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Abstract

The beam-beam interaction in the Tevatron collider sets
limits on bunch intensity and luminosity. These limits are
caused by a tune spread in each bunch which is mostly due
to head-on collisions, but there is also a bunch-to-bunch
tune spread due to parasitic collisions in multibunch oper-
ation. We propose to compensate these effects with use of
a countertraveling electron beam, and present general con-
siderations and physics limitations of this technique.

1 INTRODUCTION

The two planned upgrades (Run II and TEV33) of the pp̄
Tevatron collider [1] will give higher luminosity and will
also have enhanced beam-beam effects. An increase of the
betatron tune spread will come not only from head-on col-
lisions of the bunches at the Interaction Points (IP), but also
from parasitic long range beam-beam interactions resulting
in bunch-to-bunch variation of betatron tunes, the latter be-
ing enhanced by the presence of injection gaps in the Teva-
tron bunch train (Pacman effect).

During Run II with 36 bunches in each beam the bunch-
to-bunch spread is expected to be about ∆ν ≈ 0.007,
while the single bunch tune spread will be about ∆ν ≈
0.018. In the TEV33 upgrade the tune spread within each
bunch and the bunch-to-bunch tune spread are both about
0.008. These values are about the maximum experimen-
tally achieved value for proton colliders ∆ν ≈ 0.025.

The betatron tune shift and tune spread, if they could be
arbitrary controlled, are believed to provide valuable knobs
for improving beam lifetime and ultimately for maximiz-
ing collider performance. Compensation of the beam-beam
effects only for antiprotons is sufficient since the proton
bunch population is significantly higher than the antiproton
bunch population.

The beam-beam compensation techniques based on the
use of intense electron beams have been proposed [2, 3] and
are under development now [4, 5, 6, 7]. The present paper
reviews the current status of these investigations.

2 LINEAR “ELECTRON LENS”

The tunes of individual bunches in the p̄ beam can be cor-
rected if an additional linear focusing is applied to each
bunch individually. This focusing can be provided by the
field of a wide electron beam (“electron lens”, see Figure
1) with the current varying from bunch to bunch [3]. The
electron beam must allow a 100% change of current in the
132 ns time between bunches in order to provide indepen-
dent influence on different bunches.
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Figure 1: A possible layout of the “electron lens”.

For a round, constant density electron beam with to-
tal current Je, radius a, interacting with antiprotons over
length L, the tune shifts are

ξe
⊥ = −β⊥

2π

(1 + βe)Lrp

γp̄ e βe c

Je

a2
.

For example a beam with Je ≈ 1.65 A, L = 2 m, a =
1 mm, energy 10 kV (βe = 0.2) gives ξe

⊥ ≈ −0.01 in the
Tevatron with γp̄ ≈ 1066 and beta function β⊥ = 100 m.
The electron lens should be installed in a place where a) the
electron beam does not interact with the proton beam; b)
the beta-functions β⊥ are high enough so the electron cur-
rent density je = Je/(πa2) is reasonable; and c) the disper-
sion function is small enough. Two electron lenses installed
in locations with different βx/βy are needed to compensate
the x and y bunch-to-bunch tune spreads independently (see
Figure 2). An example of linear compensation is shown in
Figure 3.

The required tune shift defines the electron beam den-
sity while the length L is defined by the space available in
the Tevatron. The electron beam radius a is approximately
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Figure 2: Tevatron layout with two “electron lenses”.
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Figure 3: Initial (widely spread points) and resulting p̄
bunch tune shifts (core particles only) with 10% error in the
compensation.

2–3 times the p̄ beam size. For the electron beam energy
the lowest possible value should be chosen provided that a)
the current production is not limited by a gun; and b) the
electron beam can renew faster than the p̄-bunch spacing
(132 ns).

