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High energy particle colliders are probably the most sophisticated machines ever built.
Colliding beams have to be kept stable for many hours, and beam parameters should be
preserved for delivering maximal information to the physicists. Optimization of collider
performance is a very important and challenging task, due to the complexity and required
precision of experiments, as well as the high cost of the operating the accelerator
complexes.

We review several promising directions for improvements in high energy collider
performance that have been initiated and reported in scientific publications recently,
namely: extraction by means of a crystal of the beam halo from high energy colliders for
use in auxiliary experiments; compensation of mutual space charge effects of collider
beams on one another; intelligent beam damping schemes and application of these to
feedback systems; beam parameter diagnostics by use of low energy beam probes. To
facilitate these developments an efficient software model of the collider was developed and
applied to study details of the performance of the collider. A computer code for tracking
charged particles in the collider environment was built, and some of its applications
considered. All of these studies show promise of improving collider parameters and
performance. Improvement of collider operations would extend the physics reach of
existing and future colliding beam accelerators, and enhance the accessibility to scarce
collider facilities for experimental groups.

Konnaiinepst qactuu BEICOKMX 3HEpruil ABIAIOTCA, NO-BUIMMOMY, OJHHMH U3 HauGosee
CIOXHBIX TEXHHYCCKHX YCTPOHCTB. YCKOPEHHbIE MTydKH YACTHLL JOJIXHbBI COXPAHATHCS B YC-
KOpHTE/IC B TEUEHHE MHOTHX YacoB, IPMYEM MX MapaMETPhl JOJDKHBI OCTABATHCH CTabHIIb-
HBIMH, 4T00Bl OGECIIEYHTh [OMYYCHHE MAKCHMyMa HHGOPMALMM B 3KCIICPHMEHTAbHBIX
uccnefoparusx. OnTuMu3aLms paGoTEl KOMNAHLEPOB ABISETCA BAXHON U 04eHb HEIPOCTON
3afiayedl M3-32 GONBIIOH CIOXHOCTH M TPeGyeMOil BHICOKOM TOUHOCTH BKCIEPHMEHTOB, a
TaKXe BBICOKOH CTOMMOCTH paboThl YCKOPHTEIBHEIX KOMIUIEKCOB,

*State University of New York at Albany, USA



676 TSYGANOV E., TARATIN A, ZINCHENKO A.

Haetca 00630p HECKONBKHX IEPCHEKTHBHBIX HaNpamleHH# B YCOBEPLIEHCTBOBaHHM
pa6oThl KoJUTaHaepoB, KOTOPBE HEAAaBHO GBUIH WHHLMHPOBAHBI HAMHM H ONMYOJIMKOBAHBI B
HAay4HBIX XyPHI1aX M COOOILEHHAX, @ HMEHHO: BLIBOJ rao My4YKa U3 KOIAHIEPOB YacTHLl
BBICOKHX 3HEPIHil ¢ MOMOLIBI) M3OTHYTBIX KPHUCTAUIOB [UIS OPFraHH3ALHMK JOTIOHMTENbHBIX
9KCMIEPUMEHTOB Ha (PMKCHPOBAHHbIX MULUCHSAX; KOMIEHCALMS BIMSHHA IIPOCTPaHCTBEHHOIO
3apsaaa BCTPEYHBbIX NYYKOB HA MX CTaOHUNBbHOCTL; HOBBIE CXEMBI TAIEHHS KonebaHui nmyuxka
M MX NIPUMEHEHMs B cucTeMax o6paTHOH cBA3M; Hepa3pywawllas AHarHOCTHKA apaMeTpoB
LUMPKY/THPYIOLIMX My4KOB C MOMOIIBIO NMYYKOB YacTHL HU3KHMX aHeprui. [is neraneHoro
HCCJIEIOBAHUS 3THX MpERIoXeHHH Hamu 6blna paspaboraHa apeKTUBHAS KOMMLIOTEPHAS
MOZleJIb KOJLIaliiepoB, CO3AaHbI KOMIBIOTEPHbIE APOrPaMMBl 1A pacyeTa TPaeKTOPHMH 3aps-
XKEHHBIX YaCTHL B KPHCTALIE, @ TaKXKeE B NOJIE [POCTPAHCTBEHHOIO 3apsANa, 3/EKTPHYECKHUX
¥ MAarHMTHBIX NONAX B YCIOBHSX, XaPaKTEPHBIX JUI KOJUTARIEPOB YACTHL BHICOKHMX 3HEPIHM.
Pe3ynbTaThl MCCNEROBAHHIH HNAIOT OCHOBAHMA HAIEATHCS HA BO3MOXHOCTB 3HAYHTEIHHOTO
yAydilleHus paboThl KOLTaitaepoB. DTO NO3BOAHT PacIUMPUTh 061acTh PHIHUECKHX HCClE-
JOBaHHii, AOCTHXHMBIX Ha CTATKHBAIOLIMXCA My4YKaX CYLIECTBYIOLUMX M COCPYXAEMBIX yC-
KOpHTENEH, H YBEIMYHT HOCTYMHOCTh 3THX YCKODHTE/IBHBIX KOMIUIEKCOB ms Gosbluero
YHCIa HCCIIEAOBATENBCKHX IPYIIL.

I. BEAM HALO CRYSTAL EXTRACTION
DURING COLLIDING MODE

Bent crystals provide perhaps the only possibility to combine extraction of
some fraction of the proton beam with colliding experiments. Studies on
steering high energy beams using bent crystals and applications of this
phenomenon for beam extraction have demonstrated the feasibility of this
technique [1]. Figure 1 shows the results of the first experimental observation
of the channeled particle deflection by a bent crystal at Dubna. Use of this
technique could provide a double purpose mode of a collider operation, with
extraction of a small fraction of beam intensity. This extraction may be
performed with no interference with the colliding beam experiments.

Bent crystal extraction has been successfully demonstrated on almost all
high energy accelerators [2,3,4,5]. Detailed studies of crystal extraction are in
progress currently at Fermilab and CERN.

Despite success of beam extraction efforts, a practical solution for crystal
extraction simultaneously with colliding beam experiments was not really found
until recently. Early attempts to find the mechanism of «pumping out» particles
from the primary beam and delivering them to the bent crystal without
interference with beam emittance characteristics have been discussed [6,7] but
not yet proved experimentally.

The matter of the high efficiency beam halo extraction from colliders
during colliding mode of operation by means of a bent crystal was for the first
time successfully elaborated by Monte Carlo simulation in the paper [8].
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Fig.1. Angular distributions of the channeled fraction of 8.4 GeV protons outgoing
from the bent crystal in the first experiment to observe bending in Dubna. For the
crystal bending angle 3 mrad (a) and 26 mrad (b)

Calculations were performed for the Tevatron collider lattice. According to the
studies {8] halo particles of high energy beams would be extracted from
colliders with high efficiency without interference with colliding beam
experiments. This would eliminate irradiation of accelerator parts by the beam
halo, creating more favourable environmental situation at accelerators. The
extracted beam could be used for parasitic experiments, or disposed of in an
environmentally controlled manner.

The authors [8] have chosen the Tevatron lattice for the analysis because
the Tevatron is the highest energy particle collider in the world today. Fermilab
with rich infrastructure and scientific traditions in particle physics would be the
natural center of activity of physicists in the near future, aiming also a
preparation of elements of the LHC experimental detectors. Besides the rich
expertise in colliding beam detectors, Fermilab could provide test beams of the
highest energy. That is essential for a healthy R&D program in detectors for
colliding beam experiments, especially for calorimetry. High energy particle
beams at Fermilab should be considered as an essential contribution to the
future LHC program.

Conventional extraction and colliding beam experiments are technically
incompatible. Fermilab colliding beam program has an absolute priority, and
therefore the fixed target mode of Tevatron operation is very strictly limited.
Fermilab Main Injector extracted beam, 120 GeV, when it will be available, still
cannot provide TeV beams for R&D in calorimetry.

