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Electron beam distortions in beam-beam compensation setup
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This article is devoted to electron beam distortions in the “electron compressor” setup for beam-
beam compensation in the Tevatron collider. The effects of electron space charge force and the
interaction of the electron beam with the impacting elliptical antiproton beam are studied. We make
an estimate of the longitudinal magnetic field necessary to keep the electron beam distortions low.
[S1098-4402(98)00018-4]

PACS numbers: 41.20.—q, 41.75.Fr, 41.85.Ct, 29.27.Fh

[. INTRODUCTION strong longitudinal magnetic field plays a significant role

Proton and antiproton beams in the Tevatron collidet" maintaining stability of both electron and antiproton

interact via their electromagnetic forces at two colIisionbeamS [4]. It also suppresses the electron beam current

) . distribution distortions and, therefore, the electron space

points BO and DO and at numerous locations along sepa; . g
L Charge force distortions.

rated orbits in the same vacuum chamber where they nedrr i rticle is focused mostly on the time-dependent

miss each othe_r - Such an Interaction causes betatron OFeviations of the electron beam shape during passage of

cillation tune shift and the tune spread in both beams. Th

. e interaction region. In Sec. Il we discuss the results

tune shift and the tune spread are supposedly much large ; ; . S
. ; ; of numerical tracing of electron trajectories in the electron
in the antiproton beam than in the proton beam, becausg ; . ; . S
compressor. Theoretical analysis of the distortions in drift

of several times larger proton intensity, and can reach val: e : ; .

. L approximation is presented in Sec. lll. Section IV briefly
ues of about 0.01-0.02 in the Tevatron luminosity UP~c\mmarizes our studies
grade project TEV33 [1]. These effects are expected to '
be a problem for the machine operation if uncorrected.

Compensation of the beam-beam effects in the Tevatron II. NUMERICAL TRACING OF ELECTRONS

with the use of high current, low energy electron beam g ,5e Ay code [5] is used for tracing electron trajec-
was proposed in Refs. [2,3]. The electron beam traviyjes  This is essentially a two-dimensional code which
els in the direction opposite to the antiproton beam an(sakes into account only transverse components of the elec-
interacts with an antiproton bunch via its space chargg. ang magnetic forces. It is a good approximation for
forces. The proton beam has to be separated from thge forces due to ultrarelativistip bunch. Longitudinal
electron and antiproton beams. Modifications of the progpace charge forces of the nonrelativistic electron beam
posal are (i) the “electron lens” with modulated current,, negligible because the beam is either DC or modu-
which is supposed to provide different linear defocusinggtaq over a large scale of - ¢ ~ 40 m, which is much
forces for different antiproton bunches (the bunch Spacmgarger than the beam transverse size O’f a few mm.
is 7 = 132 nsin the TEV33) and, therefore, equalize their 1o code solves an equation of motion of a charge.
betatron frequencies, which are not naturally equal due 1q, ¢ |anoratory frame, with some external electric and
proton-antiproton interaction in numerous parasitic CroSSpagnetic fields and in the presence of some additional
ings along the ring; and (ii) an “electron compressor,” thaly,ying electric charges, the equation is as follows:
is a nonlinear but DC electron lens which compensates (on ) k .
average) the nonlinear focusing of antiprotons due to pro- d*7 > .z > .
ton beam and, thus, to reduce the beam-beam footprint. ™ 2 — q<E +[v X B] + ,ZE" + Z[U X B"])’

A 10 kV electron beam about 2 m long, 2 mm = = @
diameter, with 1-2 A of current is to be installed in
a place with large beta function~(100 m), away from Herem, g, andv are the particle mass, electric charge,
the main interaction points. The electron beam is toand velocity, E and B are the external electric and
be born on an electron gun cathode, transported throughagnetic fields, andE; and B, are the electric and
the interaction region, and absorbed in the collector. Amagnetic fields of a bunch “macroparticle”

qi:(2)r - 1

B = [
1 1 C2

27T€()7'2 s [ﬁl X El] . (2)

*Permanent address: Joint Institute for Nuclear Research, Tracking of a particle is achieved by integrating the
141980 Dubna, Moscow Region, Russia. equation of motion over successive small time steps.
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FIG. 1. (Color) Expansion of the electron beam due to self-field (left) and trajectories of electronsgirtsicheh (right).

