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Evaluation of “Round Colliding Beams’ for Tevatron

V.V. Danilov, Budker Institute of Nuclear Physics, 630090, Novosibirsk, Russia,
V.D. Shiltsev, FNAL* ,RO. Box 500, Batavia, Illinois 60510

Abstract

This paper presents investigation of the proposed use of
round beamsfor increasing the luminosity in colliders. The
main idea of round beams is briefly discussed. Numerical
simulations of round colliding beams for the Tevatron are
much in favor of round beams, because they providereduc-
tion of harmful impact of beam-beam forces on beam sizes,
particles diffusion and better stability with respect to errors
and imperfections.

1 INTRODUCTION

The essentia conditionsof theround beams[1] areequality
of horizontal and vertical emittancese, = ¢, = ¢, beta
functionsat interaction point (IP) 8, = 5, = §, and tunes
vy = vy = v. Consequently, the transformation matrix in
between of |P's can be generaly presented in the form of

o) g )

(where T isa?2 x 2 matrix with detT" = 1 and R isthe
matrix of rotation over an angle ¢ ), therefore, therotational
symmetry of the kick from the round opposite beam, com-
plemented withthe X — Y symmetry of thebetatrontransfer
meatrix between the collisions, result in an additional inte-
gra of motion M = ay’ — ya' that islongitudina compo-
nent of the angular momentum. Thus, the transverse mo-
tion becomes equival ent to a one dimensional (1D) motion.
Resulting elimination of al betatron coupling resonancesis
of crucial importance, since they are believed to cause the
beam-lifetime degradation and blow-up. The reduction to
1D motion makes impossible the diffusion through invari-
ant circles. Moreover, the beam-beam parameter for the
round beams &, , = 2= ~%, does not depend on s becauise
the emittance ¢ = o2/3 isindependent of the longitudi-
nal coordinate. This leads to suppression of synchrobeta
tron resonances (one can find more detailed discussion of
these questionsin [2]).

One can expect, that for hadron colliders, where the
beams are amost round from the beginning, the most useful
predicted properties of the Round CollidingBeams (RCBS)
lead to their better stability, lower losses and longer beam
lifetime.

* Operated by Universities Research Association, Inc., under Contract
No. DE-AC02-76CH03000 with the US Department of Energy

2 BEAM-BEAM SIMULATIONSWITH ROUND
BEAMSIN TEVATRON

2.1 Beam-beam simulation code and parameters of the
Tevatron upgrade

We employ a recently developed beam-beam simulation
code BBC Ver.3.3 [3] developed by K.Hiratafor the beam-
beam interactionin “weak-strong regime” whichiscloseto
conditions of the Tevatron collider upgrade named TEV 33
[4] where proton bunch populationis several times the an-
tiprotonone. The“weak” (antiproton) bunch was presented
by number of test particles, while the “strong” (proton)
bunch appeared as an external force of Gaussian bunch.
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Figure 1: The rms beam size /0 Vs betatron tune v, =
v, = v for theround beams (dashed line), and the rms hor-
izontal and vertical sizeso, /o0, fOr non-round beams
(solid and marked lines, respectively). (¢ = 0.05, Ad =
0.002, 50,000 turns).

Typicaly wetracked 100 (maximum 1000) test particles
through five dices of strong bunch for (50-100)-103 turns.
50,000 turnsin Tevatron correspond to about 1 s, some 200
synchrotron oscillation periods. No damping due to radia-
tion or cooling is assumed to play role in the beam dynam-
ics. Further increase of the number of particles or number
of dices gave amost identical results.

