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Abstract

Head-on and long-range induced tunespread of about
0.025 in the Tevatron collider at Run Il (together with the
increased strength of the resonances) can significantly de-
teriorate the p lifetime and the collider luminosity. It was
proposed to employ the so-called Tevatron Electron Lenses
(TEL) to compress the beam-beam footprint and eliminate
completely the bunch-to-bunch tunespread (PACMAN ef-
fect) for small amplitude particles. The first lens has been
recently installed and tested [1]. This report presents re-
sults of analytical studies and tracking simulations of the
linear beam-beam compensation (elimination of the bunch-
to-bunch tune variation). Compression of the beam-beam
footprint (nonlinear compensation) isdiscussed in [2].

1 INTRODUCTION

During RUN Il with 36 bunchesin each beam, the bunch-
to-bunch tune spread will be about v =~ 0.007, while
the single bunch tune spread will be about Av ~ 0.018
(see Fig.1). The main problem occurs with thefirst and the
last bunches in the 3 identical trains of 12 bunches each.
Tunes of bunches #1 and #12 are shifted down and left, re-
spectively, compared to all other bunches, that results in
their lifetime deterioration (so-called PACMAN effect). An
electron lens, consisting of low energy, high current elec-
tron beam colliding with antiprotons, can induce atuneshift
of the antiproton bunches. The electron beam current is
modulated, so each antiproton bunch collides with the dif-
ferent electron beam density. With appropriate choice of
parameters two such lenses could provide effective com-
pensation of the bunch-to-bunch tunespread.

2 NUMERICAL SIMULATIONS

2.1 Smulation Goals

The main goal of our simulationsis to demonstrate the
possibility of using TEL for eliminatingthe bunch-to-bunch
tune spread. We studied how the TEL affects the nonlinear
beam dynamics and what general conditions(e-beam radius
and profile, misalignment, stability, etc.) must be satisfied
in order to keep p-beam stable. We assume here that these
conditions should be more or less general, that is do not de-
pend very much on the working point (if it is chosen prop-
erly, of course).

We started with a small betatron tune scan around some
working point. The tune variations were about the bunch-
to-bunch spread, and the goa was to find some “good” and
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Figure 1: Tunesfor the particleswith the different betatron
amplitudes, for different bunchesin thetrain. The bare lat-
ticetunesare (20.585, 20.575). Resonances upto 12th order
are shown.

“bad” working points within this area. Then, we applied
the TEL in the “bad” working point in order to shift it to
the“good” one and to see the positive effect. After that we
varied different TEL parameters and applied some pertur-
bations to see how they affect the resulting p distribution.
Comparison with the natural “good” working point give us
importantinformation how the TEL itself introducespertur-
bations (linear and non-linear) to the p-beam.

2.2 Choice of the Working Point

As the analytical study [3] shows, the standard Teva
tron working point (20.586, 20.576) is not a good one due
to the proximity of 5th and 12th order resonances (see
Fig.1), and we decided to look at the vicinity of the point
(20.566, 20.556) surrounded by resonances of higher or-
der (7th). Then, we tried to find such a pair of the “bad”
and “good” points that the “bad” one could be shifted to
the “good” with only one TEL of two, to simplify the fur-
ther studies. We found, after a small tune scan, the pair
of (20.566, 20.556) and (20.556, 20.546) points, which re-
quiresonly TEL 2 located at FO (as planned initially), where
the beta-functions are approximately equal. Now the other
locationischosenfor TEL2, with 3, < 3, whileg, > 3,
at TEL1. Besides the better operation conditions for the
tune shifts, using two TELs with unequal beta-functions
strongly reduces excitation of couplingresonancesby TELS
themselves [3], so the present results can be regarded as a
conservative estimate of the effect.
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It should be noticed that some parameters, such as ampli-
tudes of the noise, were intentionally chosen large in order
to obtain visible effects of -bunch degradation during lim-
ited simulation time (1 minute of the Tevatron real time).
However, we believe that proper scaling of the obtained
emittance growth rates and particlelossrates can give more
or less redlistic estimates of the most important effects rel-
evant to the interaction between the TEL and p, p-beams.
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Figure 2: Distributionof the p-beam inthe plane of normal-
ized betatron amplitudes after (1,2,3,4) x3 - 10° turns.