Figure 1 shows trajectories vs longitudinal coordinate 1 _ 1 N 1 3
for electrons which originally had no transverse velocities F}  F2 F,z, ’ (3)
and started at radii equal t9 = 0.1, 0.5, 0.8, and 0.9 mm ) o
in the absence of longitudinal magnetic field. where the effective focal length due to the magnetic field
The left plot demonstrates disruption under the impactB IS
of the self-space charge forces in a round electron beam 2 2
. C . YeBemec YeBe
with constant transverse current distribution with the Fp = B ~ 3.3 [cm] B kG| (4)
following parameters: the beam radiss= 0.9 mm, total
current J, = 1.5 A, kinetic energy of electrond/, = Here 8, = v./c = \2U./mc? and y, = 1/,/1 — B2

10 kV. One can see a many fold increase of the beanare relativistic factors; e.g., for 10 kV electrofis = 0.2
size over a 180-cm-long path. Note that the electrorand
trajectories do not intersect each other; therefore, the

particle at the border, = 0.9 mm always stays at the Fp = 0.66 [cm]/B [kG].

border. The defocusing length due to the electron space charge of
The right plot in Fig. 1 shows trajectories of the sameihe 1.5 A, 10 kV electron beam is

particles under the impact of the oncoming bunch of T3

N; = 6 X 10'° antiprotons having Gaussian distributions F = [JoveBeaz _ 0.77 [cm]

with rms radial size ofr, = 0.9 mm and longitudinal rms ‘ 2J, ’

size of o, = 30 cm, and the electron space charge is off. me3 )

Again, a significant electron beam size increase is seen; Jo=—=17KA.

nevertheless, it is somewhat less than that due to electron ¢

space charge—final radius of about 50 mm instead of 1he Minimum defocusing length due to the pbar beam
120 mm—compared with the left plot. IS

Note that the 1800 mm path corresponds to the time YeB2V2m o 0tm.c?
for all antiprotons withint3¢, to add their impact to Fp = 2N, (1 + B.)
the electrons’ motion. Now the trajectories intersect each P ¢
other; thus the particle originally at the border of thewhere we take the same parameters as abavg—=
electron beam received the least angular deflection. 6 X 10", o, = 0.9 mm, o, = 30 cm.

The solenoid magnetic field in the setup for the beam- The electron beam is stable if the focusing teryF3
beam compensation allows the avoidance of the disruptiom Eq. (3) is stronger than the two defocusing terms that
of the high current electron beam. As shown in Ref. [2],corresponds toB = 1 kG for nonrelativistic electrons.
the electron beam stability in a solenoidal fidldequires The defocusing due to the electron space charge is about
its focusing strength to be more than defocusing due td.5 times stronger than the defocusing due to the pbar
electron and antiproton space-charge defocusing beam; therefore, an approximate scaling law is valid for

~ L11[cm], (6)

064001-2 064001-2



PRST-AB1 ELECTRON BEAM DISTORTIONS IN BEAM-BEAM COMPENSATION SETUP 064001 (1998)

the minimum stabilizing solenoid field The space charge electric field inside the constant
JL2 current densityj = J,/ma? is proportional to the radius
Brin = ——,  ac = 0. (7)  E =2j#/B., and, therefore, the anglé, of the drift

e

For example, doubling the electron current requires onl);Ot"’_‘tion over the time .intervai does not d_ep_end on the
V2 ~ 1.41 more magnetic field strength. radius, = vyt/r = 2jct/B.B. The electric field due to
Figure 2 presents electron trajectories in the= the Gaussiarp beam is not linear; therefore, the rotation

2 T solenoidal magnet while taking into account theangleed is no longer independent of and electrons with

impact of both the electron and antiproton space chargl@lrger r_perform drift rotation on a dlffe_re_nt (smaller)
forces. The electrons are assumed to be brought to ttﬂfgle even though the difference is negl!g|bl_e under the
interaction region adiabatically, i.e., without excitation of parameters we used—see the lower plot in Fig. 2.
their transverse Larmor oscillations with a spatial periodb
of \p = v./w; = Bemc?/eB =~ 3.4 [mm]/B [KG]. The
p bunch length is much longer thaky, and, therefore,
antiprotons repulse electrons adiabatically and do no
excite the Larmor oscillations—one can see no radiué ) . .

That is no longer true if the electron or the antiproton

variations in the top plot of Fig. 2. X
The only effect of the space charge forces is an aziP€am is not round. Roundness of the electron beam can

muthal drift of electrons as it is presented in the lower plolbe assured by using a round cathode in the electron gun
of Fig. 2. One can see that all electron trajectories started
with ay coordinate equal to O, but during the passage time
all of the particles have been rotated while staying on th

1 .
same radii. The drift velocity in the crossed electric and_'" fact, the magnetic forces produced by the electron and
L > > . . antiproton currents produce additional drifts similar to electric
magnetic fields£ and B, respectively, is equal to

ones, but their contributions ag@? and 8, times smaller and,

One can conclude that the interaction with a roynd
unch in the strong magnetic field conserves the axial
symmetry and radial size of the electron beam. Therefore,
e electron beam space charge forces are the same for
ntiprotons at the head and at the tail of fhbunch.