The gun current is Je = P · U
3/2
a where Ua is the an-

ode voltage and P is the perveance that is typically ≈ 2 ·
10−6 A/V3/2 for a diode gun. However, it can be made sev-
eral times higher for a specially designed gun, such as a con-
vex cathode immersed in a magnetic field [9]. Relying on
a gun with perveance (4 – 5) · 10−6 A/V3/2, the following
optimized parameters of the electron beam can be deduced:
the energy 10 kV (βe = 0.2), Je ≈ 1.65 A, L = 2 m, ra-
dius a = 1 mm. Such a beam will achieve a maximum tune
shift of ξe

⊥ ≈ −0.01 in the Tevatron.
To decrease the current density in the gun to what is

achievable for an oxide cathode, one needs to use adiabatic
magnetic compression, in which the beam is produced on
the cathode with a larger radius ac in a weak field Bc and
then follows the magnetic lines to the region of stronger
field B. For an electron lens with cathode current density
2 A/cm2 and cathode radius ac = 5 mm, one gets the ratio
B/Bc ≡ a2

c/a2 to be about 25.
An experimental installation has demonstrated feasibil-

ity of the electron lens. The set-up will serve as a proto-
type of the device that can later be inserted into the Teva-
tron ring. The test facility and results of its commissioning
are described in detail in [8].

3 NONLINEAR COMPENSATION:
“ELECTRON COMPRESSOR”

The head-on collision of proton and antiproton bunches at
the interaction point changes the betatron frequency of the
on axis p̄ by ∆νz(0, 0) = +ξp where ξp ≡ Nprp/4πεn

is the so called beam-beam parameter. Np is the pro-
ton bunch population, rp is the proton classical radius and
εn is the normalized transverse emittance of the proton

bunch. Assuming the charge density ρ of the proton bunch
is Gaussian-like, the focusing force of the equivalent lens is
a nonlinear function of the transverse displacement.

Due to the nonlinear focusing by the p beam the beta-
tron frequencies in the p̄ bunch are different for particles
with different betatron amplitudes (X, Y ) as shown in Fig-
ure 4. For the RunII and TEV33 upgrades of the Tevatron
the spread of betatron frequencies (so called “footprint”) of
the p̄ beam is ∆νp̄ ≈ 0.02. This is big enough to cause an
increase of particle losses due to higher order lattice reso-
nances.

Compensation of this beam-beam induced betatron tune
spread within the p̄ bunch can be accomplished by an elec-
tron beam with an appropriate charge distribution [2]. The
nonlinear focusing of antiprotons by the proton beam is
compensated if a) the electron transverse charge distribu-
tion ρe(r) is the same as the proton beam ρp(r) (but scaled
with r); b) the p̄ beam distributionat the “electron compres-
sor” is the same as at the IP (but scaled with r and with zero
dispersion); and c) the number of electrons on the path of
the p̄ beam (for a single IP) is Ne = Np/(1 + βe). For ex-
ample Ne ≈ 4.5 · 1011 (or Je = 2.2A) with βe = 0.2 and
L = 2 m for TEV33.

The electron bunch should have a Gaussian transverse
distribution in the ideal case, in which the proton bunch has
a Gaussian distribution. However, more realistic and practi-
cally more easily achievable distributions can give as good
a result as the Gaussian case [2]. For example the electron
beam density ∝ 1/(1 + (r/σ)8) was used for the footprint
compression simulations presented in Figure 4.

The condition to cancel just the nonlinear tune shift is not
the only condition to satisfy for the antiproton dynamics to
be improved. An important issue to be considered is a dif-
ference of the proton bunch length and the electron beam
length expressed in terms of betatron phase advance. Pur-
suing nonlinear compensation is based on the idea of adding
a single thin nonlinear lens to an arbitrary nonlinear lattice
in such a way that the particle motion in the modified struc-
ture would become resonance-free, though nonlinear, and
at the same time the beam of particles would have a zero
footprint [7].

Although theoretical studies of both nonlinear and linear
compensation are under way, the first stage of experimen-
tal activities at Fermilab is devoted to linear compensation
studies.

4 PARASITIC EFFECTS

Detailed studies of possible harmful effects produced by the
electron lens have shown that all such effects can be made
tolerable by a proper choice of the electron beam parame-
ters. The most important issues are briefly described below.

