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Abstract

Compensation of beam-beam effects in the Tevatron proton-antiproton collider
by using a counter-traveling electron beam is a subject of on-going experimental
project at Fermilab. In this article we present results of numerical tracking of the
Tevatron particlesin the presence of the beam-beam compensation setup. Our stud-
ies cover a wide range of issues relevant to compensation of the bunch-to-bunch
tune spread (so called “linear” compensation): electron beam current distribution
and size, straightness of the electron beam, misalignment of the electron and an-
tiproton beams, the time to bring the electron and antiproton beams into collision,
the effects of noisein the electron beam, and the effect on the proton beam.



1 Introduction

Inthisarticle we consider atechniquefor compensation of the beam-beam effectsin
the Tevatron with use of high-current, low-energy electron beam [1]. The electron
beam setup (TEL = Tevatron Electron Lens) is shown in Fig.1. Currently, the parts
of the 1st TEL have been fabricated. Assembly and tests are under way. It isto be
installed and used in the Tevatron during Run 11 (which starts in 2001). The first
TEL will be set at F48 (far away from the proton-antiproton interaction points at
BO and DO). It provides a low-energy high-current electron beam which collides
with the antiproton beam. The electron beam is created by an el ectron gun cathode,
transported through the region where it interacts with the antiproton bunches while
inastrong solenoidal magnetic field. It isthen absorbed in the collector. The closed
orbit of the proton beam is separated from the electron and antiproton beamsin the
device.
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Figure 1: The beam-beam compensation device.

There aretwoimplementationsof the beam-beam compensation (BBC) proposal :
(i) an “electron lens” with modulated current to provide different linear defocusing
forces for different antiproton bunches in order to equalize their betatron frequen-
cies—"“linear BBC"; and (ii) an “electron compressor”, that isanonlinear DC elec-
tron lens which compensates (on average) the nonlinear focusing of the antiprotons
by the proton beam. The numerical studiesreported hereare mostly focused on “lin-
ear BBC”.

Due to non-linearity of the primary (proton-antiproton) beam-beam forces and
forces between antiproton and el ectron beams, numerous and potentially dangerous
synchrobetatron (SB) resonances can occur at frequenciesthat in general case satisfy
the following relation:

nv, + my, + lv, = integer. Q)

herev,, v,, v, are horizontal, vertical and synchrotron tunes, respectively.
At the moment, nonlinear SB resonances can only be investigated analytically
by approximation methods [3] and with use of computer simulations.



We employ developed beam-beam simulation code LIFETRAC for numerical
studies effects due to the TEL. Parameters of the collider and a brief description of
the code are presented in Section 2. In Section 3 we present results of our studies.
Conclusions are summarized in Section 4.

2 BBC Simulations

2.1 Beam-Beam Simulation CodeLIFETRAC

The LIFETRAC codewas devel oped for beam-beam simulationsin the* weak-strong”
model. This model assumes that one beam is much more intensive than the other
one. Thisis consistent with the expected conditions for Run Il and TEV 33 where
the proton bunch intensity is about 4-9 times that of the antiprotons. The “weak”
(antiproton) bunch is represented by a number of test particles, while the “strong”
(proton) bunch appears as an external force generated by a Gaussian distribution of
the charge. Essential features of the code are:

e Arbitrary number of Interaction Points(IP), including Parasitic Crossings(PC),
on the ring. Description of each IP (PC) includes: lattice functions (beta, al-
pha, dispersion), crossing angle, separation (off set) between colliding bunches.

e Fully symplectic 6D synchrobetatron mapping [4], that includesbunch-length
effects, dicing of the strong bunch, variation of the betafunction 5 along the
bunch during collision, energy change due to longitudinal electric fields.

e Some specific noise sources, which are particularly important for proton col-
liders: variation of the beams separation at main IPs and fluctuations of the
betatron tunes.