The authors [8], based on the computer simulation, show how to extract
1 TeV beam halo protons from the Tevatron with high efficiency. More than

10”7 protons per second, now lost on scrapers and collimators, can be extracted
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from Tevatron using bent crystal in a «passive» mode, without interference with
colliding beam experiments. This would reduce background in the colliding
beam detectors. The extraction efficiency can be as high as 99%. Bent crystal
deflectors would also work well for the LHC collider, where background
radiation due to a beam halo loss could be reduced by the factor of 100. The
B-physics fixed-target experiments with the extracted LHC beam halo could be
performed.

" A. Resonance Excitation of Longitudinal Beam Halo. The main obstacle
for crystal extraction is a very small impact parameter of a halo beam particle
when it hits a bent crystal. Even if the crystal edge could be polished and
aligned to the circulating beam with precision better than one micrometer, this
effective septum thickness still is much larger than the typical impact parameter
for a halo particle which impinges the crystal during beam loss, and therefore
the septum cannot be effective. A small average impact parameter for particles
striking the crystal could also worsen crystal radiation damage. For the device
to be practical at least several micrometers are required for the mean impact
parameter.

When one tries to excite beam halo particles using some kind of beam rf
gimnastics and send them to the bent crystal septum [6], it is difficult to
guarantee that the core of the beam is not disturbed and a beam emittance is
preserved. Nevertheless, we showed by computer simulation [7] that
perturbation pulses in the main rf voltage, if in resonance with the synchrotron
oscillations of beam halo particles, can effectively eject the particles out of the
bucket without perturbing the beam core. This method can be used to place the
beam halo particles onto a bent crystal for extraction from an accelerator if the
crystal will be located in high-dispersion region and thus particle momentum
deviations can be translated into transverse displacements.

Suppose the driven halo particles are initially located in the 8-I phase space
about (Sp, lp). Here 8=Ap/p_is the relative momentum deviation from the

synchronous momentum p, and [ is the longitudinal displacement from the

bunch center. Each time the driven halo particles complete one synchrotron
oscillation, the perturbing pulses are switched on with the sign of 8p. Thus the

perturbed halo particles jump onto an orbit of larger amplitude after each
synchrotron oscillation. Figure 2a illustrates the effect of one of the perturbing
pulses in the ! space on the trajectory of the driven halo particle. The rf phase
(bp for the perturbing pulse is connected with lp by the relationship

2nth
=¢ +=-1
q) q)S + Cs ’
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Fig.2. Schematic picture of the process of ejecting beam halo particles by
means of synchronized rf voltage pulses. (a) Synchrotron orbits in the § — |
phase space before and after the action of a perturbation pulse. (b) Sinusoidal
rf voltage and the position in rf phase of perturbation pulses

where ¢, is the synchronous phase, C, is the circumference, and h is the
harmonic number of the accelerator. The rf phase ¢p and interval Aq)p, in

which the perturbing pulses are turned on are shown in Fig.2b. To act on halo
particles only, the perturbing pulses, A¢p, need to be short compared to the rf

period.
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Fig.3. Relative momentum deviation amplitude 3 as a fuction of turn number
for a halo particle driven by a multiple resonance sequence (solid lines) and
by a single resonance sequence (dotted lines). For the pulse duration 13.3 ps
(a) and 267 ps (b)

Because the rf voltage varies sinusoidally in time, the period of a
synchrotron oscillation depends on the amplitude of the oscillation. Thus, to
increase monotonically the synchrotron amplitude of driven halo particles, the
time interval between two successive perturbing pulses has to follow the
increase of the synchrotron period. The time sequence of perturbing pulses is
determined by the initial location (lp, 5p) of the driven halo particles and the
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pulse voltage Vp. This sequence when only one perturbing pulse is turned on
during a synchrotron oscillation was called a single resonance sequence.

A
Figure 3 shows the growth of the synchrotron amplitude & of a halo particle
driven by a single resonance sequence.
A single resonance sequence determined by the phase space point (lp, Sp)

captures and ejects only the particles whose initial phase space locations are
near that point. To eject significantly more of the particles near the synchrotron
orbit passing through (lp, SP) the pulse sequence can be repeated for a number

of subsequent turns. This number N should be less than the number of turns
for the halo particle to move along its unperturbed orbit to (lp, - 8p). Otherwise,

compensation of the pulse action will occur.
The resulting sequence obtained by repeating the single resonance sequence
was called a multiple resonance sequence. Figure 3 shows the growth of
A

momentum deviation amplitude & due to a multiple resonance sequence. In
contrast to the nearly linear growth in the single resonance case, the amplitude
growth is not monotonous in the multiple resonance case. However, for pulses
both with a small duration (a), and with a large one (b) the average rate of the
amplitude growth appears to follow the growth rate in the single resonance case.
At that with long perturbing pulses, the multiple resonance sequence is also

effective in ejecting the halo particles with > lp whose initial momentum
A
amplitudes are not near Sp.

So, with the accurate positioning of perturbation pulses in rf phase, one can
eject particles only from the tail of the beam without perturbing the core. The
ejection efficiency and rate may be regulated by the pulse voltage, the pulse
duration, and the resonance repetition number. Moreover, it is possible to act
either on a single bunch or on a few bunches simultaneously.

The longitudinal tails of the bunch can be resonantly excited also by the
transverse kicker to increase betatron oscillation amplitudes and thus bring
particles onto a bent crystal for extraction. Here we review simulation results on
a mean impact parameter versus extraction rate for the Tevatron [9]. Kicks were
simulated as short electric pulses applied to the tails of a bunch, to guarantee
that the core of the bunch will not be disturbed. Applying a kick in a resonant
mode with |AQ| <0.25, i.e., approximately each seventh turn, the authors
studied an impact parameter distribution at the crystal.

The scheme of the Tevatron is presented in Fig.4. For the simulations,the
crystal position was chosen at the E853 [5] crystal position at CQ on the radius
of 3 mm outside the beam position. A simple linear model of the Tevatron was
used, a matrix transformation of particle parameters — X, X’, Y, Y', E, Z — from
one location to another. Locations used were present RF position (a kicker was
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of data to the mean extraction time of 10° s, which corresponds to 10% of full
beam intensity to be extracted in about 24 hours, predicts a mean impact
parameter less than 0.01 um, too small to make a simple crystal extraction
scheme to be practical. Of course, a mean impact parameter value could be
dependent on a beam excitation mechanism. However, we are very skeptical to
the opinion that some more sophisticated RF gymnastic could be found in
colliders which provides a good impact parameter and at the same time satisfies
non-interfering requirements. We believe that the good solution of this problem
lies in quite different approach [8].

B. Ultrathin Crystal Scatterer — Crystal Mirror. The dominant
transverse emittance growth mechanisms predicted for the Tevatron colliding
beams are intrabeam scattering and beam-beam interaction. The quality of the
linear aperture generally defines iong-term beam stability and formation of the
beam halo. The head-on beam-beam effect is the major source of nonlinearities.
The strongly nonlinear beam-beam force excites high order betatron resonances

causing particles to diffuse into the tails of the transverse distributions and to
be lost. ‘

Fig.4. The scheme of the Tevatron

For the Tevatron in the colliding mode the measured value of the particle
loss on scrapers placed at 10 ¢ from the design orbit, where ¢ is the rms

transverse size of the beam, is about 0.4 x 10’ protons per second for 10'2
particles in the beam [10]. This corresponds to a beam lifetime of about

70 hours. The projected proton intensity for the Tevatron collider is 5.4 x 10'2
[11], which implies proton loss of about 2 x 107 protons per second. It was
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Fig.5. Interpolation of the simulation data for the resonance
transverse excitation of the longitudinal halo of the Tevatron
beam to the extraction time of 106 s. Corresponding mean impact
parameter is equal to 0.0083 um

shown in [8], that practically all these particles could be channeled in a bent
crystal and delivered to the extraction line.

