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Abstract

Proposals foifuture high-energy acceleratoase characterized bgemands forincreasingly

intense and energetlleams.The classical operation of high-current accelerators is severely
constrained by collective electrodynamic phenomena, such as problems related to space-charge,
to high-current flow, to beamstrahlung and gamwduction.These detrimental electrodynamic
effects dominate the dynamics and the collision interactions of high-intéesitps With the
introduction of softspace-charge and current compensation techniques utiliaing to
medium-energy lepton beams with charge polarity opposit¢hdab of the beams to be
neutralizedall electromagnetitiigh-intensity limitations may beemoved.The application of

beam compensation oposed for various sections different types of classicalccelerator
systems, such as for ion sources and the low-ermgyntransport sections of ion linacs, for

the crossing points otircular and linear colliders anfdr the final focii of ionbeamfusion

drivers. The design and the operation of partially compensated accelerators becomes much more
comfortable and design goalsan be reached more easily without any significant
electromagneticperturbation. The ingredients of neutralization technology {ew-energy

electron andhositron beams —are state-of-the-and, as suchapplicabletoday. Several
methods of smooth beam compensatian be identified anthust be studied and selected for

each specific case. Practical experience has to be gained in dedicated pilot experiments.
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1 INTRODUCTION

In conventional accelerator technology external electrical and magnetic foreesedréor
acceleratingand focusing chargegarticle beamsropagating inside evacuated tubes. The
higher are the accelerated beam intensities the stronger become the electroftynamizhich
the beam exerts on itself and on its environment. The Lotentgformations foelectric and
magneticfields (e.g. Ref. [1], p. 657) show thdbrtunately, the self-fields of relativistic
beamscancel eaclother transversally in a classical environmédtawever, colliding high-
intensity, high-energy beams of equal polarity suffer from uncompensated space-charge and are
subject to severe limitations, which cannot be overcome evenswihger magnets and RF
gradients.Colliding intense beams of opposite polarity experieatteng uncompensated
magneticcompression (pinch effect) with destructikesults. A wayout of thedilemma is,
instead of reacting with externilds, the clever application of thstrongintrinsic fields of
high-intensity beams themselves.rature it is a fact that fregharges tend tmeutralize and
currents tocancel (Faraday’snduction law). A nice technical application of theseelf-
neutralization tendencies are the tbnusters developed ihe spacendustry for satellite and
spacecraffpropulsion, wherghe ejectedon beams are charge and current neutralized with
electrons from an electron cloud or from a plasma resd/oB]. Hence hature is helping us
with self-compensation, just derromagnetic materials help wpontaneously ta@enerate
magneticfields or ferroelectrics to produce high surface chargeseteuric fields. Another
practical example of current self-neutralizativas the observation othe ‘inverse skineffect’

[4] in the high-current z-pinch plasma of t@&RN antiproton-collector plasma leff§]. The
conventional generation of intense high-engugyticle beams in an accelerator, on the other
hand, istotally characterized by counteracting natwh external fields. Charges are
separated, for example, thie exit of a particlesource by arelectric extractionfield. With
magnetic fields energetic beams are focused and their natural space-chaggettandeblow-

up are confined. The acceleration of charged-particle beams is achieved with exippiety
electric fields. With the application of beam compensatemd neutralization techniques not
only can conventiondimits, such aghe Langmuir—Child limitation, be beaten byders of
magnitude, but nature is taking over parthe@work to achievahe controlover high-intensity
beams.

There have been verfgw attempts in thehistory of accelerator development to profit
from the positive side-effects of the strong beam self-fields. At low intensities, the self-fields of
classically generated charged-particle beams can normally be still comvithecbnventional
acceleratotechnology. By usingntelligently the acceleratedeams in interactiomvith other
well-controlled charged-particle ensembles, such as clouds or low-energy belapi®sg, or
a dense plasma, omeay utilize the electromagnetself-fields for focusing or néxalizing
intense high-energlgeams. Inpractice, it becomes possible dcompletely eliminate thself-
fields and their negativeonsequencesven in themost critical regions ofthe most intense
machines planned for the future.

Contrary to accelerator technology, neutralization techniques count as standard
procedures in othdechnical fields: Neutral beam injectibias for a longime beenused for
heating magnetically confined tokomac plasmas, and spacecraft and satellite propulsion function
today with neutralized ion-beathrusters in spacg, 3]. Plasma-neutralized iosources are
used forefficient ion implantation intdarge-volume, three-dimensional obje¢€. A few
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examples olusing the self-fields ofparticle beams arenown also inthe high-energypatrticle
accelerator environment. 11974 D. Garbor [7] described delectron space-chargens’.
Successful focusing of a 10-kélectron beam throughout thehole length ofthe induction
acceleratoATA [8] was achieved one decadter with a positively charged plasn@lumn.
Lessspectacular werthe four-beam neutralization experiments carti@@dugh atDCI/Orsay
between 1973 and 1983 [9,10he aimwas tomutually neutralize charge and current of two
uncompensated electron atveb uncompensated positron bunches at a single cropsing

during the time interval of crossing. Everywhere elsthenDCI storageing the four bunches

were not neutralizedlhe attempts othis ‘*hard’ neutralization procedure failed duelack of
precision inbeam controland due to imperfections and differences of the individuwadch
charges and currents, of the transverse and longitudinal charge and current distributions, and of
the transverse and longitudinal bungositions. Even with a more precise conventional
technique thdénard neutralization method appears impractical, if mopossible,especially at

future linear colliders [11, 12]. In the widest setifse accelerator technology of electron-beam
cooling can be also considered aseam compensatiamethod,since partially ‘internal’self-

fields serve foremittancereduction andeam currentensity enhancement. In contrast to the

DCI compensation principle electron cooling can be considered ‘asfta neutralization
method. These practical experiences clearly prove the superiority of soft neutralization schemes,
which are characterized by the implementation of chage current self-neutralization in
contrast to the ‘purely man-made’ hard compensation schemes.

Pilot experiments dealing witthe strong self-fields of imracting beams are planned at
FNAL and SLAC. Inthe FNAL experiment, which strongly resembles a Garbor lens system
[7] low-energyelectron beams anesed as compressor lenses ttog circulating antiproton
bunches [13]. Athe SLAC finalfocus test facility a plasma-beam interaction experiment is
planned[14] with the goal to demonstrate charge compensatitin the plasma constituents
and self-focusing othe beam as well as beam current neutralization by compensating current
induced in the plasma.

Much will be learnedrom thesefew experimentsor a widerange of applications of
beam compensaticend neutralization, whichmay be envisaged in theitical sections of an
otherwise conventional machine. Fuligutralized accelerators will remain iasue forthe far
future, since the open difficult technological problem of accelerating neutralized beams has to be
solved. Thispaper is restricted to tlmases obeam compensation &n sources and in low-
energybeamtransport sections for iobeams, toneutralization in colliding-beam interaction-
point regions and dinal targetsserved by conventionacceleratorsystems.Contrary to the
present belief in theccelerator ammunity, it seems straightforward to develop various
technicalmethods fobeam compensation adapted to the spefafitures of the beams to be
compensated. Owing tthe natural tendency of ‘self-neutralization’ timeost promising
methods are based on the use of low-mass, low- to medium-energy, DC orgbedsexh and
positron beamsThe technologies to producguch low-energylepton beams of defined
intensity and time structure for beam compensation are well advanced today.



