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Abstract can reach &P = 0.016. Figure 1 shows a typical bunch-to-

The Tevatron Electron Lenses (TELs) were initialljounch distribution of proton loss rates at the beginning of
proposed for compensation of long-range and head-éA HEP store.
beam-beam effects of the antiproton beam at 980 Ge\ =9
Recent advances in antiproton production and electro
cooling led to a significant increase of antiproton bearr
brightness. It is now the proton beam that suffers mos
from the beam-beam effects. Discussed are the motivatic
for beam-beam compensation, the concept of Electro
Lenses and commissioning of the second TEL in 200€
The latest experimental results obtained during studie
with high energy proton beam are presented along witl
the LIFETRAC simulation results.
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MOTIVATION :
The luminosity of storage ring colliders is limited by 4 8 12 16 20 24 28 32 36

the effects of electromagnetic (EM) interaction of one Antiproton Bunch Number
beam with another which leads to a blowup of beam size: :

a reduction of beam intensities and unacceptabl
background rates in HEP detectors. This beam-beatr
interaction is described by a beam-beam paramete
E=roNl4rE, where ro =€ /mc® denotes the particle’s

classical radiusN is the number of particles in the

opposing bunch and is its rms normalized emittance.

This dimensionless parameter is equal to the tune shift ¢
the core particles caused by beam-beam forces. While tt
core particles undergo a significant tune shift, halo
particles with large oscillation amplitudes experience
negligible tune shift. The EM forces drive nonlinear
resonances which can result in instability of particle
motion and loss. The beam-beam limit in modern hadroi
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colliders is §™ M= 0.01 - 0.02 Kip is the number of Proton Bunch Number
IPs), while it can exceed ™ Mp=0.1 in high energy Figure 1. Proton bunch intensity loss rates at the
electron-positron colliders [1]. beginning of store #5155.

Oper?‘“O” With a greater n_umper of bunch_es allows a|n the Tevatron, 36 bunches in each beam are arranged
proportional increase of luminosity but requires carefl”1 Y

. . 3 trains of 12 bunches separated by 2.6 ps long abort
spatial separation of two beams everywhere except at gps. Proton bunches P12. P24. and P36 at the end of
main IPs. Long-range EM interaction of separated bea ! ’

Ach bunch train typically lose about 9 % of their intensit
is also nonlinear and also limits the collider performancE. ypically y Y

er hour while other bunches lose only (4-6) %/hr. In the
These Iong_-range_ effects usually vary fr_o_m bunch § eginning of high luminosity stores these losses are a very
bunch, making their "ea!tme”t even more difficult. significant part of the total luminosity decay rate of about
One of the most detrimental effects of the beam-beagy’,, per hour. The losses due to burn-up at the two main
interaction in the Tevatron is the significant loss rate qQbg 4re much émaller (1.1-1.5%/hr). Figure 1 shows large
protons due to their interaction with the antiprotorb S '

) . h-to-bunch iati in the b -b induced
bunches in the main IPs (BO and DO) and due to numer gonto-bunch variafions in the beam-beam  Induce

| int " 51 The effect i iallv | ton losses within each bunch train but similar rates for
ong-range interactions [2]. The effect is especially larg quivalent bunches in different trains, e.g. P12, P24, and
at the beginning of HEP stores when the positive prot

i hift due to f ina b tiprot t th in | 6. Figure 2 shows the vertical proton bunch-by-bunch
une shiit due to focusing by antiprotons at the main Ihz, e aphout six hours into a store. Proton bunches at the
end of each train have the lowest vertical tune due to the
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solenoids generate up to 4.5 kG in the electron ayuch
collector regions, while the superconducting (S@g o
generates up to 65 KkG in the interaction regione Th
deviations of the magnetic field lines from a ghailine
are less than £100m over the entire length of the SC
solenoid. Therefore the electron beam, following fileld
lines, does not deviate from the straight Tevatbeam
trajectory by more than 20% of the Tevatron bears rm
Yizeo = 0.5 mm at the TEL locations.