As was mentioned already, there is a serious difficulty with delivering the
beam into the extraction septum. If we suppose that the halo particle moves
away from the beam center at a typical rate of about 0.1 mm per hour, we get
a one turn step size of less than the size of an atom [12]. Of course, an
accelerator is not such a precise machine. Nonlinear effects due to multipole
magnetic components produce turn-to-turn variations of a particle trajectory.
Vibrations of quadrupoles, dipole power supply ripple and other noise sources
produce a beam position jitter. This could produce an impact parameter at a
crystal perhaps of an order of fraction of micrometer. Still, a simple crystal
extraction scheme would not be effective under these conditions because of the
large ratio of septum thickness to mean impact parameter. Radiation damage to
the crystal, which usually does not present a problem [13], in this case could be
worsened because of the very high spatial density of radiation, and would
reduce the channeling transparency of the crystal.
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Placing a crystal at a radial distance of 16-20 ¢ could partially solve the
problem. At this distance particles have stable trajectories for only several turns
and are well scattered in space. However, this is not really feasible because
scrapers must be placed at about 10 o to control the beam loss.

One could overcome the difficulty of delivering halo beam particles well
into the crystal septum by using a crystalline scatterer. This idea and its
application to the SSC were examined in 1991 [14]. Instead of impinging
directly on the bent crystal, a particle first hits a thin crystalline scatterer placed
at the proper radial distance. To scatter a particle in the horizontal direction,
crystalline planes are placed vertically.

The crystal which thickness equals a quarter of oscillation wavelength of
particles in the planar channel works as a good scatterer. It broadens the angular
distribution of incident beam particles. However, a large part of incident
particles gets small angular deflections, smaller than the critical channeling
angle. They will form a maximum at the edge of the crystal deflector when such
a scatterer is used to throw circulating particles over the imperfect layer at the
bent crystal surface.

It was proposed in [8], as a development of an idea of a crystalline scatterer
[14], to align a scatterer along the beam with an angular offset of about 1/2 of
a critical angle, which makes the scatterer a «crystal mirror». Planar channeling
in such a mirror gives particles a kick, in a proper direction, of about a critical
angle of channeling, 17 prad for a tungsten (110) plane. The optimal thickness
of the crystal mirror in this case is one-half of a channeling wavelength,
because, in the first approximation for the parabola-like plane potential this
thickness images a parallel beam into a parallel beam. For the tungsten (110)
plane and a proton energy of 900 GeV this thickness is about 24 um, and about
42 pm in the case of silicon. For a beam with small angular divergence, more
than half of the incident particles are reflected in one pass, and this probability
rises due to multipass mode.

When a crystal is used as a mirror to throw halo particles of a circulating
beam over the crystal surface edge, the maximum of the impact parameter
distribution will be far enough from the crystal edge. Therefore, a particle loss
on the imperfect layer becomes smaller than with amorphous scatterer or with
crystal scatterer of 1/4 wavelength [11]. The remarkable peculiarity of such a
scatterer is the small thickness needed to give the particle a large angular
deflection, because scattering of particles occurs when the contributions of
crystal atoms are added coherently. It is important because the particle loss due
to inelastic interactions with scatterer atoms will be considerably smaller in this
case. Besides, a crystalline scatterer provides an angular deflection in only one
plane, perpendicular to the crystallographic planes.

An amorphous scatterer is less effective than the crystalline scatterer
because of the much larger thickness required. To provide the same scattering
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Fig.6. Hlustration of using ultrathin crystal as a crystal mirror. Angular distributions
of particles outgoing from the silicon crystal for the cases when its (110) planes are
tilted by 3.5 prad (@) and 5.25 urad (b) relative to the direction of the incident beam
of protons with energy 900 GeV. The insertion in (b) shows the trajectory of particle
reflected by the crystal plane

angle, 17 prad, a 0.4 cm thick amorphous tungsten scatterer would be required.
The rate of nuclear interactions in such a scatterer would amount to about 7%,
which would preclude to use such a scatterer in a multipass mode. Besides, it
always gives a maximum of an impact parameter distribution at the edge of the
crystal.

Figure 6 demonstrates angular distributions of outcoming particles for
different tilt angles of 900 GeV parallel proton beam with the silicon scatterer
of 42 um thickness (a Monte Carlo simulation). The large part of the particles
are mirror reflected, their deflectionr angles are twice more than the tilt angle.
Figure 7 presents the mean deflection angle of protons versus the tilt angle of
the silicon scatterer. One can see the ability and limitations of the «crystal
mirror» technique.

At a typical thickness of 20-40 Hm angular miscut, nonflatness, other crys-
talline defects on the crystalline scatterer do not present serious problems. How-
ever, to reduce a problem one can use a very thin amorphous target as a
prescatterer. A 20-um thick amorphous tungsten prescatterer is a proper choice
for the Tevatron, providing about 1 prad angular kicks for particles in both
planes due to multiple scattering. At a radial position of 10 o it gives a mean
impact parameter at the crystalline scatterer of about 1 pm. Naturally, the
amorphous target has no edge problems similar to the crystalline one. If a
particle did not pass through the full thickness of the prescatterer at the first
strike, initial angular disturbance due to multiple scattering will be increasing
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Fig.7. The mean deflection angle of 900 GeV protons by the
silicon scatterer versus its tilt angle. The straight line
corresponds to the case of an ideal mirror

with the subsequent passes until, finally, a particle will go into the bulk of a
prescatterer material and undergo a full multiple scattering.

C. Beam Halo Extraction Scheme and Simulation Results. During fixed
target runs, the electrostatic septum placed in DO straight section of the
Tevatron provides a 50 prad kick and drives 900 GeV protons to the extraction
Lambertson magnets in AQ. Therefore, a 100 prad bend in a crystal septum
would be quite enough to extract beam halo particles. Placed at radial distance
of 10 o, a crystal septum gives a particle an angular kick of about 10 rms beam
divergence, therefore providing a necessary separation of its trajectory from the
main circulating proton beam.

The authors [8] made quite detailed Monte Carlo simulation of the Tevatron
beam halo extraction. The location of the bent crystal was chosen again at the
CO straight section at the azimuth of E-853 experiment [5]. Here we remark that
although all calculations have been made for the CO section, results on the
bending efficiency are generally applicable to the most of the azimuthai
positions in the Tevatron.

The scheme of the extraction is presented in Fig.8. The extraction system
could be placed either in the horizontal or in the vertical plane. The extraction
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Fig.8. The diagram of
crystal extraction. SCI —
amorphous prescatterer,
SC2 — crystalline scatterer,
BC — bent crystal, n —
number of turns necessary
for a particle to hit the next
target. SC1: Scatter foil
20 um W; SC2: Crystal foil
42 um Si; BC: Bent Crystal
5 mm Si. nl: number of sC1 Sc2 BC

turns to hit crystal foil,

typically about 300. n2: number of turns to hit bent crystal, typically 7-20. SC1, SC2, BC
are mounted on an optical table and aligned with tolerances about 1 um

device consists of an amorphous prescatterer, SC1, a crystal scatterer, SC2, and
a bent crystal septum, BC. Although the most efficient azimuthal positions for
all three extraction elements would be different for each element, the same
azimuthal position for all of them was used in studies to simplify the
calculations and present a more practical case. In the simulation, the crystal
scatterer was placed immediately behind the bent crystal in the beam direction,
and the amorphous prescatterer was placed immediately behind it. The radial
position of the SC1 was chosen to be 6 mm, i.e., 10 0. Typically, a 20 um thick
amorphous tungsten prescatterer SC1 was used with an rms multiple scattering
angle of 1 prad. The inner edges of the crystal scatterer SC2 and the bent crystal
BC would be additionally shifted from the beam orbit. The radial positions of
SC2 and BC were varied to obtain an optimum for the extraction. The results
are typically obtained for the case with the bent crystal radial offset of 15 pm
relative to the SC2, that is close to optimal with respect to the loss in an
imperfect surface layer. The authors used a geometry in which particles were
deflected in the horizontal plane.