The transport transformationsbetween | Psand PCs are assumed to belinear. Fo-
cusing lattice nonlinearities, z-y coupling, radiation noise and damping are not taken
into account. We exclude these featuresto simplify analysis of the output, since they
are assumed to be less significant for the beam dynamics than beam-beam effects at
the IPsand PCs, and the effect of the TELs. In principle, amorerealistic lattice can
be used in future smulations.

Typically we track 3000 test particles through five slices of strong bunch at the
main IPs(at BO and DO, where 3* is comparable with the bunch length o), and one
dice at PCs (where 5 > o,). Increasing the number of particles, or the number of
dices, givesamost identical results.

The code outputs of the greatest practical utility are luminosity, emittances, and
the particle distribution in the space of normalized betatron amplitudes. In general
case, the normalized amplitudesare cal culated through the normal modesof 6D trans-
port matrix. In the smplified case of 2 x 2 block-diagonal matrix the normalized
betatron amplitudeis equal to



where z iseither x or y and o, isthe beam size at the observation point. The normal
Gauss an distribution, when written for the betatron amplitudes, becomes

A2+ A2

dp(A,, Ay) = Az Ayexp(— $VdAdA, (3)

Fig. 2 shows the contour plot for this distribution. The results are generally pre-
sented in the same way, aseries of contour plotsfor successive steps, and have to be
compared with the baseline results shown in Fig. 2.
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Figure 2: Gaussian distribution in the plane of normalized betatron amplitudes. The dis-
tance between successive contour linesis /e. Small fluctuationsat large amplitudesare due
to statistical effects.

The tracking timeis divided into a number of steps, usually 10 steps of 300,000
turns. Each step corresponds to about 6 sec of beam time in the Tevatron. The 10
steps corresponds to about 1 min of beam time. It takes about 3 days of CPU time
using 20 processors R10000 (SGlI) at the Fermilab Farmssystem. The data gathered
during each step are averaged over al the particles and the turns, so we obtain 10
“shots’ of p-beam evolutionintimeand can observethegrowth in both theemittance
and thetails.

2.2 Parameters Set

Therelevant parametersof the simulationsare chosen closetothe Run |1 design ones
[5]. The Tevatron focusing lattice variant v3h15a has been provided by P. Bagley,
its main parameters are presented in the Table 1.



Table 1: Set of beam and accel erator parameters used in simulations.

Energy E 1000 GeV
p, plbunch (N,, Np) | (27, 3) -10'°
Number of bunches (p,p) N, 36,36
Number of I1Ps Nip 2
Number of PCs Npc 70
Energy spread, rms o, 8.7-107°
Bunch length, rms O 37 cm
Synchrotron tune Vg 0.001
Emittance p (normalized) ¢, 20 mm-mrad
Emittance p (normalized) ¢, 15 mm-mrad
Beta-function at 1P Bry 35 cm
p Beam-beam parameter ¢ 0.020
p bunch-to-bunch
tune spread dvp 0.007

The beam-beam parameter for antiprotonsis twice (because of two | Ps) the zero
amplitude head-on beam-beam tune shift: £ = 2 x N,r,/(47ve,). We should men-
tion that the presented parameters correspond to initial conditions. They are chang-
ing intime: e.g., dueto noise and intrabeam scattering. Twelve hours after the start
of a store the longitudinal and transverse emittances of the proton and antiproton
bunches are about 40% larger than their initial values. Due to “burn-up” (loss) of
particles because of the collisions and dynamical losses, both beams are about 30%
lessintense at the end of the store [5, 6].

The beam-beam interaction between protons and antiprotons takes place at the
two head-oninteraction pointslocated at BO and DO sectors, aswell asat 70 parasitic
crossingswherethe beam orbitsaretypically separated by about adozen of their rms
sizes. Sincethe proton beam intensity isseveral timesthe antiproton one, the beam-
beam effects are more severe for antiprotons (p). It isto be noted that the design
value of the total tune shift for antiprotonsis close to the maximum experimentally
achieved value for proton colliders Av =~ 0.025 [7]. The “footprint area” (spread
of betatron frequencies) of the p-beam with such atune shift islarge enough to also
cause an increase of particle losses due to higher order lattice resonances.

