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NEW ASPECTS OF BEAM-BEAM PHENOMENA IN
HADRON COLLIDERS

T. Sen *, FNAL, Batavia, IL 60510, USA

Abstract

Long-range beam-beam interactions in Run Il at the
Tevatron are the dominant sources of beam loss and life-
time limitations of anti-protons, especially at injection en-
ergy. The main focus of the talk will be observations of
the long-range effects during Run |1 and theoretical under-
standing of these effects.

INTRODUCTION

The Tevatron is currently delivering luminosities close
to 4x103! cm~2 sec™! to the CDF and DO experiments.
In arecord store on May 2nd, 2003, (average initial lumi-
nosity = 4.2x103! ecm~2sec™!), the average bunch inten-
sities at the start of collisions were N, = 1.96 x 10*!,
N; = 0.25 x 10'!. These are to be compared with de-
sign values for Run Il of 2.7 x 10" and 1.35 x 10! for
protons and anti-protons respectively. Beam-beam effects
have generally been more severe on the anti-protons but
with increasing anti-proton intensity, their effects on pro-
tons are also increasing. | will review the beam-beam ef-
fects at various stages of the operational cycle of the Teva-
tron.

After 36 bunches of protons are injected and placed on
the proton helix, anti-protons are injected four bunches at
atime. After al bunches are injected, acceleration to top
energy takes about 85 seconds. After reaching flat top, the
optics around the interaction regions (IRs) is changed to
lower 5* from 1.6 mto 0.35 m at BO and DO and the beams
are brought into collision. During a high energy physics
store each bunch experiences two head-on collisions with
bunches in the opposing beam and seventy long-range in-
teractions. At all other stages, each bunch experiencesonly
long-range interactions - seventy two in al.

THEORETICAL ANALY SIS OF
BEAM-BEAM INTERACTIONS

Beam-beam forces change the linear and nonlinear dy-
namics of particles in fundamental ways. The long-range
beam-beam force has in general both quadrupolar and
skew-quadrupolar components. The magnitude of the tune
and coupling shift depends on the beam separation but also
on the amplitude of the particle experiencing the force.
Since there is dispersion at the locations of the long-range
interactionsin the Tevatron, the separation between the test
particle and the other beam and therefore the tune shift de-
pends on the momentum deviation of the particle. An am-
plitude dependent tune shift implies that the chromaticity
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Figure 1. Beam separations at al the parasitics at 150 GeV
with the design value for the proton momentum spread and
the present injection helix.

shift is also amplitude dependent. These amplitude depen-
dences introduce the familiar tune footprint but also cou-
pling and chromaticity footprints within a bunch.

Theoretical expressions have been devel oped for the am-
plitude dependent tune shifts, chromaticities and coupling
for arbitrary aspect ratios [1] because the proton beam is
not round at most of the long-range interactions. Some
conclusionsare easily drawn however from the round beam
case. At large distances, both the tune shift and the cou-
pling fall as 1/d? while the chromaticity falls off more
rapidly as 1/d. The tune shift for round beams vanishes
if the plane of the helix is at 45°. Minimizing the chro-
maticity requires the plane of the helix to be either at 30°
or vertical. The coupling vanishesif the separationiseither
in the horizontal or the vertical plane. Since each of these
parameters has a different dependence on the helix angle,
it is not possible to minimize them simultaneously with a
choice of the angle.

Each anti-proton bunch sees a different sequence of
long-range interactions with different optics functions.
This leads to a significant spread of tune shifts, coupling
and chromati cities between the bunches. Thus the working
point for example cannot be optimized for all bunches at
once. Due to the amplitude dependence of these quantities,
the spread within a bunch can be comparable to the spread
between the bunches.

Injection Energy

There are 138 different locations of parasitic interac-
tions around the ring. Figure 1 shows the beam separa-
tions with the present helix and assuming the design value
of (Ap/p)rms. The smallest separation is about 40 close
to DO but thereis alarge variation between 5-12 o at most
of the other parasitics. At most parasitics the beta func-
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Figure 2: Beam-beam induced tune shifts of anti-protonsat
small amplitude, bunch by bunch.

Injection Energy: small amplitude chromaticities

" Horizontdl —m—

1
0 oo o VerticL—g/f
1 - i
Np = 3x10™" ,/
-2
4
E 3 Ap/Pyys = 4X10
&
S 4
g -
5 "
SN
-6
TE— y
4 \\//
-8
0 2 4 6 8 10 12

Bunch Number

Figure 3: Beam-beam induced chromaticity at small am-
plitude, bunch by bunch (150 GeV).

tions are larger in the horizontal plane. This asymmetry in
the beta functions is reflected in parameters like the tune
shifts.

