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Abstract

This article is devoted to electron beam distortionsin the
“electron compressor” setup for beam-beam compensation
in the Tevatron collider. The distortionsare due to interac-
tion of the electron beam with impacting eliptical antipro-
ton beam. We estimate of longitudinal magnetic field nec-
essary to keep the distortions|ow.

1 INTRODUCTION

Compensation of the beam-beam effects in the Tevatron
with use of high current, low energy electron beam is dis-
cussedin[1]. Theéelectron beam travel sinthedirectionop-
positeto the antiproton beam and interacts with an antipro-
ton bunch viaits space charge forces. The proton beam has
to be separated from the electron and antiproton beams. A
10 kV electron beam about 2-m long, 2-mm diameter, with
1-2 Amperes of current is to be installed in a place with
large beta-function(~100m), away from the main interac-
tion points. Experimental results from an “electron lens’
prototype set-up are discussed in [2]. The eectron beam
isborn on an eectron gun cathode, transported through the
interaction region, and absorbed in the collector. Strong
longitudina magnetic field plays a significant rolein main-
taining stability of both eectron and antiproton beams. It
also suppresses the electron beam current distribution dis-
tortionsand, therefore, the e ectron space charge force dis-
tortions.

This articleis focused on the time-dependent deviations
of the electron beam shape due to interaction with antipro-
ton beam in the “electron lens’ [3].

2 ELECTRON BEAM DISTORTIONS

ZBEAM code [4] is used for tracing eectron trgjecto-
ries. Thisisessentially two dimensional code which takes
into account only transverse components of the eectric and
magnetic forces. It isagood approximation for the forces
due to ultrarrdativistic p bunch. The electrons are non-
relativistic, but their space charge forces are mostly trans-
verse, too. The code tracks number of particlesby integrat-
ing their equations of motion over successive small time
steps.

Interaction with round p bunch in strong magnetic field
conserves axial symmetry and radia size of the ectron
beam. Asthe result, the electron beam space charge forces
are the same for antiprotons at the head and at the tail of
the p bunch. That isno longer trueif electron or antiproton
beam is not round. Roundness of the electron beam can be
assured by using round cathode in the electron gun and by
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appropriatechoice of the magnetic field inthetransport sec-
tion of the set-up. In opposite, the p beam roundness can be
achieved in very few Tevatron locationswhere vertical and
horizontal beta-functions are the same 8, = (3, (vertica
and horizontal emittances of 1000 GeV beamsin the Teva-
tron are approximately equa ¢;")* ~ 3.3mmm - mrad).
This condition can not be fulfilled a priori. E.g., at present
stage we consider to install one of the “electron lens’ de-
vicesat the Tevatron F48 location which ischaracterized by
. = 101.7mand 5, = 30.9m, and, consequently, therms
bunchsizesare s, = 0.61mmand o, = 0.31mm[2].
Fig.1 showswhat happenswith round electron beam (ra-
diusa,. = 0.31mm) when it interacts with such an antipro-
tonbeam beingin 2T solenoidfield. ZBFE AM codeisused
for the electric field calculations and electron tracing. Top
left plot shows an dlipse which corresponds to 1o of the
Gaussian p bunch and a circle of the eectron beam cross
section uniformly filled with el ectron macroparticlesbefore
the interaction with p-s. Top right plot demonstrates traces
of the electrons under impact of asymmetric dectric field
of the antiproton bunch. Resulted macroparticle positions
and the shape of the electron beam inz — y and r — ¢
planes are shown in lower |eft and right plots of Fig.1 re-
spectively. One can see that the electron beam becomes a
rotated dlipse to the moment when the tail of antiproton
bunch passes through it, while the head of the bunch sees
originaly undisturbed round electron beam. This might
be of concern because of two reasons. 1) there appears a
“head-tail” interaction in the p bunch via higher than dipole
wake fields propagating in the electron beam; 2) in addi-
tionto useful defocusing effect, electric fields of thedliptic
electron beam produce effective = — y coupling of vertical
and horizontal betatron oscillationsin the p beam.
Distortion of electron density. The continuity equation
for the electron charge density p(x, y, z, t) can be written
as % + Ty - Upo = 0, where py stands for initial charge
density, and drift velocity of an electron in crossed electric

and magnetic fields £ and B isequal to 7, = c[ng] . The

resulted distortion due to dliptic Gaussian relativistic p
beamisgiven by [3]:

dp(x,y,t = M) = (/_; /\(z’)dz’) X

2eN; dpo(r?) _ zyl(x,y)(02 — ‘7;2/)
B d(r?)

where now z isthe coordinateinside the 5 bunch * and

: )

2 2
030,

lie. z = —ocoisfor thebunchhead and ffoo A(2')dz isproportional
to the antiproton charge which passed through the given part of theelectron
beam.
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Figure 1: Narrow electron beam distortion due to p bunch.
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Now we can see mgor features of theresulted distortion:
a) it is absent in the case of round p beam when o, = o,;
b) it performs two variations over azimuth ép o« zy ~
sin(26); 3) it vanishes with the solenoid field B increase,
or with decrease of antiproton intensity N;; 4) most of the
distortiontakes placeat theradial edge of the el ectron beam,
and, since dpg(r?)/d(r?) ~ pg*a® /a?, then wider electron
beam getssmaller density distortionsduring theinteraction.
Finally, the scaling of the maximum distortion strength is:

