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1 Introduction

This review coversthe studies beingonducted at

present by various laboratories and collaborations in order to

determineand to optimise the nexgeneration of particle
acceleratorgor physics at the higlenergy frontierbeyond
HERA', LEFP?, LHC? SLC' and theTEVATRON?®. These
studies covelinear e'e colliders, " colliders and circular
hadron colliders.

This review summarises the underlying principles and
the key issues in accelerator physics and technatggyant

prototype Kklystronreached 10 MWwith 65 %
efficiency (70 % design value).

The new parameter sis based orthis reduced
spacingbetweenthe cavities resulting in #&igher
fill-factor (66 to 76%) whichcan be used iturn for
a reduction ofthe requiredgradientfrom 25 to 21.7
MV/m and will lead to an improved overall
efficiency asthe cavity qualityfactor consequently
increases fron®.5 to 1.0 x 1&¥ . Fig. 1 shows the
performance ofall TESLA cavities indicating that
either of theseparametersets isreasonablywithin

for these studies. Special emphasis is given to the statusreach.

andplans for thedevelopment ofcomponentsand for the
test facilities. The most important results of the tests are
summarised.

The review concludeswith an overview of advanced
acceleratorconcepts whichcould be applied to linear
colliders in the far future. Also therethe emphasis is on
experimental results and future plans.

2 Linear colliders

An International Collaboration exploredifferent
approachewith the individual laboratories,often with a
large number of partnersaking theleadership inone or
two technologies, resp. in operating test facilities. The
interest concentrates oreecollisions however in nearly all
designs an option exister colliding yy by backscattering
laserlight just before the interaction pofhtThe possibility
for polarising one of the beams has beensidered and the
case for & collisions has been mad@

2.1 TESLA

The TESLA collaboratiobased atDESY plans for a
linear colliderwith a CM energy of0.5 —1 TeV® . The

linear acceleratorsrely on 1.3 GHz superconducting,
standing-wave superconducting rtavities with an
accelerating gradient o5 MV/m. The design stud{

indicated a luminosity of 0.7 x ¥0cm?s* at 0.5TeV CM

but left room for improved machineperformancewith
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Fig. 1 Quality factor as a function of accelerating gradient of all
TESLA cavities measured in cw mode in the vertitessit
stand. The circle shows the newominal values for 0.5
TeV CM.

All subsystemshave been laidut for 0.8 TeV
CM, which would require 34 MV/m in the
superconducting rf cavities. Since single-cell
resonators havesached 4MV/m, it is conceivable
that eventually thisgradient could beachieved in
industrially produced 9-cell TESLA cavities. The
number of Kklystrons will bedoubled but the
repetition frequency has to be reduced from 5 to 3 Hz
in order not to exceed the available cooling power. A
luminosity of 5 x 16&* cm? s' is expected andearly
twice as much if theryogenicsystem isupgraded

somewhat less safety margin with regard to beam dynamics.for 5 Hz operation.
The new parameter set is based on a shorter bunch length, a

smallereffective spot sizeobtained by a stronger focusing

A TESLA Test Facility (TTF)Yis operating at

in the interaction point and smaller emittances. The rf pulse DESY with one module containingeight 9-cell
has been lengthened to accommodate more bunches per traigavities where in beam tests 16 MV/m(goal

but the bunch charge has baeducedAll this results in a
luminosity of 3 x 16* cm? s* at 0.5 TeV.

The basic layouforeseeshe grouping of eigh®-cell
standing-wave resonators ame cryogenic module. A new
scheme with reduced spacing between fouthefresonators
has been adopted where they forstring fed from a single
input coupler. Thisreducesthe number of inputouplers
per module fromeight to two. The klystrorfeeding four
cryomodules has tprovide 8.3 MW. The first multi-beam

15 MV/m) have been achievediwo more modules
with cavities operating at 20 t@5 MV/m will
complete this firstphase with 500 Me\electron
beam energy in1999. The beam energywill
gradually be raised in a secoptiase to 1 GeV by
installing 5 more modules until 2001.

A Test facility for testing 3GHz (S-band)
components is also in operation in DESY itl
be discontinued aftet998 as it is felt that TESLA
no longerrequires a fall-baclsolution. Two high-



power (150 MW) klystrons have been developed providing a
rf pulse of 3us; 230 MWhave beeneachedwith a shorter
pulse. Two 6-m longravelling-wave accelerating section
have been tested

2.2 ILC and C-band developments

The International Linear Collider (ILGPptimisation
Study Groupformed in early 1998 by KEK and SLAC
pursues the study of eollider based on room-temperature
copper acceleratingtructures operating in the travelling-
wave mode? ** % This is a well-proven technolodg.g.
SLAC) which howeverhas to betransposedrom the S-
band (3 GHz) to X-band (11.4 GHz). BothLaboratories
have previously publishedesign reports fof.5 TeV CM
colliders called JLC *® at KEK and NLC *® at SLAC
providing a luminosity of about 5 x 30cm? s,

Both have made a significant progress in the
development ofkey components. Klystrondave been
developed providing 75 MW id.1 ps. Klystrons with the
requiredpulse length of 1.5us with permanent magnet
focusing are under development. The duration of the rf pulse
must becompressed by a factor &his is proposed to be
accomplished by aovel Delay-Line Distribution System
(DLDS) invented inKEK and refined bySLAC. DLDS
consists of a cluster of eight klystrorfeeding twelve
accelerating sections via a waveguide which transpoitger
in four modes. Each ahe modes drives agroup of three
cavities. Some key components of this systeswe been
produced and tested under full power.