Head tail in the p̄ beam due to the electron beam [5].
An off center collision of the p̄ bunch with the electron
beam results in a drift of the electrons in crossed magnetic
and electrical fields, such that, while the head of the p̄ bunch
sees a vertical field, the tail will also see a horizontal one.
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Figure 4: Betatron frequencies (tunes) in the p̄ bunch for
particles with different betatron amplitudes (X, Y ). The
head-on collision case (large leaf) and the case with com-
pensation by the electron beam (small leaf, displaced for
clarity) [2] are shown. Tune shift is in units of ξp, betatron
amplitude is in units of the bunch transverse size σ.

Taking into account that the head and the tail exchange their
position due to synchrotron motion, one can see that as a re-
sult of such a skew interaction the horizontal betatron mo-
tion, the vertical betatron motion and the synchrotron mo-
tion become coupled resulting in the so called Transverse
Mode Coupling Instability (TMCI).

The threshold of this TMCI was found to be inversely
proportional to the magnetic field B in the “electron lens”.
Under the design parameters the minimum magnetic
field that will keep the p̄ beam stable is B >∼ 17.5 kG.
The instability is additionally suppressed if the electron
beam radius is larger than the p̄ beam size. The threshold
magnetic field scales approximately as ∝ ξe

⊥/a2.

Electron beam distortion by elliptical p̄ beam [4]. If
the set-up is located at a place with unequal beta-functions
βx 6= βy, then axial symmetry is not conserved. The elec-
tron beam becomes a rotated ellipse at the moment the tail
of the antiproton bunch passes through it, while the head
of the bunch sees the original undisturbed round electron
beam. The electric fields of the distorted electron beam pro-
duce x− y coupling of vertical and horizontal betatron os-
cillations in the p̄ beam.

The choice of magnetic field can decrease the coupling
to an acceptable value. If B = 2T, the maximum coupling
spread is well below the typical residual coupling in the
Tevatron (about 0.001). This effect is also additionally
suppressed if the electron beam size is larger than the
antiproton beam size.

p̄ emittance growth due to variations of the electron
beam [3]. Fluctuations of the electron current ∆Je/Je

from turn to turn cause time variable quadrupole kicks
which lead to a transverse emittance growth of the antipro-
ton bunches. The emittance growth time τ (defined as

1/τ = 1/ε·dε/dt) is more than 10 hours (which is assumed
to be tolerable) if the peak-to-peak current fluctuations are
smaller than ∆Je/Je ≈ 1.8 · 10−3.

Transverse motion of the electron beam results in dipole
kicks and coherent betatron oscillations of the antiprotons.
After some decoherence time they will result in emittance
growth of the antiprotons. The emittance growth time is
more than 10 hours if δX ≤ 0.14 µm.

Deviations of the solenoidal magnetic field ~B from a
straight line will cause off-center collisions of the antipro-
ton and electron beams. In the case of the non-linear elec-
tron lens this may cause unwanted non-linear components
of the space charge forces. The effect is small if ∆B⊥/B <∼
10−4.

All these conditions are believed to be achievable.

Residual ions in the electron beam. Ionization of
residual gas by electrons produces ions which could be-
come trapped in the potential well of the electron beam. For
typical parameters the “time of neutralization” is a fraction
of a second. Nevertheless the ions should be removed be-
cause they a) change the charge density, i.e. spoil beam-
beam compensation; and b) may result in a two beam drift
instability.

The residual ions will be cleaned from the electron beam.
Special cleaning electrodes together with a high vacuum (of
the order of 3 · 10−9 Torr), will ensure that the neutraliza-
tion time is sufficiently longer than the lifetime of ions in
the electron beam. An acceptable amount of residual ions
in the electron beam is about half a percent.

5 CONCLUSION

Beam-beam compensation with an electron beam looks
very promising. It provides additional powerful “knobs” to
control beam dynamics in the Tevatron collider. No severe
requirements on the electron beam were found for the sug-
gested device. We believe that realization of the idea will
give benefits for the Tevatron. Experimental studies of the
electron lens prototype are under way.
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