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ELECTRONBEAM STABILITYREQUIREMENTSFOR LINAC-RING
ELECTRON-ION COLLIDERS*

C. Montag, Brookhaven National Laboratory, Upton, NY 11973,USA

eRHIC | ELIC | THERA | QCDE
2 0.007 0.006 | 00025 | 0.004
LIkEA| 78 250 028 | 01
o/ | 95-107[63-10 7| 0045 | 0.047

Table 1: Parameters of the linac-ring electron-ion collid-
ers eRHIC, ELIC, THERA, and QCDE. The collision fre-
quency f. is defined as the number of collisionsper second
for one particular ion bunch.

Abstract

In recent years, linac-ring electron-ion colliders have
been proposed at a number of laboratories around the
world. While the linac-ringapproach overcomesthe beam-
beam tuneshift limitation on the electron beam, it also in-
troduces noise into the ion beam, via the beam-beam inter-
action with electron bunches of slightly fluctuating inten-
sity and transverse size. The effect of these fluctuationsis
studied using a linearized model of the beam-beam interac-
tion. Upper limits for the rms jitter amplitudes of electron
beam parameters for various linac-ring electron-ioncollid-
ers are presented.

INTRODUCTION

In recent years, several linac-ring electron-ion colliders
have been proposed at various laboratories, namely eRHIC
at BNL [1], ELIC at Jefferson Lab [2], THERA at DESY
[31, and the QCD Explorer QCDE at CERN [4]. Some de-
sign parameters of these machines are listed in Table 1.

A destinctive common feature of all these facilities is the
fact that each electron bunch collides with the ion beam
only once before it is dumped. This has the advantagethat
the beam-beamkick experiencedby the electrons can prac-
tically be ignored. However, it also introduces noise into
the ion beam via the beam-beam interaction with electron
bunches of fluctuating intensity and transverse size. As-
suming that these fluctuations do not exhibit any bunch-
to-bunch correlations, this effect effect can be studied and
upper limits on bunch-to-bunch intensity fluctuations and
size variations can be established.

*Work performed under the auspices of the US. Department of Energy

THEORY

The beam-beamkick for round beams can be expressed
as

A7¢ = _2% N;Z(l — exp(—’l‘z/ZO'z)), (1)
v r?
r2 = 24 y2, z2=1I,Y, @

where r, =1.54-10~18m, «, N,, and o denote the clas-
sical proton radius, the Lorentz factor of the hadron beam,
the number of electrons per bunch, and the electron rms
transverse beam sue, respectively. This expression can be
linearizedforz Ko as
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which resembles a quadrupolekick. Introducing normal-
ized coordinateszy and &, this finally becomes
Azl &= —dnlzy. 4)

At the interaction point (IP), where it is assumed that
a = 0, the action J before the quadrupolekick can be
expressed as

Ji = Zg]' + Z;VZ. (5)

After experiencingthebeam-beamkick with its fluctuating
strength 8¢, the actionis

Jp = 2%+ (2 —4mdezn)?
= 22 42" —8nblanziy + (4m)2(56)%2%.(6)
The change in action due to the kick is therefore
Al = Jg—J;
—8mblznzly + (4m)?(36)%2%. (V)
AveragingA J overmany turns, the first term vanishes, and
we get with (2%) = J/2

ED sy
= 87('262((652)2). (8)



NUMERICAL EXAMPLES

The action (or emittance) growth rate ;1 can be ex-
pressed as
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To limit the luminosity degradation due s emittance
growth to tolerable numbers, the emittance growth time
should be larger than the minimum acceptabletime 7%,

(10)

This requirement provides an expression for the maximum
relative rmsjitter of the beam-beam parameter
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Results for the various linac-ring colliders are listed in
Table 1, assuming a tolerable emittance growth time of
3600sec.

SIMULATIONRESULTS

In the linearized case, the effect of fluctuations can
be computed analytically, as demonstratedin Equation 9.
However, study of the realistic nonlinear case requires nu-
merical simulations.

As afirst step, the simulationcode was appliedto the linear
situation, and simulation results were compared with ana-
lytical calculations. Using eRHIC parameters (see Table
1) and a three percent relative rms jitter of the beam-beam
parameter £, the evolutionof the normalizedparticle action
J - B/a? forthis case shows perfect agreement of analytical
results and simulations, as depicted in Figure 1.

In the nonlinear case, a three percent relativejitter for the
beam-beam parameter £ can occur due to 3%fluctuations
of the electron bunch population, ., or 1.5%fluctuations
in the electronbeam size, .. In contrastto the linear case
where these fluctuations are equivalent, they are expected
to act differently in the nonlinear situation, Equation 1.
The evolution of the normalized particle action for a three
percentrelativermsjitter of the electronbunchintensity N,
is shownin Figure 2. For small amplitudesbelow about one
o the agreementwith the result of the linearized calculation
is very good, while the linearized model overestimatesthe
growth at amplitudesgreater than one o.

The overestimationat large amplitudesby linearizationbe-
comes even more apparentfor a three percent relative rms
jitter of the inverse squared electron beam size o7 2, Fig-
ure 3. At amplitudesbelow one ¢ the agreementwith the
linearized model is again very good.
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Figure 1: Normalizedparticle action J-3/o2 vs. turn num-
ber for different initial values of J, with the beam-beam
force linearized accordingto Equation 3. The straight, blue
lines correspondto the analytical result, Equation 9, while
the red lines show simulated data.
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Figure 2: Normalized particle action J .8/c2 vs. tum
number for different initial values of J. The analytical re-
sult for the linearized beam-beam force is indicated by
blue lines, while the red lines show simulation data for
the nonlinear beam-beam force with fluctuating electron
beam intensity V.. The rms width of the fluctuationis set

to /((Ve — (NL))2)/ (Vo) = 0.03.

CONCLUSION

An analytic expression for the maximum tolerable rms
jitter of the beam-beam parameter due to bunch-to-bunch
fluctuations of the electron beam parameters in electron-
ion colliders has been derived, using a linearized approx-
imation of the beam-beam force. Simulations show that
this approximationisjustified for small particle amplitudes,
while it significantly overestimatesthe resulting growth of
particle action for particles beyond one ¢r.However, this
depletion of the beam core determinesthe associated lumi-
nosity degradation.
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Figure 3: Normalized particle actionJ-3/¢2 vs. tumn num-
ber for differentinitial values of J. The red lines show sim-
ulated data for the nonlinear beam-beam force with fluctu-
ating electron beam size o... The magnitude of the fluctua-

tion is setto /({62 — {02))2)/{s2) =0.03.

The calculated stabilityrequirementsfor eRHIC and ELIC
are quite tight, with o¢ /£ < 0.001, while the correspond-
ing numbersfor THERA and QCDE are significantlymore
relaxed, o¢ /€ < 0.05.
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