Accelerating structures betweenm to 1.8 m long
have beenproducedconsisting of individually machined
cells brazed obondedtogether at low temperature. dnder
to reducethe cross-talk via thewakefields between the
bunches in a train, these structura®e damped and/or
detunedslightly, i.e.tunedsuch that the negffect of the
offending dipole mode on the following bunches is strongly
reduced whereas the fundamental accelerating mode is
disturbed asdlittle as possible. Theaccelerating field is
77 MV/m without beam(« unloaded »)and 57 MV/m
with beam (« loaded »).

NLC andJLC have options for an energyupgrade to
1 TeV CM. The proposalsnclude measures as doubling
the number of klystronand/orincreasing their power, and
increasing the length of the linace. in the first phase
(0.5 Tev CM) only the two oppositeextremes of the
tunnel would contain a linac and the 0.25 TeV beamsld
be guided bytransferlines to the interaction point in the
middle. For the upgrade, these transfer lines beagepiaced
by linacs.

The NLC Test Accelerator (NLCTAY at SLAC is the
first X-band linear acceleratdreing auniquefacility to test
the X-band technology. It consists of 3 Kklystronsach
powering two1l.8 m longacceleratingsections ; aourth
klystron powers the injector. The rf pulse compression
system ishoweverstill the former one, called SLED I

based onresonantdelay lines associatedwith each
klystron. A test of the noveahulti-modedDLDS tf
compression and distribution system, a key
component of the ILC design, is foreseen in NLCTA
in the next two years. The facility in itpresent
configuration has already demonstrated that the bunch
energy variation over a bunch traian beadequately
reduced by proper shaping of theptilse, which is a
significant result.

Apart from this specific X-band test facility a
number of other facilities exist at SLA@d KEK
which haveaddressed owill addressmore general
issues. At SLAC, the most notable facility is SLC
which is an extremely valuable prototype ofireear
collider especially withregard tobeam dynamics and
beam control. The Final Focus TeéB¢am (FFTB)
Collaborationdemonstratedhat the SLACelectron
beam {g, = 3 x 107°) can be de-magnified by a
factor 350 leading to a vertical bems beam size of
70 nm (Fig. 2)'®.
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Fig. 2 Histogram of vertical beam sizes measured inftwis
of FFTB at SLAC. The expected value is $83 nm, the
measured value is 70 ngm 7 nm rms(after hour-glass

and power imbalance corrections; rubecember
1997)12

The ASSET facility, being a part of the SLC
linac, provides a uniquepossibility for testing the
transverse wakefields of acceleratstguctures®. A
first bunch excites thevakefieldswhich are inferred
from the deflection of the following probe bunch. By
measuring thisdeflection asfunction of the delay
betweenfirst and secondunch, thewakefield as a
function of timecan be reconstructed. AEK, the
AcceleratorTest Facility (ATF)** 2% consists of an
S-band linac and a prototype dampiigg, which is
another key element common &l linear collider
designs. Linacand ring operate atl.26 GeV (1.54
GeV design energy not yet reached for lacKuoids).
The most notable achievement in the linac tests was
the compensation of thenergy droop in a bunch
train induced bybeam loading. The damping ring
operating since the beginning of 1997 with single
bunches has reached the expected horizontal



emittance but the vertical emittance is still a factotet@er
than expected. Further progresseigected andnulti-bunch
operation is scheduled for 1998ig. 3 shows a plot of the

with copper travelling-ware structureswithout
breakdown and low dark currefithe rf powersource
2% for each ofthe two main linacs is #ow-energy

achieved emittances in the SLC damping rings, at the end of (1.2 GeV) drive beam which consists of a number of

SLC and in the ATF ring. The plot also gives the
emittances required the different schemes, indicating that

it will be challenging toreachspecifications especially in
the high-energy versions @&LIC and TESLA. Note that
the damping ringsnust produce anemittance somewhat
smaller than used in the final focus leaving some margin for
emittance blow-up between damping ring and final focus.
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Fig. 3 Normalized vertical beam emittance as a function of normalized
horizontal emittance. Full circles: measured values; apetie:
design values of ATF damping ring; all other values: goals in
final focus.

