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Abstract

In the Collider Run Il, the Tevatron operateith 36 high intensity bunches of
980 GeV protons and antiprotons. Particles noturagdtby the Tevatron RF system
pose a threat since they can quench the superammglncagnets during acceleration
or at beam abort. We describe the main mechaniemghé origination of this
uncaptured beam, and present measurements of ilspaemeters by means of a
newly developed diagnostics system. The TevatrectEn Lens is effectively used
in the Collider Run Il operation to remove uncaptiibeam and keep its intensity in
the abort gaps at a safe level.

PACS numbers: 29.27.Bd, 29.20.db



1. INTRODUCTION

The Tevatron is a 6.3 km long circular c#h operating with 36 proton and 36
antiproton bunches at a beam energy of 980 GeV. mh& parameters of the
Collider are given in Table 1 and a descriptiorpération can be found in Ref. [1].
The 36 bunches in each beam are grouped in traies wf 12 bunches with a bunch
spacing of 396 ns, which is equal to 21 RF buckBte bunch trains are separated
by three 2.62 us long abort gaps. High intensitytg@r bunches are generated by
coalescing several (usually seven) smaller bunch&grmilab’s Main Injector (Ml)
at 150 GeV before being injected into the Tevatiidre injection process takes about
half an hour, then both beams are accelerated@o38/ in about 90 seconds, and
stay at the flat-top energy for the rest of thehkegergy physics (HEP) store.

Coalescing in the MI typically leaves a few perceitthe beam particles
outside RF buckets. These particles are transfeogether with the main bunches.
In addition, single intra-beam scattering (known tas Touschek effect [2]),
diffusion due to multiple intra-beam scattering $)Band phase and amplitude noise
of the RF voltage, drive particles out of the RFEKmts. This is exacerbated by the
fact that after coalescing and injection, 95% & garticles cover almost the entire
RF bucket area. To prevent longitudinal instaledifiwhich can blow-up the bunch
length and drive particles out of the RF bucketdpragitudinal bunch-by-bunch

feedback system has been installed [3]. The unoeghtbeam is lost at the very



beginning of the Tevatron energy ramp. These peastiare out-of-sync with the
Tevatron RF accelerating system, so they do nat gaergy and quickly (< 1 s)
spiral radially into the closest horizontal apesgtulf the number of particles in the
uncaptured beam is too large, the correspondingggneéeposition results in a
guench (loss of superconductivity) of the supercmtidg (SC) magnets and,
consequently, terminates the high-energy physme st the injection energy, an
instant loss of uncaptured beam equal to 3-7% eftdtal intensity can lead to a
guench depending on the spatial distribution of keses around the machine
circumference.

At the top energy, uncaptured beam generagionostly due to the IBS and RF
noise while infrequent occurrences of the longitatlinstabilities or trips of the RF
power amplifiers can contribute large spills of tides to the uncaptured beam.
Uncaptured beam particles are outside of the RFkdisc and therefore, move
longitudinally relative to the main bunches. Contrp the situation at the injection
energy of 150 GeV, when synchrotron radiation (SB3ses are practically
negligible, 980 GeV protons and antiprotons loseual® eV/turn due to the SR. For
uncaptured beam particles, this energy loss ishaing replenished by the RF
system, so they slowly spiral radially inward ané dn the collimators, which
determine the tightest aperture in the Tevatromducollisions. The typical time for

an uncaptured particle to reach the collimatobisuh 20 minutes.