2 PRINCIPLES OF BEAM SELF-FIELD COMPENSATION

A charged axial particle beam is characterized by an electric field generatsdspsce-
charge and by magnetic fieldowing to itscurrentl,. Assuming constant current densjty
within the beam cro§s-section of radiysne radial space-charge fidilis given by

r
Er:Jb— for r<r, and Erzl—bE-Il for r>rn,. (1)
2cey 2cey I
Similarly an azimuthal magnetic fiel8}, is generated by the beam curright
B¢(r):MonEr for r<r, and B¢(r):u07|b><% for r>r,. (2)

In future accelerators these fields can reachrmous valuesAlready in thecrossing
points of LHC the electric space-charge fields (> iQ//m) and the magnetic gradients
(> 6x 10" T/m) exceed by far externally feasible field valueshim final focus of futurelinear
colliders, space-charge fields of 1®/m and magnetic gradients of more than £0° T/m are
encountered. As long as such relativistic dense beams propagate without external fields through
vacuum both radial self-fields are in equilibriulf). however,the beam travelghroughmatter
at rest, for example through a stationary plasma, the plasma particlabevime polarity are
expelled fromthe beamregion, the plasma particles afpposite polarityare attracted and
counter-current loops are induced according to Faraday’s induatiorThe denserthe beam,
the higher theself-fields, andthe smaller the impedances (dimens) involved,the faster
these natural compensation processes take place.

This example shows that, whereas we have no chance to act upon such dense beams over
a short distance with conventional exterelgictricand magneticfields, the clever utilization of
the bearrself-fields interacting with a controlled environment of charged partaffess the
opportunity toeither exerstrong fields — equivalent tihe self-fields — onthe beam or to
cancel allself-fields. Inthe latter case thkRigh-energyparticle bunch behaveske a neutral
object. Whatever is the goal of a space-charge compensatitian, the desired effect is
determined by the ratio of beahensityn, and external charge density,. Complete space-
charge neutralization of a beamith particles of charge sta is realized by singly charged
external charges, if at any time and location

Nex = 2Ny . 3)
If the external charges are elements of an auxibagmpropagating with velocity,, , and
forming a current density,, , the neutralization condition is written as
Jex = I Vex /vy| (4)
wherethe main beam velocity, equals approximately thspeed oflight c. Hence, it is
favourable to accomplish full space-charge neutralization of relativistic begimslow (low-
energy) auxiliaryparticle beamgor clouds).The directions ofv,, with respect tov, do not
matter for pure space-charge compensation.

In the presence of a high-conductivity medium composed of exiamaagesfull current
neutralization mayoccur, which however, requiresurrent densities flowing in adverse
directions

Jex tip =0. )
Complete current compensation is achieved with beams of different polarity propagating with
the same charge density and velocwy, € v,) and in the samdirection, or with overlapping
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beams of sampolarity, but opposite velocities. Curreslf-neutralization is enforced by the
induction law, according to which an electric field

E, = _Eﬂ('d? b)
iS generated in the compensatingedium, when a high-energyarticle bunch is passing
through and wheré r are inductance ancsistivity, respectively, peunit length ofbeam,
medium andsurroundings.Equation (6) is valid, whenthe induced wall current is much
smaller than the induced currethiroughthe cloud. Since the cloud is ‘in contactith the
beam, capacitive contributions of the cloud to the loop impedance can be neglected in Eqg. (6).

The particles of the conducting medium are acceleratég] by the direction of thenain
beam. A high-energglectron beam entering a conductiveedium, forexample aplasma,
immediately excites aeturn current carried by the plasma electrons moving in the opposite
direction. If a positron beam passes a reservoir of low-energy electrons, the electrons are driven
into the same direction as tip@sitron beampropagates, in this wagompensatingor the
positron current. In aonventional vacuum chamber current compensatign-(,, + |1, = 0)
takes places partiallwith the wall currentl,, in the vacuuntube. Any conductingmedium
(auxiliary beams, electron clouds, etogtween the beam orlahd vacuum chamber wiihke
over part or all of the compensating current according to the (dynamic) impedance distribution
in the system. Consequentlycomplete and simultaneous space-charge and current
compensation caonly be obtained with equal densitigg, (= n,), equal particle velocities
(Vex= V) and overlapping current densitigs, = j,). This state should be defined as ‘fodlam
neutralization’ or ‘beam neutralization’.

If only space-charge compensation could be achieved withcait current neutralization,
then the charge-neutralized beamwould experience astrong self-focusing owing to the
uncompensated azimuthal magnetic self-field [EqQ. (2)]. This (‘passive lens’) effect uaedbe
for example, tochange the luminosity at the interactipaints of circular or linear colliders
within certainlimits. However,the crossing of uncompensatgarticle bunches of different
polarity, such as in an' @ collider, leads to an unacceptable compression dthetoombined
magneticself-fields (pinch effect) rising with more than'10V/s (e.g. atTESLA 500 GeV/

500 GeV [15]) and inducing aglectric fieldE;, of theorder of 18 Vim against the collider’s
overall current directionThe oppositeeffect occurs when twagparticle bunches withthe same
polarity are collidingBoth magneticself-fieldscancel eaclother and no longitudinadlectric
potential is induced (overallgl dt = 0 at IP), whilethe combined space-charge fiélbws up
the emittance of both bunches.

At low kinetic energies the space-charfgeces of abeam are ndonger transversally
cancelled by the forces of the magnetic self-field. Longitudinally there is not even space-charge
compensation at higkinetic energy. The Langmuir—Child(L—C) law limits the maximum
current density, in a plane gap of widtla as a function of theccelerating voltag®J,. to
approximately

+rubg (6)

. ol |2eZ
jb:CLCXUSC/Z/aZ, where the L — C constant C,_C:BA'—QOD — (7)
m
€, is the dielectric constant ang andZ are the mass and charge number ofoé@mparticles,
respectively. A similar law is valid for the beam current density in a conventiooelerator at

low Kinetic energies. In the cylinder-symmetrical caseattismuthal magnetic field of theeam
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and the inhomogeneity of the current density at the edge dieidnm have to be taken into
account.The Ua30/ 2 L-C law remainshowever, gualitatively valid. For y (= total energy
divided by therest energy othe particle) slightly greater thaome, Forrester [16¢lerived a
relativistic, plane-gap L-C current-density ratio [relativistic current derjsitydivided by
normal L—C density, - = j,, given by Eq. (5)]:

Jre L O YA syl ®

jle w6U2 0 O 9 0
which progressively decreases with risynghlso the maximum currerttensity of an annular,
ultra-relativistic beam ) >> 1) in a cylindrical, conducting vacuutube, approximately
increases withy instead ofy3/2 [17]. Hence, inthis sense,slightly relativistic and ultra-
relativistic beams are evestrongerintensity-limited thanow-energy beamsStill the space-
charge limit increases with) and also in conventionakceleratosystems, whiclare severely
space-charge squeezed at |@andy, higher densities can by obtained at higher particle energy
by expensive accumulation techniques.

Contrary to beams of neutrgarticles, charged-particle beamssffer from strong
emittanceblow-up near the L—Climit due to the space-chardelds. The degradation of
normalized emittance on thevay through anaccelerator is irrevocablevith standard
technology. Only with accumulation and beam-cooling techniques may a degraitkatice be
restored up to an intensitimit determined by thgrvalue at whichthe coolingsystem is
operating. The nearer the beam intensity approaches the L-C current dersiitgrtger is the
blow-up. The ratio of the beam current denfjtywhich is flowing in the axial direction, to the
L—C densityj, . is defined as the poissanz§l8]:

m=JpliLc, (©)
which can be considered as the normalized perveance be#m.The radial dimension of the
beam envelope expands under space-charge franitiahbeamradiusr, after a distance to
an output radius,, according to

I

\ 187 * My (10)

and not including the naturaimittance contribution to the beadivergence. Abeam with
poissancerr = 1 doubles its radius and increasesnitsmalized emittance, also due to the
additional angle spread, by more than one order of magnitude after a distance of approximately
ten initial beanradii. Hence, strong compression of low-eneiy beams (exiting from an

ion source) withexternal magnethas disastrous arndevocable effects on the beaguality.

Full neutralization ofsuch low-energypbeamscan, onthe otherhand, totally remove the
tendency of beanblow-up andeven yield perfect emittancpreservation of beams with
poissancesgrfar above 1.