At KEK, a design studypased on C-ban(b.7 GHz) is
being pursued on a modest scale in paralléh the X-band
study® 2%, The first prototype klystromearlyreached the
specified performancé0 MW, 2.5us), the rfcompressor
was cold tested and a 111 MMKlystron modulator haseen
built and tested. Theaccelerating structure ibeing made
from special choke-modecells which let theoffending
higherordermodes escap&om the structure tabsorbers
(SiC) while the fundamental modg(36 MV/m) cannot
couple to the absorbers. A 55 cm long S-band mod#hisf
structure acceleratedbeam with even 50 MV/m. It is
planned to test one basic rf unit in the injector of the KEK
B-Factory.

2.3 CLIC and Relativistic Klystron Development

The CompactLinear Collider (CLIC)Study Group

pulses (20 for 3 TeV CM) running iparallel to the
main linac.Each ofthese pulses islecelerated one
after the other by speciaravelling-ware structures
feeding 400 MW/m of 30 GHz power to the
accelerating structur€150 MV/ m) over 700 m

before being dumped at 0.15 GeV (Fig. 4).
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Fig. 4: Scheme for rf generation @&LIC. Only positronlinac
shown.

Each drivepulse consists of 214#%unches
spaced by 2 cm (&) with a bunch length of 2 mm
being smallcompared toA,; the bunchcharge is
17.5 nC. Since thisdrive beamdeceleratorcan be
accommodated in the same tunnel as the main beam,
a single tunnel is sufficient though with an
enlargement for the 18thend of each ofhe drive
beam pulses. N@secondtunnel for klystrons and
their modulators isrequired resulting in a cost-
effective and easily extendable arrangement.

The drive beam is generated by a fully-loaded
conventional 1.2GeV linac operating a0.94 GHz
with a 0.1 ms long pulsépllowed by a delay for
every secondunchandtwo small combiner rings
(86 m and344 m circumference)vhich produce the
required longitudinal time structure of thedrive
beam. The presertdesign is optimized for 3 TeV
CM but 5 TeV CM hasalso been investigated.
Parameter studies f@.5 TeV and 1TeV CM have
also beenperformed in order toallow comparison
with other though low-energy schemes.

Accelerating structuresuitable for singleounch
operation have been built with 1 top@n fabrication
tolerances. A structure for multi-bunch operation has
beendesignedconsisting of 150 celland a scaled
prototype is in preparation for a test in ASSET.

based at CERN has as goal to develop a concept and the key A first CLIC Test Facility (CTF1)roduced 76

components for a Linear Collider with a Camergy of 3 to
5 TeV, i.e. with a physics potentiakaching beyond
LHC??, In order tomake the linac as compact as possible
and to reduc¢he costper unit length, a high rffrequency
(30 GHz) is chosen inorder to reachl50 to 200 MV/m

MW of 30 GHz power forcomponent testing and
generated125 MV/m on axis in an accelerating
structures suitable for single-bunch operation. A new
test facility (CTF 2) is at present being
commissioned?¥ . It contains 2 decelerating



structures in the drive beam line, edebdsone accelerating
structure. The number of structuredll be doubled next
spring. Two-beam accelerationas beerdemonstratedvith
59 MV/m mean accelerating field inthe accelerating
structure with the transfer structures providing 27 Nhdm
a drive beam with aninitial energy of 62MeV. Work
continues to reach the respect®&F2 design values of 95

MV/m with 71 MW from the transfer structure.

A new test facility (CTF3)?? is understudy which
would test all major parts of the CLIC pbwer generation
andacceleration schenmt@ough notquite atthe final level

10 MeV. The lasttransfer structure, the“after
burner”, deceleratethe beam td2.5 MeV before the
latter is dumped.All beam acceleration igperformed
by induction acceleratorcells. A major technical
challenge is the transport of the relativédy-energy
beam throughseveral hundred meters of narrow-
aperture microwave transfetructuresand induction
acceleratorcells. A test facility, called RTA, has
been established a LBNL to verifle analysisised
in the design bythe construction of a prototype of
about 26 m length operating with a 4 Meléctron

of rf power. To reduce costs, the drive linac uses the eight 3

GHz klystrons and modulators of theLEP Injector Linac

(LIL) to provide a drivebeam 0f0.12 GeV which obtains

the suitable longitudinal structure in odelay ring and a
5 x combiner ring. Thedrive beam is decelerated to
0.06 GeV in six 30GHz transfer structureshich provide
rf power to twelve 30GHz acceleratingtructures 00.9 m

2.4

beam.

Parameters for Linear Colliders

Each schemehas its merits: e.g.TESLA
offers animpressive luminosity, ILCrequiresleast
extrapolation from known and well-tested technology
(evenmore true for C-bandgnd CLIC is the only

length operating with an average gradient of 130 MV/m and scheme which can eventually reach beybrt. On
accelerating the main beam to about 1.4 GeV.