The code outputs of greatest practical utility are lumi-
nosity, rms beam sizes and maximum betatron amplitudes
which any of the test particles attained during tracking.
These outputsare given with respect to unperturbed values,
e.g. sizes and amplitudes are divided by their design rms

vaues o, /o), and A7'e" /o), the luminosity is pre-



Figure 2: Beam size after 50,000 turns versus ¢. The up-
per curve corresponds to the short strong Gaussian bunch,
the lower one — to the strong counter bunch with the "in-
verse beta-function” distribution. The beta-functionat IPis
25cm. a—leftfigure—tunesareequal tov,, = v, = —0.01;
b —right figure — tunes are equa to 0.05.

sented by the reduction factor of R = L/ L, wherethebare
design luminosity Ly = foN, Ny /(4wodo)) and f; isthe
rate of collisions. The relevant parameters of the simula
tionswere chosen close to the TEV 33 design ones.

We present here the results for the RCB scheme with-
out rotation of betatron oscillations axis, athough other
schemes proposed originally for electron damping ringsre-
quire such rotation, i.e. strong « — y coupling. The com-
parison of the different schemes is made partly in[2].

2.2 Comparison of RBs and non-RBs. Randomtune mod-
ulation.

In order to make more realistic simulations we use noisy
betatron phases jumps. The reason is that the weak reso-
nances of high ordersare usualy not well seen after asmall
number of revolutionsand inorder to enhance them weused
amethod of the Ornstein-Uhlenbeck tune modulation (see,
for example [5]) with correlation time of 100 turns.

Now, with use of small noisy phase modulation (the pa
rameter Ad with the meaning of maximum changing of
phase per turn in the Ornstein-Uhlenbeck process is equal
to 0.002) , we compare the rms beam sizes after 50,000
turnsfor the round beams and the beamswhich arefar from
round. The colliding round beams satisfy to all the condi-
tions:
£p =€y = 3-107° m- rad;

B =0y =25Cm v, = vy =v,

whilethe"not-RBs’ break them al:

£, = 5/3e, =5-107? m- rad;

By = 35/2503; = 35em; v, = v;vy = v+ 0.18 £ v,
Astheresult, the maximum X, Y betatron amplitudes (see
Fig.1) for the non-round beams are larger than the ampli-
tude at the RBs case. Several strong resonances are seen in
the non-RB curves whilethe RBs perform only thesizein-
creaseat v = 0.25.

2.3 Smulationswith “ inverse beta function” charge dis-
tribution. Optimum bunch length.

Everywhere above we deal with 2D motion, which can be
reduced to 1D motion dueto the angular momentum conser-
vation. But 1D motion with the time-dependent Hamilto-

nian, generally speaking, isaso stochastic, although it has
more " regularity” in comparison with agenera 2D motion.
What we need to make the motion regular, is one morein-
tegral of motion for any value of thefirst one (angular mo-
mentum). It was proved in [6], that we obtain additional in-
tegral of motion if we take the betatron tunes near integer
or half-integer resonance and thelongitudina charge distri-
bution of the strong bunch (e.g. proton onein the Tevatron)
proportiond to the inverse 5-function (one can find addi-
tional details of thissystem in [2]):

J(25) = C/p(s) = C/(B" + 5°/57), D

where C isacongtant, 5* isthe 3-function value at the IP.

The beam-beam interaction of the bunches with the ”in-
verse beta function” longitudinal charge distribution can
provide integrable dynamics and better stability. We com-
parethebehavior of such beamswiththe case of short round
Gaussian colliding bunches at two working points. Note,
that transverse sizes, bunch intensities, the wesk bunch
lengthof 15cm and 8* = 25 cm are the samein both cases.
Fig.2a presents the beam size growth vs. ¢ after 50,000
turnsfor v = —0.01.

From the upper curve one can see significant growth of
thebeam sizes of the short buncheswithincrease of ¢, while
thereisalmost no effect for the integrable case (in fact, we
allowed about 10% deviation of thelongitudinal charge dis-
tribution in the strong bunch from the exact 1/5(s) solu-
tion) — see thelower curve. Thereisonly asmall growth at
¢ ~ 0.1; if thecharge distributiondiffers by about 1% from
1/5(s) then there are no peaks at all and the beam size is
not changing in time (thistrivia result is not presented).

The second working point of » = 0.05 looks better for
the both cases and Fig.2b shows a significant difference be-
tween the two cases only for large €.