Beam dynamics in the accelerator enhances performance of the bent crystal
as an extraction device. Due to very slow transverse diffusion, beam halo
particles that encounter the crystal extraction system have a very narrow angular
spread (quasi-parallel beam), therefore providing a very high channeling
efficiency. In addition, due to the small scattering angles involved, a scattered
particle will make multiple passes through the bent crystal, increasing the prob-
ability of channeling. These two circumstances drive up the extraction
efficiency significantly.

The particle orbits were calculated for the two-dimensional (X-S) case. If
the halo formation is going independent in the X- and in the Y-plane, only half
a halo will be extracted by one crystal and another half will be scraped by the
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Y scraper. In this case one should place a similar extraction system in the Y-
plane to extract all the halo particles. The authors believe, however, that the
halo particles of large amplitude oscillations in the X-plane have large
amplitudes also in the Y-plane, and vice versa. In this case a bent crystal
extraction in one plane will work as an efficient drain for all the halo particles.

Particle trajectories both in the crystal scatterer SC2 and in the bent crystal
BC were calculated by a numerical solution of the equations of motion in the
potential of bent atomic planes. After a step size, which is much smaller than
the wavelength of a particle oscillation in the channel, the change of transverse
velocity due to multiple scattering was computed. More details of these
simulations can be found in reference [15]. The model describes well all the
existing experimental results on channeling with bent crystals.

A full simulation code was used that combines collider simulation with
tracking particles in a crystal. The code is based on previous studies [16] and
was adopted for the Tevatron lattice.

To simulate the beam halo, initial values X, X" of particles were generated
at the bent crystal position using a uniform phase distribution and a flat
distribution from 6 mm to 6.0001 mm for the particle amplitudes X . Typically,

1000 particles were generated for each version of initial conditions. After the
first collision with the amorphous prescatterer SC1, which gave a particle an
angular rms kick of 1 pirad, a particle traveled typically many turns before it hits
the crystal scatterer SC2, placed at a radial position of 6.001 mm, i.e., outward
from SC1 by 1 pm. A full turn transfer matrix for the X-plane was used to
transport particles through the accelerator ring.

As was mentioned before, the authors use a crystal SC2 as a crystalline
mirror with a tilt angle of about 1/2 of the critical channeling angle. Figure 9
shows typical impact parameter distributions at the bent crystal position for the
cases when the silicon (a) and tungsten (b) scatterers were used. The scatterer
SC2 clearly works as a crystal mirror. The distribution maxima are far enough
from the crystal edge. So, the thin tungsten crystalline mirror increases the
mean impact parameter at the bent crystal to about 200 pm.

Most of the particles that hit the bent crystal BC can be captured into
channeling regime by the bent planar channels. These particles are deflected at
a bending angle if they are not dechanneled due to multiple scattering by crystal
electrons and nuclei, and do not experience nuclear interactions. Another part of
particles will experience multiple scattering in the crystal (that is rather small)
or could be lost due to inelastic nuclear interactions. After multiple scattering in
the bent crystal, particles continue to travel around the accelerator and strike the
bent crystal again. The authors [8] assume that a particle is extracted if it leaves
from the crystal at the crystal bending angle, within the critical angle of
channeling. It was also assumed that the imperfect layer 0.5 um thick exists at
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Fig.9. The impact parameter distributions of protons at the bent crystal when
different crystal mirrors SC2 were used: a — silicon, b — tungsten

the crystal surface. These imperfections can include short planar channels due
to a crystal miscut or surface planar channels with shorter dechanneling length
than in the body of the crystal. These give particles large angular deflections,
but do not allow them to be extracted. It is probably a stricter limitation than in
reality.

The calculations were continued until all the particles end the process being
extracted, or experience a nuclear interaction, or being lost in the imperfect
surface layer, or dechanneled and lost in the accelerator.

Cooling the bent crystal allows one to reduce dechanneling and therefore
the particle losses in the crystal. The results of simulation presented below for
the bending angle of 100 prad and a 5 mm long silicon crystal were obtained
for the case when the crystal was cooled to 4K, For the optimum orientation
angle of the bent crystal, which is about 4.5 Mrad, the extraction efficiency was
0.988. For comparison, in the case without crystal scatterer, i.e., when the
tungsten amorphous prescatterer was used only, the extraction efficiency was
equal to about 60%. It is much smaller yet for the case of a bent crystal alone
due to larger particle losses in the imperfect crystal layer.

The fraction of protons extracted at the first passage through BC decreases
fast with the crystal disorientation, Fig.10a. However, a total extraction
efficiency decreases less than 10% in the angular range of 10 prad due to the
contribution of multiple passages of particles through the crystal deflector. Fig-
ure 10b presents the extraction efficiency versus SC2 orientation. Again, there
is no sharp efficiency dependence on SC2 orientation, due to multiple passages
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Fig.10. Extraction efficiency versus bent crystal orientation (a), curve 1 — first hit
extraction, curve 2 — multipass extraction, and versus crystal scatterer orientation (b)

through the crystal deflector BC. However, if one needs to reduce particle loss
during extraction to the level of less than 10%, a careful orientation of SC2
should be done because width of local maxima is of about a channeling critical
angle. The left local maximum in Fig.10b is suppressed in comparison with the
right one because BC orientation for these calculation was optimized for the
right one.

The radial offset of the bent crystal BC relative to the crystal scatterer SC2
could be also important to get the highest extraction efficiency. There is no
strong efficiency dependence when this offset is bigger than 5 um. For small
offset of about 1 um there is a large fraction of particles which are not mirror
reflected in SC2. They hit the bent crystal near its inner edge. This leads to the
efficiency decrease because of the particle ioss in the imperfect layer.

A 100 prad bend was considered as the most efficient. Extraction efficiency
was studied also for a 600 prad bend and for a 3 mrad bend, and happen to be
0.981 and 0.840, correspondingly.

II. BEAM IMPROVEMENTS AND BEAM DIAGNOSTICS

A. Collider Model. Few years ago a Monte Carlo computer code was
developed [17] to simulate the decoherence of beam oscillations in the SSC
collider due to the tune spread generated by the head-on beam-beam interaction.
The code was proven to be a reliable tool in studies of major beam dynamics in
colliders and recently was successfully applied to the LHC. The results of the
simulations [17] were compared with previous theoretical estimates on the
decoherence time [18], and sufficient disagreement was found.
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In a collider, there exist many external circumstances in which the centroid
of a circulating beam is displaced from the design orbit. If particle motions are
linear, the displaced beam will undergo betatron oscillations as a whole
(coherently) because all particles in the beam have the same tune, defined by
the number of betatron oscillations in one revolution. However, nonlinearities
in the machine can cause different particles to have different tunes, i.e., can
generate a tune spread in the beam. When this is the case, the betatron motions
of particles in a displaced beam will not be coherent, and the so-called phase
mixing or decoherence results. Eventually, the phase space distribution of the
beam will approach an equilibrium with the beam centroid returning to the
design orbit, and the beam size (emittance) enlarged. For the SSC Project, the
tune spread was primarily generated by the nonlinear Coulomb force
experienced by the two counter-rotating beams when they collide at the
interaction points, i.e., the so-called head-on beam-beam interaction.

In the paper [17], using the so-called weak-strong model, the authors
simulated the head-on beam-beam interaction for the SSC Project in the two
low-B IRs and estimated the decoherence time of an initially displaced beam in
the presence of the beam-beam interaction.

Particles were tracked in the four-dimensional phase space (X, X', ¥, Y)
using a linear lattice for the SSC collider. Three locations in the lattice have
been considered: the two interaction points IP1 and IP2, and the location M
where the beam positions are measured. The Table lists the relevant lattice
parameters at these three locations.