A collaboration betweehBNL and LLNL is working
on an alternative rf powersource fohigh-frequency linear
collider, called Relativistic Klystron(RK) 2 .
would provide up to760 MW/m over 300 m for a
5 TeV CM collider. The design rf isl1.4 GHz but the
scheme could be appliedlso for 30 GHz. Each unit
consists of an injector producing a 2.5 MeV 1.2 &Actron

Each unit

request ofthe collaboration, aTechnical Review
Committee chaired byG.A. Loew hasattempted a
first comparison of the meritand drawbacks of the
different schemeg®. For this purpose,detailed
parametelists for the 0.5 TeV and 1.0 TeV CM
cases have been establishedhich are regularly
updated. Table 1 shows the most important
parameters fothe 0.5TeV CM casegiving anidea
of the different schemes. VLEPP is a Lin€wollider

beam, a chopper producing a longitudinal beam modulation, scheme proposed bgur Russian colleagues. It is

and anadiabaticbunch compressor alsaccelerating the
beam to 10 MeV. This is followed by abalf0 rf transfer
structures deceleratingthe beam. Theyalternate with

included inthe table for completenegsut since its
study has been suspended it has not loesaribed in
detail.

accelerating sections which keep the average beam energy at

Table 1, Principal parameters of linear colliders at 0.5 TeV CM

fs (GHz)
Acc. Structure
rf power source
Luminosity (cn-s?)
Mean energy loss (%)
Photons / e
Bunches / pulse
Bunch spacing (ns)
yelye, (10° rad.m)
Beam size (H/V) (nm)
Accel. gradient (MV/m) (loaded)
Two linac length
n (ac - beam)

| P, (for rf in both linacs)

TESLA
1.3
sc
klystrons
3.0
2.8
2.0
2820
337
1000/3
553/5
22
30
23
95

JLC(C) ILC(X) VLEPP CLIC
5.7 114 14 30
nc nc nc nc
klystrons klystrons klystrons Two-beam acc.
0.7 0.7 12 0.5
4.1 3.7 10 3.6
1.5 1.1 4.7 0.8
72 95 1 150
2.8 2.8 - 0.7
330/5 450/10 188/10
318/4 330/5 2000/4 196/4.5
36 55 91 100
16 11 7 7.3
14
130 = 100 68
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Fig. 5 Luminosity of ée colliders as a function afentre-of-mass
energy. Full circles: colliders in operation; all othessder
study.

Fig. 5 shows thepublished expectedvalues of
luminosity as a function of CMenergy indicating the
present situation. SLC and LEP data are addegardeide
a perspectiveObviously, all theparameters areinder
constant evolutiorand it will take a number ofears
until they will settle as the R&D is not y&trminated
in any of the schemes.

3. Muon colliders

Muons emit relatively little synchrotroradiation
and can therefore be accelerased stored inrings up to
at least the 5TeV CM. The very low level of
beamstrahlung is anotheadvantage permitting very
small energy spreads inollision. A large international
collaboration is studying muorcolliders with CM
energies at0.1 TeV, 0.5TeV and 3-4 TeV " 29
Especially, the0.1 TeV collider has received alot of
attention as itwould be verywell suited as Higgs
factory due to the large s-channeHiggs production
being proportional to the massjuared ofthe primary
particle. Such a Higg$actory would also serve as a
valuable demonstration facilitbefore proceeding to a
collider at high energy.

In the following, abrief description of thdaseline
scheme is givenwithout discussion of thevariants
which have been studied for nearly each subsy&tem
3.1 Basic scheme of a muon collider

Fig. 6 shows schematically the main
components of a muooollider. The first element is a

16 GeV proton synchrotron having as injector a 1 GeV

linac and a3 GeV booster in the baseline design. It
provides 1 x 18 protons/pulse in either tw¢for 0.1

TeV) or four bunches with a 15 Hz repetitifsaquency.
Half of the bunchesre used tanakep® andthe others
for p .

O Proton synchrotron
/717
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nt Capture

rf bunch rotation
T decay channel

u cooling units &
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Linacs
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~
/ \
\ p Synchrotrons
\é Collider
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Fig. 6 Schematic layout of p* 1~ collider.

The target 2 to 3 interaction lengths long iseay
critical component due to the unprecedented beam power.
It is immersed in a 20 T solenoid Gt.5 cm radius
which capturesll pions with transversemomenta less
than 200 MeV/c so thad.6 pionsper primary proton
enter the decay channel. In order to reduce the
momentum spread, a linac iitroducedalong thedecay
channel which rotateshe bunch in the longitudinal
phase plane. The phasing of the linac is such that only
thep™ originating from theodd proton bunchesnd the
o from the even proton bunchare rotatedcorrectly.
About 0.3 muonger proton are expected ahe end of
the decay channel which is about 100 m long.