Figure 2 shows the small amplitude tune shifts of the
anti-protons, bunch by bunch. The tune footprint at large
amplitudes however is determined by the machine nonlin-
earities which change the sign of the detuning.

The beam-beam induced global coupling at small ampli-
tude is of the same magnitude as the | attice induced global
coupling. Figure 3 showsthe small amplitude chromaticity.
The large spread in chromaticity could make some bunches
more sensitive to synchro-betatron resonances and to co-
herent instabilities at high anti-proton intensities. Bunch
12 suffers the least changes to its tune, coupling and chro-
meaticity from the beam-beam interactions at injection.

Resonance driving terms have been calculated from a
nonlinear map, first with only the lattice nonlinearities and
second with the lattice and the beam-beam nonlinezarities
for anti-proton bunch 1. The lattice nonlinearities include
the correction sextupoles and the error fields in the mag-
nets. These terms were evaluated along the diagonal at an
amplitude of 20, and the largest resonance strength was
normalized to 1. The resonance condition is pv, + qvy, =
integer. Fourth order resonances are driven strongly by
the lattice, the largest of these being the difference (2,-2)
resonance. Addition of the beam-beam effects shows that
they dominate the lattice resonances, as seen in Figure 4
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Figure 4: Resonance strengths at injection at an amplitude
of 20 with lattice and beam-beam nonlinearities.
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Figure 5: Beam separations at al the parasitics at 980 GeV
with expected values for the proton momentum spread.

which has a completely different resonance pattern. The
beam-beam fields drive the seventh order resonances, the
strongest at this amplitude being the (3, 4) resonance.

The large energy spread at injection makes synchro-
betatron resonances also important. Calculations [2] show
that at present chromaticities and energy spreads, the syn-
chrotron sidebands of some betatron resonances are wide
enough to overlap which may lead to faster diffusion. A
smaller energy spread at injection would thereforeincrease
the dynamic aperture at injection.

Collision

The smallest separations at the parasitic collisions occur
a the ones immediately upstream and downstream of the
head-on collisions at BO and DO. Figure 5 shows the beam
separations around the ring. The beta functions at these
four parasitics are also the largest. Consequently the tune
shifts and resonance driving terms (for example) contain
the largest contributions from these parasitics amongst al
the parasitics.

The bunch by bunch variation in tunes is quite differ-
ent from the variation at injection [cf. Figure 2]. Only the
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Figure 6: Tune footprints of bunches 1, 6 and 12 super-
posed on the 5th and 12th order sum resonances.

head (bunch 1) and thetail (bunch 12) of the train havetune
shifts significantly different from the others. Bunch 1 does
not suffer the first parasitic upstream (where 3, is large) of
the IPs and bunch 12 misses the first parasitic downstream
(where 3, is large) of the IPs. Figure 6 shows the tune
footprint (up to 60) of these bunches and that of bunch 6
which is representative of all the other bunches. The ex-
tent of the footprint is largely determined by the head-on
collisions for al bunches. The beam-beam induced cou-
pling at small amplitudes is smaller than at injection. The
beam-beam induced chromaticity (both the variation over
the bunches and the magnitude) is larger than at injection.

The head-on collisions create the strongest nonlinear
fields but drive only even order resonances, mainly the
12th order resonances. The effects of these resonances
is considerably weakened (by two orders of magnitude at
some amplitudes) as a conseguence of phase averaging [1].
However with increasing chromaticity the number of syn-
chrotron sidebands with significant width increases as well
which increases the effective width of the resonances. The
long-range interactions drive the odd order 5th and 7th or-
der resonances. Therelatively large chromaticity generated
by these interactions create synchrotron sidebands of these
resonances which overlap at relatively small amplitudes.

A nonlinear Taylor map has been used to calculate the
resonances with both lattice and beam-beam nonlinearities.
As éat injection, we find that at an amplitude of 25, the 7th
and 5th order resonances driven by the beam-beam dom-
inate. The largest of these are the (3, 4) and (3, 2) reso-
nances. Compared to injection, there are now many more
resonances of comparable strength but the strengths them-
selves are smaller.

