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Abstract

Cormpensation of beam-beam effects in the Tevatron with
elecctron beams has been recently suggested to improve the
colBider performance [1, 2). The method implies that an an-
tiprroton beam propagates through a countertraveling low-
enemgy high-current electron beam (“electron lens™). An
imppact of the negative electron space charge can reduce be-
tatreon tune spread within antiproton bunch and a bunch-to-
bumch tune spread — the effects due to collision with in-
tenssive proton beam responsible for reduction of the beam
lifettime and luminosity. A prototype device for the beam-
beasm compensation in the Tevatron has been commissioned
at Feermilab. We describe basic principles of the beam-beam
comapensation, represent the experimental sét-up and report
reswidts of the first tests of the electron beam.

1 INTRODUCTION

The: two planned upgrades (Run II and TEV33) of the pp
Tevaatron collider [3] will give higher luminosity and will
alsohave enhanced beam-beam effects (see Table I). An in-
creasse of the betatron tune spread will come not only from
headi-on collisions of the bunches at the Interaction Points
(IP),. but also from parasitic long range beam-beam inter-
actions resulting in bunch-to-bunch variation of betatron
tuness, the latter being enhanced by the presence of injection
gaps: in the Tevatron bunch train (Pacman effect). For ex-
amplie, the larger circles in Fig.1 from [3] shows the spread
in veartical and horizontal tunes for small betatron amplitude
particcles (core) in all 5 bunches for TEV33 with 140 proton
and 121I antiproton colliding bunches. In the same Figure,
the samnaller circles represent the tunes of non-zero ampli-
tude particles in three of the  bunches. One can see that
the twne spread within each bunch and the bunch-to-bunch
tune spread are both about 0.008.

Duaring Run II with 36 bunches in each beam the bunch-
to-bwmnch spread is expected to be about Ay =~ 0.007,
while the single bunch tune spread will be about Av =
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 Av ~ 0.025.

The betatron tune shift and tune spread, if they could be
arbitrary controlled, are believed to provide valuable knobs
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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 populationin the Tevatron.

The beam-beam compensation techniques based on the
use of intense electron beams have been proposed [1, 2]
and are under development now {4]-[11]. Realization of the
beam-beam compensation technique can not only give ad-
ditional flexibility in choosing the collider parameters and
improving its luminosity and lifetime, but it also can be
used as a tool to study the beam-beam effects (e.g. Pacman)
in order to gain a new knowledge applicable to the LHC or
other future colliders.

2 LINEAR “ELECTRON LENS”

The tunes of individual bunches in the 5 beamn 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
2) with the current varying from bunch to bunch [2). The
electron beam must allow a 100% change of current in the
132 ns time between bunches in order to provide indepen-
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Figure 1: Tune spread in the p beam for the TEV33 Teva-
tron upgrade [3). Large circles are for tunes of core parti-

cles in 121 antiproton bunches. Small circles are tunes of
non-zero betatron amplitude particles in some bunches.
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Table 1: Parameters of the planned Tevatron upgrades

Parameter Run Ib (1993-95) RunIl TEV33
Beam energy E,, GeV 9200 1000 1000
Luminosity L,s7tem—2 1.6-1031 2.1-1032 1.2.10%3
No. of bunches (p,5) N, 6,6 36,36 140,121
Min. bunch spacing 7, ns ~3500 396 132
Protons/Bunch N, /1011 23 27 2.7
Antiprotons/Bunch ~ N;/10%! 0.55 0.75 0.6
p-emittance rms Enp, wpmM-rad 3.8 33 33
p-emittance rms Enp, Tm-rad 22 25 25
Number of IPs Nip 2 2 2
Interaction focus B, cm 35 37 37
Crossing half-angle  6;p, mrad 0 0 0.14
Bunch length Os, CM 60 37 37—14
p-tune shift Avy; ~0.020 ~0.015
p-tune shift Ay, 0.005 0.007
P bunch to bunch

tune spread dvp 0.007 0.010

pensation error (see circles in the lower left comer). Such

- oun § °°”°°'° an error may be due to current mismatch, inadequate beam-

82 kG i Py ! g g Be< 1kG bearfx model or imprecision of the single bunch Fune diag-

7 ‘ % B=50 kG, L=2 m v j nostics. Without errors the result of compensation would

: look like a point in Fig.5. '
R — — -— The electron beam parameters are determined by the fol-
p-bars lowing constraints. The required tune shift defimes the elec-

Figure 2: A possible layout of the “electron lens”.

dent influence on different bunches.

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

_BL(+B)Lry Je
2 vysefec a?’