The decaychannel is followed byhe device which
increaseghe 6-dimensional phasgpace density of the
muon bunches by about L@ 1C using ionisation
cooling, which is not anew conceptbut was never
tested. The cooling isbtained in anumber of stages,
each stage consists of d@ransversecooling section,
which is composed of liquid hydrogen absorbers in
strong solenoids (15 to 30 Tpllowed by accelerating



cavities (36 MV/m), and sections which exchange
transversewith longitudinal emittance so that thatter

is alsoreduced.The total acceleration inthe linacs is
about 6 GeV. Approximately 60 % of the initial muons
emergefrom the cooling system with a momentum of
about 0.2 GeV/c.

must beshieldedcarefully from the off-energy electrons
stemming from the muodecays angbroducingmainly

electromagnetic showers which in twreateagainvery

penetratingmuons. Highenergy muons are also lost

from the circulating beam bunches. Athis strong
background requires an elaborate detesitieldingand a
performing beam scraping system.

Since the lifetime of the muons is shorgpid
acceleration is mandatoriyrhis is accomplished by a
number of accelerators inseries. This chain of
accelerators is still relatively simple for a Higig&tory:

The neutrinoscreated inmuon beamdecays can
create excessive radiation at large distandesm the
collider. Since the dose rate at the surface is proportional
2 linacsand 3recirculators of aotal length of 2 km to E¥/d where E isthe muonenergyand dthe depth of
based onwarm magnetsand Cu rf cavities. For the the collider, the dose rate isgligible for0.1 TeV CM
3 TeV CM case, the system is quite complex: 1 linac, 4 but its control requires depth of100 to 500 m for the
recirculators and 2 synchrotrons in series, some of them 0.5 TeV colliderand many km for the 3TeV version
requiring superconductinghagnetsand superconducting provided other measures do not mitigate this problem.
rf systems. The sum of the circumferences is 30 km.

After acceleration theg™ andpu” bunchesare injected
in oppositedirectionsinto a collider storagering. The
bending field is asigh as possible to maximise the
number of bunch collisions before the mualesay. For
example, dield of 8 T is used inthe various lattices
worked out for thecollider of the Higgs Factorywhich about by the strongenergyloss in collision due to
has acircumference 0f350 m and where the muons beamstrahlung. A second parameter set is shown for the
make 450 turns. The ring has a racetrack shape with oneHiggs Factory providing avery low energy spread
long straight section for the low-beta insertion focusing though at reduced luminosity, which might be
the beams in the detector; the other long straight section interesting for high-resolution Higgs studies.
is foreseen for injection and beam scraping. diégector

Table 2 shows parameter lists to giveidena of the
presentthinking. Obviously, thes@arameters aralso
under constant evolution. Note theery low energy
spread of the muon beammpared tahe energyspread
in a linear collider(cf. Table 1). The latter is brought

Table 2, Key parameters pf i colliders

H-factory tt Energy frontier
Collider
Ecm (TeV) 0.1 0.4 3
<L> (cm-2 s-1) 187 10% 10% 7 x 164
<Ap/p> rms % 0.12 0.001 0.14 0.16
o[ m) 86 294 26 3.2
21R (m) 350 1000 6000
B dipote (T) 3 4.7 5.2
Niurms 450 700 785
Depth (m)® 10 100 500
P.. (MW) 81 120 204
Proton driver
E, (GeV) 16 30
P, (MW) 4 7

¥ for < 1ImSvly US Fed. limit

Note that the proton beapower at target Pis
much larger in alcaseghan what ishandled afpresent
(e.g. 0.9 MW atPSI in Switzerland)but comparable
with what is contemplated for spallation sources (5 MW
for JAERI in Japanand the European Spallation

the sameenergy 2. However, thelayout of the
accelerators othe muoncollider can bearrangedthat
they all fit inside the last synchrotron in the chain of
accelerators (@R = 11 km), which is thelargest
accelerator, and, therefotbe muoncollider may fit on

Source). The challenge for the synchrotron design can bean existing site.

inferred from a comparison with the AGS at BNL
having a beampower of 0.14 MW with 25 GeV
protons.

The total length of albcceleratorsncluding the
collider is 36 km forthe 3 TeV CM version, which is
about the same length as the CLIC version (35 km) for
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3.2 R&D for muon colliders

Extensive computer simulationshave been
performed of the most critical parts of the schemneé it
will take quite awhile to complete them. A few



experiments at existingaccelerators providedsome
guidancebut a substantial R&programme®” 2 29 jg
still required. Theamost critical issuesrethe target and
the ionisation cooling which will beaddressedwith
priority by a number of tests.

The target absorbs about one tenth of beam
power. Hencethe existing staticdesigns cannot be
appliedand amoving target isrequired. The options
include anopenliquid jet wherethe liquid is Hg (eddy
current problems) orliquid insulators(PtO,, ReO; or
slurries), or a solid target of thtsand saw” type. A
proposal for test ofargetryandrtcollection atBNL in
1999 hasbeenmade whereAGS bunches withl.5 x
10" protons of 24GeV will impinge on aliquid Ga-In
jet. This jet will also beexposed to a 20 T magnetic
field to study theeffects of eddy currents inthe same
year. In order to test issues related to radiation resistance
a 20 T magnet plus 70 MHz rf cavities will b&posed
to the secondanflux downstream of arAGS target in
2000/2001.