Tevatron beam injection requires some gapsin the bunch train that resultsin the
so-called “PACMAN effect” — bunch-to-bunch variation of the betatron tunes due



to long-range beam-beam interactions. The effect depends on the orbit separation
around thering and ismost visiblefor bunches closeto thegaps. During Run Il with
36 bunches in each beam (3-fold symmetry, 3 trains of 12 bunches), the bunch-to-
bunch spread isexpected to beabout y» ~ 0.007, whilethe single bunch tune spread
due to beam-beam effects at the two main IPswill be about Arv = 0.018.

In Ref.[1], it was proposed to use an “electron lens’ with modulated current to
provide different linear defocusing forces for different antiproton bunches in order
to equalize the betatron tunes of the different bunches. Indeed, a round, constant
density electron beam with total current .J, radius a, and interacting with antiprotons
over length L, will produce tune shifts of [1]

B (L4 B)J L
21 efeca’y;

£ = , (4)
where r; ~ 1.53 - 107'®m is the (anti)proton classical radius. For example, one
needs an electron beam with J = 2.35 A of current dlong a L = 2 m length, with
a = 1 mm radius, and energy 10 kV (5. = 0.2) in order to obtain £ ~ —0.01 in
the Tevatron collider with parameters v, ~ 1066, 3,=70m. Obvioudy, two elec-
tron lenses — one at a location with the horizontal beta-function larger than vertical
B: > [,, and another one at 3, < 3, can compensate any bunch-to-bunch tune
gpread. Thefirst one will produce alarger tune shift in the horizontal plane, and the
second in the vertical plane. The variable in time electron current can be used for
the compensation of the bunch-to-bunch tune spread.

There are two currently designated locations in the Tevatron for two “electron
lens’ devices— one at the short straight location called F48, and the other at FO. Pa-
rameters of these locations are presented in Table 2. Since 3, < 3, a FO, whilewe
want to be 5, > 3, stronger tune shifts (up to 0.021) will be necessary to eliminate
bunch-to-bunch tune spread of 0.007.

Table 2: Bunch-to-bunch electron beam lenses

Parameter F48 FO
Horiz. beta-function, Broym | 10141 | 75.76
Vert. beta-function, By 9, M 28.46 | 68.30
Horiz. apha, af g -0.643 | -0.554
Vert. apha, of -0.001 | 0.393
Horiz. dispersion, Dyo,m 1.748 | 2.067
Horiz. p-beam size, rms o7 5, MM 051| 046
Vert. p-beam size, rms of 5, MM 026 | 0.40
Horiz. e- and p-beams separation, S ,, mm 59 22
Vert. e- and p-beams separation,  S7,, mm 0.9 1.9
Length of the e-beam, L,m 2 2




2.3 Simulation goals

The main goal of our simulations isto demonstrate the possibility of using TEL for
eliminating the bunch-to-bunch tune spread. Many of physical issues relevant to
TEL were studied analytically and reported [1], [3]. Beam-beam simulations allow,
in addition, to investigate how 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 bemoreor lessgeneral, that isdo not depend very much on theworking point
(if it is chosen properly, of course). As an analogy we can mention the well known
beam-beam parameter £. Many colliders are working with the different tunes and
see the different nonlinear resonances limiting their further luminosity increase, but
the threshold value of ¢ ismore or less the same (with the correction on dependence
on damping decrements) for all of them.

Althoughinour simulationswe use thelattice closeto thereal Run |l conditions,
our goal is neither to find the optimal working point around given area, nor to inves-
tigate which resonances are most dangerous and result in growth in the emittance
and thetails.