The simple physicakules and relationships, based elementary electrodynamics,
reported in this chapter, alloapproximate estimations and extrapolations to be performed in
different cases obeamcompensation. Detailedalculations andsimulations, in order to
theoretically study the various possible processes of beam compensation and neutralization, are
not the subject of this paper. They should be, in the first instance, performed with emphasis on
phenomenological electrodynamics combined with (relativistic) fluid and magneto-
hydrodynamics. Simulations based purelypaticle trackingmethods are not suited tieal
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with beam compensation high intensitiesThe most importantaim should be, however, to
gain practical experience with various beam compensation schemes from a nuddskcaiéd
pilot experiments and to build up physically relevant and theoretioaigble methods for
modelling the technical applications of beam compensation.

3 FUTURE APPLICATIONS IN ACCELERATOR TECHNOLOGY
3.1 Neutralization of ion sources

Conventionally ion beams faccelerators are extracted by means oélaatric potential
from the plasma of an ion source into vacuum. The extraction gap of anuore isthe most
critical location in the low-energy beam transpgiain, since the ion space-chargehigh and
not accompanied by a confinimyagneticself-field. During extraction the L—-C lajEq. (7)]
limits the output current to an extremely small value compuaiidd the abundancy ofons
available in the source plasma. A tiny plasma layer pfimlx 30 um x 30 um generated, for
example, by a short-pulse laser from a stdigetsurface contains 1bions, whereaghe ion
bunches ofthe futureLHC collider are populated by 1@Pb) or 10" (protons) atmost.
Another severe degradation caused by classical ion extraction near thienit+€the strong
blow-up ofthe originalsourceemittanceg, by the ion space-charderces, asdescribed by
Eg. (10)and by the action of externalagneticcompression elements,g. solenoids, in the
extractionchain. In aclassical accelerat®@ystem these order-of-magnitutbsses ofparticle
number density and the degradingbem quality may be partiallgffset by applyingafter
subsequent acceleratiamgmplex and expensive accumulation dr@ém coolingtechniques,
which were invented several decades ago witlatmeof accumulatingery rare particlesuch
as antiprotons.

The difficulties in obtainingvith classical means higieam intensity while maintaining
good beam quality can be circumvented by utilizing ion-beam space-charge compensation
[19-25] inthe extraction gap of th&urce and by eventually stretchitmg compensation out
into thefirst few low-energybeamtransport sections dahe ionlinac. The focusing of the
electron beanonto the exit of theion source andhe acceleration by the extraction potential
reduce the beam diameter and increase the electron density, which should be matched to the ion-
beam density at this point according to Eq. (4), in order to avoid strong iondmapression.

The ion beam leaving the neutralization region of the extractiomgspo be properlynatched

to the subsequentlassical accelerat@ections profiting fronthe higher L-Climit valid at
higher ion energy. Strong compression musinfygeratively avoidedlso inthe compensated
stage, before the ion beam enters a non-neutradzeitbn.Otherwise the beam degradation at
the transition to vacuum environment can be worse than without beam neutralization.

The most convenient media for (positively charged) ion-beam space-charge neutralization
are co- or counter-movinigw-energy DC or pulseélectron beam$l19-25]. With counter-
moving electron beams additiomahgneticcompression othe ion space-charge &hieved,
whereas co-movinglectron beams leaalso to ion current neutralizatioithe latter is more
suitable for ionbeams, whicthave been already accelerated tugherkinetic energy. At the
extraction gap of an ion source a curréetermined byEq. (4)can be extracted in addition to
the L—C current (Eq. 7), as experimentally demonstrated in Ref. [24]. Since the ions move very
slowly, ahigh electron current density is required chage density neutralization. Thetal
beam power of a DC electron beam would be too high, evreinase ofow kinetic electron
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energy; hence, pulsed electron beams are preferable for external injection into the extraction gap
of an ion source. During the mutual overlap ion and electron beam diametbathashrinking
(self-neutralization of space-charge and pinch eféeeing to the counter-moving electron
beam’s magnetic field) instead of blowing, whennot neutralized. The self-neutralization of
the space-charge of the free carriers &y fastprocess, whictproceeds untithe ion and
electron-beam space-charge fields have fully cancelledahbeh. A further contribution to the
shrinking ofthe beam radii is the normal emittance contraction of the eleatrdnion beams
when accelerated by then-sourceextraction potential inopposite directionsThe beam
compensation in the extraction gap of an ion source as descriBad. if25] is anexample of
the acceleration of a charge-neutralizseam. Acurrent-neutralized iofbeam cannot be
accelerated irthis way. Simultaneous space-charge and current self-neutralizationcedy
demonstrated in an experiment described in Ref. [20], where thermionically generated electrons
are drawn by the space-charge field into an ion beam at the exit of a laser ion source.

The beam compensation at the exit of an ion source would be superfluous, ift@anon
of required intensity could be classically extracted with a normalized emigigloeeer than the
one needed in the targatcelerator aftehaving passedhe most critical low-energy beam
transport elements. IhHC, for example, a normalizedmittanceg, = 1.5 x 10° mrad is
specified for Pb ions. If the absolute emittaa@an be well kept at a value belay Byfor the
specified output current amplitude, neutralization or expensive accumulation and cooling
techniques are not needed to fullfil the LHC design specificatlgnsowever,the normalized
source emittance, is already larger than the required normalized target emitgntieen,even
with beam neutralizatiorsuch an ion source is not suited feeding the acceleratavithout
accumulation and cooling.

The application of ion-beam neutralization is basedheravailability of asource, which
has the potential to produce a sufficient number of ions at low enough source eraittance

e=e,= — (KT (11)
| MCAY i

wherem, is the proton rest mask, the Boltzmanrfactor, c the velocity oflight, A the atomic
weight of the ionT the surface temperatuiethe ion current angl the ion currentlensity. A
convenient type of ion sourd®er pulsedion-beam compensation is a laser-driven plasma
source as long as the soumaittance is smaller than tihequired normalize@émittance of the
target accelerator. For low output emittance a low surface temperFdtasst heating) and high
current density; (hence, a small laser spot) are required. For higher charge states a high power
density of theorder of TW/cn? is essential, in order to establish a strahgctromagnetic
ionization field in the laser spot on the target. Therefore the laser must feature short pulse length
(ps or fs) and shomvavelength to be focused tonanimum spot size.The laserpulse energy
determines the amount of material evaporétedh the target ananust be minimized. Excess
energy, e.g. if the laser pulse is too long, degrades again the emittance [E&ft€B}heions
are generated in a complicated way, they move on, fully neutralized, insideutoechamber
towardthe extractiongap, wherethe beam compensatiomith electronshas to start. In the
neutralization experiments performed@ERN [21-25],ferroelectrically generated electron-
beampulses ofabout 50 ndength, 1 to 5 Acurrent amplitude and 10 to 30 Afrurrent
density have been sent the opposite directionthroughthe extraction gap into theource
equipped with an Al target. When juseutralizing the L-C current density of Alor
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Al jons the totally extracted curremtensity measuredmmediately after the neutralization
sectionwas equal to 2x j ., as it must be according the L-Claw. Strongenhancement of
ion-source output current has also been reported in Refs. [19] and [20].

The danger ofemittanceblow-up atthe exit of a neutralization sectiomust be
counteracted with adiabatic ion-beam expansion in the neutralization region up to a beam radius,
where space-charge becomes insignificant. If the resulting beam cross-section is too large to fit
into the next conventional accelerator element, additac@dleratinggaps must be passed by
the ion-beam before it can be released into a non-neutralized section.