A proposal for a six-yealR&D programme to
demonstratethe feasibility of the muon ionisation
cooling hasbeen submitted td-NAL. It is suggested
that critical sections of the coolinthannelare designed
andbuilt. Single muons of 100 to 300 MeV/c will be
used as probes.

4. Very Large Hadron Colliders

The next step after a lineateecollider or amuon
collider could be a Very LargeadronCollider (VLHC)
as “discovery machine®® . At present, it is the only
known route to the 10eV scale.Recently, the US
effort 3! 32 33.3%n this field has been organized under the
leadership of BNL, LBNL and Fermilab in order to study
a superconducting proton-proton collider  with
approximately100 TeV CM energyand 16* cm? s!
meanluminosity with the aim toproduce100 flo* per
year. The luminosity is limited by thdetector'sability
to deal with the number of interaction pgpssing. The
study is focused on technology and cost reduction.

In order toillustrate the salient points, wesnsider
the two approaches byFermilab?® and commentlater
on the complementary studies BNL and LBNL. In
both cases, it is assumed that tetectors camackle 28
events pecrossing. The bunch spacing is 19 ns in all
versions.

The first approachuseslow-field magnets with a
low cost per unit length butleads to afairly large
circumference. In the second approach, high-field
magnets requiringdvancedechnologyare contemplated
implying a ring of much reduced circumference.

The low-field magnets are 2 Juperferric combined-
function magnetsnade with NbTi coils operating at

7 K. Fig. 7 shows theross-section of such a magnet
proposed by G.W. Fosté?.

20 cm.

2-in-1 Warm-Iron

"Double-C" Magnet

Flux Return Extruded Aluminium

_~ Beam Pipes with side
pumping chamber

75 kA Superconducting

- . Alternating-Gradient
Transmission Line €

. Pole Tips (no Quadrupoles)
structure is continuous
in long lengths (250m)

Structural Support Tube/
CryoLine Vacuum Jacket

Helium
return
Line Cryopipes for Ring-
Wide Distibution of
Single-Phase Helium

Helium supply

Current Return

Fig. 7 Schematic cross-section of two-in-one low-field magnet for
VLHC proposed by G.W. Fosté?.

The two warm vacuum chambers fothe two
counter-rotating proton beanase in the gaps on both
sides of a 75 kA superconductingansmission line
which powers the magnet. The magnet profiles in the
gap are shaped to produce@nbination of a dipole and
a quadrupoldield. Hence, no individuatjuadrupoles are
required inthe arcs ofthe ring. The Hereturn line and
below it the He supply lineare inside the magnet
support. The current return is embedded in thesi{aply
line. The length of the magnet assembly is 250 m. The
advantage of thesmagnets is the simpldesignleading
to a verylow costper unit length which isespecially
imperative for the low-field ring as it has a
circumference of 600 km.

In the other approach, the magnédirld would be
in the 10 to 12 T range, somewhat higher than LHC
which will operate aB.4 T nominalfield. In order to
reach this magnetic field, N&n at 4.5 K must based
which is more difficult tohandlethan the NbTi alloy.
Drawback ofthis magnet typarethe tightertolerances
for conductorpositioning, the highestored energy and
the requirement for more elaborate cryogertit®vever,
the circumference would be only about 100 km,
approximately three times the circumference of
LEP/LHC.

Synchrotronradiation is stronger irthe high-field
version whichexacerbatethe heat-loadproblem in the
cold vacuum chambeand requires amore powerful
cryogenic system. However, synchrotron radiation
damping is strong enough in thegh-field version so
that theaveragduminosity is significantlyincreased as
illustrated by two examples(Fig. 8) given by
C.S. Mishra® . In spite of a decrease in the number of
particlesdue toscattering on the counter-rotatifigam



or the residual gas, the luminosityincreases at the
beginning of a rurbecausghe beam emittance shrinks
due to synchrotron radiation (Fig. 8a), the dampginge
being smaller than the storage time.

The sensitivity of the luminosity averaged over 10 h
to the initial beam emittance is shown in Fig. 8b. It can
be seen that the high-field version is rather insensitive to
the initial emittance. Obviously, synchrotroadiation
in this version also helpsguite effectively to damp
instabilities and mitigates theadverseeffects of ground
motion and vibrations.
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a) Luminosity L,invariant emittanceey, and number of
protons per bunch Nas a function of time in &igh-
field VLHC during a run;
luminosity integrated over 10h as a function of ithigal
emittance for different levels of magnetic field in the
VLHC dipoles.

Fig. 8

b)

The 3 TeVrapid cycling synchrotron is the injector
for the 50 TeV collider but would be also tleal near-
term demonstration project beirgilt with the same
technologies as the VLHC. It wiffrovide a correctost
basis for the 1&imes larger VLHC reducing therefore
considerablythe technicatisks. Itscircumference is 34
km if low-field magnetsare used.Its injector in turn
could be the new 120 GeV/c Main Injector of Fermilab.