Table 1. Tevatron Collider Run Il Parameters

Parameter Symbol Value Unit
Beam Energy E 980 GeV
Peak luminosity L 2.92 16% cm%s?!
Circumference C 6280 m
Number of bunches Ny 36
Protons/bunch N, 250-300 18
Antiprotons/bunch N, 40-100 18
RF voltage VrE 1 MV
RF frequency fre 53.1 MHz
RF har monic number h 1113
Bunch spacing ty 396 ns
Slip factor n 0.0028
4.4 @150GeV
RF bucket area Skr 11.0(?@980Gev eVs
Longléua?[[n(;l ;rg:gag;zat the 68 & 3.4 eV's
Proton/antiproton bunch length a/c 3.0 @10GeV ns
1.7 @980 GeV
Energy loss per turn dueto SR eVsr 9.5 eV
Synchrotron frequency fs ;357 g;:gzi\\// Hz
Synchrotron tune Vs 1.7 @150GeV 10°
0.7 @980 GeV|
Revolution frequency frev 47.8 KHz




The total uncaptured beam intensity is a produdhefrate at which particles leak
out of the main bunches and the time requiredifemt to leave the machine. If SR
Is the only energy loss mechanism, then during ppcéy HEP store as many as
60x10 particles could be accumulated in the uncaptueshb Since uncaptured
beam particles are distributed all around the arfemence, those that are in the abort
gaps between the bunch trains will be depositednetirby magnets and other places
that limit machine acceptance whenever the abotkeki fires. The resulting
guenches were of great concern in Dec.2001-Feb.280key greatly affected the
collider operation. Note that for protons, whicre ghe major contributor to the
uncaptured beam, the vacuum chamber in the vicofithe CDF detector is one of
the tightest apertures encountered by the beamoasdaround the detector poses a
great threat due to the resulting radiation danwdgketector components. Use of the
Tevatron Electron Lens (TEL) [4] reduced the unaegd beam removal time from
20 min to about 2 min thereby significantly redygits intensity and as a result, the
guenches on abort due to the uncaptured beam eisagzp completely. In the
following sections we will look into the dynamicsf ahe uncaptured beam
generation, discuss diagnostic tools used for mang the uncaptured beam
parameters, and describe the basics of the TELatperrin the regime of uncaptured

beam cleaning.



2. UNCAPTURED BEAM FORMATION

2.1 Beam dynamics of the longitudinal phase space
In the case of single harmonic RF, a particle phasgctory in the

longitudinal phase space (see Figure 1) is destblgehe following equation [5]:
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whereAp/py is the relative particle momentum deviatignis the slip factorh is the
harmonic numberys is the synchrotron tune (see Table ¢)js the RF phasey is

the accelerating phase agg determines the boundary of phase space trajedtory.
the stationary statep is determined by particle energy loss due to ssotobn
radiationeVsg :  Sing, =Vg:/Vge. The SR radiation damping is neglected in Eq.(1)
since the damping time is much longer than theestaration.

The outermost orbit, called the separatrixedrines the boundary of the RF

bucket:
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If @ <<1, the separatrix boundaries in RF phase aseritbed by the following

expressions
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Figure 1 presents the corresponding phase spgeettndes forgg=0.15. In the case
of the Tevatron during collisionsg = 10, @ = -7+ 10° and@ = 77- 10*%. Thus,
the Tevatron RF buckets are separated by a gafp@f rad. A particle with initial
momentum above the RF bucket boundary is decetetafeSR energy loss and

eventually passes through a gap between buckéte tower momentum side where

it is decelerated to the nearest apertures limitiegoeam energy spread.
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Figure 1. Upper half of phase space trajectondke vicinity of the separatrix (red

line) for ¢=0.15. Momentum spread (vertical axis) is preseirteahits of

(mhlv)Ap/ p.



2.2 Longitudinal beam diffusion rate
There are three major mechanisms creating uncaptueam. They are the

diffusion due to amplitude and phase RF noisesitiltiple intrabeam scattering
(IBS) and single intrabeam scattering (Touscheleotff2]. Immediately after
acceleration, the bunch occupies approximatelye¥.4 of longitudinal phase space,
while the total RF bucket area is about 11 eV wré&fore, there are no tails and
single IBS is the only mechanism for particle I0Skortly after acceleration to the
top energy of 980 GeV, the diffusion due to IBS &ié noise creates tails in the
distribution function and results in additional bekss, which significantly exceeds
the loss due to single IBS [7]. Therefore, we neiglengle IBS in the following
analysis.