Figure 1 shows the principle of a possible compensation scheme in the case of a laser ion
source, which is able to preserve the source emittance until the end of the neutrakzaioom
It can, however, be adapted to other ion sources (including DC sources), which fulfil the output
parameter specifications. Two electron guns (EG1 and EG2) provide bursts of counter-moving,
intense, shorelectronpulses at high repatin rate, charge-neutralizing the interior and the
adjacent exterior region of the extraction gap. EG3 is an electron gun generating pldsgen
with slightly higher charge, current, and pulsagth compared witlthe extracted ion-beam
pulse. The charge neutralization of the ion pulse is taken ovéirebgiectron bearfrom EG3,
which also current-neutralizebe ion puse. By natural divergence the ion-beam diameter
would grow untilthe space-chargercesbecamesmall, if it were not neutralized. In order to
match the ion beam to the subsequent classical accelerator section, e.g. an RFQ, the neutralizing
electrons must be removed arkde ion-beam diameter decreased bysexond pulsed
acceleratinggap in front ofthe RFQ. The injectedon current amplitude controlled by the ion
source should match the RFQ acceptance.

1] ®HV - pulse

Fig. 1: Principle of anon-beam compensation scheme for ion-besrancemendnd emittance preservation.
LIS = laser ion source; LB = laser beam; T = target; EX = extractionkE@p;2,3 =electronguns; IE = ion
beam envelope; ES = electrical separation gap; RF&lie-frequency quadrupole; Z = charge states source
emittancen, , n,s= ion and electron in the source, ¥;= electron velocities from EG1,2,3;, = emittance in
drift spacen,, ny= ion and electron densities in drift spagg;v.,= ion and electron velocities in drift space.

The ion-source compensation experiments reportdddafs. [20-25have demonstrated
the basic principles of ion-beam neutralizativith low-energy electrons. Before applying,
however,any compensation scheme irreal injectorline, as forexamplefor the heavy-ion
injection intoLHC, pilot experiments must be envisaged at an operational full-sizeoimee
with a low-energy beam transport system includingfitisé classicalacceleratiorunit(s) of the
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ion linac. The pilot experiment could be planned at any low-emittancesaomceavailable at
CERN or elsewhere (e.g. GSI). More details on the layout of spibtaxperiment are given
in Ref. [26].

3.2 Beam compensation in the crossing regions of circular colliders

The accelerated beam intensities of circular accelerators have stgasvy during the
past decades and will further increase in future machines. Whereas in the early accelerators the
electric and magneticself-fields ofthe beams could be neglected, engineers building future
accelerators will be confronted with serious problems, which are caugéd biectromagnetic
interactions between the beams and their environment. Wimenng, for example, LHC at
maximum beanintensity, a problenihasbeen identified, whicthas to betraced back to the
interaction of the space-charge and the current of the LHC beams with electron clouds generated
in the vacuum tube by synchrotron radiation. The electron-cloud-induced energy dissipation is a
typical high-intensity problenfor the operation of thé.HC collider. Other problemswhich
concern as well thénigh-energy physics experiments, appear, for exampléheattHC
intersectionpoints, where both LH®eams collideThe focusing ofthe LHC beams in the
low-B insertions leads to a beam diameter of abowtiat thecrossing points and telectric
and magnetic self-fieldyradients of 19V/m and 6x 10" T/m, respectivelyThese gradients
exceed already by far the gradiemtbich can be achieveavith conventionaltechnology.

During the crossing of two LHC bunchetheir magneticself-fields cancel, whereas the
amplified space-charge fields causeal blow-up kicks withthe finalresults of a tune spread
growth and of a reduced beam lifetime. The increase of tune spread will peediter the less
perfect is the mutual overlap of theossing bunches. LH@Gperation seemstill possible as
such, but will be much more difficult at the highest intendeyels. The same is truéor the
LHC high-energy physics experimenithe beam is naturalldegraded by thdigh rate of
desired particle interactions, but it should not beaten up by the parasitic collective
electromagneticeffects. At topintensity the flexibility of luminosity control isstrongly
constrained. An operation scheme with constant luminosity, whashbe requested by some
of the experiments, is practically very difficult to control. Certain experiments (CMS) even lose
a substantial part of their triggefsr data-taking just after aew LHC fill, since theinitial
luminosity is too high for full digestion by the detector equipment.

The LHC beams cannot be neutralized over large sectiortheafnachine, but global
understanding othe interactions between electrolouds andthe LHC beam self-fields is
essential to properly solviae energy-loss problems in superconducting magnets and in the
straight sections of the machine. The electron-cloud phenomena are dealt with in Refs. [27-30],
however longitudinal effects seem to be not included in these considerations. Axial currents are,
for example, induced ithe electrorclouds bythe rapidly varyingounch currents, whickead
to an inhomogenous density distribution of cloud and energy dissipation edchgaccelerator
section. Electron-cloud problems are not further treated in this article.

A controlled localized_.HC-beam compensation schefi3d], however,with the aim of
neutralizing the bunches of both LHC beams in the neighbourhood of the interactior(lpjints
before crossingakesplaceand in themostcritical sections — where long-randgeam—beam
interactions occur — could end up in tledimination of themost perturbingcollective
electromagnetic beam—beam effects (Fig. 2). The results would be a smagleine operation
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and a gain irbeam lifetime. It can behown [31]thatwith a neutralization scheme at the IP,
which is closelymatched to the experimental environmant which is intight feedback with

the rest ofthe LHC machinethe luminosity could be either slightly increaseith respect to

the design specifications or adjusted limits of lessthan one order of magnitud&@hen
experimental runs at constant or much-less-varying luminosity conditions can be envisaged for
certain experiments.

Fig. 2: The principle of a neutralization system for the LH&. EG1,2 =electronguns; S =solenoid;
LB,,= in- and outgoing LHC bunches.

The technical realization of an IP neutralization schéangrotons (p) and ion§A) in
LHC could be achieved with low-energy (1 to 20 keV) DC electron beams of the order of a few
amperes of total current. Equation (4) shdlaat lesselectron density thahHC beamdensity
is sufficient for full space-charge neutralization. The principle of a realiE#tC IP
neutralization system is shown in Fig. 2. The in- and outgoing LHC bunches\tlB.B, pass
through achannel with decreasirdgjameter filledwith low-energy electrons. Two low-mass
electronguns EGland EG2are positioned symmetricallwith respect to IP outside the
solenoidal magnet Sfaw metres away from IP anithject continuously hollow, low-energy
DC electron beams with a currdnttowards IP.The cathodes may be positioned oradius
corresponding to the beam screen. If a smaller angle for electronifjeation into the central
solenoid S is requiredhe gun can be split intdwo halves, whiclcan be movedowards the
bunch orbitafter completion of th&tHC acceleratiorncycle, as is foreseen ihe design of
certain RomarPot detectors. In order totroduce a minimum ofmassive equipment into the
vacuum chamber, guns with cold cathodes and with high efficiemayeeded. In Ref. [31] a
layout for such an electron gun is proposed.

Neither strong magnetic dipole nor quadrupole fields can be tolerated between EG and IP.
The axial B-fields of central magnetic solenoid magnets are, on thehatheyvery favourable
for focusing and guidinghe incoming electron beams to the IP amdoothingthe local
contraction of the electron-beam envelope diameter occurring behind each LHC bunch. Figure 2
shows howthe end fields of the céal solenoid compresthe annular electrostream. The
elongation of the electron trajectory length insidedblkenoid leads to a highdensity,and in
the case of constart, to a decrease of electron-beaatlius. Another contribution to the
shrinking electron-beam envelope is given by the average increase of electron velocity induced
by the repeated longitudinal kicking of the incomibgiC bunchesuntil they are fully
neutralized. Theslow-down bythe outgoing LHC bunches is ote otherhand negligible,
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since these are largely neutralized. Ti#C bunchattraction in the vicinity of IP is sstrong

that all electrons in a cylinder of at least r},Groundthe bunchare captured and carried along
with the bunch (self-neutralization), when traversingeatralization length. of a few metres.
Therefore, the compression of the electron beams inside S to a radius of 1 to 3 nieadiall
almost full neutralization of theHC bunches. Neathe IP the space-charderces of the
counter-moving electron beanstow down the electron velocity antboth electron beams
expand.The fraction of energetic electrons captured in the space-charge fields of the LHC
bunches continues to traverse IRha originaldirection. The major part of thelow electrons

(a few kW total) is lost inside or just outside the central solenoid on a very large sueacd

the order of rh The electrons captured in thelC bunchesare more energetic and have to be
deflectedonto smalldumps beforethey hit the nextsuperconducting magnets. Teduce
interference with sensitive detector elements screening could be necessary in certain places.