First, we started with ssimulation of the different bunches in the train to see the
bunch-to-bunch tune spread (PACMAN effect) and to test the code. These results
are presented in Fig.3. After that, all the ssimulations were performed for the bunch
#6 only. Theidea of our study can be expressed as follows:

e Make a small betatron tune scan around the given working point. The tune
variations should be about the bunch-to-bunch spread, and the goal wasto find
some “good” and “bad” working points within this area.

e Apply TEL inthe “bad” working point in order to shift it to the “good” one,
and see the positive effect.

e Scan some parameters of the TEL and apply some perturbations to see how
they affect the resulting p distribution.

The most time-consuming part of this work was the last item, where we fixed
the working point and the TEL strength (e-beam density), and vary other TEL pa
rameters. Comparison with the natural “good” working point give us important in-
formation how the TEL itself introduces perturbations (linear and non-linear) to the
p-beam, and what basic conditions we should satisfy to avoid undesired effects.

Besides, we considered one more question: how the TEL affectsthe distribution
of proton beam (what separation between p-beam and e-beam would be enough to
avoid deterioration of the p-beam).

It should be noticed that some parameters, such as amplitudes of the noise, were
intentionally chosen large in order to obtain visible effects of p-bunch degradation
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Figure 3: Betatron tunes for the different bunches in the train. The nominal tunes are
(vz, 14)=(20.586, 20.576). The main shifts are due to two IPs with ¢ = 0.01, the bunch-
to-bunch tune spread isdueto PCs.

during limited simulation time (1 minute of the Tevatron real time). A correct ap-
proach, with much smaller real noise, would requirevast computing resources. How-
ever, we believe that proper scaling of the obtained emittance growth rates and par-
ticlelossrates can give moreor lessrealistic estimates of the most important effects
relevant to the interaction between the TEL and p, p-beams.

3 Reaults

3.1 Choiceof the working point

We found, after a small tune scan, the working point (20.566, 20.556) to be a good
candidate for “bad”, and the point (20.556, 20.546) for “good” ones. Herethe nomi-
nal betatron tuneswithout beam-beam arepresented. To shift from oneto another we
need only the TEL located at FO, where the beta-functions are approximately equal .
The main difference between these two working points is visible on large betatron
amplitudesonly: thereisa“flow” of particlestoward large horizontal amplitudesin
the“bad” point, that isabsent inthe“good” one. Thedistributionsin the coreregion
are amost identical, the luminosity decreases by 3-4% in both cases after 10 steps
(as aconsequence of higher level of noises, see above).
Thesmulationresultsarepresented in Table 3, wherethe contour plotsare shown.

We chosethe apertureto be 100, by 100, SO when aparticle achieves the apertureit
diesand isnot tracked after that. It isimportant to note that there are big fluctuations
at large amplitudes due to statistical errors (small number of particles at these am-



plitudes). Thetailsdecreasing on some steps (for example, 6to 7 for “bad” point) is
adtatistical effect from few particles|ost at the aperture. Finaly, 22 particles from
3000 were lost inthe “bad” point and no particle losses were observed in two other
Cases.

The last column in the Table presents the effect of TEL, which is applied in the
“bad” working point and shifts it toward the “good” one. We chose here very big
radius of the electron beam (3 mm) just to see the positive effect. The allowable
e-beam sizes, as well as other parameters, will be discussed in the next sections.

3.2 Electron beam size and profile

Sincethe TEL length L < (3, transformation through the electron beam can be pre-
sented as asingle transverse kick depending on the p-particle coordinates. The kick
consists of two parts: electric and magnetic ones. The first one depends on the e-
beam distribution density, while the second depends also on the distribution veloc-
ity which is not constant due to space charge effects. For tracking purposes, it is
convenient to define some function p(r) so that the radial kick isequal to:

p(t) - 2mtdt

O

or = " ()
Notethat p(r) isnot apure distribution density, sinceit containsal so the contribution
of the magnetic force.