- [E X B] therefore, are negligible. Nevertheless, it will be taken into
Va = C B (8 account in the formulas of Sec. Ill.
e&p@B=2T
TE\ 1.2 B
& r
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FIG. 2. (Color) Electron beam behavior insigebunch at 2 T.
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and by the appropriate choice of the magnetic field in the-¢ planes are shown in the lower left and right plots
transport section of the setup. Oppositely, fhebeam of Fig. 3, respectively. One can see that the electron
roundness can be achieved in very few Tevatron locationgeam becomes a rotated ellipse at the moment when
where vertical and horizontal beta functions are the samthe tail of the antiproton bunch passes through it, while
Bx = B, (vertical and horizontal emittances of 1000 GeVthe head of the bunch sees the originally undisturbed
beams in the Tevatron are approximately eqefdf ~  round electron beam. This might be of concern for two
337 mmmrad). This condition cannot be fulfilled reasons: (i) there appears a “head-tail” interaction in the
a priori. For example, at the present stage we considep bunch via higher than dipole wake fields propagating
the installation of one of the electron lens devices at thén the electron beam, and (ii) in addition to the useful

Tevatron F48 location which is characterized By =  defocusing effect, electric fields of the elliptic electron
101.7 m and B, = 30.9 m, and, consequently, the rms beam produce effective-y coupling of the vertical and
bunch sizes are, = 0.61 mm ando, = 0.31 mm [3]. horizontal betatron oscillations in thiebeam.

Figure 3 shows what happens with a round electron In the following section we analyze the effect and
beam (radiusa, = 0.31 mm) when it interacts with consider ways to reduce the distortion.
elliptical antiproton beam in the 2 T solenoid field. The
ZBEAM code is used for the electric field calculations
and electron tracing. The top left plot shows an ellipse Iil. ANALYSIS OF ELLIPTIC DISTORTIONS
which corresponds tdo of the Gaussiarp bunch and A. Distortion of electron density
a circle of the electron beam cross section uniformly _ o _
filled with electron macroparticles before interaction with We start with the continuity equation for the electron
antiprotons. The top right plot demonstrates traces ofharge density (x,y, z, 1)
the electrons under the impact of the asymmetric electric
field of the antiproton bunch. The resulting macroparticle ap

positions and the shape of the electron beam-in and or - div(p?) =0, )
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FIG. 3. (Color) Narrow electron beam distortion dueptdunch.
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wherev(x, y,z,t) is the velocity of the electrons. Since
the longitudinal component of the velocity is constant

. = B.c and all of the longitudinal scales (such as
the rms antiproton bunch lengtlr, or the electron
beam length) are much longer than transverse scale, one
In the pre-
vious section, we found that the major component ofdistortion:

can neglect the termv/dz(pv,) in (9).

—[x*/203(1+4R)1-[y*/207(1+4/R)]

(1 + qR)2(1 + q/RP?

* e
IGx,y) = fo dq

2R
(1+ R)?"

Now we can see the major features of the resulting
(i) it is absent in the case of roungd

(15)
1(0,0) =

the transverse electron motion is the drift with veloc-beam whernr, = o; (ii) it performs two variations over
ity v; from Eq. (8), while the fast Larmor motion is azimuth 8p « xy = sin(26); (iii) it vanishes with the
negllglble therefore, in the further analysis we considersolenoid fieldB increase or a decrease of the antiproton

v = vd
distribution is axially symmetrico(r = 0) = po(r) and
that the maximum density distortion is small= py +
ép, 6p <K py, in the lowest order one gets from (9)

ap

— +

ar TV

The third term is equal to zero becaudév v, =

Vpo + pdivig = 0. (10)

0. The gradient in the second term i¥py=
27d?po(r?)/d(r?); thus we obtain

. 2¢ dpo(r?)