With the proposed systertihe LHC-beam IP neutralization can be achieved in either of
two extreme compensation modes. Practically, a regime of a mixture of both modes will result:
— The electron charge density is redudedow the LHC-beam charge density and the
electron beam diameter is made larger tharL i€ beam diameter at theosition where
the LHC bunchesenter the neutralizatiosection. In thiscase theLHC beam will be
mainly charge neutralized, but weakly current neutralized byotvedensity electrons.
Hence, the azimuthal magnetic self-field isncompensated and a progressive self-
focusing (Fig.3a) of thebeamwith shrinking r, changes the optics in thiteraction
region and must be compensated by different settingfseadbw-beta insertiomodules.
This type ofbeam compensation acts like a pladeras with an ‘underdensgilasma
density [32] and may be called an electron-beam-pldsnsga Atentionhas to bepaid to
avoid nonlinear self-focusing. If the beam density distribution profile is rectangular and if
the electron density iglso constant acrossg, the resultingfocusing is linear, but
unrealistic. If the LHC beam is Gaussian, then the distribution of the neutralizotigpele
cloud around and inside the beam induced by the beam space-charge potentiakiarnot
either, but just cancels the nonlinearity introduced by the Gaussian density profile and the
focusing is linear. Imperfections ithe distributions of both beams finally cause
unavoidable nonlinear focusintie result ofwhich onthe steady.HC operationhas to
be investigated more deeply in this compensasoheme. Howeverthe negative
contributions by these imperfections can be estimatetesssimportant than the full
beam—beam effects caused by the normal crossings of non-neutralized LHC bunches. For
the IP environment it is important thdtis neutralization modedoes notlead to a
substantial current neutralization equivalent to an increase ofothke electron beam
energy, sothat special electron beam deflectiand dumping elements may not be
required.
— Thesecond extreme of bundafeutralizationoccurs wherthe electron beardensity is
equal to or higher than th®amdensity (‘overdenseélectron beanplasma).Then the
LHC bunch currentsnduce a bunch-internal compensating electron current of the same
amplitude and density as the LHC bunch. Hence, the neutralizing electrons are accelerated
to a substantial fraction of thepeed of light.The process is equivalent tthe self-
neutralization of an ion beam ejecténlough a denselectron cloud from an ion thruster
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into space[2]. Depending on electron density and on travelling lengttough the
neutralization region, theHC bunchwill be fully charge and current neutralized before
crossingthe equally neutralized counter-bunch at (Rg. 3b). This mode oftotal
neutralization results in negligible self-focusing. As in the case of no neutralizatitin at
the bunch propagation toward IP is characterized by a linglrigking bunch diameter,
but also by the absence of aglgctromagnetic perturbation IR. Any imperfections of
charge,chargedistribution, currenmplitude angosition ofthe LHC bunches, which
aredisastrous in non-compensat@wde become totally insignificant in the case of full
charge and current neutralizatiornf-or the operation of the experiments and of the
machine this mode would be ideal, if the@ras not thehigh kinetic-energy gain of those
electrons whichare ‘pickedup’ by the LHC bunches.Total electron-beanpowers of
50 kW and more per beam have to be digested in the interaegmms. It isdifficult to
see how to cope with this amount of energy without deflecting and durtin@rgjectron
beams before th& HC buncheshit the superconducting magnets. In reality, both
neutralizationrmodes will bemixed and via the electrdneamdensity the repartition of
neutralizationmodescan becontrolled. Thereforeghe electronguns mustallow full
control over the electron beam parameters. Details of the neutralipatioess and of the
accompanying self-focusing witthe consequences fahe operation of machine and
experiments is considered in Ref. [31].
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Fig. 3: a) Envelopes of fully space-charge-neutralized, but not current-neutralized proton beacties P of
LHC: o; = bunch diarater atlP; o’ = angle atentranceinto neutralizing section NC; L distance between
entrance of NC and point of smallest spot size (IP); Bl = low-beta insertiddedmenvelopes of fullycharge-
and current-neutralized bunches or of non-neutralized bunches with conventional IP crossing.
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The long-range beam—beam interactions in dipole- and quadrupoleHf@esections,
where both colliding beams shdhe same vacuum chamberg. inthe low-betansertions),
could be also reduced by beam compensation. Full LHC-loeamnalization is not required in
these sections, screening by beam compensation is suffiear compensatioschemes for
such sectionsare considered in mordetail in Ref. [31]. The describedpartial beam
neutralization model can be also considered for other high-intensity cicaliiders. LHC is a
very convenient candidate, sintlee neutralizatiorsystem involves only one high-energy
particle species (p or A) and one neutralizing medbanticle (electronpnd can benade fully
symmetricaroundthe IP region. Colliders operating with p—pbar @'—4~ beams not only
involve more high- and low-energyarticle species,but the neutralization scheme cannot be
built symmetrically. Provided there are not strong physics reasamdlitte x* with X~ beams,
it is technically easier to buidd—" colliders neutralized with electron beamsxes< colliders
neutralized withpositron beams. This, with a few restrictions, alstrue for hadron—lepton
colliders (for example, a p~scheme, which can be neutralized with electron beams).

The design andinstallation of a beam compensati@ystem for aspecific circular
accelerator such as LHC has to be preceeded by pilot experiments at any cobeanielne
of operationaimachines, in order ttest the different elements stich ascheme and to gain
experience with itoperation. Suctpilot experiments camalso give more insight into the
problem of the energlossesvia electronclouds. Currently, twapilot experiments are in
preparation at FNAL and &LAC, in whichthe interaction ohigh-energy beams witblow
electrons or with a stationary plasma are studied. The aim of the FNAL experimenframtbe
of the Tevatron’33 upgrade projefd3] is notbeam neutralizatiortput compression of the
antiproton bunches witlihe low-energy electron beam space-charf@rces, in order to
compensate for the pinch effects of fiepbar interactions and to redube beam—-beam tune
spread. This test will offer excellent opportunities to study the practical operation of an ‘electron
beam compressor lens’ and the role of imperfections and nonlinetoitiseam compensation
in a circular collider environment. At the SLAC Final Focus Test Facility [14] a ‘passive plasma
lens’ experiment [32] is planned. In the first phase a high-energy electron beam frSirAtbe
linac issent through a plasma of 3 ntimckness.The plasma electrons are instantaneously
ejected out of théeamregion suclthat thepositive ion charge compensates partially or fully
for the electron-beanspace-chargeThe result is aself-focusing of the electron beam
comparable to the electron-beam-plasma focusing described abovieclitieg effects on the
beam can be investigated in the SLAC experiment amaion of plasmadensity. Athigh
plasma density also current neutralization can be studied. In a later stage plasma interaction with
energeticpositron beamgan betested.Then alsothe ‘self-neutralization’ of a high-energy
positron beam may be studied.

The FNAL and SLAC beam-interaction experiments will contribute significantly to the
experience of handling beam-compensation devicegeieral. It is, howevelimperative to
study alsothe beam neutralizatioschemes with electron beamstlé crossing points of
circular colliders in dedicated pilot experiments.

3.3 Beam compensation at the final focus of linear colliders

The beam intensity in tharcs and inthe interactionregions of LHC isalready high
enough to produce several inconvenigatturbations. Imay be wellworth eliminating these
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perturbations, but, accepting some limitations for the flexibility of operation for the experiments
and themachine, LHCmay still be operated witholieam compensation devices in a rather
‘clean’ way. The beam confinement ibHC is so goodthat the experimentghysicists can
place detectorgery near tahe beamand carstudy particle interactions atery smallangles.