SIMULATIONS AND EXPERIMENTS

Injection

The beam-beam interactions have a strong influence on
the anti-proton lifetime at 150 GeV. During a study in
September 2002 with only anti-protons injected into the
Tevatron, the lifetimes at 150 GeV varied between 10-25
hours compared to lifetimes of 1-10 hours in stores. The
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Dynamic aperture of anti-proton bunch 1 at 150 GeV
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Figure 7: Dynamic aperture after 10° turns of anti-proton
bunch 1 vs proton intensity at injection. The average value
(over all anglesin coordinate space) along with one-sided
error barsto represent the minimum value at each intensity
are shown.
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Figure 8: Lifetime of anti-proton bunches vs proton inten-
sitiesin several recent stores.

losses during accel eration were also small about 2%, com-
pared to typical losses around 10% in stores.

The dynamic aperture of a few anti-proton bunches at
150 GeV has been calculated with extensive simulations.
The nonlinearities in the model include the measured mul-
tipolesin the magnets, the chromaticity and feed-down sex-
tupoles together with the beam-beam interactions. The re-
sults from two different codes, MAD and Sixtrack, typi-
cally agreeto within 15%. Tracking results show for exam-
ple that the dynamic aperture with beam-beam interactions
drops by about 30, compared to the case without beam-
beam interactions. Figure 7 shows a plot of the average
dynamic aperture (after 108 turns or 2 secondsin the Teva-
tron) as a function of the proton bunch intensity. The av-
eraging is done over severa initial angles of the particles
in physical space. Thisplot predicts that the dynamic aper-
tureat 150 GeV is about 30, and nearly independent of the
proton intensities over this range.

Figure 8 shows the lifetime of anti-protons at 150 GeV
as afunction of proton intensity over several recent stores.
The lifetimes of most bunches varies between 2-10 hours
under typical conditions but is observed to be relatively
independent of the proton intensities obtained so far - in
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Figure 9: Dynamic aperture of the first four anti-proton
bunches at injection calculated from the measured drop in
emittance in 10 recent stores. The error bars represent the
variation over the stores.

agreement with the result expected from Figure 7. In sev-
eral recent stores, the emittance of the anti-protonswas ob-
served to decrease with time after injection. An example
is seen in Figure 10. We consider the first four bunches
injected since their emittances are measured 10 time with
the flying wires before acceleration. The dynamic aper-
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Figure 10: Drop in vertical emittance of the first four anti-
proton bunches after injectionin arecent store. The asymp-
totic emittance of each bunch is a measure of its dynamic
aperture.

ture was calculated from the asymptotic emittance for 10
recent stores where there was an observed emittance re-
duction. The dynamic apertures, shown in Figure 9, arein
good agreement with the simulation resultsin Figure 7.
Vertical dampers were recently re-commissioned at in-
jection. Thevertical chromaticity can now be dropped from
8 to 4 units while keeping the protons stable. At thislower
chromaticity we have not observed the sharp drop in anti-
proton emittance during injection. The dynamic aperture
has therefore increased from the value shown in Figure 9.
A. Kabel at SLAC has devel oped asix-dimensional code
called PlibB for lifetime simulations. An interesting pre-
diction from one of hissimulationsis a significant increase
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Figure 11: Anti-proton ramp efficiency vs anti-proton ver-
tical emittance in several recent stores.

in the lifetime when the vertical chromaticity is reduced
below 4 units. Another parallel code called BeamBeam3D
has been developed by J. Qiang at SLAC. Aswith Kabel's
code, the only nonlinearities included so far are those due
to the beam-beam interactions. Lifetimes from simulations
using this code can bein the range of 1-2 hrsif the physical
apertureis small enough. Further devel opment will include
the nonlinearities of the magnets.

Ramp and squeeze

A significant fraction of proton losses during the ramp
occur inthefirst 20 secondswhile the bucket areais shrink-
ing. Dedicated studies have shown that the proton losses
are determined by the longitudinal emittance and the qual-
ity of coalescing in the Main Injector. Beam-beam effects
on protons during the ramp do not appear to be significant
until now. Anti-proton losses during the ramp were mea-
sured to be ~2% during a dedicated anti-proton only store
in September 2002. However during regular stores with
protons present, anti-proton losses averaged around 11%
in March 2003. These losses occur during the entire ramp.

The beam separations (in scaled units) are kept constant
from 150 GeV to 500 GeV by increasing the separator volt-
ages proportionally to v/E. At higher energiesthereis not
enough separator strength to maintain constant separations
so the beam separations fall by about 30% during the sec-
ond half of theramp. Mitigating the beam-beam drivenloss
reguires an increase in the beam separations during the en-
tire ramp with a different combination of separators.