Vg * VPO - Bz d( 2) [E X B] (11)

Now, if we assume that the unperturbed chargéntensity N;; (iv) most of the distortion takes place

at the radial edge of the electron beam and, since
dpo(r?)/d(r?) = pg™/a2, the wider electron beam gets
smaller density distortions during the interaction.
Finally, the scaling of the maximum distortion strength
is
Sp™  02eN;  0.6[N;/(6 X 10')]

0™ T a2B a2 [mmlB [KG]

and the value of 0.2 comes from the geometrical factor
« xyl(x,y). For example, the distortion is about 3%
for a 1-mm-radius electron beam inBa= 20 kG =2 T

(16)

The electric field of the round electron beam does nosolenoid field. As soon as the elliptic distortion is excited,
contribute to the product above as it is proportional tojit starts the rotation drift in the crossed fields of the
r. Its contribution in our case can be omitted in furtherelectron space charge and the solenoid field. Under
analysis as long as the electron charge density distortiorthe conditions of the Tevatron beam-beam compensation

are small with respect t@q(r).

The major reason for setup, the rotation is small.

For example, one gets that

the density changedp is the antiproton beam space over the time of thep bunch passage2o./c = 2 ns,
charge force. The electric field of the elliptic Gaussianthe angle in the field ofB = 20 kG is about 6, =

relativistic p beam is given by

E = —eNyA(x)VU, (12)

where the linear density of antiprotons is normalized
as [A(z)dz =1, and the two-dimensional interaction

potentialU (x, y) is [6]
ee] 1 _
vt = [ g

o 18?2021 +qR)]-[y*/207(1+4/R)]

JI +gR) (1 + q/R)

>

R=— (13)
Ox
Therefore, after some mathematics, we get
‘ / !/
5”[)“ T ,Be)c} UM(Z)"Z}
2eNp dpo(r?)
B d(?)
xyl(x y) (o7 — 03)
olo? ’
(14)

wherez is now the coordinate inside thebunch and

4jo.a./B.B =~ 0.1 rad < 1. Therefore, one can omit
the factoro, - Vép in Eq. (10).

Figure 4 presents tteBEAM simulations of the constant
density electron beam which is much wider than the
p beama, = 1.5 mm = 2.50,. Opposite to the case
presented in Fig. 3, the electron beam distortions in the
same field ofB = 2 T are now very smal=2%.

The distortion of other than constant electron density
can be calculated analytically with the use of Eq. (14).
For example, the top left plot in Fig. 5 shows lines of
constant density for the electron beam with a density of

1
Po(")=m,

(17)
n =3, a, = o, = 0.61 mm.

Here and below, the andy coordinates are given in
units of ;.

The constant density lines for the Gaussian distribu-
tion in the antiproton beam wittor, = 0.61 mm and
oy = 0.31 mm are presented in the top right plot. The
lower left corner of the figure is for the change of the elec-
tron charge densitg p(x, y) after passage through the an-
tiproton bunch withW, = 6 X 10'° in the magnetic field

For example, z = —» is for the bunch head, and B ='4 kG. With such a small solenoid fielql, the distor-
[*..M(z')dz’ is proportional to the antiproton charge which tion is very larged p™® = 0.25, and the resulting electron

passed through the given part of the electron beam.

064001-5

beam shape = po + 6p is now a rotated ellipse as it is
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FIG. 4. (Color) Wide electron beam distortion due to narveunch.

depicted in the lower right plot. Consequently, the kickscoupling can be corrected in the Tevatron, while there

due to electron space charge fields are very different foare no tools to compensate the spread in the coupling.

the antiprotons in the head and in the tail of the bunch. Therefore, the spread has to be small enough in order not
After consideration of the Tevatron beam-beam tunedo affect thep beam dynamics.

footprint in the presence of the electron lens in Ref. [3], it The tunes of a small amplitude particle can be written

was found that an electron beam 2-3 times wider than thas

p beam size results in a smaller footprint area. That also

helps to reducep. Figure 6 demonstrates the electron , _ [(vx + Avy) + (v + Awy)]

beam distributiorpy according to Eq. (17), but with, = - 2

2.50, = 1.5 mm (see left plot) and the resulting distortion + Ap.) — + Ap.)2

8p (right plot), which is now less than 0.05. + (s ) 7 oy 7y) + |k + Ax|?,
B. Coupling due to distorted electron beam (18)

The electric and magnetic fields of the elliptic electronwhere», andv, are the unperturbed horizontal and ver-
beam lead to effectivex-y coupling of vertical and tical tunes, respectively; in the current Tevatron lattice
horizontal betatron oscillations in thg beam. Since they are 0.585 and 0.575, correspondingly.is a com-
the electron beam is originally round, the head of fhe plex number describing the coupling. For a satisfactory
bunch experiences no coupling force. But, as the electroaperation of the Tevatron collider, the global coupling
density distortion grows asf‘ A(z')dz/, the coupling is corrected down to a value dk| =~ 0.001 [7]. The
grows proportionally. Particles in the head and in theA’s in Eq. (18) represent the changes of these quantities
tail of the bunch change their positions while performingthat arise from the interaction with the electron beam.
synchrotron oscillations; thus an average coupling effecThe interaction is often described in terms of the two-
is half of the maximum coupling spread. The averagealimensional potentialV(x,y); thus the horizontal tune