An example of simulation resultsis presented in Fig. 2,
where the contour plots of p distributionin (A4, A,) plane
are shown. The distance between successive contour lines
is/e. Each step correspondsto 3 - 10° turns, 3000 particles
were tracked. The data gathered are averaged over al the
particles, al theturns, thatis 9 - 10® particle-turnsfor each
step. The last column presents the effect of TEL, which is
applied in the “bad” working point and shiftsit toward the
“good”’ one. We chose here very big radius of the electron
beam (3 mm = 6op) just to see the positive effect. The al-
lowable e-beam sizes, as well as other parameters, will be
discussed in the next sections.

2.3 Electron Beam Sze and Profile

Sincethe TEL length L. < 3, transformation throughthe
electron beam can be presented as a single transverse kick
depending on the p-particle coordinates. The kick consists
of two parts: e ectric and magnetic ones. The first one de-
pends on the e-beam distribution density, while the second
depends also on the distribution vel ocity which is not con-
stant due to space charge effects. For tracking purposes, it
is convenient to define some function p(r) so that theradial
kick isequa to:

Ot—=

p(t) - 2mtdt

5 = (1)

r

Notethat p(r) isnot apuredistributiondensity, sinceit con-
tains aso the contribution of the magnetic force. A linear
lens corresponds to p(r) = const forr < R,,. The e-beam
radius R, must be large enough that all the particlesin p-
beam feel the same tune shift, but it islimited by the achiev-
able e-beam current which is proportional to 2. The real
electron beam profileis more complicated and “ smoothed”,
it can also be controlled by aspecial electrode near the cath-
ode[4].

We tried different e-beam profiles and first of al varied
the e-beam radius to find the minimum acceptable value.
Fig.3 shows the relative luminosity drop after 3 - 106 turns
w.r.t. initial luminosity versustotal electron current for dif-
ferent distributions. One can see that smoother the distri-
bution, the less luminosity drop we observe (i.e., the Gaus-
sian one is the best of three), but in general the total peak
electron current required to keep the luminosity is approxi-
mately the same for all three distribution functions— about
7A (that corresponds to R, =~ 3o0p) to shift the tune by
—0.01.
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Figure 3: Luminosity drop versus e-beam current for the
different profiles. The line marked “4” corresponds to
o(r) = po/(1 + (r/R,)*), line marked “8” corresponds
to p(r) = po/(1+ (r/R,)?), linemarked “G” corresponds
to p(r) = po - exp(—7%/2R2).

As for p-beam tails and lifetime, they can be somehow
controlled by small modifications of the distribution func-
tion p(r). The simulations showed that the effect is very
sensitiveto the e-beam profile (and, obvioudly, to the work-
ing point) and further optimization should be performed. It
is important to note that the nonlinear compensation (see
[2]), with the proper choice of the working point, may give
better results with even smaller e-beam radius! The ob-
tained value of 7A corresponds to the case of linear com-
pensation without nonlinear optimization and can be con-
sidered as an upper limit required to keep the p-beam sta-
ble.

2.4 Sraightness of the Electron Beam

The electron beam trgjectory in the TEL follows strong
solenoidal magnetic field lines, and any magnetic error re-
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sultsin e-beam trajectory distortions. Sincethe effect of the
TEL can bereduced to asingletransversekick, any changes
in e-beam trgjectory are equivalent to some modifications
of the distribution function. In our simulations we tried a
“curved” e-beam with the following horizontal offset be-
tween electron and antiproton beams:

d.(z) =d, - cos(m(2z/L — 1)) 2

where z is longitudinal coordinate in the range of 0 to L
(solenoid length), d, = 0.5 mm. Measured magnetic field
quality is found to be even better [5]. Numerical ssimula-
tions confirmed that it is acceptable and does not worsen
p-beam dynamics (losses and emittances). Moreover, it is
worth to mention that variation of the e-beam trgjectory
by additional orbit correctors (potentialy, as many as 20)
opens a lot possibilitiesto control effective integral trans-
verse distribution p(x, y). That isespecialy promising for
the future nonlinear compensation, but even for linear BBC
it can help to adjust e-beam profilein order to shorten the -
beam tails.