A Linear Lens corresponds to p(r) = const for r < R,. The e-beam radius R,
must be large enough that al the particlesin p-beam feel the same tune shift, but it
islimited by the achievable e-beam current which is proportional to k2. Obviously,
thereal electron beam has more complicated and “ smoothed” profile, which can aso
be controlled by a specia electrode near the cathode [10]. Since e-beam has alow
energy (0. = v./c ~ 0.2), themagnetic contributionto thekick isnot significant and
can be expressed, in the first order of approximation, by additional small low-order
termsin p(r). Finally, we decided to use the following formulain our simulations:

1+a-(r/R,)?
1+ (r/R)® ©)

where a isa*“free” parameter modifying the distribution. Functions p(r) and ér/r
for R, = 2 mm and different values of ¢ are shown in Table 4.

In our simulations we first of all scanned R, with ¢ = 0 to find the minimum
acceptable value. In case of R, =1 mm (about 20,;) the p-beam size grows signifi-
cantly, so that luminosity decreases by 20% and 28 particles of 3000 were lost. For
larger R, the core region of p-beam distribution was not disturbed, but the growth
of thetailsstill dependson R,. The smulation results are presented in Table 5. Itis
clear that R, must beat least 1.5 mm (or about 3 timesthermssize of p-beam), other-
wise the luminosity lifetime drops dramatically due to both the particleloss and the

p(r) = po



Step | “bad” “good”  “bad” + TEL
1
2
3
4
5
6
7
8
10 !

Table 3: Distribution of the p-beam in the plane of normalized betatron amplitudes. It is
clearly seen how thetailsgrow inthe*bad” working point and how TEL shiftsit toward the
“good” one, improving the situation significantly.
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Table 4: Different e-beam profiles and the corresponding radial kicksfor R, = 2 mm and
a =[-0.2, 0, 0.2.]. The solid linein left-side figure, marked pbar, shows the profile of p-
beam.

emittance growth. We tried also some other distribution functions, including Gaus-
san. Fig.4 shows the relative luminosity drop w.r.t. initial luminosity versus total
electron current for different distributions. One can see that smoother the distribu-
tion, the lessluminosity drop we observe (i.e. the Gaussian oneisthe best of three),
but in general the total electron current required to keep the luminosity is approxi-
mately the same for all three distribution functions — about 7A to shift the tune by
0.01.

Asfor p-beamtails and lifetime, they can be somehow controlled by small mod-
ifications of the distribution function p(r). In Table 6 we present some selection
of the ssimulation results for different values of ¢ and R,. Asis seen, the case of
R, =15 mm, a = 0.4 isamost equivalent to R, = 2.0 mm, a = 0. The factor of
total e-beam current increase dueto a = 0.4 is 1.28, while the same factor for R, in-
creasefrom 1.5t02.0 mmis1.78. Atthe sametime, comparing thefirst two columns
(R, =2mm, a =0, -0.2) we observe the tails shorten together with the electron cur-
rent decrease (for negative a). Thus we conclude that the effect is very sensitive to
the e-beam profile (and, obvioudly, to the working point) and further optimization
can be performed. We have to note, however, that the statistics obtained at large
betatron amplitudes were not sufficient. Further studies of the issue with increased
number of test particles are necessary.

We have to mention again, that all the parameters correspond to initial condi-
tions, while the antiproton beam size o grows during the many hours of the Teva-
tron store, and, e.g., the electron beam size should correspondingly grow to match
the “3 x ¢, condition (that can be easily done in the current designs of the TEL
magnetic and electron beam systems). Note the p-beam also gets less intense and
bigger so that the beam-beam tune shift is a'so smaller as the store continues.