Much lessparticlelosseswill occur fromthe beams circulating ibHC than in any previous
high-energy accelerator for particle physics.

All studies oflinear colliders currentlypursued in Europe, U&nd Japan envisage
schemes based on ‘conventional’ electron—positron collisions, which unfortunately reverse this
positive trend andead tocrossing conditionsnuch worse than inLHC. The high current
densities of the 'eand € beams of a collider d3.5 TeV generate near the finébcus locally
electric- and magnetic-field gradients of the order of m and 16 T/m, far in excess of the
gradients at théPs of LHC. During crossing the space-charge dbth beams cancels. Self-
pinching takes place undtre influence of the azimuthal magnetelf-fields, so stronglyhat
during the time of overlap several betatron oscillations atayr. Electrons angbositrons are
electromagnetically deflecteehd bending angles of trerder of 10° rad not only spoil the
beam aftercrossing, but significantly reduce theolid angle available for experimental
observations of high-energy physieactions(e.g. compared td_.HC). Moreover thestrong
‘beamstrahlung’the pair production and the generation of ‘mini-j¢&3—34]induced by the
collective electromagnetic interactioperturb stronglythe operation of the detectors at the
(single) final-focus experimenthe criticaldesign parameters, suchtas luminosity, are no
longer fully determined by the final purpose of the collider, as sheyld be but imposed by
the destructive electromagnetic effects characterfpedluminosity by the beamstrahlung
parameterd and the disruption parameter D. The introduction of these paraneigoses
further artificial constraints, for example, dhe shape, orthe cross-section anthe crossing
angles of the beams in the finfdcus. It isevident that the influence of the destructive
electromagnetic phenomena grows with increasing collider energy.

Although the former two-beam and four-beam experiments at DCI/Q9sal0] have
already demonstrated clearly the difficulties in properly collidiegse non-neutralized, high-
energy éand € bunches, thischemehasbeenpushed tathe extreme in the linear collider
proposals. Ideakave even beeforwarded, which suggesblliding two energetic €and &
beam pairs in the final focus of a linear collidefmess tried atDCI. This type of neutralization
has to be discarded for practical reasons anthéoimperfections inheremtiso in futurelinear
collider machines. Suchnear collider schemes are mtly asymmetric, but suffer from the
interaction of strong electrical and magnetic moments in theféinak raised by differences of
charge, current amplitude, charge distribution and position of the colliding bunches.

By introducing a ‘smooth and redundant’ (with respect to compengaditigle density)
charge and current neutralization BEFORENch crossingvirtually all electromagnetic
perturbations in the finalocus can be eliminatedSuch aneutralizationsystem (Fig. 4)
resembles th@reviously described LHC IRompensatiorscheme, but requiresiuch less
precision, since the collidingbunchesare not continuously recirculatedThe necessary
precision for final-focus colliding is also very modest compared to the requirements of the DCI-
four-beam neutralizatioacheme, where no redundarmyuld be tolerated. The compensating
beams can be injectedth a comparably higher energy thantire LHC-beam compensation
scheme, in order t®ase thelow-energy beam formation, the transitionfrom the non-
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compensated to the neutralized state anditimize the additionaself-focusing ofthe collider
beams duringthe transitionphase. With the elimination of the collective electrodynamic
perturbations in the final focus of a linear collider the set of basic design parameters is freed, for
example, from the beamstrahlung and disruption param@teegiesignlimits for a particular
linear collider scheme are significantly relaxed. T¢as be fruitfullyused for redesigning the
different linear colliders currently undstudy and tamprove on the remaining deficiencies of
each of these schemes. The luminosity liiear é—e collider with neutralized beams will be
then uniquely determined by thé and € beam intensitiesind emittances and by tlecal
lengths of thdenses ofthe final-focusingsystem. Roundbeamcross-sectionsan bechosen
for the collider beams in the findbcus, whichare best suited fomaintaining an efficient
luminosity control to obtain high integrated luminosity over long operation {igtds Since,
after crossing,the outgoing bunchesre well confined, verysmall crossing anglesan be
chosen giving more solid angle for low-angle physics observations.

{ {

Fig. 4: Compensation of high-energy bunch ofpositively chargedparticles with apulsed low-energy lepton
beam of opposite charge and current directipn.bunch currentt, =electron current;, = wall current; g, n, =
bunch and electron charge densitigs;v, = bunch particle and electron velocities.

For reasons of symmetry and of practical simplicitygéand é-€ (or p—p)colliders are
preferable to e-€ linear colliders, as inthe case of circulacolliders. But, if high-energy
physics is opting for an"ee” machinewith strong arguments, thischeme caralso be dealt
with by neutralizing the electron beasith positrons andhe positron branch with electrons.
In the case of linear colliders thew-energy beams need not to BE. Pulsedbeams with
bunch length and particle number per bunch greater than thdiselrofh-energy bunches are
more economic and can be more easily dumped thamd2@hs. Enough spacewuch more
comfortable than il.HC, can beprovided betweeithe last classical collider elements and the
final focus togenerate and direct thew-energy (< IMeV) €' or € beams, whictgradually
assist inthe self-neutralization of the main beam it way toward collision.The focusing
resulting from the classical final-focus quadrupoles can be increased with passive plasma lenses
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[14, 31-32], which may be combined with and precede the neutralization sections on either side
of the final focus. The need for colliders with multi-bunched beams may be removed in the case
of neutralized collidingounches,but multi-bunched beams can equally well ds¥ved with

beam compensation, if necessary. The neutralized bunchegaobssther like neutral objects
without the appearance of any electric or magnetic moment. Hence, in the absence of ‘positive’
or ‘negative’ pinching, only reactions determinedtbg cross-sections of possibéementary

particle interactions change the origiainch configurationsAfter crossing bothneutralized
bunches propagate in a perfectly confined way and according to the simple geometrical optics of
neutral beams until the charge densiis lowered sonuch that the neutralizingositrons and
electrons can be separafeom the main beamwith externalmagneticfields, if desired. The
low-energy beamsan be deflected and dumped atgbthe main beams can be directed in a
controlled way to a dedicated beam dump. The beam neutralization at linear collidesealso

the way for designingmore than one interaction point in the same collithemce, amore
economic use of such an expensive machine becomes possible. Imperfections and nonlinearities
are much less important for a single-pass crogsiagfor the repeated crossings in a circular
collider.

As in the case of circular colliders the technology of neutralizatystems with low or
medium-energy lepton beams exists @an be considered as already being well mastered
today. Pilot experimentssuch asthe ‘passiveplasma lensexperiment at the SLAGFTB
[14], wherethe plasma takesver the role of the neutralizing leptobeams,shall be very
beneficialalso forgaining practical experienceith the handling ofsuch beam compensation
systems.The plasma length of 3 mifh) applied in this experiment is sufficient teliver
already well measurable data on beam compensation. It also gives an impressiansbiort
is the length withinwhich self-neutralization of a high-energy charged-particle bunch occurs
with slow leptons.

The cost of a linear-collidebeam compensation device candmmsidered as negligible
compared to the main linac costs. In order to get the necessary funding for constructing a future
linear collider, it is therefore recommended to the accelerator community, not to dobjautice
to build a ‘clean’ collider designedr doing a high-energy physics job andget rid of the
disastrous collective electromagnetic phenomena.