If it's difficult to make such a distribution function, one
can choosethebest ratio of thelength of the Gaussian bunch
and beta-function at |P (the previous results for the Gaus-
sian bunch were obtained with a very short strong beam).
This optimum length depends on the working point. For
better understanding of this fact, one can imagine a sm-
ple modd of the“flat-top” (or rectangular) charge distribu-
tion over the full length of / and with phase advance over
half-turn equal to dvy» = ds/Bo = 1/23,, where 3, is beta-
functionat IP. Let’'sassume, that the betafunctionis amost
constant over thebunchlength 5(s) ~ /3, and thelongitudi-
nal distributionisa constant within the coordinate interval
of +{/2 and vanishes elsawhere (as well as the transverse
kick) and in between of thetail of one bunch and the head of
another we have the unity transformation I of the betatron
variables, then one can leave out the arcs and connect kicks
fromal our bunchestogether. As hereisno dependence of
theforce ontime so thisdynamica systemisintegrableand
has no resonances, so we havean optimuminbeam lifetime
for presented aboverel ation of the phase advance and bunch
length.

We performed asearch for optimal o over tunesof v, =
vy = v = 0.02...0.25 — see Fig.3 with the contour plot
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Figure 3: Contour plot of maximum betatron amplitude
Apmas /o0 VSrms bunch length o, and tunev, = v, = v,
& = 0.05, Ad = 0.002, 75,000 turns.

of the maximum betatron amplitude A/oy vs. o, and v
(75, 000 turns, ¢ =0.05, 5* = 25 cm, phase modulation
of ¥ = 0.002). The optimal bunch length (at which, say,
A/oo ~ 4) depends on the tune and is about 30 cm for the
tune around 0.2, about 20 cm for the tune around 0.12, and
about 40 cm for the area of a good lifetime near the integer
resonance. Thelast onecorrespondsto formulac ~ /25*.
One of the probabl e explanations of that relation can be that
the first terms in Taylor expansion of the Gaussian distri-
bution f(s) o exp —s?/2¢?% and the “inverse beta func-
tion” distribution f(s) o 1/(1 + (s/28%)*) are equal if
o, = /23*. Itisinteresting to note, that similar results on
the optimum bunch length were observed in RCBs simula-
tionsfor electron-positron colliders[7].

24  Asymmetry between two IPs

The degradation of the collider performance due to beam-
beam effectsis often thought to be more significant if there
are severa asymmetric interaction points. Fig.4 present re-
sultsof the maximum amplitude simul ationsfor the scheme
withtwo IPs. If one denotesthe phase advance between the
first 1P and the second one as » and between the second one
and thefirst oneas v + Av; » then the horizonta axisisfor
v and thevertical axisisfor Avy». Thelighter areas corre-
spond to smaller maximum betatron amplitudeafter 10,000
turns, the contour spacing goes as follows:. (Apqz/00)=4,
5, 7, 10, 15, 20, 25, 30, 40, 50.

It isinteresting to note, that over large tune space the op-
timumin A, .. lays out of the condition of symmetry, i.e.
a Aljlz ;é 0.
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Figure4: Contour plot of the maximum betatron amplitude
vs. tune v (horizontal axis and the tune difference between
two IPs Avy, (vertical axis) for the round beams. Av =
0.002, 100,000 turns.

3 CONCLUSION

In thisarticle we studied new waysto improve single parti-
cle stability in colliders. From the simulationswe conclude
that in the presence of the beam-beam interaction, theround
beams show better particle stability and slower transverse
diffusion rates than not-round beams. We also performed a
search for optimum bunch length and investigated the "in-
verse beta-function” longitudinal distribution and found a
gualitative agreement with theoretical predictions.

The model we used in our simulations is not quite ad-
equate to the Tevatron due to some evident reasons, and
for further investigations of beam-beam effects we plan to
study the influence of non-linearitiesoutside the IP, conse-
guences of the RCBsimplementation for intrabeam scatter-
ing issues and for the effects of the parasitic interactions.
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