The electron beam’s transverse alignment on thepro
This translates in the highest loss rates for fhiston or antiproton bunches (within 0.2-0.5 mm all aldhe
bunches (see Figure 1). Due to injection probleths, interaction length) is crucial for successful BBThe
antiproton bunches A25-A28 were lost, so in stdGB92  electron beam steering is done by adjusting cusrerthe
36 proton bunches collided with only 32 antiprotorSC dipole correctors installed inside the main rsoie
bunches. Proton bunches missing collisions (headruh cryostat. It is also important that the transvezketron

Figure 2: Vertical proton bunch-by-bunch tunes $ihto
store #5592 measured by the Digital Tune Monito
Circled are the proton bunches affected by the fo
missing antiproton bunches. Full scale: 0.587590R5.

long-range) at one IP had lower tunes (circled.red) current distribution utilizes wide flat top and sotlo
radial edges.
ELECTRON LENSES The high-energy protons are focused by the TEL and

. experience a positive betatron tune shift giverfidh
Electron lenses were proposed for compensation ofp P giveridly

both long-range and head-on beam-beam effectsdn th
Tevatron collider [3]. The lens employs a low energ do :+:Bx,y|-erp 5| 1-5, 1).
fe=vic <<1 electron beam whose space charge forces act xy N

on the high-energy hadron beam. These forces rearli
at distances smaller than the characteristic besius
r <a, but scale as fffor r > a,. Correspondingly, such a i
lens can be used for linear and nonlinear beam-beanfarameter Symbol = Value Unit
compensation depending on the beam-size gfio and Tevatron Electron Lens

Table 1: Electron Lens and Tevatron collider partanse

Electron energy

the current density distributiop(r). Main advantages of (oper./max) Ue, 5/10 kv
beam-beam compensation by the electron lenses arseak electron current
a) the electron beam acts on high-energy beams onlyoper./max) e 0.6/3 A
through EM forces (no nuclear interaction), elinting Magnetic field in Birain 30 kG
radiation issues; b) unused electrons interact \tlith main/gun solenoid Bgun 3
high-energy particles each tum, leaving no politior Radii: catﬁod@fé)eam a 7.5 mm
coherent instabilities; c) the electron currenfiifgacan be " mf"” S0 ‘?”dcj' At 3 2.3
optimized for different applications; d)the electr %?tlé_s;peno width, 1T_0 ~%16 us
current can be adjusted for individual bunches abzjng . € Py
he b h-to-b h diff d T h Interaction length Le 2.0 m
the bunch-to-bunc ifferences and optimizing the Tevatron Collider Parameters
performance of all of the bunches in multi-bunch cjcumference C 6.28 km
colliders. i

Lo Proton/antiproton E 980 Gev

beam energy
Proton bunch intensity N, 250 16

Superconducting solenoid
Yacuum Pump

) @ i’%g 5 Antiproton bunch N, 50-100 18
TELoz v intensity
=H = . LﬁL« o] le a Emittance proton, & ~2.8 um
/78 o P AN antiprot. (norm., rms) €a ~1.4
un 2 !
o “Gun solenoid Collector so\enoid/ E‘Srzgﬁegpgc?:gChes’ '_}I_E 33966 ns
colector Initial luminosity Lo 15-29 1&cm?s?
Figure 3: TEL2 layout. Beta functions, TEL2 ~ g,/pc  150/68 m
Beta functions, TEL1 3,/ S« 29/104 m
Two Tevatron Electron Lenses (TELs) were built and Proton/antiproton 3 ~0.008 max., per
installed at two locations of the Tevatron ring,1Adnd  head-on tuneshift g ~0.011 IP
F48. Figure 3 shows the layout of TEL2 [4]. Reldvan Proton/antiproton AQ° ~0.003 max
parameters of the Tevatron and the TELs are given i long-range tuneshift 4Q*  =0.006 ’
Table 1.
In order to keep the electron beam straight and iEIeCtron gun

distribution unaffected by its own space-charge #rel A charge density distribution required for tunefishi
EM fields of the circulating beam, the electron e Ccompensation is generated by the electron gurzingjia
immersed in a strong magnetic field. The convemtionconvex dispenser cathode and optimized electrode