The plannedR&D focuses on magnet technology,
acceleratophysics and improvements of conventional
constructiontechniques asgunnelling, maintenance by
robots, etc.

A first 2 m model of a low-fieldmagnet haseen
tested in1997 at Fermilab with up to 43 kA in the
superconductor(50 kA design value). A 50 mlong
prototype with 75 kA isunder preparation. The short-
term R&D comprises also high-field magnets. An initial
one meter long N§Sn prototype dipolevith 11 T at
4.4 K will be constructed by a collaboration of Fermilab
/ KEK / LBL in 1999. Suchfield levels havebeen
achieved in &HC model magnet by group from the

University of Twenteand surpassed by a LBNL group
having reached 13 T.BNL studies High-Temperature
Super-conductorgHTS) especially YBCOand a crude
demonstration model isunder construction. LBL is
building a magnet with a simpigancakecoil extending
over both beam channels. A firgiw-field magnetwill
be tested this year.

In the long term, irmorder to advancéhe low-field
version, NbTiand NRBAL conductorswill be further
developed and a 100 lang prototypecould beready in
2000 in Fermilab. For thhigh-field version (10-12 T),
a three-year R&D programme is under discussion aiming
at improving the NbTiTa and NBn conductors, explore
designoptions for coils with LBNL, and test one or
more 11 T models in 2000/2001. No work will bene
on the very higHfield option & 12 T) judged to be too
difficult but a moderate effort will be made togethath
BNL, Cornell and LBNL to study the potential bligh-
Temperature-SuperconductdtdTS). Powerleads made
from HTS have been successfully tested for Theatron
(6 kA) and LHC (13 kA). However, manyyears of
intensive R&D will be required before reliable cost
estimatesbecome availabl@nd achoice can bemade
between the low and high field route.

5. Advanced Accelerator Technologies

The strong growth in available CMnergies for
accelerator-basedarticle Physics haseenbased in the
past onconceptual breakthroughe.g. strongfocusing
and colliding beams) but also on technology
developments athe invention of the klystrorand the
application of superconductivity. It is vefikely that
accelerator research couéjain lead to improvements
which dramatically decrease costs and increase
capabilities. The R&D apresent concentrates on new
acceleration methodgroviding higher gradients in
electron linear accelerators. It is summarized in the
following. The emphasis is on scheniesed on lasers
and plasma$® but investigations of normalonducting
rf-driven accelerators ahighest rf frequency arealso
mentioned " . Detailed referencesan be found in the
recent Proceedings dhe Accelerator Conferences and
the Proceedings of th&dvancedAcceleratorWorkshops
which regularly take place in the US.

Pulsed lasergseachthesedayspeak power densities
of 10°° W/cn? in their focus corresponding to 30v/m.
However, since thalirection of the electric field is
perpendicular to the light wave propagation,
unfortunately the laser beam cannotused directly for
particle acceleratioandmore complex schemes have to
be applied.

The Inverse Free-Electron Laser (IFEL) mne of
these. It accelerateselectrons interactingwith the
transverse electric field of a lasbeam in a wiggler
magnet. Accelerationhas beenobserved at Yerevan,



Columbia and th&8NL AcceleratorTest Facility (ATF)

but the potential of this method is limited. The reason is
the energyloss by synchrotromadiationsuffered by the
electrons in the wiggler. An experiment txcelerate
electrons from 40 tol06 MeV is in preparation at
BNL 39,

A test of acrossedlaser beamaccelerator? is in
preparation at Stanfor® . Fig. 9 shows therinciple.
The incoming twolaser beamsformed by splitting a
single beam, cross at an angle. Tlaeg polarized in the
crossing planend phaseduch that theransversefield
componentsnterfere destructivelyand the longitudinal
componentsadd. Average gradients ofdlmost 1 GV/m
are expectedSince the bunch length is smatbmpared
to the lasewavelength, theenergyloss in thenarrow
slits may severely limit the maximum bunch charge.
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electrone®
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Fig.9 a) Schematic layout forcrossed-laser-beamccelerator.

The electron traverses the focal zone at an a@giéth
respect to each of thvo beams. The two lasers are
phased so that théongitudinal fields add and the
transverse fields cancel;

reflection scheme of a single stage showing the
surfaces with anti-reflection coating (AR), high
reflectivity coating (HR) andtotal internal reflection

(TIR). Acceleration takes place ovelength 2
between slits?).

b)

In the Inverse Cerenkowccelerator(ICA), a gas is
used to slow down the phase velocity of the lightl to
match it to the particle velocity. Laser beamd particle
velocity are not parallel but cross with theCerenkov
angle. The particle getaccelerated byhe longitudinal
component of the electric field. The transverse
component is nearlgancelled bypolarizing thelaser
radially and using a special lendor focusing. An
accelerating gradient of 3@V/m over 12 cm hadkeen
achieved in arexperiment in ATF/BNL inagreement
with simulations*®. A new experiment igplanned in
BNL using an IFEL aprebunchemland injector so that
the electrons have a high enougergy tomitigate gas
scattering in ICA. However, breakdowns in the gas may
limit the laser power and, inturn, the achievable
accelerating gradient.