The initial values of X, X', Y, ¥ of the particles were generated at the
location M using Gaussian distributions with a normalized emittance of
€y =1 mmmrad for both X and Y directions. The initial rms beam size in one

Table. SSC Project lattice parameters at locations IP1, IP2 and M

IP1 1P2 M
N 36 947.925 m 39 467.925 m 86 525.550 m
O - 0.003 -0.015 0.115
Bx 0.501 m 0.502 m 427477 m
Oy -0.024 0.001 —0.495
By 0.505 m 0.493 m 533.929 m
Qx 52.022 56.275 122.735
QO 51.138 55.385 121.753

S: path length; o, B: usual Courant-Snyder parameters; O, Qy: tune advances. The total
tune advances in one revolution are: v, = 123.285 and vy = 122.265.
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direction is then o =140 pwm. Once generated, the initial beam was displaced
horizontally by an amount AX,, i.e., for every particle X,.—)Xi+AX0. Three

transfer matrices were then used to carry the particles once around the collider
ring: from the location M through the interaction points IP1 and IP2, and back
to the location M. Typically 10,000 particles were tracked for 5,000 turns. At
the interaction points, particles were given kicks due to the Coulomb force
between the particle and counter-rotating bunch, so that their angles were
changed to

X X +AX, Y > Y +AY. 1)

The kicks, AX’ and AY’, were calculated using the weak-strong model in
which the beam under consideration is regarded «weak» and the counter-
rotating beam, unperturbed by the weak beam, is regarded «strong».
Assuming that the particle distribution in the strong beam is a round
Gaussian, i.e., the beam sizes in X and Y directions are the same, the kicks
are given by [19]

’ 2N,r 2 2
ax] Wy, 1 (0 { x2er?)\x
[AY'] B ,YP X 2 + Y2 [l o [ 202 }][Y] ’ (2)

where N, is the number of particles in a bunch of the strong beam, r, the

classical proton radius, Y, the Lorentz relativistic factor for a 20 TeV proton,
and ¢ the rms beam size at the Jow-p IPs. The authors have used
N, =0.8x 10'° and 6=5 um in accordance with the SSC baseline design. In

the formula (2) X and Y are the real positions of particles in the weak beam
with respect to the design orbit, which is fixed and coincides with the beam
centroid of the strong beam.

After each turn, at the location M, the authors calculated the beam centroid
in phase space

1 y 1 y

X.=% 2 X.=y 2 X (3)
= i=1

and the beam emittance relatlve to the beam centroid

N
A T I\2 A A A
e= S, (X +20X X, +BX), @)
!
A A
where X, =X, -X, X';=X,-X, y=(1+0t2)/ﬁ, and N is the number of

particles being tracked. As we will see below, this relative-to-centroid beam
emittance will grow and reach a maximal value in the decoherence process.
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Fig.12. Oscillations of the beam centroid X . (@) and growth of the relative-to-centroid beam
emittance € {b) due to the decoherence process after an initial beam displacement of 50 um

Hence its growth profile is used in the following to characterize the time scale
of the decoherence process.

To illustrate the decoherent process due to the beam-beam interaction, we
show in Fig.11 the phase space distributions of the beam at 1000 and 5000 turns
after its initial displacement of AX,=500 um. Here we see that the beam

distribution in phase space is being homogenized. The authors [17] show the
time evolution of the centroid position XC and the beam emittance Q in Fig.12a,b

respectively for an initial beam displacement of AX,=50 pm. Here we see that,

as the beam decoheres, X oscillates with decreasing amplitude and eventually
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settles around zero (the design orbit), and that € increases monotonously (on the
time scale of a few turns) and finally approaches a steady-state value. Both
figures clearly indicate that a new equilibrium is being reached in the beam after
an initial displacement. Shown in the figures is typical what will occur during
the decoherence process, regardless of the amount of the initial displacement.
As discussed earlier, phase mixing of particles due to the tune spread generated
by the beam-beam interaction has lead to a new equilibrium in the beam.

It is convenient to use the evolution profile of € to determine the time scale
of the decoherence process or the decoherence time. The autho/{s define the
decoherence time to be the time or the turn number at which € reaches the
midpoint between the initial and final values. The decoherence time so defined
and its dependence on the initial beam displacement is shown in Fig.13. It
appears that the decoherence time remains fairly constant (about 400 turns or
0.12 seconds) for small beam displacements and increases rapidly when the
beam displacement exceeds 1.5 ©.

It was reported in [18] that the decoherence time is approximately 0.8
seconds for the SSC. This seems in serious disagreement with our simulation
results [17], where it was about 0.12 seconds. Because the decoherence time is
an important parameter in the design of feedback systems, it should be
estimated carefully. After we pointed out the discrepancy, a more detailed
theoretical calculation [20] showed good agreement with our simulation.

B. Compensation of the Beam-Beam Effect in Proton-Proton Colliders.
As it was already mentioned, the head-on beam-beam effect is the major source
of nonlinearities in high energy colliders. Such a nonlinearity imposes strict
limits on the collider luminosity due to the beam instability. The head-on beam-
beam instability remains as the most fundamental luminosity limitation for
proton-proton colliders. The strongly nonlinear beam-beam force excites high
order betatron resonances, so particles diffuse into the tails of the transverse
distributions and get lost. For the SSC collider Project the beam-beam
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interaction luminosity limit was about 3 x 103 cm_zs'l, i.e., well above the

design luminosity of 10 em™%s7L, However, the tune spread generated by

head-on beam-beam interactions causes fast decoherence of the betatron
oscillations [17] and, therefore, imposes more stringent requirements on any
feedback system. This was especially important for such a low emittance
machine as was in the SSC Project. For the LHC collider the beam-beam

interaction luminosity limit is about 2.5 x 1034 cm_2s_l, i.e., still above the

design luminosity of 1.0 x 103 cm*zs_l, but this gap is already not as big as
was for the SSC Project. Therefore, for the LHC collider a solution for reducing
the head-on beam-beam effect is important.

The head-on beam-beam effect in proton-proton machines might be
compensated, under certain conditions, by collisions of the bunch on each turn
with a space charge of the opposite sign, for example, with a low energy
electron beam. Originally, the idea of a beam-beam effect compensation was
suggested in [21].

An ideal solution for compensation of the beam-beam effect in proton-
proton machines is an instantaneous collision of a proton bunch with a counter-
rotating beam of negatively charged particles having the same parameters as a
counter-rotating proton bunch. In this case the angular kick delivered to each
primary proton by the space charge of the counter-rotating proton bunch would
be exactly canceled by the kick delivered by the space charge of the
compensating beam. A low energy electron beam could be proposed as a
compensating beam. It is important that the compensating beam be formed with
the same two-dimensional transverse coordinate distribution as the proton
bunch. The longitudinal profile of the compensating beam is not very important,
because the angular kick delivered to the primary proton by the compensating
beam could be accumulated along the length of the available collision region
(about two meters for the SSC Project and the LHC), which is still short in
comparison with a betatron wave length.

Instead of a compensating collision point placed immediately after the
proton-proton collision, one can place the collision point in a more accessible
location with a betatron phase advance relative to the proton-proton collision
point of nm, where n is integer, the same in the X-plane and in the Y-plane. Here
the image of the proton beam in the X—Y plane is similar to the image in the
proton-proton interaction point, being different only in scale. By using a place
in the lattice with high beta values one could relax the requirement to form a
beam of a very small size, as in the low- IPs.

The current in the relativistic electron beam that is necessary for
compensation of the beam-beam effect of the counter-rotating beam is defined
by the current of the proton beam and its size. Electron guns with necessary
parameters are available from the industry.
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Fig.14. The scheme of a beam-beam compensating device. A
low energy electron source collides with a bunch of protons.
Electrons are kept stable in space by a solenoidal magnetic
field. After collision with the proton bunch an electron beam is
deflected to the image detector which is used for steering the
electron beam relative to the proton bunch

One of the problems with using a low energy electron beam for beam-beam
effect compensation is electron oscillations during passage through the proton
bunch. Even passing once and then being dumped, electrons experience some
oscillations inside the proton bunch, which makes distribution of proper kicks
among all the protons in the bunch difficult. Several different methods were
considered by the authors [21] to avoid this difficulty. The ZBEAM tracing
code [22] was used to study the electron trajectories inside the proton bunch. It
was found that the use of a solenoidal field presents the best solution to the
problem. Therefore, for a round Gaussian beam a collision of a proton bunch
with a low energy electron beam kept stable by a solenoidal magnetic field will
adequately approximate a proton-proton collision with the opposite sign of the
effect.