11



Step 1.0 mm 1.5mm 2.0 mm 3.0 mm

10

Table 5: Distribution of the p-beam versus e-beam radius R,,, with a = 0. Luminosity de-
creases by 20% in the 1st column and about 4% in 2-4 columns. Number of lost particles
(from 3000): 28, 15, 4, 0.
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Table 6: Distribution of the p-beam versus e-beam radius R, and parameter a. In the 3rd
columnthereisarelatively fast flow of particlesto thelarge vertical amplitudes, that can be
recoghized by the number of lost particles (from 3000): 4, 1, 15, 4.
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Figure4: Luminosity drop versus e-beam current for the different profiles. Thelinemarked
“4" corresponds to p(r) = po/(1 + (r/R,)*), line marked “8” correspondsto p(r) =
po/(1 + (1/R,)?), line marked “G” corresponds to p(r) = p, - exp(—r?/2R2). These
simulations were performed in the very beginning, when we were strongly limited by the
computing resources, so we tracked only 300 particles that results in significant statistical
errors. However, the need for about 7A of total electron current can be easily recognized.

3.3 Straightness of the electron beam

The electron beam trajectory in the TEL follows strong solenoidal magnetic field
lines, and any magnetic error results in e-beam trajectory distortions. Since the ef-
fect of the TEL can be reduced to a single transverse kick, any changes in e-beam
trajectory are equivalent to some modifications of the distribution function, which
becomes now p(z, y) (sSince the x-y symmetry is broken).

In our further smulations we fixed the e-beam distribution parameters to be
R, =2mm, a =0. Theintention wasdo not mix the delicate adjusting of e-beam pro-
filefor small (near the threshold) R, with the other effects under consideration, so
wesimply increased R, to get satisfactory conditions. After that wetried a*“ curved”
e-beam with the following horizontal offset between el ectron and anti proton beams:

d.(z) =d, - cos(m(2z/L — 1)) (7)

where z islongitudinal coordinatein the range of 0 to L (solenoid length), d, = 0.5
mm. Actual magnetic field quality is expected to be within that range or better. Nu-
merical simulations confirmed that it is acceptable and does not worsen p-beam dy-

14



namics (losses and emittances).

Moreover, itisworth to mention that variation of the e-beam trgjectory by addi-
tional orbit correctors (potentially, asmany as 20) opens alot possibilitiesto control
effectiveintegral transversedistribution p(x, y). That isespecially promisingfor the
futurenon-linear compensation, but evenfor linear BBC it can help to adjust e-beam
profilein order to shorten the p-beam tails.

3.4 Misalignment of the electron and antiproton beams

Misalignment of the e- and p-beams results in a constant orbit shift for antiprotons,
and also breaks the symmetry of 47 dependence on the particle coordinates. But
the most dangerous effects occur when the edge of electron lens overlaps with the
antiproton beam.

Simulations showed that the allowable misalignment can be estimated as a dif-
ference between the used value of R, and its minimum (that is 1.5 mm). So, mis-
alignment of d, = 0.4 mm was found to be 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.
Whenwetried R, = 1.5 mm, =0.4 (see Table 6, 4th column), we got the luminosity
decrease by 4% (that is usual decrease due to noises) for d, = 0.1 mm and 6% for
d, = 0.2 mm, plus significant tails growth in both cases (10 particles of 3000 were
lost). One of the reasons for an increase in the particle lossis that the e-beam pro-
file (a = 0.4) which is optimal for the nomina case may become not so good with
misalignments. However, the maximum acceptable value of misalignment can be
estimated from the luminosity drop, which is not so sensitive to the profile. Since
the vertical p-beam size o,; is smaller at FO than the horizontal one, greater ver-
tical misalignment is allowed. Judging by our results, the limits for R, = 1.5 mm
are about d,, = 0.1 mm and d,, =0.2 mm, plus additional optimization of the e-beam
profileis necessary to reduce the p-beam distribution tail growth. 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 antiproton orbit in the
device.