The diffusion equation in a sinusoidal longitad potential can be written in the

following form [7]:

of _of, D) of
ot al| dE./dlal - ()

Here f=1f(l, t) is the longitudinal distribution functionD(l) is the diffusion
coefficient, and t is the time. | andE are the longitudinal action and the energy

defined as:
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wherell = ¢ is the canonical momentuni=2 7., is the synchrotron frequency.
Figure 2 presents a numerical solution of this &goaassuming i) constant
diffusion, D(I)=D,, as a zero-order approximation, ii) the initisdtdbution is ad
function,fy(l) = A1), and iii) the boundary conditidil o) = O is met at the boundary
on the RF bucket, .= 82/ 7T Figure 3 presents the corresponding beam intensit

rms momentum spread and rms bunch length. Initidllg bunch length and the
momentum spread grow proportionally«lz@ and the distribution function is close to
the Gaussian distributiofﬁ,(l ,t)D(QS/Dt)exp(—IQS/Dt). When the bunch length
becomes comparable to the bucket length, the nadrgtic behavior of the potential
results in the bunch-length growing faster than ti@mentum spread. Finally, the

distribution function and, consequently, the bumehgth and momentum spread

approach their asymptotic values, and the intensiecays exponentially as

- expl-0.741Dt/Q ).



(1)
£(0)

0.8

0.6

0.4

0.2

11Qg

Figure 2: Dependence of the distribution functiortime forDt/Q? = 0, 0.125, 0.25,
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Figure 3: Time dependence of beam intensity (tod)rans bunch length and

momentum spread (bottom).



The results of this simple model with constdiffusion andf(l) = X1) fit the
evolution of the Tevatron bunch parameters androsity fairly well (within 10%)
for the stores when the beam-beam effects are aedkhe IBS effects dominate.

For the Tevatron collider parameters, thyitudinal energy spread in the beam
rest frame is significantly smaller than the traerse ones (the ratio of the
longitudinal kinetic energy to transverse kinetiery is about 0.004 at the collision
energy and about 0.02 at the injection energyjhis case, simplified IBS formulas

can be used, e.g., for the momentum spread gratai{7]:

d(adp/rbz): rpZCN ES(gxﬂy) L (6)
dt  &2°p,\ [gi+6700,]

where yandg are the relativistic factors, is the classical proton radius,, . is the

PR
rms momentum spreads is the rms bunch length, the rms beam sizes antbttal

angular spreads are
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, B B, 0x anda,, are beta- and alpha-functioi}, and D; are the dispersion and its

derivative,( )_ denotes averaging over the ring,
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iIs the Coulomb logarithmL¢=23 for the case of the Tevatron), and, lastly, the

function
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approximates the exact result (obtained for a Gamslstribution) with an accuracy

better than a few percent.
For small amplitudes, the rms bunch length ¢gihawate due to RF noise is equal to

dle,’)
dt

= ﬂQsz(Pw(Qs)+%a¢2PA(ZQS))
RE . (10)

Here g,= 2m; [Are is the bunch length in radiankgg is the RF wavelength, and the

spectral densities of the phase and amplitude @wesaeormalized as follows

3 = [P, Pxe = [, (w)dw
o A . (11)

The effect of the RF noise on the Tevatrearb is dominated by the RF phase
noise [6]. The main noise source is microphonidted in the RF cavities due to
the flow of cooling water. RF phase feedback suggee this noise by ~30 dB to an
acceptable level. Presently, the spectral density tloe noise is about

P, (Q./27m) = 47P,(Q,)=5010™ rad’/Hz, which causes a bunch lengthening of about



2200 mra@hour. This value is more than an order of magmitschaller than the
longitudinal emittance growth due to IBS at theibemg of a store with nominal
proton intensity.