Figure 14 presents a design for a possible device for beam-beam effect
compensation. A low energy electron beam, being kept transversally stable by
the solenoidal magnetic field, is directed by the deflecting magnets to the
interaction region to produce a head-on collision with the proton bunch. The
influence of the solenoidal magnetic field on the proton bunch is then
compensated by the same field configuration with the opposite polarity.

In paper [23], the authors presented simulation results related to the prob-
lem of beam-beam effect compensation for the LHC. The results are
summarized in Figs.15,16, where the decoherence time and the rms beam tune
spread are plotted versus the electron beam displacement, its relative charge,
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Fig.16. Results of using the beam-beam compensating device. RMS tune spread of
the beam particles versus the ratio of the electron to proton bunch charges (a) and
versus the ratio of the electron to proton bunch sizes (b) (white circles).
Displacement of the electron bunch is 0.1 ¢. The leftmost point corresponds to the
case without compensation

and transverse size. The authors [23] proposed to use a solenoidal magnetic
field as a method to prevent electron oscillations. It was shown that in the case
of B=2 Tesla for the LHC beam the radial position of a 10 keV electron
remains constant with an accuracy of about two micrometers.

The presented results show that in the case of the LHC it is possible to
achieve a good beam-beam effect compensation with the resulting reduction of
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the beam tune spread by a factor of up to about 100, with reasonable tolerances
on the electron beam parameters. Further increase of the design LHC luminosity
becomes in principal feasible.

C. Intelligent Damper System. A novel transverse beam damper system
improving stability against ground motion, resistive wall instabilities, and other
effects in colliders was proposed and developed during the SSC Project
evaluation [24]. The novel feature of the system is the use of two kickers, which
permits almost exact orbit compensation within one turn.

Transverse damping is very important for large circular accelerators, such
as the LHC, because of resistive wall instabilities, motion of quadrupoles due to
ground motion, power supply ripple in dipoles, etc. A minimal transverse
damping system consists of one Beam Position Monitor (BPM), followed
downstream, with betatron phase advance that is an odd multiple of © /2, by
one kicker. For a beam bunch oscillating with optimal phase, this configuration
can provide single turn, unity-gain damping. That is, the kicker can cancel the
full betatron oscillation measured by the detector the first time the bunch passes
the kicker.

This minimal scheme has two disadvantages. One is the operational
difficulty of preserving the required betatron phase relationship between pick-
up and kicker as the lattice optics are altered. This is especially true because
according to transit time requirements the kicker to be displaced by a large
fraction of the ring circumference. A well-known fix for this problem is to
provide two pick-ups, separated by roughly n/2 in phase.

The other problem with the minimal scheme is that the phase of the bunch
is uncertain, and instead of full cancellation, damping of the betatron oscillation
is provided only in some number of turns that depends on the lattice tune.
Proposed scheme [24], requiring the use of two kickers, spaced presumably by
n/2, is able to cancel the oscillations for each bunch exactly, not just
statistically. This cancellation is independent of the betatron oscillation phase.
Damping of the transverse bunch oscillations may be treated as a pure trajectory
task and, in a linear machine approximation, has an exact, single turn, solution,
not just a statistical solution. Of course, the precision with which this can be
accomplished depends on the accuracy of the beam position monitors.

Damping systems with two BPMs and two kickers have been discussed
before [25,26,27,28], but without elimination of phase dependence. The
proposed scheme provides improved damping of instabilities with shorter
growth times and noise sources of greater amplitude.

A simplified diagram of the proposed two-BPM, two-kicker scheme is
shown in Fig.17. As far as we know, the basic idea is original. It can be called
«intelligent» in that it is assumed that a certain amount of calculation can be
performed in the time available before the kicker voltage is applied.
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Collider Bunch Damping System

8pPM2

Fig.17. Collider bunch-by-bunch transverse damping system.
Kickers K1 and K2 apply kicks calculated from displacements
X1 and X2, measured at BPM1 and BPM2. Betatron phase
advances between elements ¢, ¥ and &, are defined as shown.
The solid line is the uncorrected trajectory. The dashed line is
the corrected trajectory

Let us consider fully decoupled motion restricted to a single plane, say
horizontal. Two beam position monitors, BPM1 and BPM2, separated by beta-
tron phase angle ¢, measure horizontal positions of the bunch in two locations
along its orbit. This information is processed, and correction signals are sent to
two kickers, K1 and K2, separated by approximately n/2. To simplify the
picture, it will be assumed that the gain of the electronics is 1. At the first
kicker K1 an angular kick is produced which sets the slope of the bunch motion
X’ to some value, X’,, which is necessary to bring a bunch at the K2 position

with zero displacement. Let us bring the bunch from point 3 to point 4

Ba

Ta\1/2 i i

X, ( B (cos & + oy sin €) ([;3[3 4)1/ 2sin X,

X, 1+oz00 SinE+ 0‘3_0:4/ cost (B—j)l/ 2 (cos &~ sin &) X'5@ |’

(B,By)'/* (B,B,)

where X'3(a) is the slope of a bunch after the KI. Here o, and Bi are the

Courant-Snyder parameters of the lattice.
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Therefore,

B
X, = (Bi)‘ /2 (cos & + oty sin E)X, + (B4B,)' /% sin & X', (a).

Because we are seeking X, =(, then

1

X'y(@) =— 7~ (cot £+ o)X,

B
where
p .
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2
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At the same time, the slope of the bunch before K1 X'3(b) is
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3
Therefore, the necessary kick AX', is
AX’3 = X'3(a) - X'3(b),
Again, from the matrix transformation,

1+ 0,0 -
% 0,0y 0y — 0y

= sin § + cos& X, +
Y oee'? (358, ’

()



INNOVATIONS IN ACCELERATOR TECHNOLOGY 701

To bring the bunch slope to zero after K2, the necessary kick is

AX'4=—X'4. (6)

Eq.(6) can be simplified immediately if the optional choice, E=m/2, has been
made. However, it is not essential for that condition to be satisfied exactly.
The computations needed to determine kicks AX’; and AX’y can be

expressed as two linear relations

AX'y=a X + a,X,, @)
AX',=b X, +b,X,, 8

where constants a,, a, b, and b2, are precalculated from the lattice constants.

Since the phase differences ¢, y and € are functions of the tune these
constants must be recalculated when the lattice is retuned.

To insure that the information from BPM1 and BPM?2 is maximally inde-
pendent, which optimizes the accuracy of AX’3 and AX'4, their phase separation

should approximately satisfy the condition d~m/2.

In any practical system, since the bunch will outrun any correction signal
to downstream kickers, one must wait for almost one revolution of the bunch
around the collider circumference. This sets a natural limit on the performance
of the damping system. All stochastic deviations accumulating in one turn can
then be corrected after an additional turn.

The configuration can be used for bunch-by-bunch damping. If digital
arithmetic is used, analog-to-digital conversion of bunch displacements, for
colliders similar to the SSC, must occur at the 60 MHz bunch passage
frequency, and performing the calculations of Eqs.(7) and (8) must proceed at
a 240 Megaflop rate. Also the kicker rise time must correspond to the same
60 MHz frequency. It appears at present time to be technically possible to meet
these requirements.

The damping system proposed could be used for all stages of collider ring
operation — injection, acceleration, collision — if the dynamic range of the
apparatus is made wide enough, from micrometers to millimeters.