3.4 Compensation at the target of an ion-beam fusion driver

In the past severgbroposalshave been madtr charged-particle accelerators to drive
inertial confinemenfusion ICF [36—39].Exceptfor a schemeproposed at LBL, which was
characterized bywo parallelhigh-current induction linaci88], all other proposalsdeal with
‘conventional’ acceleratorstructures composed of mangarallel ion sources, linacs,
accumulation and coolingngs including exotic ideasuch asnon-Liouville stacking, and a
high multiplicity of beamsarriving at the finafusion target.Depending on ion pulskength,
targetmass andnethod of target heating (direct odirect), beam linenumbers from 50 to
2000 are cited. Anoverall ion-beam current density of tioeder of 18 A/cn” has to be
transferred onto darget to produce thanecessary compression armating to fusion
temperature. The&normouscomplexity andmultiplicity of the fusion driver proposals is
artificial and witnessethe poor capabilities of conventional accelerator technologyttvact
sufficient current from an ion source and to accelerate high-current beams in a single or in a few
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beam tes. Ifthe classical point ofiew is consequentlpursued,that is, to transport and
focusthe multiple non-neutralized beams in vacust down tothe final target, the whole
scheme of energy depositidails, because the ion beams cannotsbepped ontdhe target.
There are two reasons for the failure imposed by the basic rules of electricity:

— the ion space-charge stopped on a pellet repels the drive beams;

— currents always close in loops and cannot cease to flow in one point.

Both rules impos¢he following consequences: the drive beams are not neutralized,
return currents must be established, and, if there is no reservoir of surplus ekdiiaihte at
the target, the ions of the drive beams themselves must return while carrying a large part of their
energy back fromthe target in an uncontrollechanner. A driver system withouteam
neutralizationrwould fail in the samevay as anon-neutralized ion-beam injectésr an MCF
tokomacs or a non-neutralized ion thruster facggraft propulsion independenttbé kinetic
energy to which the ions are accelerated in these devices.

The energy deposition problemshich the conventionalfusion driver technology
inevitably runs into, can be fully avoided by neutralizing each incomingpgam in or infront
of the reaction chamber beforehits the target. Thertotal energy transfer téhe target and
absence of electromagnetields and forces ahe pellet argguaranteedThe incoming ion
beams have anyway to be focusedhi® final target,the fusion pellet, in order tgenerate the
necessary power density. The final spot size will be unperturbetebiyomagnetidields and
uniquely determined by the idmeam emittanceand the focal lengths of the finfdcusing
lenses.Efficient focusing hasbeen demonstrated with high-current-carrying plasma lenses
[5, 40]. Such lenses could be easily combined with the electron beam soutbesHeavy ion
beam neutralization. The electrgnns must be verintense andobust, but do not have to
fulfil stringent conditions neither of precisiaor of highbeamquality. It seems@amazing that
the two reasons cited above as responsible for the failure of classical final-focusing schemes —
space-charge and current flow — can be just employetititte the self-neutralizatioprocess
without disturbingthe final focusing and energy depositiofhe total electron-bearanergy
necessary to neutralize heavy ion beams of the order of 100 kA total current, 10 GeV kinetic ion
energy and a few nanoseconds pulse length is partially drawn from the ion baaarsounts
to less than 19 of the total ion-beam pulse energy, e.g. less than 10 kJ for an 80 MJ driver.

Though with local beam compensation at the levels of driver sources and driver target the
ion beam multiplicity can be reduced, we may still have to count with a limited numbeaiof
lines. Remembering the partially neutraliz&@A induction linac example characterized by an
(‘ion-column-focused’) electron beam of 10 kA [8], the number of beams for a fusion driver of
about 100 kA ion current may be hopefudgsthan 10 instead of severdlousands [36]. If
accumulation and cooling techniques are used in the drogeleratosystem, itoperates more
effectively with the accumulation of ion beams at higtieetic energy,but since thecosts for
storage and cooling rings rise steeply with accumulation energy a compromise hdsundbe
A fully neutralized fusion-driver range working with two or four ion beams ontpa100 kA
range is not within the reach tdfday’s technologymainly owing to the lack of an efficient
acceleration methofibr neutralized iorbeams. Nevertheless, wileam compensation heavy-
ion fusion drivers willremainserious competitors for laser-drivanertial-confinementusion
devices.
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4. TECHNOLOGICAL CONSIDERATIONS FOR BEAM COMPENSATION

In the previous chapters sevemamples angbroposals of beam compensation have
been dealtvith. Numeroudifferent techniques can be imagined employgugsi-stationary,
low- or medium-energy electromositron, ion, omplasma beams as neutralizingents. As
long as charged-particle bearaee involved, the technology to generate the compensating
beams is practically equivalent to classical acceletatdmology.The example of DCI is the
classical application of a neutralization scheme restricted to the instant of rbuhch
penetration: The aim of reaching complete charge and current neutralization by tailoring each of
the two energetic electron and tio energeticpositron bunches in terms mlentical charge
and current distributions could not be achieved duado of precision and owing tamachine
imperfections. Such a compensation scheme is fully ‘man-made’ and does not include any self-
neutralization prior to the mutual penetration of the four bunches.

Self-neutralization can be easily demonstrateten sendingcharged-particle beams
through a plasma. It is however, rather difficult to generate large, stable volumes of plasma and
often the plasmaons disturbthe beampropagation and thpurpose for whichthe beam is
produced.The generation and propagationlef- andmedium-energy leptobeams, on the
otherhand,can be considered atandard techniquday. It istherefore straightforward to
replacehigh-energy lepton beams (DCI) and plasma channels by low-energy lepton beams
when beam compensation including self-neutralizationersvisaged.Today electronguns
constructed along classical lines allow not only the control of elebgam currenaind current
density, but also of the kinetic energy, the temporal and the spatial distributions of the electrons
separately. Impressive examples are the elegioms built for electron coolingourposeq41].

More advanced and compact guns may incorporate cold cathodes, such as ferroelectric cathodes
[42] and field emitter arrays (FEA) for DC and pulsed applications [43].

For ion source neutralization (Fig. 1) classical pulsed sources [20] as vieltaedectric
guns [25]have beernested. Co- and counter-movimdectron beams can be applied to very
low-energy ionbeams. Atthe extraction gap of an iosource counter-moving electrons are
more practical, otherwise the electron beams have to be generated insidesigreei/Vhen
intense low-energy ion beams have to be transported olageadistance, several high-
repetition rate pulsed electron guns are needed fdseam neutralizatioand formatching the
ion beam at the transition from the neutralized region to a non-compensated cassiesator
section.

The local beam compensation in a circular machine, as aHielPs, must be designed
with DC electron beams generated by very compaat;mass andeliable guns with cold
field-emission cathodes. Bestndidatedor this appli@ation arering-shaped, FEA-based DC
electron guns [42] producing annular beams aroundtie proton beamsThe guns must be
flexible with respect to electron-beam curreamplitude andkinetic energy, and reliably
guarantee a stabtgperation.The electrorgunshave to be placed outside the tcahdetector
solenoids,but well away from superconducting magnets and difielels. The solenoidal
magnets, whiclare incorporated into the interaction regioneathLHC experiment, govern
the electron beartransport towardhe IP andform an essential part dhe compensation
scheme. The main technical problems of Lbam compensation aless onthe electron gun
side, but rather linked to the dissipatiortiod energy, whichithe compensating electroattain
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by current compensation duririge neutralizatiorprocess. ltwill be a seriousproblem to
incorporate the rather massive aaldo expensive deflector elements itibe already frozen
design of the LHC intersection regions, such that the cold componethisldfiC cryosystem

are efficiently protected, but also the data-taking of the detector equipment of the experiments is
not perturbedAnother technical problem is the integration of the elecgans for beam
compensationthe low-beta insertiomquadrupoles and an online luminosity-measurement
facility into a closed controloop, which has to follow any changes of theHC and the
electron beam intensities starting from LHC injection to beam dumping during the whole filling
cycle of LHC. The feedbaclsystem eventually has mompensatdor the self-focusing and
luminosity changes resulting from beam compensation in the relevant IPs.

The technological requirements to be fulfiled by the compensating lspiarces for
linear colliders ardess stringenthan the IP compensation requirements in a circugéider.