Besides the mechanisms described above, thatréa luminosity evolution
model [7] takes into account the particle loss #nel emittance growth due to
collisions at IPs and with residual gas atoms, a as the fact that the beam
intensities and transverse and longitudinal enmtctanare changing during stores,
thus affecting the IBS diffusion rates and partides rates from the RF buckets.
Figure 4 shows the bunch lengthening for proton amtproton bunches calculated
using the model (solid lines) in comparison withasigrements made during a typical
Tevatron HEP store (dashed line). Good agreemdmnielea the simulation and the
observation for the protons indicates that IBShe tnain cause of longitudinal
diffusion. For antiprotons, however, the beam-beataraction with high intensity
proton bunches [8] results in the loss of particlath large synchrotron oscillation
amplitudes, slowing the bunch lengthening relativethat predicted by the IBS
model. However since 2007, the brightness of ttigon beam has been greatly
increased. This made large synchrotron oscillagoostons more susceptible to the

beam-beam effects, especially at the beginning@HEP stores.



Figure 4: Simulated bunch lengthening effects caeghavith the measurements of a
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Figure 5. The measured dependence of the normdbngdudinal phase space

density on the particle action for the protons tapd antiproton (bottom) at the

beginning (red) and at the end (black) of store/&36



Figure 5 shows the evolution of the noraedi longitudinal phase space density
of the proton and antiproton beams in the Tevauwonng a long store. The
measured particle actidgis related to the longitudinal action variable Eq. (4) as

follows

= —Cpo |
° 2mtihn

(12)

At injection, both beams are containethat95% level within 4 eV s. During
the store, the protons gradually diffuse out todbge of the RF bucket at about 11
eV s where they can cross the edge and contrilouteet uncaptured beam. The
antiproton bunches, which are only about one sévehthe proton bunch intensity
(N.=34x10°, N,=248x10° per bunch at the start of the store), are effebticlipped
by the beam-beam interaction and remain at esHgntieeir initial longitudinal
emittance. The IBS model allows us to calculateldimngitudinal beam loss rate in a
typical Tevatron store (Figure 6). The initial letuglinal loss rate is not equal to zero
because of the Touschek effect. Later in the stohen more particles move closer
to the boundaries of the RF buckets through diffiusprocesses, multiple IBS
scattering starts to dominate over the single ecag effect. Note that for

antiprotons, luminosity burning is the main losstcibution and the longitudinal loss

due to IBS is much smaller than its total intenkigs rate.



8x10°

6l ”-1 L / \

Z o0 F /
EX]OQ 7/ aeeemrmemTTTI T OISO e e

0 5 10 15 20 25
Time (hour)

Figure 6: Calculated longitudinal beam loss rateniit of particles per second for a
typical store using the IBS model, the red curvi@ighe proton bunch and the blue
dashed line is for the antiproton bunch.

The shape of the curve of the calculatedjitodinal beam loss rate is in good
gualitative agreement with the Tevatron observati¢ior example, Figure 7a shows
the evolution of the total proton bunched beamnsitg, proton loss rate, proton rms
bunch length and the abort gap beam intensity guHiBP store #5157. Bunch length
and bunch intensity are reported from a wall curreronitor (known as the
“Sampled Bunch Display” and briefly described infRE]). The loss rate is
measured by gated scintillation counters on the @Btéctor, which integrate over
the time intervals corresponding to the abort dgagsveen the three proton bunch
trains, while the simulation gives losses for tHele Tevatron storage ring.

2.3 Other mechanisms of uncaptured beam generation



Large-amplitude beam-phase oscillations within tRE& bucket due to
instability or a sudden change of the RF buckeamaters (for example, an RF

cavity tripping off) can result in large spills particles into the uncaptured beam.

At the Tevatron injection energy of 15@\G large (~1 rad peak-to-peak)
longitudinal dipole beam oscillations ( “dancingniohes” [10]) which are mainly
caused by the coalescing process in the Ml, arereed in high intensity beams and
can persist for many minutes if not damped. Thesa€ing bunches” result in slow
bunched-beam intensity loss and an increase inptunea beam which is lost at the
start of acceleration. Another manifestation of tbegitudinal impedances is the
regular occurrence of large RF phase beam osoiligtiresulting in bunch
lengthening. Such blowups again cause a signifigaaiuction in luminosity,
increased beam losses, and the accumulation oclparin the abort gaps. To
counteract that, a longitudinal bunch-by-bunch damwas designed, built, installed
and commissioned in the Tevatron in 2002 [2]. Sitie, the damper has been in
operation for every HEP store. It effectively suggses both the “dancing bunches”
and the single- and coupled-bunch instabilitiesvds found that to be effective, the
damper feedback loop gainshould vary slowly during the store in a fashionakih