064001-6 064001-6
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FIG. 5. (Color) Contour plots of the original electron density (top Igitdensity (top right), change of the electron density due to
interaction withp space charge (bottom left), and the resulting electron density.

shift can be found from of the electron beam distribution does not contribute in
2V the coupling.
Av, = _Bx — . (19) Now let us write the electron density distortion in the

4 ox form 8 p(x,y) = xyC(x,y), which emphasizes the product
The coupling shift can be calculated as xy and the rest is a slowly varying function of

W=, 2 ) 2 2 - o2

BBy e 9*V 2eN; d I(x,y)(o; — ay)
Ak = VBB . (20) Clr,y) = 2Xp dpolr) Y (22)
41 dxdy B d(r?) olo?

In the case of the almost round electron beam with The effective 2D skew potential can be found as a
small elliptic distortion, one can writ€(x,y) = Vo(r) +  solution of the following equation:
Vskew(xy). The potentialVy(r) and corresponding tune

shift for a round, constant density electron beam with total AVgew = —4mdp i . (23)
current/, and total length. are equal to Vp
(U + B)lLrs That is approximately equal to
Volr) = r2 2= s .
e,Becae)/,-, (21) Vskew = 6__ C(x, y)’” Xy . (24)
B, 2(1 + Bo)J.Lry Yp
Av, = T an W . The magnitude of the coupling coefficient can be found
cChep with the use of Eq. (20)
Here r; = 1.53 X 10~'® m is the (anti)proton classical BB rs
radius, and the relativistic antiproton factoryis ~ 1000. k| =~ %(C(x, y)r2). (25)
For example, having parameters of experimdpt= Yp
I1.5A B.=02, L=20m, B, =100m, and a, = The brackets(---) denote averaging over antiproton
1 mm, one getd\v, = —0.0091. The axisymmetric part betatron oscillations. Now one can estimate the maximum

064001-7 064001-7



PRST-AB 1 VLADIMIR SHILTSEV AND ALEXANDER ZINCHENKO 064001 (1998)

-3. O S Y BH—T— T T T T T T T T
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 3.0 -25 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0 25 3.0

X X

FIG. 6. (Color) Wider electron beam (left) and its distortion (right).

coupling spread using Egs. (16) and (19)—(23) togetheis about(S(x, y))™ =~ 0.55M(x, y); i.e., 0.35 fora, =

with the approximate relatio, = 38, lo, and 0.065 fora, = 2.50,. Now, with a solenoid

oN- field of B = 2 T, one gets the maximum coupling spread
k| = |Avy| —=—2—(S(x,y)) || = 4 x 10~* for the thin electron beam ar®ix 10~°
2302B for the wider electron beam. Both of these values are
0.84[N,/(6 X 10'%)] rather small with respect to the Tevatron global coupling
~ 2 [mmB [KG] (SCx,y))- (26)  correction goal of about 0.001.
Figure 7 shows the numerical facté¢x, y) for the two
electron distributions satisfying Eq. (17) with, — o, IV. CONCLUSION

(left plot) and another witla, = 2.50, (right plot). The We have considered distortions of the electron beam

maximum value of this factor a§™(x,y) = 0.7 for the  in the beam-beam compensation setup. A rather low
slender electron beam and 0.13 for the wider electrotongitudinal field of about 1 kG can prevent the beam
beam takes place at amplitudes of about the electron beabtowup due to defocusing electron and antiproton space
size. The coupling vanishes for small betatron amplitudeharge forces. A much higher solenoid field of about
particles and at very large amplitudes. The effect i2 T is necessary to have the electron charge distribution
larger in the plane of the longer antiproton ellipse axisdistortions within a few percent with respect to the

(horizontal in our case). original axisymmetric distribution. The need comes from
Let us assume a numerical example with the sama requirement to contribute much lessy coupling
parameters we used abover~= 0.6l mm, N, = than other sources in the Tevatron collider ring and do

6 X 10'° Ay, = 0.01. The maximum numerical factor not introduce significant spread of the coupling in the

| U s S D s S m——— T -3 T T T T T T T T T T T
30 -25 -20 -15 -1.0 -05 00 05 10 15 20 25 3.0 300 25 -200 -50 -100 -050 000 050 100 150 200 250 300
X X

FIG. 7. (Color) The coupling functionS(x, y) for antiproton betatron oscillations with thin (left) and wide electron beams (right).
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