2.5 Misalignment of the Electron and Antipro-
ton Beams

Misalignment of the e- and p-beams breaks the symme-
try of the beam-beam kick. The most dangerous effects are
expected when the edge of electron lens overlaps with the
antiprotonbeam. Simulations showed that misalignment of
d, = 0.4 mm is acceptable for R, = 2 mm: we observed
small changes in the tails, but the luminosity, as well as p-
beam lifetime, was not affected. However, for smaller e-
beam radius more accurate alignment is required. In any
case, the design of the TEL magnetic system includes a
number of dipole correctors, so that the electron trgjectory
can be corrected to coincide, with the required accuracy,
with the antiproton orbit in the device.

Nevertheless, the process of bringingtwo beamsinto col-
lision can produce damage to the p-beam. We studied how
the resulting distribution depends on the speed of this pro-
cess. Aninitial misalignment was chosen to be d, = 5 mm
and decreased exponentially with the time constants ~ = 30
and 6 sec, the e-beam radius was R, = 2 mm. The main
perturbations p-beam experiences when overlapping with
the edge of electron beam, that corresponds to the shift be-
tween beams' centersd,, = 1.5+ 2.5 mm. Just at that time
we observed the emittance growth and luminosity decrease,
after that the beam core remains more or less stable. Thus
we conclude that alignment of the electron beam, if started
with largeinitial shifts (1-2 mm or more), destroysthe an-
tiproton beam. The solution isto perform this operationin
few steps, each time injecting new p-beam, or use smaller
electron beam current for initial alignment.

2.6 Effects of the Electron Beam Noises

Random fluctuations of the electron current from turn
to turn, as well as transverse motion of the electron beam,

cause antiproton emittance growth. Analytical studies of
the issue [6], [7] give the emittance evolution equations.
The emittance grows exponentially due to electron current
fluctuations:

6J
£:(t) = €20 'exp(SWQtfo(ﬁfl +§§2)(7)2) (©)
where z standsfor z or y, £, » are the values of tune shifts
produced by two electron lenses, 6.J/J is the rms value of
relative current fluctuations. Transverse motion of the e-
beam resultsin linear emittance growth:

de, 2 531 532 2
7 = o7 fo(le + 622) (62) (4)
where 6 Z isthe rms electron beam vibration amplitude.
Our numerical ssimulations are in good agreement with
these equations, which set strong requirements on the elec-
tron beam stability (see, estimates in [8]). So, we got an
emittance growth by afactor of 2.2 during 1 min of thebeam
timewithd.J/J =5-10~3, while(3) givesthe factor of 1.8.
Notethat thereare al so another sources of emittance growth
which are taken into account in the simulations and not in-
cludedin (3).

3 CONCLUSION

We performed analitical study and tracking simulations
of the electron lensin Tevatron, which helped usto realize
the requirements and to choose the TEL parameters. The
first experimental results demonstrate thefeasibility and op-
eration of theelectronlens. Thefirst TEL hasbeeninstalled
in the Tevatron, commissioned and demonstrated theoreti-
cally predicted shift of betatron frequencies of high energy
proton beam due to high current low energy electron beam
[1]. Tuneshifts of 980 GeV protons of about dQ=+0.007
were achieved with some 3A of the electron beam current
whilethe proton lifetimewasin the range of 10 to 24 hours.
The experimental observationssofar arein good agreement
with analytical and simulation results (see [1]). In particu-
lar, strong dependence of the p lifetime on electron beam
alignment is reported.

We would like to thank the PC Farms Group in FNAL
Computer Division for the opportunity of using farms for
our simulations.
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