£l = ¢Y)
For exampie a beam with Jo = 165A, L = 2m,a =
1 mm, energy 10kV (8, = 0.2) gives £ =~ —0.01 in the
Tevatron with 45 = 1066 and beta function 5, = 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 3, are high enough so the electron cur-
rent density j. = J./(ma?) is reasonable; and c) the disper-
sion function is small enough. Two electron lenses installed
inlocations with different 3, /3, are needed to compensate
the z and y bunch-to-bunchtune spreads independently (see
Figure 3). .

The currents of two electron lenses versus time ¢ for the
TEV33 operation scenario with 140 p bunches and 121 p
bunches are shown in Fig.4. The patterns of these currents
have to be repeated periodically with the Tevatron revolu-
tion period (about 21 us). Fig.5 shows the initial 121 bunch
tunes and the resulting bunch tunes assuming a 10% com-
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tron beam density while the length L is defined by the space
available in the Tevatron. The electron beam radius a is
approximately 2-3 times the p 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 fastex than the p-
bunch spacing (132 ns).

The gun current is J. = P - U3/2 where U, is the an-
ode voltage and P is the perveance that is typically =~ 2 -

B,<B,~ 100m
e-lens 1

cullector

" BO
P*=035m

solenoid

B<B ~100m

c-gun

Figure 3: Tevatron layout with two “electrom lenses”.

LHC99 Beam-beasn Workshop



10~ 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 [12]. Relying on
a gun with perveance (4 ~5) - 10~ A/V3/2, the following
optimized parameters of the electron beam can be deduced:
the energy 10kV (8. = 0.2), J. = 1.65A, L = 2 m, ra-
dius a = 1 mm. Such a beam will achieve a maximum tune
shiftof £ ~ —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 a. in a weak field B, and
then follows the magnetic lines to the region of stronger
field B. For an electron lens with cathode current density
2 A/cm? and cathode radius a. = 5 mm, one gets the ratio
B/B. = a?/a? to be about 25.

An experimental installation which should demonstrate
feasibility of the electron lens has been commissioned at
Fermilab. The set-up will serve as a prototype of the device
that can later be inserted into the Tevatron ring. The test fa-
cility and results of its commnissioning are outlined below in
this paper and are also described in detail in [8)-[10].

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 ji by Av,(0,0) = +£P where €2 = Nprp/4me,,.
is the so called beam-beam parameter. N, is the pro-
ton bunch population, 7, is the proton classical radius and
€n is the normalized transverse emittance of the proton
bunch. Assuming the charge density p 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 $ bunch are different for particles
with different betatron amplitudes (X, Y') as shown in Fig-
ure 6. For the Runll and TEV33 upgrades of the Tevatron
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Figure 4. Currents'in the two electron lenses to compensate
the bunch-to-bunch tune spread in the 140x121 bunches
scenario.
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Figure 5: Initial (widely spread points) and resulting p
bunch tune shifts (core particles only) with 10% error in the
compensation.

the spread of betatron frequencies (so called “footprint”) of
the § beam is Ay & 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 p bunch can be accomplished by an elec-
tron beam with an appropriate charge distribution [1]. The
nonlinear focusing of antiprotons by the proton beam is
compensated if a) the electron transverse charge distribu-
tion p,(r) is the same as the proton beam p,,(r) (but scaled
withr); b) the p beam distribution at 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 p beam (for a single IP) is N, = N, /(1 + f.). For ex-
ample N, =~ 4.5- 10! (or J. = 2.2A) with 8. = 0.2 and
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Figure 6: Betatron frequencies (tunes) in the p 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) [1] are shown. Tune shift is in units of £7, betatron
amplitude is in units of the bunch transverse size o.
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L =2 m for TEV33.

The electron bunch should have a Gaussian transverse
distributionin 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 [1]. For example the electron
beam density oc 1/(1 + (r/o)B) was used for the footprint
compression simulations presented in Figure 6.

Cancelation of just the nonlinear tune shift is not the
only condition to improve the antiproton dynamics. An im-
portant issue to be considered is a difference of the pro-
ton bunch length and the electron beam length expressed in
terms of betatron phase advance. Pursuing nonlinear com-
pensation is based on the idea of adding a single thin non-
linear lens to an arbitrary nonlinear lattice in such a way that
the particle motion in the modified structure wotlld 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 § beam due to the electron beam [5].
An off center collision of the § bunch with the electron
beam results in a drift of the electrons in crossed magnetic
and electric fields, such that, while the head of the $ bunch
sees a vertical field, the tail will also see a horizontal one.
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 $ beam stable is B 2 17.5 kG.
The instability is additionally suppressed if the electron
beam radius is larger than the p beam size. The threshold
magnetic field scales approximately as o £5 /a®.