geometry [5]. The convex cathode shape allows fgh h times the driver was installed in the Tevatron tlrolose

perveancex 4.2uP) even at high electron currents. to the electron gun [8]. All the dc power supplies,
however are located outside the tunnel.
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Figure 4: 2D charge density distribution generdigdhe : ) o .
SEFT (smooth edge flat top) electron gun. Figure 6: TEL2 timing for P12 compensation.
Figure 6 shows how the TELZ2 timing is set up for
ngle bunch compensation. Plotted are electromentir

aving the cathode and the one arriving at théeculr,

The electron beam profile shown in Figure 4 wag;
measured on the test bench by recording the etectr%

Eurrent pastsllqnghthlrough atOh.Z mm h(ile Wh.'lle ;lca!ﬁ;f measured by the current transformers, and a pickup
eam over the hole using the corrector colils [Ske signal. The capacitive pickup reports proton, aotign

magnetic system compresses the electron-beam CroSRY electron signals. Only proton bunch P12 wascst

section area in the interaction region by the fab by the TEL during this experiment. The electronspul

.Bmaj”/Bg.“” =10 (variable from 2 1o 30), propo.r‘uonally timing jitter is less than 1 ns and the peak curiestable
increasing the current density of the electron beathe to better than 1%, so, the TEL operation does aabe
interaction region. Most recent experiments have n%ny measureable émit’tance growth

reqwre_d more than 0.6 A of electron current, hosvev An improved Marx generator capable of driving the

tests with up to 3.0 A have been performed. electron gun at repetition rates up to 150 kHz aridgh

Electron gun drivers voltage modulator utilizing a summed pulse transfer
scheme [9] are being built. The latter is desigteadd

To make compensation of individual bunches separate;_p \n.n compensation capabilities to the TELS.

by 396 ns possible, the anode voltage, and conatijue
the electron beam current, are modulated with SID+&
pulses and a repetition rate equal to the Tevatron EXPERIMENTAL RESULTS

revolution frequency of, = 47.7 kHz by using a newly Preliminary alignment of the electron beam was done
developed Marx generator [6] or a HV RF tube basday relying on the TEL beam position measurement

modulator [7]. system. However, additional fine tuning was neagssa
MARX GUN achieve best possible compensation. Measuremerite of
GENERATOR proton loss rate versus electron beam positionaeased

electron current were performed at the very enal stbre,
when no beam-beam related losses occur. This agiproa
allowed to determine the optimal electron beam tfmsi
Since the Tevatron orbit is kept stable by the torbi
feedback system within 100m the end-of-store values

TRIG IN

— ps pd can be used throughout other stores, unless armsopti
/; QI':\(;DE —_—  ~_ PROFILE change is introduced.
B The tune shift is about the same for most protarthé
i bunch sincea, = 30. Figure 7 shows the results of the
ggTHODE — vertical tune shift measurement of 980 GeV protons
T versus TEL2 electron current which are in good

agreement with Equation 1 for the parameters

Figure 5: A schematic representation of the elecgon ¢\ mmarized in Table 1— see solid line.

driving circuit.

Figure 5 shows the electron gun driving circuithy.
order to insure the shortest possible pulse risk fah
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to the reference level. This result has been aowfit in
several beam studies.
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Figure 7: Vertical tune shift vs TEL2 electron ant.
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in the beginning of stores. As soon as TEL2 elezctro,:igure 9: Dependence of proton loss rate of P13

current was turned on (affecting P12 only) a sigaift (C:DOPH[13]) and P14 (C:DOPH[13]) on TEL1 average
change of slope of P12 intensity decay was obses®& g|actron current (T:LLCOLI).