The number of charges per bunch is not so differentlimér colliders featurehorter bunch
lengths and the current amplitudes can be one or two orders of magnitude higher than in circular
colliders. Hence, pulsedperation of the compensating leptgans ismore suitable. In all

linear collider schemes there is sufficient distance between the last element of tloedisialg

system and thécus, which gives aufficiently large overlafor smoothcharge and current
self-neutralization of the high-energy bunches with the low-energy compensatingdeptuos.

Lepton beams with someharge,current and pulse length redundar@an be injectedvith

initial energies of lesthan 1 MeV. Thdower the injection energy the more redundancy in
charge and spackas to be provided fothe correct completion of the self-neutralization
process.

The most critical section of an acceleratalriver for ICF is the targetarea, which is
predestined for beam compensation. Near a fusi@etvery severe environmental conditions
govern the performance of all elements in its vicinity. The pulsed electron sources for heavy ion
beam compensation have to deliver not only sufficient cHargihe (self-)neutralization of the
ions, but have to withstanthe severe radiation and contamination conditions induced by the
fusion processe<eramic ferroelectrics can lvensidered as candidatés this application,
since they have proven vergliable as trigger elements lmgh-powerplasmaswitches[44].

Such electron sources could be placed rather near to the fusiondaggetithe entrancdoles
of the ion beams.

At present,there is an apparent lack of computational means to meatl predict
precisely beam compensatiqorocesses.The present particle-tracking methodsed in
conventional accelerator environments are not sufficient to describe properly the electrodynamic
phenomena occurring during beam compensation interactions between different charged-particle
species. Aconsiderable effort is needed to provide well-matched models dragie offluid
theory and magneto-hydrodynamics. Since, during self-neutralization the compensating leptons
are rapidly accelerated, it reecessary to develop simulation methods whaombine even
relativistic fluid dynamicswith classicalacceleratomethods.The development of appropriate
models makesense only if itcan proceed in paralletith the preparation and operation of
indispensable pilot experiments dedicated to the different applications of beam compensation.
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5 CONCLUSIONS

If in future the high-energy physics community envisages the construction of accelerators
with steadily increasingower densitybeam compensation techniques have to be inevitably
adopted to overcome the severe limitations caused byitlie beam chargeand current
concentrations. In spite dahe successfulATA experiment[8], a completely neutralized
accelerator system remains a challenge for the far future. But alreadybesiaycompensation
and neutralization can be applied in thatical sections of conventional high-intensity
accelerators. Amongst theumerous possibleeutralizationschemesthe so-calledsmooth’
and ‘redundantbeam compensation can be economically realizéd low-energy lepton
beams.The ‘smooth’ compensatioprinciple includes natural self-neutralization interactions
between the different beaspecies, whichare beneficial incomparison withthe ‘hard’
compensation reactions between mutually penetrating, but non-neutralized highgeméctgy
bunches, asttemptedwith the DCI experiment§9, 10]. While some beam compensation
devices can be designed and built ist@ightforwardway, the implementation isome other
specific systemsmay involve non-negligibleoroblems and a neefbr R&D to be carried
through in pilot experiments with the aim to develop the adequate compereakiaigues. In
this articlethe aspects obeam compensation in faw specific parts of various types of
accelerators have been investigated.

At the low-energy end of a hadron accelerator the ion sourcenggaa bottleneclowing
to ion beam space-chardtor example, irthe leadion beam injectoffor the LHC). lon beam
neutralization in the extraction gap of an ion source can remove the most severe natural intensity
limitations of classical extraction, while full emittance preservation can be achighethigher
the desired ion output current densttye stronger ishe required compensating electitmgam
intensity. Pulsed electron beams injected from outside into the source are best suited to fulfil the
space-charge neutralizatiamonditions. Such a&ompensation scheme is very economic in
comparison witthe much more expensive ale$s efficient schemegor ion beam intensity
enhancement based on ion accumulation and on electron cooling.

Another examplefor the application of neutralization techniques in tdC is the
neutralization of the high-intensityHC bunches oreachside ofthe interactionpoints in the
solenoidal fields of the cémal detector magnetwith low-energy DCelectronbeams. LHC
beam compensatiaemoves the increase of beam—beam &pread occurring during bunch
crossings at high LHC intensity. The beam compensation results in a simpler machine operation
including easier luminosity control by the low-betaartions and in a longdream lifetime.
Moreover some additionafself-)focusing and consequently higher luminosity could be
reached, if desired, though attention has to be paid to the nonlinearities and asymmetries of self-
focusing.Since luminosity can be adjusted withintagr limits (in the range of onerder of
magnitude) experimentalins could be envisaged at constant luminosibys providing the
most economiaise ofthe expensivénigh-energy particles. As disadvantages one hdak®
into account the non-negligible energy to which the neutralizing electrons are accelerated by the
LHC beam in the case of current neutralization. The surplus energy has to be dumped out of the
IP region by electron beam deflection atbeinch crossingThe (conventional) beammiumping
hardware is not onlyhe most massivanaterial of thewhole beam-compensation apparatus
including the electrorguns, but alsothe most expensivepart. The operationwith beam
compensation, andspecially with variabléoeamcross-section irthe IPs, isonly possible
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underthe control of a non-trivial feedbadkop including the electronguns, the low-beta
insertion elements, and a continuous online luminosity-measurement set-up.

Future linear colliders are predestined for beam compensation. The reactions, which high-
energy physicists want to study and for whible colliders arebuilt, are (especially in TeV
colliders) completelysubmerged in a variety afisastrouscollective electromagnetic effects
occurring in the finafocus. With a smoothbeam compensatiosystem based on low-energy
lepton beams the electromagnetic phenomengirathing, beamstrahlunggair and mini-jet
production andeamspoiling aftercrossingcan be fully eliminated. Since there is heam
blow-up, small angle observatioage re-establishefbr the high-energy physics experiments,
which are also favoured bythe choice of avery small crossingangle under neutralization
conditions.With beam compensation the luminosity of the collider is given by bmanents
and emittances and by tfecusingcharacteristics of final-focusing lensesly, just like in a
low-intensity machineThe linear collider beam compensation leaw# only to striking
improvements in design and performance, dan be, compared with other applications of
beamcompensation, rather simply ardonomically (in relation téotal collidercost) realized
with existing technologyThe single-pasbeammode, the short beam neutralizatiotengths
and the large spacvailable in thefinal-focus region greatlyacilitate the installation of the
beam compensation equipment. A machine, like NLC at SLAC, could probably still be operated
without beamcompensation. It would be, howeverery desirable to incorporate kleam
compensation schenier pilot-testing the method in a largellider. TESLA would certainly
profit from beam compensation in terms lofjh-energy physics productivitppeamquality,
higher compactness and probably reduced total cost. If TeV colliders gustnodnsidered as
expensive toys, but planned for efficient high-energy physics experintiegnsthe application
of beam compensation at these energy levels is imperative.

The full deposition of total ion beam energy on a target for inertial-confinement fusion can
be guaranteed bipcusingthe ion beamletf'om a fusion-driveracceleratoonto the target in
the reactor chamber and by compensating for their charge and current out of resetowirs of
energy electrons. The minimum spot size which can be achievethwitreutralized beams on
the target is given by iobeam emittancand the characteristics of the final-focusdeyices,
which may be easily combinedith the electron generators in the case of plakmaes as
focusing elementsThe scheme widely benefiteom the natural self-neutralization of the ion
beamlets, when passintge electrorreservoirs.Also the ICF driver beam compensation is
cheap compared to the overall cost of the fusion plant.

Applications at othercritical points of high-intensity accelerators, for example, at
spallationsource, athe exit of coolingand dampingings, wherebeamdensities might have
been brought up tthe space-chardemit valid at the energyevel of the accumulatarings,
have not been considered in this paper and should be treated elsewhere.

The generation of compensating particle beams is wigtin the reach oftoday’s
standard accelerator technologngnce the application osuchtechniques is not only matter
for the future, but also a concerfor the present.The best way toproceednow is toset up
dedicated pilot experiments and to gain practical experience.
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