D. Electron Beam Probe for Beam Diagnostics. Recently, a low-energy
electron beam was proposed [29] for nonperturbing diagnostics of high-energy
electron beams, based on earlier works [30]. This approach could be applied to
any high energy collider for precise and nondisturbing beam diagnostics.

A diagram of the beam emittance monitor for high energy colliders using a
low-energy probe electron beam is presented in Fig.18. An electron gun directs
a 10-keV electron beam perpendicular to a proton beam. Deflected electrons are
detected with a position sensitive detector. The monitor can use a well-focused
electron beam sweeping through the proton beam, or a wide, parallel electron
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Fig.18. Electron beam profile monitor for a high energy collider

beam. Single bunch measurements are possible in the latter case, i.e., when
illuminating a bunch of high-energy particles by a wide parallel electron beam
one can obtain a specific «shadow picture» of the proton bunch.

The authors [29] used the ZBEAM simulation code [22] to trace probe
electrons in the vicinity of a 20 TeV beam of the SSC Project. The bunch
structure of the 20 TeV beam was taken into account. The bunch was

considered as a moving charge equivalent to the charge of 10'° protons with
three-dimensional Gaussian distribution in space. A Gaussian distribution with
c,= 5 cm was used in the Z-direction. For a round Gaussian, o, = o‘y, different

transverse beam sizes were considered. The electrons were exactly synchronized
with the proton bunch. The Z-component of the electrical field of the bunch is
rather small, and authors neglect it.

It was found that the electron deflection angle is quite sensitive to the
position of the electron beam inside the proton bunch. Figure 19a presents the
deflection angle of the electron versus its distance from the center of the proton
beam (impact parameter) for different beam sizes. By measuring the deflection
of the electron beam, it is possible to obtain the rms transverse size of the beam
with good precision. The probing electron beam would be swept across the
main beam to obtain a full deflection profile. Electrons should be focused in the
plane of the proton beam in a spot less than 10 pm in size in order to not
introduce any significant broadening to the measured beam size.
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Fig.19. Deflection angle of 10 keV electrons (a) and its X-position at the detector (b)
versus impact parameter with the proton bunch. The distribution of the proton bunch
charge is three-dimensional Gaussian with ¢, = Oy, um: 50 (solid line), 100 (dashed),

200 (dotted), 500 (dash-dotted). g,=5cm

A notable feature of Fig.19a is the leveling off of the deflection angle for
values of the impact parameter which exceed the X-extent of the beam. If the
impact parameter b is beyond the X-extent of the beam, but still very small
compared to the Z-extent of the bunch, it is reasonable to model the force felt
by the probe electron as that due to an infinite line charge,

- 2eqLR
F(R)=——"—, ©)
IR|

where e is the electron’s charge, g, is the linear charge density of the

idealized line charge, and R is the two-dimensional vector (X, Y).
The change in momentum experienced by the electron is given by the
impulse produced by this force along the electron’s trajectory,

Ap= [ atFRQ)). (10)

In our case the electron deflection angles are small enough, 8<<]1,

therefore, the impulse approximation, 8 =Ap/p, can be used. So, for the
deflection angle we have

2eqL 27teq
I ~—F sgn(b). (1)
myv
That is the deflection angle rccexvcd by the electron is actually independent
of the impact parameter value b.
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Let us now try to extend the model to apply to smaller values of the
magnitude of the impact parameter 5. We must abandon the simple line charge
in favor of an X—7Y charge distribution p,(R), which is still constant in the

Z-direction,
[aRp,R) =4, (12)
where g, is the X—Y integrated constant linear charge density, as before. In

this case, the force on the probe electron is given by the appropriate gene-
ralization of Eq.(9),

. on (R=R)
F(R)=—2e | R’p (R) L (13)
-[ L RoRr|2
For the deflection angle we obtain in this case
2n 00 o0
o) =-2% [ ar [ dxp,x. 1) sgn (b - X). (14)
my© L

When the magnitude of the impact parameter b exceeds the X-extent of the
charge distribution p, (X, Y), Eq.(14) simply reduces to our previous result
given in Eq.(11).

The equation (14) has an interesting property. The only b-dependent factor
on the right-hand side of Eq.(14) is sgn(b — X), which appears within the X-

integrand. It is well known that differentiating the sgn function produces a deita
function,

;;Lbsgn(b—X)=25(b—X). (15)
Thus,

49 4dme [

b | avp, @, 1. (16)

In other words, the derivative of the deflection angle as a function of impact
parameter is proportional to the Y-integrated profile of the transverse beam
charge distribution p,. This happens to be precisely the same information as

one obtains from a probe wire («flying wire») which is passed perpendicular
to the beam in the Y-direction (that of the probe electron) through the X-point
corresponding to that electron’s impact parameter b.

Figure 195 presents the dependence of the X-position of a deflected electron
at the detector (at Y=2 cm) versus its impact parameter (initial X-position at
Y=-1 cm). Electrons are «switched» in the X-direction by the proton bunch
charge around the center of the proton beam, and the shape of this switching is
defined by the proton beam profile.
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Fig.20. The diagram of the PSD f— aA—
position sensor. 10 KeV 1 X
electron beam strikes the s’
20 TeV proton bunch. If s
the proton bunch is s
displaced off-center by the /
distance of a, electron beam s
position will be displaced
by the distance of A. PSD
— a position sensitive
detector

Proton beam

Electron beam

Our simulation studies for the alternative case with a wide, parallel,
uniformly distributed electron beam have shown, that the shape of the beam
profile resulting from the interaction with the proton beam is very sensitive to
the size of the proton beam [29].

High energy accelerator complexes require feedback systems to dump down
injector errors and prevent an emittance growth due to quadrupole vibrations,
multibunch instabilities, power supply ripples, etc. Such systems usually
involve beam position monitors, providing the information which is used to
correct a particle orbit by electrostatic kickers. The noise of a beam position
monitor is one of the limiting factors of the systems. An alternative approach to
the construction of the essentially «noiseless» beam position monitor based on
using a low energy electron beam probe is discussed in paper [31]. Electron
beam scattering on an electromagnetic radiation in equilibrium with a
temperature of surrounding beam tube is very small and has been neglected.

The diagram of the sensor is presented in Fig.20. If one uses 10 keV
electron beam as a probe, the maximum angle of the electron beam deflection
by the proton bunch for a collider like the SSC Project is about 40 mrad.
Displacement of the bunch with the X-size of 100 pm in transverse direction by
the distance of 1 pum typically will cause a deflection of the electron beam by
about 0.8 mrad, which at the distance of 50 ¢cm from the 20 TeV beam center
translates to about 400 um, a distance well measurable.

E. Charge Tracing Code for Collider Environment and More
Applications. A full Monte Carlo computer code describing behaviour of
electrons and ions in the vicinity of any space charges, electrical and magnetic
fields was developed. Parameters of the code were optimized for a high energy
collider environment. Some results of calculations with a neutral beam profile
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monitor, a residual gas beam profile monitor, and an electron beam emittance
monitor were published [22].

Transport codes to trace particles in high energy accelerators are well estab-
lished for many years. However, some miscellaneous processes accompanying
acceleration of particles, such as motion of the residual gas ions and electrons
in the field of a beam space charge, under the influence of external electrical
and magnetic fields usually have not been treated accurately. Nonperturbing
beam diagnostics using low energy electron beams as a probe also require
special computer codes to understand the results.

The motion of charges in the laboratory frame in some external electrical
and magnetic fields and in the presence of some additional moving electrical
charges can be described by the equation

d2r n n

—dt—2=q(E+[va]+ Y, E+ Y [vxB)). (17)
i=1 i=1

Here m is the particle mass, g is its electrical charge, v — its velocity, E and
B are external electrical and magnetic fields, E, is an electrical field created

by the electrical charges nearby the particle (bunch charge), B, is a magnetic

field associated with a moving charge. In a simulation code a bunch could be
presented as a «cloud» of moving electrical charges with a total charge equal
to the bunch charge.