R=2

Oz

1(0,0) = )

5pmaT 0.2eN, _ 0.6[N,/6-10']
2B~ a2[mm]B[kG]

and value of 0.2 comes from geometrical factor o« xy -
I(z,y). For example, the distortionis about 3% for 1 mm
radius electron beam in B = 20kG=2T solenoid field. As
soon as the dliptic distortion is excited, it starts the rota-
tion drift in the crossed fields of the electron space charge
and the solenoid field. Under conditions of the Tevatron
beam-beam compensation setup therotationissmall. E.g.,
one gets that over time of the 5 bunch passage +20, /¢ =
2ns, the angle in the fidld of B = 20kG is about 6,
4jo,a./BeB =~ 0.1rad.

©)

max

Po

~
~

2.5

2.0

-3.0

X

Figure 2: Distortionsdp/p of an eectron beam wider than
antiproton beam a, = 2.5 - 0,. = and y coordinates are
giveninunitsof o,.

Distortion of other than constant electron density can
be caculated anaytically with use of Eq.(1). For exam-
ple, Fig.2 shows contour lines of the electron beam dis-
tortlon dp/p in the case when initial density is po(r)
W, ,u—3WItha€ 25mm O'x—061
mm, ¢, = 0.31 mm ), the antiproton bunch population
N; = 6-10'°, the magnetic field B = 4kG. Resulted dis-
tortion dp/p isnow lessthan 0.05.
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Figure3: Couplingfunction S(z, y) for antiproton betatron
oscillations with a wide € ectron beams.

Coupling due to distorted electron beam. Electric and
magnetic fields of the dliptic electron beam lead to ef-
fective x — y coupling of vertical and horizontal betatron
oscillations in the p beam. Since originaly the electron
beam isround, the head of the p bunch experiences no cou-
pling force. But, as the eectron density distortion grows
as [“ A(2')d2', the coupling grows proportionaly. Parti-
cles in the head and in the tail of the bunch change their
positions while performing synchrotron oscillations, thus,
an average coupling effect ishaf of the maximum coupling
spread. The average coupling can be corrected in the Teva:
tron, while there are no toolsto compensate the spread in
coupling. Therefore, the spread has to be small enough in
order not to affect p beam dynamics.

The tunes of asmall amplitude particle can be written as

[(Vac + Avy) + (vy + Ayy)}
2 +

vy =

2
[(V:t + Av,) — (Vy + AV@/)}

+ 1 + |+ A&]2, (4
where v, and v, are the unperturbed horizontal and verti-
cal tunes, in the current Tevatron lattice they are 0.585 and
0.575 correspondingly. « isacomplex number describing
the coupling. For a satisfactory operation of the Tevatron
collider, the globa coupling is corrected down to value of
|k| =~ 0.001[5]. A’sin Eq.(4) represent the changes of
these quantitiesthat arisefrom theinteractionwiththeelec-
tron beam. E.g., the horizontd tune shift due to eectron
lensisabout Av, = —0.01. The maximum coupling shift
can be calculated from Eq.(1):

8Np*

k| ~ |Avy|————-
R

< S(z,y) >~

_ 0.84[N;/6-10'7]
= o2[mm]B[kG]
Brackets < ... > denote averaging over antiproton beta-
tron oscillations. In the above equation we used an approx-
imate reletion 8, ~ 30,. Fig.3 shows numerical factor
S(z,y) for electron distributionspg (1) = m, =
3,witha, = 2.50,. The maximum value of this factor of
Smaz (g, y) =0.13. The coupling vanishes for smdl beta-
tron amplitude particles and at very large amplitudes. The
effect islarger in the plane of the longer antiproton dlipse
axis (horizontal in our case).
For example, having parameters o, = 0.61mm, N; =
6 - 10'°, Av, ~ 0.01 we get maximum numerical factor
isabout < S(z,y) >M*= 0.5 5™ (x,y), i.e 0.065
for a, = 2.50,,. Now, with solenoid field of B = 2T, one
gets the maximum coupling spread || ~ 7 - 105 for the
electron beam. The valueisrather small with respect tothe
Tevatron globa coupling correction goal of about 0.001.

- < Sz y) > (5)

3 CONCLUSION.

We have considered distortions of the electron beam
density due to interaction with an antiproton beam in the
beam-beam compensation set-up. For a given number of
antiprotons per bunch, both the electron density distortion
and the coupling due to the distortion are inversely propor-
tional tothemagneticfield B intheset-up. Inthecase when
the transverse sizes of the electron and antiproton beams
are about the same (asit should bein the nonlinear el ectron
lens for compensation of nonlinear beam-beam effects in
the Tevatron), one needs more than 2T longitudinal field to
keep the dectron charge distribution distortions less than
3% with respect to original axisymmetric distribution and
the spread of the coupling || lessthan 4 - 10—, Electron
beam in the linear eectron lens (for compensation of the
bunch-to-bunchtune spread) hasto be 2-3 timeswider than
the antiproton beam, and because of that in the same field
of B = 2T thedistortion §p/p is smdler, less then 1%,
and the coupling spread in the antiproton bunch becomes
negligible|x| < 7-107°.
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