tracks the proton bunch intensity and bunch leggt,/ o5 [11].
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Figure 7. a) left — Decay of proton bunch intenglilack curve) and growth of its
length (blue) as well as abort gap loss rate at GBtEctor (green) and proton abort
gap intensity (red) in a typical HEP store (#51@hen the TEL was on; b) right —
same for store #5136, in which one of 4 proton REias tripped off in the middle
of the store.

The Tevatron RF system consists of four dtifbe cavities phased for
acceleration of protons and four cavities phasedafdiprotons. When one of the
power amplifiers feeding these cavities trips difie total RF voltage seen by the
beam is decreased. That usually results in sigmficounch lengthening, an
instantaneous spill of particles into the uncamgtubeam, and an increase of the
uncaptured beam generation rate. The Tevatron giimtesystem will immediately
terminate a HEP store if more than one RF statips bff because of the very high
risk of damaging CDF or DO electronics during amrabvith an abnormally high

intensity of uncaptured beam in the abort gapaur€igb shows the beam parameters



In store #5136 in which one of the four proton Ratiens tripped off about 16 hours
after the beginning of the store. One can see leegpi the abort gap losses and
uncaptured beam intensity after the trip.

The next sections describe the Tevatron uncaghtheam diagnostic tools and the

Tevatron Electron Lens (TEL) operation as an agjaptbeam remover.

3. UNCAPTURED BEAM DETECTION SYSTEMS

In the Tevatron, the uncaptured beam diagnostiedbased on the detection of
synchrotron radiation (SR) emitted by the partialesan SC dipole magnet. The
method works only at 980 GeV where SR power isigefitly large. The challenge
in detecting the relatively small intensities asatex with uncaptured beam is to
avoid being blinded by the main particle bunché€kis is accomplished with a gated
photomultiplier tube (PMT) that observes the optlsR mainly originating from the
dipole magnet edge. The system [12] is located short non-cryogenic section
located between a full dipole and a half dipole rghevo moveable mirrors are
positioned to intercept the light originating frdhe far edges of the adjacent dipoles.
One mirror picks off the light from the protons,datihe other mirror picks off the
light generated by the antiprotons. The light £xite beam pipe through a quartz

vacuum window and enters an optical box. Eachcapbox (see Figure 8) contains



the PMT, optical attenuators, lens and intensiftadhera for producing transverse
images of the beam.

The PMT is a modified Hamamatsu R5916U-50 l{bwith 3 stages of micro
channel plates) with a maximum gain of £&@d a minimum gating width of 5ns. It
also has a large extinction ratio and no detectabfesitivity to light present before
the gate is applied so that it will not be blindgda preceding bunch. The shape and
intensity of the magnetic field at the entrancatdipole magnet results in roughly
25,000 (60,000) photons generated per 100nm batiiwier 18 protons
(antiprotons). The optical system efficiency reskithat amount to 200 (500) PMT
photoelectrons per i(rotons (antiprotons). The data acquisition irdaées the
output of the PMT and averages over 1000 turnsse@an the stability of the PMT
gain and the measurement-to-measurement variatien,detection sensitivity is

estimated to be ~f@articles.
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Figure 8: Diagram of optical collection system.eiédis one light box for the

protons, and one for the antiprotons.

The calibration of the PMT can be accomplishretwo ways. One method is to
insert the optical attenuators and gate the PMIoincidence with a bunch for which
the intensity is known. This method relies heawiythe linearity of the PMT, but
offers a simple technique for monitoring changethi calibration. A second more
reliable method utilizes the TEL and a DC curreansformer measurement of the
total beam current and is discussed below.