Electron beam distortion by elliptical 5 beam [4]. If
the set-up is located at a place with unequal beta-functions
Bz # Oy, 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 z — y coupling of vertical and horizontal betatron os-
cillations in the p beam.
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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.

P emittance growth due to variations of the electron
beam [2]. Fluctuations of the electron current AJ./J,
from turn to tum cause time variable quadrupole kicks
which lead to a transverse emittance growth of the antipro-
ton bunches. The emittance growth time T (defined as
1/7 = 1/e-de/dt) is more than 10 hours (which is assured
to be tolerable) if the peak-to-peak current fluctuations are
smaller than AJ,/J. =~ 1.8-1073.

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 hoursif 86X < 0.14 um.

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 effectis smallif AB, /B <
10-4.

These conditions are believed to be achievable.

Residual jons 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 beamn-
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~° 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 PELECTRON LENS” PROTOTYPE

An experimental R&D program on beam-beam compensa-
tion was started at FNAL Beams Division early in 1998.
The “electron lens” prototype has been designed, fabri-
cated, assembled in the Linac Lab and commissioned in
December 1998. The goal of the set-up is to study feasi-
bility and properties of the electron beam required for the
beam-beam compensation. Currently, these studies are un-
der way. The scheme of the set-up (in present configura-
tion) is shown in Fig.7 and Fig.8. Table 2 shows the Teva-
tron “electron lens” (TEL) design parameters and parame-
ters of the prototype set-up operation to date.

LHC99 Beam-beam Workshop



J /—3/—5 /e

: L L1 o L e .»

Figure 7: Schemne of the prototype of the beam-beam compensation device. 1-electron gun, 2~ collector, 3—4kG solenoid
with 16 pairs off dipole corrector coils, 4— gun and collector solenoids, 5— vacuum pipe, 6 current input/output for main
solenoid, 7- adgustable supports, 8— assembly table.

Figure 8: Prototype of the Tevatron beam-beam compensation device (“electron lens”). From left to right: modulator(not
seen), short sobenoid with electron gun inside, vacuum pump connection, long 4 kG solenoid, short solenoid with collector.
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Table 2: Parameters of the “Tevatron Electron Lens” and of

its prototype.

Parameter units TEL Prototype
Effective length, m 20 1.96
Electron current,max, A 22 3.05
Electron energy, max kV 5-10 64
CW modulation time, us 0.4(0.13) 0.5
Solenoid field, kG 50 4
Electron current A/mm? 0.65 0.18
density,max, -

Beam deviationyms  mm 0.1 0.07
Configuration 2bends  straight

Beam shape control yes yes

Major components and systems of the “electron lens”
prototype are: electron gun, electron collector, modulator,
power supplies, magnetic system, vacuum system, control
system. Electrons are thermaily emitted from a cathode of
the gun and extracted toward the positive potential of an an-
ode U, (see scheme in Fig.9). Then they propagate through
some 2 m long beam pipe which is under potential U, (usu-
ally, U, = U,). Finally, electron beam is absorbed in a col-
lector at a smaller potential U, < U,. Focusing of the elec-
tron beam is provided by the strong longitudinal magnetic
fields (of the order of few kG all along the set-up).

The high perveance electron gun is made in accordance
with a novel approach proposed in [12] based on use of a
convex cathode (see Fig.10). A 10 mm diameter 45° con-

vex cathode of the gun is immersed in 0.7-2 kG longitudi-

nal magnetic field. Special shape of the cathode and of the
control electrode provides a uniform current density profile,
low transverse beam temperature and high perveance (these
conditions can not be met in a standard Pierce geometry
with a planar cathode). Fig.11 shows the maximum electron
current J, vs voltage between the anode and the cathode of
the gun U,. Numerical simulations of the gun yielded the
perveance P = 4.9 - 1075 A/V3/2, while measurements
give a somewhat larger value of P = 5.85 . 107% 4/V3/2,
The excessive perveance is probably explained by imper-
fect alignment of the cathode.

The electron collector (Fig.13) is able to absorb about 5-
10 kW of electron beam power on its water cooled walls.
In contrast with typical designs, this collector has no addi-
tional electrodes for repelling secondary electrons. These

penerator
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Figure 9: Electrical scheme of the “electron lens” proto-
type.
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Figure 10: Electron gun.

electrons are captured due to rapid decreasse of the mag-
netic field in the collector entrance. Typicak relative losses
of electrons are about 5 - 10~4, minimum 1@~4.