Nevertheless, the process of bringing two beamsinto collision can produce dam-
ageto the p-beam. We studied how the resulting distribution depends on the speed of
thisprocess. Aninitial misalignment was chosen to be d,, =5 mm and decreased ex-
ponentially with the time constants 7 = 30 and 6 sec, the e-beam radius was
R, =2mm, a = 0. Thesmulation results are presented in Table 7.

The main perturbations p-beam experiences when overlapping with the edge of
electron beam, that corresponds to the shift between beams' centersd, =1.5-2.5
mm. Thisoccurson 4 — 6 steps for 7 = 30 sec and 1 — 2 steps for 7 = 6 sec. Just
at these steps we observed the emittance growth and luminosity decrease, after that
the beam core remains more or less stable. But the tails continue to grow. It seems,
thereason isthat many particlesalready are at some*“good” positionsfor the further
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Table 7: Distribution of the p-beam. The horizontal shift between electron and antiproton
beamsd,(t) = d,-exp(—t/T), whered, =5 mm, 7 = 30, 6 sec for the 1st and 2nd columns,
respectively. Theluminosity decreases by 10% and 6%, number of lost particleswas 36 and
28.
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drift, sincetheir amplitudes became large enough to feel the non-linearity of e-beam
edges even without any misalignment. However, the process of particle losses is
dightly delayed since it takes some time to reach the aperture.

Obvioudly, the perturbationsof antiprotonsare unacceptablein both cases. Since
the further reduction of 7 seems to be impossible, we conclude that alignment of
the electron beam, if started with large initial shifts (1-2 mm or more), destroysthe
antiproton beam. The solution is to perform this operation in few steps, each time
injecting new p-beam, or use smaller electron beam current for initial alignment.

3.5 Effectsof 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 theissue [8], [9] give the emittance evolution equations. The emittance grows
exponentially due to electron current fluctuations:

6J
e:(t) m ez 61’p(87T2tf0(531 +532)(7)2) (8)
where z standsfor x or y, £,1 » arethe values of tune shifts produced by two electron
lenses, 6.J/.J isthe rmsvalue of relative current fluctuations. Transverse motion of
the e-beam resultsin linear emittance growth:

Te eSSy oy ©
a7 BT B
where 0 Z is the rms el ectron beam vibration amplitude.

Our numerical smulations are in good agreement with these equations, which
set strong requirements on the electron beam stability (see, estimatesin [1]). So,
we got an emittance growth by afactor of 2.2 during 1 min of the beam time with
6J/J =5-1073, while (8) gives the factor of 1.8. Note that there are also another
sources of emittance growth (variation of the beams separation at main IPs, nonlin-
ear effects) resulting in the factor of about 1.2, which isnot included in (8).

In future we also plan to improve reliability of these ssimulations by using more
realistic noise spectrum (some specific harmonics emphasized).

3.6 Effectson the proton beam

The proton beam, although separated from the antiproton and electron beamsin the
TEL, aso feels small nonlinear kick due to the electron space charge. Studying the
effectson the proton beam we simplified themodel by excluding the Parasitic Cross-
ings, on the basis that the antiproton current is several timeslessthan the proton one
and the effects due to PCs are negligible for p-beam. So, the one-turn map consists
of two IPsat BOand DO, electron lensat FO and linear transformationsbetween these
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three non-linear elements. The TEL at FO was chosen by the reason that the sepa-
ration between e- and p-beams S, , is smaller at FO (see Table 2), and therefore the
effect is stronger. The radius of e-beam was set to R, = 1.5 mm, a = 0.