The authors {22] found, however, that the practical limit due to a limited

speed of computation restricts us to use more than 108 separate charge sources
in the trajectory code. This amount of charges still does not allow to perform
precise trajectory calculations due to the large fluctuations of a «charge density»
in such a bunch. This is especially emphasized by the circumstance that the
longitudinal size of a bunch at high energy colliders is much larger than its
transverse sizes. The design length of the bunch in the collider (the SSC Project
case) is of the order of 10 c¢cm, at the same time its transverse sizes are about
100 micrometers. The authors [22] represent the bunch by the set of the «wire»
charges. As it happens, it is quite possible to reach a satisfactory solution of the

problem with a number of «wire» charges of the order of 10*. This essentially
means that the longitudinal component of the electrical force of the bunch
charge is neglected. The code, although being truly three-dimensional, uses a
virtually «two-dimensional» X—Y bunch representation. The Z-variation of the
bunch charge density is described with the corresponding time variation of the
«wire» charge (and current) density. Lorentz shrinking of the electrical field of
an individual proton does not really change the time integral of the bunch field
in the case of the dense bunch [32].
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The X- and Y-distributions of the bunch charge were varied separately
according to the desired shape — Gaussian, uniform density, etc. The
electromagnetic field created by each «wire» is calculated as a field of infinitely
long wire with a charge (and a current) density variable in the Z-direction:

q,(2u,
E=—7—"—, (18)

t 2n€0r
B—L E 19
i—cz(vx nE (19)

In its turn, Z=Z(t) = ct, ¢ is a speed of light, v is a bunch velocity. Additional
input parameters are ion (or electron) velocity and magnitudes of the external
electrical and magnetic fields.

Tracking a particle in ZBEAM code is achieved by integrating the equation
of motion over successive small time steps. Tracking stops when the particle
reaches a detector or leaves the region of interaction.

ZBEAM code was used for calculations of possible beam-beam space
charge effect compensation in colliders, described earlier. Low energy electron
probe monitor calculations described earlier are based also on this code. In
addition, a residual gas ionization beam profile monitor for the SSC was
considered in detail [33] using ZBEAM code [22]. It was shown that a good
spatial resolution in beam profile measurements could be obtained using a
combination of electrical and magnetic fields.

Calculations indicate that the statistics are high enough to expect good
spatial resolution for a residual gas ionization monitor. However, systematic
effects could smear the resolution for the SSC beam. Electrons produced with
velocity close to zero are affected by beam charge, and so the space information
could be essentially lost. One can expect a better performance of such a monitor
if strong external electrical and magnetic fields are applied.

A diagram of the residual gas ionization monitor using a dipole magnetic
field is presented in Fig.21. Two magnets are used to compensate for the
influence of the magnetic field on beam dynamics. Electrons are accelerated up
to the energy of about 30 keV and detected by a position sensitive detector. One
can achieve some magnification of the beam profile image using specially
shaped magnetic and electrical fields.

A two-dimensional Gaussian distribution with 0,=0,= 50 um was used to

describe a bunched beam; the bunch length was taken to equal 10 cm, and
protons were uniformly distributed in the Z-direction. The number of protons in

the bunch was 10'°. External electrical and magnetic fields directed along the
Y-axis (perpendicular to the beam direction) were applied. Ion-electron pairs are
produced in space according to the proton density in a bunch. The energy
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Fig.21. Residual Gas lonization Beam Profile Monitor for the SSC

spectrum of electrons was produced according to a 1/E 2 dependence,
beginning from E =3 eV. It was assumed that 90% of electrons will produce a

good image of the beam, i.e., the authors neglect 10% of all electrons with
recoil energy of more than 30 eV. The velocity vectors of the electrons were
distributed isotropically in space. Finally, electrons were «collected» by the
detector at the Y =2 cm plane.

The distribution of electrons arriving at the detector plane of the residual
gas ionization monitor for a uniform magnetic field of 2 T and external constant
electrical field of 10 kV/cm was studied. An rms spread of about 5 pm was
obtained, and this was satisfactory for the requirements to the SSC emittance
monitors.

SUMMARY

As was already mentioned, beam extraction experiments with bent crystals

are in progress at CERN and Fermilab. 107 protons per spill are being extracted
on a regular basis from the 70 GeV accelerator at IHEP, Serpukhov. Studies
related to the crystal extraction from the LHC are planned at CERN. However,
rather low extraction efficiencies (about 10% at CERN SPS) up to now have
been a serious obstacle to a practical use of the method. The studies [8] promise
to overcome this limitation and open the way for wider application of the
technique.

During these studies the authors believe they found the practical way to
make proton collider a double feature machine, producing low intensity
extracted beams simultaneously with colliding beam experiments. They have
presented a high efficiency stationary passive device for the beam halo crystal
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extraction. It would extract the natural proton beam loss, the beam halo, which

for the Tevatron is about 2 x 10’ protons per second, and about 10° protons per
second for the LHC. The process does not interfere with colliding beam
experiments. Thus, the device is suitable for cleaning up the proton beam halo
(a clean crystal scraper), or for useful extraction of the proton beam halo
particles with about a 99% efficiency. When it is used as a clean scraper, it
could work as an efficient clean radiation drain preventing radiation due to a
proton beam loss. Alternatively, small fixed target experiments could be carried
out making use of this proton flux, including fixed-target B physics. The device
could enhance detector R&D studies.

The device is suitable to be used at the LHC collider for both circulating
proton beams. It could reduce the background radiation due to a beam halo loss
by a factor of about 100.

Computer simulations were carried out to study the decoherence of beam
oscillations in the SSC in head-on beam-beam interactions in a collider. It was
found that, for the SSC baseline conditions, the decoherence time due to the
beam-beam tune spread would be around 0.1 second, about seven times shorter
than the previous theoretical estimate. Since the damping time should be short
compared with the decoherence time, this result has important consequences for
the design of the damping systems.

It was shown that the head-on beam-beam effect in proton-proton machines
might be compensated, under appropriate conditions, by collisions of the bunch
on each turn with a space charge of the opposite sign. For the positively-
charged proton beams, for example, such an opposite-sign space charge might
be provided by a low energy electron beam. Studies carried out for the SSC
Project and for the LHC indicate that for reasonable tolerances on the electron
beam parameters it is possible to achieve a good beam-beam effect
compensation and reduce a tune spread due to the head-on space charge beam-
beam effect by two orders of magnitude, which would improve considerably the
high-luminosity performance of future colliders.

A full Monte Carlo computer code describing the behavior of electrons and
1ons in the vicinity of a space charge, and of electrical and magnetic fields was
developed. The parameters of the code were optimized for a collider
environment. Calculations were performed with the code for a residual-gas
beam profile monitor, and an electron-beam-probe emittance monitor.

Initially the use of flying wires and synchrotron radiation imaging were
proposed for determining the beam profile for the SSC Project. It was thought
that the synchrotron radiation imaging would provide a continuous, non-
interfering monitor of the beam profile. However, closer examination revealed
that, because of a small size and high energy of the beam, the image would
suffer from a large amount of diffraction broadening. This broadening would
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reduce the sensitivity of the measurement to an unacceptable level. The
realization of this difficulty led to a survey of the known minimal-interference
measurement techniques which might be applicable at the SSC for determining
the beam size. It was concluded that, of the approaches that appeared to be
feasible, use of a low-energy electron beam probe offered the most promise.
The results of simulations using this approach showed promise for providing
useful transverse and longitudinal beam profile measurements, and this could be
effectively used at the LHC.

In the course of the SSC Project design the authors [24] devised and studied
a so-called «intelligent> damping scheme, involving the use of two kickers,
spaced by preferably 1/4 betatron wave lengths. This design provides the
capability of exactly canceling the coherent betatron oscillations for each bunch
in a single turn, in contrast to the statistical cancellation of previous devices.
The cancellation would be independent of betatron oscillation phase. This
scheme would be vital for the LHC and future colliders because of the very
strict operational tolerances required.
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