Figure 9 demonstrates the sensitivity & BMT system. The data was taken

by a digital oscilloscope to collect time infornmatifrom single photon events. The



micro-bunch structure in the abort gap coincideth \/®F buckets and is attributable

to remnants from coalescing. The high peaks artungh 1 are the satellite bunches

also left from the MI coalescing process.
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Figure 9: Structure of the beam in the tail enthefabort gap. Blue bars represent

proton intensity; red curves are given for refeesand show the Tevatron RF
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A comparison of bunched beam intensity (meabklg the Sampled Bunch

Display or Fast Bunch Integrator systems [11]) widtal beam intensity measured

by a DCCT gives in principle an alternative estienatf the uncaptured beam

intensity. Unfortunately, the systematic errors tbé bunched beam intensity

monitors are too large (~1Oprotons for a total beam intensity of about®1(11].



Therefore this method is used only at 150 GeV whiee synchrotron light

diagnostic is inoperable.

4. UNCAPTURED BEAM REMOVAL

As explained in the introduction, the presentehe uncaptured beam is very
dangerous for the collider elements and the higirgagnphysics particle detectors
CDF and DO. A number of ideas have been proposedelimination of the
uncaptured beam in the Tevatron. The Tevatron Eledienses have been found to
be the most effective [4]. As explained in thistget the advantages of the TELs are
two-fold: i) an electron beam is in close proxiyrib proton or antiproton orbits and
generates a very strong transverse kick; ii) tBesTpossess short rise and fall times
(~100 ns), so they can be easily adjusted to opanaa variety of different pulsing
schemes. Another uncaptured beam removal methtettesiring machine studies
was a transverse strip line kicker operating witimasrow noise bandwidth. The
kicker signal was timed into the abort gap to diéfuuncaptured beam particles
transversely. With the noise power limited by & 39 amplifier, that method was
found significantly less effective than using thELE [13]. Abort gap cleaning by

very strong kicker magnets worked effectively inRfEand SPS[14].



4.1 TEL as the uncaptured beam cleaner

The Tevatron Electron Lenses #1 and #2 wetallad in the Tevatron in 2001
and 2006, respectively, for compensation of beaawbeffects [15]. In 2002, it was
found that TEL-1 can very effectively remove uncept protons if timed into the
abort gap and operated in a resonant excitatiameegt]. TEL-2 is also able to

function as an abort gap cleaner.
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Figure 10: Layout and main components of the Tiestatron Electron Lens.

Figure 10 shows the layout of the TEL-1. The maigneystem of the TEL
consists of a 65 kG superconducting (SC) main saderfiour 8 kG and two 2 kG SC
dipole correctors in the same cryostat, and comweait 4 kG gun and collector
solenoids. The TEL cryostat is part of the Tevatmagnet string cooling system. A
strongl-shaped magnetic field is needed to guide the 1@lk¥¢tron beam from the
electron gun through the interaction region, whelectrons interact with high-

energy (anti)protons, to the collector. The loveigy electron beam of about 4 mm



in diameter is strongly magnetized and follows tiegnetic field lines. SC dipole
correctors allow precise steering, in position andle, of the electron beam onto the
beams circulating in the Tevatron.

To operate the TEL as the abort gap uncaptured Ibearover, the electron beam
pulse is synchronized to the abort gap and positiomear the proton beam orbit.
Electric and magnetic forces due to the electractespharge produce a radial kick

on high-energy protons depending on the separdtion

<
1+, 2L, a0 d<a

d
a

ﬂe el}lj/p E’ d>a
d

AG=% (13)

where the sign reflects repulsion for antiprotond attraction for protong3=v¢/c is

the electron beam velocity,J. and L, are the electron beam current and the
interaction lengtha is the electron beam radiusg,is the classical proton radius, and
%=1044 is the relativistic Lorentz factor for 980\Ggnti)protons. The factdr#4;
reflects the fact that the contribution of the meatgmn force isfS. times the electric

force contribution and depends on the directiothefelectron velocity.