The electron beam current profile measuresments are pos-
sible by using a profile analyzer (see Fig.®4) installed in
the collector. The backplate of the collector thas a tiny hole
0.2 mm in diameter and an additional Farastay cup behind
it to measure the current which goes throughh the hole. This
current is a measure of the electron beam earrent density.
Dipole correctors allow movement of the -electron beam
across the hole and a measurement of the ecurrent profile.
This analyzer can also be used to measure tthe temperature
of the beam.

The control electrode of the gun can be wsed to vary the
current density distribution. Fig.12 demonssrates an exam-
ple of "bell-like” shape of the current denssity distribution
obtained by applying a negative voltage to thae control elec-
trode. In this case the totai current is reduced by about 30%
from 0.22 A t00.16 A when the control elexctrode is under
negative HV.

The magnetic system of the “electron kens” prototype

1_collector (mA)

0 T f———

0 1000 2000 3000 4000 5000 6000
anode (V)

Figure 11: Current in the collector vs zanode voltage.
Smooth line represents a fit accordingly to Child’s law with
microperveance of uP = 5.85.
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Frigure 12: Vertical beam scan: analyzer current vs beam
cdeflection in main solenoid.

consists of the main solenoid (1.96 m long, 4 kG maximum
ffield) and of two solenoids (50 cm long, 4 kG maximum
ffield) that produce longitudinal magnetic fields in the gun
aand collector. Since low energy electrons in a strong mag-
metic field just follow the magnetic field lines, the straight-
mess of magnetic field is essential for the beam-beam com-
pensation to work properly. One of the goals of the proto-
ttype is to get a straight electron beam in the main solenoid
wiith a deviation less than 0.1 mm rms. Precise coil fabri-

ccation and winding together with field correction by 4 pairs -

®f 50 cm long and 12 pairs of 12 cm long dipole corrector
ootils installed atop the main solenoid in both planes allowed
tto acheive the necessary field quality.

A calculation of the electron beam trajectory correspond-
ting to the measured magnetic field is shown in Figure 15.
The rms trajectory displacement over 80% of the length of
tthe main solenoid was foundtobe 6, = 0.05mmand o, =
©.04 mm, which satisfies the requirements for the “electron
Hens”. Use of corrector coils allows about 10 times field

Waler cooled colecior

Figure 13: Electron collector.
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Figure 14: Beam profile and temperature analyzer.

quality improvement. These results suggest that the same
field quality in the full scale beam-beam compensation de-
vice can be achieved with a few dipole correctors at the ends
of the main 5 T solenoid.

A linear “electron lens” will be used to compensate
the bunch-to-bunch tune spread in the Tevatron antiproton
beam. The minimum bunch spacing in the Tevatron is 396
ns in Run II and 132 ns in the TEV33 upgrade of the col-
lider. A straightforward way to get needed CW modulation
of the current is to vary the anode voltage U, (t).

The anode is modulated using a grid driven, 25 kW
tetrode. Fig.16 shows 1 MHz modulation of the anode volt-
age (1.5 kV peak-to-peak, 3 kV maximum)- see lower line,
and the total electron current ( 0.43 A peak-to-peak, 0.7 A
maximum) - see upper line. Future upgrades to the mod-
ulator will allow a greater degree of anode modulation at
higher frequencies. A new all solid-state modulator, utiliz-
ing MOSFET technology, is also under development [10).

Our future plans at the “electron lens” prototype include
studies of the collector efficiency vs the set-up parame-
ters, electron beam profile measurements with a thin wire in
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Figure 15: Simulation of the electron beam displacement
without (stars and circles) and with correction by dipole
coils in the measured solenoid field.
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Figure 16: Current modulation in the “electron lens” pro-
totype with frequency 1 MHz. Upper line - current in the
collector 0.2 A/div (0.43 A peak-to-peak), lower line - an-
ode voltage 1 kV/div (1.5 KV peak-to-peak).

main solenoid, and installation of diagnostic tools to control
the amount of ions and secondary electrons in the system.
A new (smaller size) electron gun and collector are under
consideration.

Design of the full scale “electron lens” is going in parallel
with studies of the prototype. Fabrication of the full scale
device will start in the second half of this year and first tests
under beam in the Tevatron are expected to happen to the
end of 2000.
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7 CONCLUSION

Beam-beam compensation with an electron beam provides
additional useful “knobs” to control beam dynamics in the
Tevatron collider. It can also be used to study beam-beam
effects relevant for the LHC and other future colliders. Ex-
perimental studies at the electron lens prototype and design
of the first full scale “Tevatron electron lens” are under way.
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