The anti-proton loss during the ramp is also well cor-
related with the anti-proton vertical emittance, as seen in
Figure 11. Reducing the emittance blow-up while inject-
ing anti-protons in the Tevatron onto the anti-proton helix
would therefore al so reduce the loss during the ramp. The
longitudinal emittance does not appear to have much influ-
ence on the anti-proton losses during the ramp.
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Vertical emittance growth rate (1st hour in store): Stores 2441 and 2445
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Figure 12: Bunch by bunch vertical emittance growth rates
at the beginning of two recent stores. L owering the vertical
tune by 0.001 hel ped lower the growth rate in Store 2445.

Collision

Extensive dynamic aperture and other tracking calcula-
tions at collision optics and Run 11 design parameters lead
to several conclusions. For example, the head-on inter-
actions largely determine the tune footprint but they have
very little influence on the dynamic aperture. Of the sev-
enty long-range interactions, the four interactions near-
est to the two IPs are the most important in determining
the DA but the synchro-betatron resonances driven by the
other long-range interactions are important. These calcula-
tions also predict that the DA will drop by about 1o from
present intensities (V,, ~ 210 x 107) to design intensity
(N, = 270 x 10°). Analysis of data shows that at present
the anti-proton lifetime during stores is not strongly influ-
enced by the beam-beam effects.

In several dedicated studies we have explored the pos-
sibility of improving the anti-proton lifetime by changing
the collision helix. In the first set of studies (done in Au-
gust and September of 2002), the helix size in the short arc
(between BO and DO in the proton direction) was changed.
This changed the separation at two of the four parasitics
nearest the IPs. Opening the helix vertically seemed to im-
prove the lifetime in the experiment. In subsequent stores
the helix was increased vertically by 8% in the short arc
but no significant improvement of anti-proton lifetimeswas
observed. Opening the helix horizontally in the short arc at
the start of a few stores did not aso show much improve-
ment in the lifetime.

More recently in a study done on March 21, 2003, at the
end of a store, the helix was changed in the entire ring and
in both planes simultaneously. Losses stayed nearly the
same when the helix was opened by 20%. On decreasing
the helix size, the losses in both beams decreased at first -
perhaps due to the beams moving away from the collima-
tors in the long arc. When the helix was was reduced by
more than 80%, losses climbed - a combination of beam-
beam effects and tunes changing with the helix size. The
experimental results from increasing the helix size at colli-
sion have therefore been somewhat mixed so far.

Emittance growth at the start of a store has occasionaly
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been a concern. In most of these cases the anti-proton emit-
tance growth rate was large at the start, then dropped with
falling beam intensities. This emittance growth is strongly
bunch dependent; typically bunches 1 and 12 have lower
growth ratesthan the others. Small changesto the tune usu-
aly sufficeto lower the growthrate. Figure 12 showsan ex-
amplefrom two recent stores. |n Store 2441 the growth rate
was largefor most bunches. |n Store 2445 lowering the ver-
tical tune by 0.001 reduced the growth significantly. Even
with the lower growth rate there are differences amongst
bunches due to the differences in bunch tunes. More de-
tails about experimental beam-beam studies can be found
in a companion paper [3].

SUMMARY

We summarize the status of beam-beam effects in the
Tevatron. At injection energy they limit the anti-proton
lifetime to under 10 hrs but have not influenced proton
lifetimes much. During the ramp anti-proton losses (and
perhaps emittance growth) are largely due to beam-beam
effects. Occasional proton losses, large enough to quench
the Tevatron, during the final cogging and squeeze are at-
tributed to beam-beam effects. Proton losses during lumi-
nosity are occasionally much higher than observed during
machine studies with only protons of similar intensities.
Lifetimes of both anti-protonsand protonsat collision how-
ever are largely determined by luminosity with a compara
ble contribution from residual gas scattering to the proton
lifetime.

We are vigorously pursuing several ways of reducing
beam-beam limitations at all stages. New helical solutions
that increase the separations are being devel oped and tested
using the present set of electrostatic separators. There are
also plans to install additional separators around the IPs
to increase the separations at the nearest parasitics. Other
planned measures include (&) Improving the alignment in
the Tevatron, (b) Injecting beams with smaller emittances,
(c) Operating with lower chromaticities, (d) Testing differ-
ent bunch patterns, (€) Improving the IR optics, (f) Search-
ing for better working points, (g) Active compensation of
beam-beam effects with the Tevatron electron lens [4] and
perhaps in tandem, compensation with current carrying
wires.
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