For 5kV electrons with typical peak current of ab0.6 A and 5 mm away
from the protons, the estimated kick is about uad. When the pulsing frequency
of the TEL is near the proton beam resonant frequethis beam-beam Kkick

resonantly excites the betatron oscillations ofitbam particles.
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Figure 11: The relative positions of the protamtj@oton and electron beam during
uncaptured beam removal.
In the uncaptured beam removal operation, the TIEtt®n beam is placed 2-3 mm
away from the proton beam orbit horizontally anawtbl mm down vertically as
depicted in Figure 11. For normal Tevatron operatthe fractional part of the tunes
are Q.= 0.583 andQy= 0.579 for horizontal and vertical planes respectiveliie3e
tunes are placed between the strong resonancé&at3/14 and 3/5=0.6. When an
uncaptured particle loses energy due to synchratdration, its horizontal orbit is
changed proportionally to the lattice dispersieiD,(dP/P) and its betatron tunes
are changed due to the lattice chromatiCity=dQ ,/(dP/P):

0 d
Qx,y = Qx,y+ CX y(ij + AQX)‘ )g) , (14)

0

where the third term accounts for slight tune clasndue to nonlinear magnetic

fields. Typical operational chromaticities of tAevatron at 980 GeV are set to



Cyy=+10, so the tune decreases with the energy loss. hédune, driven by the
TEL, approaches one of the resonant lines, the iardpl of the particle betatron
oscillations grows, eventually exceeding a few imiditers until the particle is
intercepted by the collimators. Figure 12 presentsset of the simulation results of
the particle amplitude driven by the TEL to theinity of the 4/7" resonance. The
maximum amplitude is determined by the nonlineaonfythe force due to the
electron beam and the nonlinearity of the machiete that without the TEL, a
particle would still be intercepted by a horizontallimator after its orbit moved
about 3 mm inward due to SR. The TEL simply driitasiore quickly, preventing

the accumulation of uncaptured beam.
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Figure 12: Betatron oscillation amplitude of thetjgdes driven by the TEL in

vicinity of the Q=4/7th resonance line (simulations).



The electron beam pulsing scheme is demdadtra Figure 13, where the green
oscilloscope trace is the signal from the TEL Bdwmsition Monitor (BPM) pickup
electrode and the blue trace is the total eleattorent. In the BPM signal, one can
see three negative pulses representing the elelbam pulses in the 3 abort gaps
whereas the 36 positive pulses are the proton baigetals with the small negative
adjacent antiproton bunch signals. The intensitghef antiproton bunches was 10
times less than that of the proton bunches at nideoé that particular store, so they
appear only as very small spikes near the larg@piounches. During a typical HEP
store, the train of three electron pulses is geadravery ¥ turn for the purpose of
excitation of the 4/7 resonance for the most effectemoval of the uncaptured
proton beam particles. The electron pulse widthbigut 1us and the peak amplitude
is about 250 mA.

Tek Run | = ] Trig'd

@k 100mv

Figure 13: Scope traces of the electron beam p(idee) and the TEL BPM signal
showing electron, proton and antiproton bunche® @wision of the horizontal axis

Is 2 microseconds. About one Tevatron revolutiomogkeis shown here.



The uncaptured beam removal process was demomistiratan experiment in
which the TEL was turned off for about 40 min ahdrt turned on again as shown in
Figure 14. The blue trace is the total bunchedioprbeam intensity measured by the
Fast Bunch Integrator [9]; the red trace is theraye electron current measured at
the TEL electron collector; the green trace is tibi@al number of particles in the
Tevatron as measured by DCCT [9]; and the cyare timthe abort gap proton beam

loss rate measured by the CDF detector counters.
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Figure 14: Uncaptured beam accumulation and renfw@EL: the electron current

was turned off and turned back on 40 min laterragai

After the TEL was turned off, the abort gapd rate was reduced by about 20%
but then started to grow. After about 20 min, fing spikes in the losses started to

appear and grow higher. Notably, the bunched be#ensity (blue line) loss rate did



not change, so the rate of particles escaping thenRF buckets was about constant.
As soon as the TEL was turned on, a large incr@asbe abort gap losses and
reduction of the total uncaptured beam intensityla¢de seen (Figure 14). About
15x10 particles of the uncaptured beam in the abort gae removed by the TEL

in about rg;=3 minutes and the abort gap loss rate went bacla temooth

equilibrium baseline.
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Figure 15: Uncaptured beam accumulation and rehimwvthe TEL. The black line
represents the average electron current of the Ttered line is the uncaptured
beam estimated from the DCCT measurement; thelinkeiés uncaptured beam in

the abort gap measured by the AGM.