A considerable efforhas beermade to understand
the potential of electron acceleration by plasma
oscillationswherethe electrons of the plasma oscillate
relative to the staticions. The electron density
oscillations createvery strong fields which are easily
sustained by the plasma as the latter haslactrical
breakdown limit. The plasma oscillatioean beexcited
by a laser or by a short particle bunch.

In the case ofthe PlasmaBeat-Wave Accelerator
(PBWA), the plasmafrequency istuned to the beat
frequency of two incident laser beams bycarefully
choosing the plasma density whidttetermines the
plasma frequency. Gradients ofG3//m over 1 cmhave
beenachieved by aJCLA group *V . Limitations are
saturation of the plasma oscillation amplitude when the
plasma electrons become relativistic and instabilities due
to movement of the ions.

A single short (< 1 ps)aser pulse excites the
plasma oscillations in thkeaser Wakeield Accelerator
(LWFA). Experimental demonstration diis effect had
to wait for thedevelopment ohigh brightness lasers in
the TW domain. Acceleration of electrons up to
250 MeV“*? and electric fields of 1.5 GV/m over
1 mm have been achievédl.

In the beam-drivenplasmaacceleratorthe plasma
oscillations are generated by a short electron pdlkey
in turn acceleratehe main bunch following with some
delay. A collaboration between LBNLSLAC and
UCLA plans an experiment at SLAC (E-15#hereby a
single 30GeV electrorbunch excites oscillations in a
1m long Li-plasma column. The oscillations are
produced bythe head of the bunch while being
decelerated bythe energy transfer tothe plasma.
Simulations show that the tail of the bunch shagdih
0.75 GeV overthe length of the plasm®). A similar
experiment isplanned byINP/ Novosibirsk where an
electron bunch 00D.8 GeV extractedfrom VEPP-2 M
will excite oscillations in a plasma colummmersed in
external quadrupole focusift

Acceleration intraditional, metallictravelling-wave
structures operting at 9GHz (middle of W-band) is
under study *¢ *". The short-ranggoal is to achieve
1 GeV over 1 m. The advantage ofthe very high-
frequencystructures is that they support mubigher
electric fieldswithout breakdown andeneration ofdark
current. Since the réurface currentsre confined to a
very small skin depthsurfaceheating by the rf pulses
canlead tofatigue andfailure of metals. A TE,;; mode
X-bandpill-box cavity driven by a 20MW, 1.5 ps ff
pulse with a 60 Hz repetitiofilequencywill be used to
investigate the damage thresholds. A clamped caidel
of a planar 7-cell 23 travelling wave structure hdeen
measured. A25-cell structure, diffusionbonded and
equipped with waveguides, vacuumpumping and
watercooling is in preparation.

10



While the quest for newaccelerator technology

providing highestaccelerating gradients is becoming

more vigorous, it should be kept in mind thather
features areequally important for a high-energyinear
collider. e.g. highenergy transfer efficiencfrom wall-

plug to beam power, main beam emittance preservation,

capability of positronaccelerationstability, reliability
and last but not least cost. It wiltertainly require a
sustainedand challenging R&D programme to bring
these very interesting neigeas tofull fruition and to
advance the field significantly.

6. Conclusions

Scrutinizing the studies of futureccelerators
performed world-wide it can be seenthat the
development at linear colliders iwell advanced. A
number of concepts have been firmly established the
different technologiesare being tested in anumber of
impressivelarge-scaletest facilities. However, it will

still take some timauntil all technological aspects are

fully understoodand the various proposalsan be
completedwith cost estimatesequiredfor an ultimate
comparison of the different schemes.

Although the muon collider isindervigorous study
since a number of years, itechnical development is
only starting now and the results from the first
experimentaltests will not beavailable beforesome
years. They will beneeded toprovide guidanceor the
future R&D for this challengingscheme which has a
large variety of complex subsystems.

Concepts for avery Large Hadron Collider have
been worked out in particular by the leadirgporatories
in the US whichare now defining anR&D programme
emphasizing thedevelopment ofthe magnets as key
components. Also in thisase, itwill take manyyears
until the resultsbecome availableand a judgement
between the options can be made.

A summary of the most promising neagcelerating
techniqueshas beergiven. Increasingsupport forthis

activity is required as new concepts must be developed to

increasethe capability of particleacceleratorsand to
reducetheir unit costs inorder tomake themaffordable
by the global physics communitidence, a reasonable
fraction of the operatingoudget foreseenfor High
Energy Physics should benvested world wide in
proposal-driven, peer-reviewedlong-range Accelerator
Research and Development.
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