Figure 8). This change corresponds to a lifetime ) .
improvement of about 100%. This result has beehhe effect of the TEL2 and TEL1 improving the proto

confirmed in several beam studies. intensity lifetime, can be explained by a positivee shift
. 0.6 introduced by the TEL (see Figure 7) pushing theetu
28I 0 b | TEL current away from the 12 order resonance. However, it is not yet
, { Loss clear whether it is the only mechanism respondii¢he
o] =  significant lifetime improvement.
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Figure 8: Dependence of the proton intensity deeay J.= 0.3 A. Scale:-180° — 0 protons.

on TEL2 peak electron current. Furthermore, another beam study with TEL2at 0.3 A

Another way to look at the same phenomena is tesorea on P12 showed that this bunch experienced the astall
the effect of the TEL on the proton loss rate. BEEP  intensity loss as compared to any other proton hesee
experiments DO and CDF routinely measure loss ratésgure 10). The tune shift caused by such a moderat
(halos) around their detectors on a bunch-by-blrasis. electron current is not sufficient for P12 to redtie
Figure 9 shows the dependence of DO proton lossaat average tune value. Nevertheless, P12 had the best
TEL1 electron current. In this experiment TEL1,rdgea lifetime among all proton bunches. This single heg
horizontal beam-beam compensation device, was gactinot fully understood yet.
on P13 which has the lowest horizontal tune. P14 wa
chosen as a reference bunch because its behanmis LIFETRAC SIMULATION
of halo and lifetime was very similar to P13. Thed rate
of P13 dropped by about 35% once the electron gurre
zyraéLiui?i%t Ogétir\:\éh'(l)en ';ij) Io%?e rgtles Sliie(rjat:?;id 10] whigh has been extensively uged to study b.beemj
o effects in the Tevatron [11]. This is a multi-pelei
became smaller before the final e-current valué @®.

s simulation code where a single bunch of particles i
g_e(i:?r:rircgﬁxj?gegaosﬁﬁ%?:ﬁ %ij;elr:ig?gtsslz m|: th?racked through a sequence of maps and pointsafibe
beam interaction reproducing the real pattern tifsoons

To simulate the effect of the TEL on dynamics dé th
roton beam we used the weak-strong code LIFETRAC



in the machine. The code takes full advantage ef th
current knowledge of the Tevatron optics by usihg t
measured beta-functions and helical orbits in orer
compute the transfer maps for tracking particletsvben
the IPs and to calculate the beam-beam kick.

SUMMARY

The Tevatron Electron Lenses equipped with SEFT
electron guns were operated in pulsed mode to perfo
single bunch beam-beam compensation. Significant
proton intensity lifetime improvement achieved in
I ' ‘ ' numerous beam studies is consistent with computer

simulations carried out using weak-strong code
LIFETRAC. However, a single result indicating that
TEL2 made the lifetime of a proton bunch it wasiragt
on better than the lifetime of any other protondiuis not
fully understood yet. BBC with dc electron beamngsi
TEL2 has been performed as well with positive rssul
however they were not treated in this paper. Thgh hi
voltage pulse generators being built are expeateddt
multi-bunch compensation capabilities to the TELs.
Preparations for the beam studies using the elegtm
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Figure 11: Normalized proton beam intensity, fitato
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In the simulation, the TEL was represented by a itk
generated by the electron beam with the transver
density distribution described by the formula

p() = poft+ (r 11, )

1
Particle diffusion in the Tevatron is dominated the H
intrabeam scattering which however may be enhanc¢z|
significantly by the beam-beam effects, especialhen
the betatron tune is close to strong resonancdk.tB¢ [3]
strength of the random noise can be used to seirttee
scale for tracking simulations. With the present
computing capacity it is possible to track a burath
10,000 macro particles for up to°®1rns. With the real [4]
Tevatron revolution frequency this correspondsotahly
2 minutes. By artificially increasing the IBS diffion rate
we are stretching this time to about 2 hours. Hencps]
calculating the number of particles lost from theaim
during the time of simulation can be used to egenthe
non-luminous beam lifetime. Although this methoceslo
not give a very accurate absolute result it iseqaffective
for relative comparison of various conditions. Thig7]
approach has been applied to the beam-beam
compensation with the TELs. Figure 11 shows thfg]
evolution of intensity of a single proton bunch twand
without the TELs acting on it. [9]
The simulation shows that the TELs improve non-
luminous proton lifetime by about a factor of 2.eTRELs
push the betatron tunes away from the™ 1@rder
resonance thus improving the beam lifetime.

).

(6]

with Gaussian charge density distribution are uwdgr
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