The calibration of the abort gap monitor (AGM) heeen performed using the TEL
as presented in Figure 15. The TEL was turned wfind a store (average electron
current is shown in black) at about= 20 min. Accumulation of the uncaptured
beam started immediately and can be measured ascass of the total uncaptured
beam current with respect to its usual decay. @lbe line in Figure 15 shows the
excess measured by the Tevatron DCBNcer(t)=N1er oft) — Niecay fit TEL oft). The
abort gap uncaptured beam intensity measured bg@&M (red line) and the DCCT
excess grow for about 30 minutes before reachimgra#on at intensity of about
16x10 protons. Then the TEL was turned on resultinghim quick removal of the
accumulated uncaptured beam from the abort gaps.ni¢thod of calibration of the
AGM with respect to DCCT interferes with the codlidoperation resulting in higher
losses (see Figure 14 above and discussion), sootieration is performed only
when required. The AGM is used for the routine rtammg of the uncaptured beam.
The typical rms error of the uncaptured beam intgnsieasurement is about
0.01010° protons for the AGM, and some @ protons for the DCCT.

The amount of the uncaptured beam is determinethdéyate of its generation

and the removal tine

d
Npc = I\I‘aJEChEd o (14)



The characteristic time needed for a 980 GeV partic lose enough energy due to
SR is aboutrsg=20 minutes, so the TEL reduces the uncaptured Ipegoulation by
about one order of magnitude.

At injection energy, the synchrotron radiatafrprotons is negligible, so the TEL
is the only means to control uncaptured beam. &sdabove, one of the TELs is
used routinely in the Tevatron operation for theppse of uncaptured beam removal
at 150 GeV and 980 GeV. In 2007, the typical aotim intensity increased to about
a third of the proton intensity, and therefore thetiproton uncaptured beam
accumulation started to pose an operational thAgatantiproton AGM, similar to
the proton one, has been built and installed. Byer placement of the TEL electron
beam between the proton beam and the antiprotan Gftastrated in Figure 11), we
are able to remove effectively both uncapturedgretand uncaptured antiprotons.
In addition, we have explored the effectivenesshefuncaptured beam removal at
several resonant excitation frequencies. For thathave pulsed the TEL ever2
34 4" 5" 6" and 7 turn. Reduction of the uncaptured beam intensiy observed
at all of them, though usually the most effectivasvihe every"7turn pulsing when
the Tevatron betatron tunes were close (slightyvapto Q. ,~4/7=0.571 or every

6™ turn pulsing when tunes were closeg~=7/12=0.583.

5. CONCLUSIONS



Uncaptured beam has been found to be very damgdor Tevatron operation in
the Collider Run Il. We identified the main meclsams of uncaptured beam
generation, namely, intrabeam scattering and ladgial instabilities are dominant
at the injection energy of 150 GeV and at the toprgy of 980 GeV while RF noise
and RF cavity trips contribute occasionally at @B8€V. Sensitive uncaptured beam
diagnostics have been developed on the basis dytinghrotron light monitors. The
uncaptured beam intensity is controlled by using Tevatron Electron Lenses for
the removal of uncaptured particles. The TEL etettbeam is synchronized with
abort gaps and resonantly excites betatron osoillaiof the (anti)protons which are
then lost on the tightest beam aperture (collingtofhe TELs smoothly remove the
uncaptured beam from the abort gap within minugperience with the uncaptured
beam in the Tevatron, as well as in other hadrdideos such as HERA and SPS
[14], provides valuable input for uncaptured beamtmwl! in CERN’s Large Hadron

Collider [16].
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