We started with the same“ nominal” working point (20.566, 20.556) and the beam-
beam parameter &, = 0.002 (which is some 5 times smaller than for antiprotons due
to smaller antiproton current), and have not found any problemswith p-beam. After
that we tried to change some parameters (separation, &, noises) in order to see their
effect. Some selection from these results is presented in Table 8. Columns 3to 5
correspond to &, = 0.01, that is much greater than in thereal conditions, but is use-
ful to improve our understanding. As one can see, the strongest perturbations occur
due to “interference” between small separation and big &,. The noises also play a
significant role (compare columns 1-2 and 3-4), but only in the presence of the two
above factors. Fortunately, the actual value of &, is rather small.

However, even with £, = 0.002 and total separation of 3 mm the situation is not
S0 good as it seems to be, since the effect due to the TEL strongly depends on the
working point. It has to be emphasized that the betatron tunes for protons and an-
tiprotons are different, since they feel the different tune shifts from each other and
have the different orbits. Obviously, the working point has to be optimized first of
all for the p-beam. Although the betatron tunes for protons and antiprotons can be
varied independently using the feed down sextupoles, in our opinion, the“good” re-
sult for protonsmeansthat p-beam is stablewithin more or lesswide areaof betatron
tunes. To ensurethis, we performed asmall tune scan with the nominal parameters:
&, = 0.002, total separation of 3 mm (horizontal and vertical, both about 2 mm). In
Table 9 we present the simulation results for some “bad” working pointsfound near
the nominal one. It is clearly seen that the effect is due to the TEL: the growth of
tails starts just at the amplitudes where the two beams overlap. We aso tried these
working points without TEL and did not find any perturbations.

Finally, we concluded that the separati on between e- and p-beamsat FO cannot be
considered as sufficient. However, appropriatechoi ce of theworking point can solve
the problem. Asfor the TEL located at F48, the separation thereis quite acceptable
and should not cause any problems.

4 Conclusions

Themodel of the Tevatron used in our ssmulationsis not quite adequate to theRun 1
design: the actua variant of the lattice to be used in Run 11 is subject of continuous
changes and most probably the | attice we used is not thefinal one, no z — i coupling
has been taken into account, the “ dirt” effects were ssimplified and chosen intention-
ally at higher level. However, the main factors affecting non-linear beam dynamics
(two interaction points, 70 parasitic crossings, space charge of the electron lens) are
considered. Finally, we conclude that our model cannot be rejected as unrealistic,
although further studies of the issue are necessary.
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Step | 2-0.002-ON  2-0.002-OFF 2-0.01-ON  2-0.01-OFF 3-0.01-ON

10

Table 8: Distribution of the p-beam versus separation with the e-beam (mm), beam-beam
parameter &, and noises (see legend at thetop line). No particle|osses were observedin any
case.
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Step | (576, .551) (571,.561) (.576, .556)

Table 9: Distribution of the p-beam versus the working point. Separation between e- and

p-beamsis3 mm, &, = 0.002. Number of lost particles (from 3000): 5, 43, 32.
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The major results of thiswork are:

1. The minimum acceptable value of the electron beam radius R, is limited by
the luminosity degradation (distribution in the p-beam core) at about 1.5 mm
(3045). Thetailsgrowth isaseparate problemand, if it cannot be solved by an
additional R, increase, can be reduced by modifications of the e-beam profile.

2. The acceptable misalignment of the electron and antiproton beams depends
on the e-beam radius and was found to be about 0.5 mm for R, = 2.0 mm and
about 0.1 mmfor R, =1.5mm. The processof alignment should be performed
with small electron current, otherwise it destroys the p-beam.

3. The antiproton emittance growth dueto el ectron beam noises was found to be
in good agreement with the theoretical predictions.

4. The separation between e- and p-beams at F48 is quite acceptable, while it
seemsto beinsufficient at FO. Appropriate choice of the working pointisnec-
essary to solve the problem.

Our further studies will include consideration of the location for the second el ec-
tron lensfor linear beam-beam compensation, studies of the non-linear beam-beam
compensation and number of “weak” effectswhich weomitted inthe present studies
(dispersion in the TEL, coupling due to lattice and due to electron beam, etc.).
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