonant effects of thH@,#esonance are
observed in the head-on case and for a beam separation of
1.40. Resonant effects of the (4, +6Q,) sum resonances
are observed in measurement 2 for beam separations of
2.80 and 4.%.

Resonant effects were measured by monitoring the maxi-
mum amplitude reached by a particle during tracking. A par-
ticle was considered lost if it reached the tails of the Gauss-
ian distribution; an amplitude limit of 3k was defined in
both the horizontal and vertical plane. In a Gaussian distri-
bution of particles, 99.95% are within a 3.5amplitude
range.

When simulating “lost particles,” the absolute position of
. = = L a particle at a given location in the ring is important. Since
000 (o6 0367 0368 0565 0570 0571 o057 all amplitude particles in a particle distribution are kicked

Vertical Base Tune equally by the dipole kick, it is sufficient to add the orbit
‘ offset due to the dipole kick to the orbit offset measured
. . . _ _during tracking. In the simulation runs presented, a maxi-
FIG. 11. Simulation of a X1 store measuring lost particles in mum dipole kick of 4.2urad occurred aBO: the orbit offset

a V?rt'cal tune scan. Lost part'de? in the top ano_l b.Ottom f'gu.re A"3ue to this dipole contribution is 0.62which is a negligible
defined with a horizontal and vertical amplitude limit, respectively. effect

Each symbol represents a different beam separati@0an units
of o.

0.15 |

0.10 |

% of particles lost (vertical amplitude limit)

Lost particles measured in beam-beam simulations were
compared to the particle losses of the measurement points of
Fig. 9. A “simulated tune scan” measuring particle losses
across the two seventh order sum resonances is seen in Fig.
11. The horizontal axis represents a variation in the vertical
AX/yi=AX' (y+d)— Ax'(d). (3.4) proton tune. The _horizontal tune remain_ed constant. Note

that there is a shift in the proton tune in which resonant

It is assumed in this analysis that the particle’s closed orbit i§ffects are observed when comparing the horizontal axis of
essentially stable and that no coherent dipole motion i§9- 9 and Fig. 11. This again takes into account the beam-
driven by the beam-beam effect. A coherent dipole motion i$€am tune shift of the small amplitude protons which was
excited when the coherent mode is close to a low order Previously discussed. _
resonance; first and second order in the case of separated 1€ vertical axis of Fig. 11 is a measure of percentage
beam-beam kicks. Coherent dipole motion would result in & ©f particles lost from the particle distribution;
very fast particle loss and the mode would be very promi-
nent in the tune spectrfl3]. Such a coherent motion is W
therefore easy to detect and to avoid by an appropriate choice P=100X 2 _bNLb ] (3.5
of the tune. 5 Np

Figure 10 displays the simulated tune footprints for the
antiproton distribution of measurement 2 of Fig. 8. ResonanThe factorw represents a Gaussian weighting factor imposed
effects are not shown in the figure; the footprint was ob-on the initial antiproton distribution. Particles are binned

subtracts the dipole kick contribution as shown
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FIG. 12. A comparison of measured particle losses to simulated FIG. 13. A comparison of measured particle losses to simulated
particle losses for measurement 2 of Fig. 6. Each data point reprgparticle losses for measurement 3 of Fig. 6. Each data point repre-
sents a different transverse beam separatiddOat sents a different transverse beam separatidsOat

(S=400 in this case The uncertainty of simulated losses is
with bin indexb according to initial amplitude and the num- the statistical variation of the number of lost particles in the
ber of particles per binN,, is weighted using a Gaussian Simulation.
dependence. The range of amplitudes in each binisThe Figure 13 summarizes a comparison of simulation results
number of lost particles in each bin i, . with measurement 3. Particle losses driven by the

Figure 11 displays particle losses across the particle tundQx+5Qy resonance are measured. Simulated losses are ob-
spreads of measurements 1 and 2. The figures display simgerved to be greatest at a beam separation of. ZBe quali-
lated lost particles with an imposed horizontal and verticaltative comparison of measured losses at different beam sepa-
amplitude constraint, respectively. Each symbol in the plofations is in agreement with the measured losses observed in
represents a different transverse beam separati@afFor ~ the Fermilab collider.
completeness, simulations were also run at a beam separation
of 5.7¢, which corresponds to astbheam separation in both
the horizontal and vertical planes. The resonant peaks in the

tune scan occur at the @, +6 resonance of measure- . .
ment 2. @+6Qy) tions led to a deeper understanding of the beam-beam inter-

A qualitative agreement between the simulation and théction in the Tevatron collider. Experimental work deter-
collider loss measurements of measurement 2 is observefined that the beam-beam interaction is the predominant
As is the case in the beam-beam experiment, simulated pafonlinear driving term which drives 7th order sum reso-
ticle losses are low in the case of head-on collisions and fopances in the.Teve_ltron collider. Odd-ordered resonances are
1.40 separation. Losses are predicted to be largest at a beaﬁ’Hnd to be driven in the. presence of a transverse beam sepa-
separation of 42. The next largest particle loss is predicted "ation or when a crossing angle at an interaction point is
at a beam separation of 2:8Figure 12 summarizes a quali- P'€Sent.

tative comparison of particle losses measured at the tune setr-] Slmutlated parttlc:e Ioss(,je_st u5||ngtg_ a beam-_t)e(;am n}ogel are
ting of measurement 2 in the collider to peak particle losse own to accuraté€ly predict relative magnitudes ot beam-
observed in the simulation. The error in measured particl@€2™M resonant excitation at different transverse beam sepa-

losses is a reflection of the fluctuation of losses during théations. At variogs tun'e settings, e"’?"h representing a different
Jigsonant excitation, simulated particle losses as a function of
beam separation were found to compare in a qualitative

tion of particle losses over a four to five minute period. X . :
A heuristic argument is used to estimate simulated parS€NSe to measured losses in the Tevatron collider. With such

ticle losses. Simulated particle lossésn units of (Hz) are a strong correlation be_tvyggn experiments and bgam—beam
obtained by simulations, many possibilities exist for future studies. One

such possibility is using a beam-beam simulation to predict
minimum beam separation criteria for future bunch configu-
rations in the collider.

IV. SUMMARY

A comparison of beam-beam experiments with simula-
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