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Abstract LINEAR COLLIDER ACCELERATOR

A worldwide consensus has developed in the interna- SYSTEMS
tional high-energy physics community that an electron- The accelerator systems required for a linear collider in-
positron linear collider, with an initial center-of-mass en-clude electron and positron sources in which the beams are
ergy of around 500 GeV, should be the next energy frontiecreated, damping ringsn which the beams are cooled to
accelerator. This paper will review the technical highlightdow emittance, main linacs in which the acceleration takes
of options for the machine’s realization, and discuss the aghlace, and beam delivery systems which bring the beams
vantages and disadvantages of each. into collision. In the following sections, the options be-
ing considered for these accelerator systems will be de-
scribed, the advantages and disadvantages noted, and the
LINEAR COLLIDER MOTIVATIONSAND outstanding technical challenges outlined. A detailed pre-
REQUIREMENTS sentation of the leading issues can be found in the recent re-
port of the International Linear Collider Technical Review
The international high-energy physics community hag&ommittee[1].
concluded that a high-energy, high-luminosity, electron-
positron linear collider, operating concurrently with the MAIN LINACS
Large Hadron Collider, is necessary to explore and un-
derstand electroweak unification and related physics at the The dominant technical systems in the linear collider are
TeV energy scale. The underlying science indicates thiée main linacs, and the choice of technology for the main
need for initial operation at a center-of-mass energy dfnac accelerating structures is the fundamental design de-
500 GeV, with capability for upgrade to roughly 1 TeV. cision for the machine.
An average luminosity of roughly 100-150 f8/yr is re-
quired, corresponding to a peak luminosity of at 'eaSDptions
2x1034cm=2s71,
To achieve the required luminosity, beams with very high OVer the past two decades, an enormous amount of ac-
transverse density must be brought into collision. Th&€lerator R&D has been done to develop technologies for

strong electromagnetic fields of these dense beams caJ€ Main linacs which can realize the demanding require-

them to radiate copiously (producing “beamstralung”) dyrments at an affordable cost. The fruits of this R&D are the

ing the collision. To limit this radiation, which in- following options for the main linac accelerating structures:

creases the effective energy spread of the beams and pro-, superconducting standing-wave cavities, operating
duces background, “flat” beams, with a small vertical-to- at L-band (1.3 GHz), developed by th7e TESLA
horizontal aspect ratio, are used. For flat beams, the peak : ’

luminosity of the i lider is i b collaboration[2] at DESY,;
uminosity orthe linear collider s given by e normal-conducting traveling-wave cavities, operating

at X-band (11.4 GHz), developed by the JLC/NLC

£ [10%cm 2571 =~ 121N, Hp £y [MW] collabpration[Q, 4] at SLAC and KE?( _
Ey [GeV] oy [nm| « very high gradient normal-conducting traveling-wave
cavities, operating at 30 GHz, potentially capable of
in which Ej, is the beam energyy, is the beam power, reaching beam energies up to 1.5 TeV, being devel-
is the vertical beam size at the collision poinX,, is the oped by the CLIC collaboration[5] at CERN.

number of beamstralung photons per electron, Anl is
the luminosity enhancement due to beam-beam focusing at The basic features of the three options are displayed in
the collision point. To limit beamstralung]., must be kept Table 1, for the baseline beam energy of 250 GeV, and for
in the range<2, for whichH p ~ 1.5. the upgrade energy.

This relation illustrates the need to collide beams with TESLA utilizes 104 cm long 9-cell pure niobium
the highest feasible beam power, and the smallest feasititanding-wave cavities, operating at 24 MV/m, in a static
vertical spot size. These criteria drive much of the desighath of 2 K liquid helium. The choice of a long RF pulse
of the linear collider.

1Bunch compressors are also required, but these systems will not be
covered here due to space limitations.

*supported by the National Science Foundation under award NSF 2A C-band option, operating at 5.7 GHz, is also under consideration at
PHY-9809799 KEKI[4].
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Table 1: Linear Collider Options

Feature TESLA JLC/NLC CLIC

RF frequency [GHZz] 1.3 114 30
Beam energy [GeV] 250 400 250 500 250 | 1500
Luminosity [x103*cm—2s71] 3.4 5.3 25/20 | 25/3.0 | 2.1 8.0
Bunch population(10'°] 2 1.4 0.75 0.4
Rms vertical beam spot size at IP [nm] 5.0 2.8 30 | 21 1.2 | 07
Loaded accelerating gradient [MV/m] | 24 35 50 150
Two-linac length [km] 30 13.8 27.6 50 | 28.0
Number of accelerating structures 20592 | 21816 | 18288 37152 | 7272 | 44000
Number of klystrons 572 1212 4572 9288 448
Linac cycle frequency [Hz] 5 4 150/120 | 100/120 | 200 100
Total AC power for linac [MW] 95 160 | 188/150 | 254/305| 105 | 319
Total beam power [MW] 22.6 35 17.4/13.8| 23/27.6 | 9.8 | 29.6
Efficiency (beam power/AC power) [%] 23.8 | 21.9 9.3/9.2 | 9.1/9.1 | 9.3 9.3

(1370us) is made possible by the ability of superconductare required to determine the “gold orbit”, together with
ing cavities to store energy with minimal losses. Becauskeedback systems to maintain the beam on this orbit in
of the long RF pulse, the required peak RF power is relthe presence of natural and cultural ground motion. The
atively modest (240 kW), despite the substantial averaggeam-based alignment performance is limited by the fea-
beam power required to achieve high luminosity. Althoughures of the beam instrumentation, such as the resolution of
small, the cavity losses are deposited at 2 K, and a largke beam position monitor (BPM) system, and the precision
cryogenic plant is required to accommodate these lossesof the emittance measurement system.

JLC/NLC utilizes 60 cm long copper traveling-wave
cavities_, operating at a loaded gradi_en_t of 50 MV/m. Th%dvantages and disadvantages
losses in the copper structure are limited by the use of a
short RF pulse (0.4s). During the short RF pulse, the re- The principal advantage of the warm linacs is the high
quired peak power is quite high (56 MW), necessitating thaccelerating gradient, which allows a shorter linac than
use of high peak power X-band klystrons, together with ZESLA, for the same final energy. Depending on the unit
pulse compression scheme. costs, this can translate into a cost advantage. The TESLA

CLIC uses 50 cm long 30 GHz copper structures, opetinac has two principal advantages: higher efficiency and
ating at a loaded gradient of 150 MV/m and with a veryreduced wakefields.
short RF pulse (0.13s). Very high peak power=200 The higher efficiency of TESLA (see Table 1) implies
MW) is required. As there is no available RF power sourc¢hat less average RF power, and hence less capital invest-
at this frequency and power, CLIC uses two-beam techment in RF hardware, is required for a given luminosity.
nology to transfer power from a low-energy, high currentThis is offset to some extent by the need for a cryogenic
counter-propagating electron beam. plant to provide the ultralow cavity temperature. Nonethe-

In addition to accelerating the beam, the main linactéess, even including this, TESLA is more than twice as ef-
are required to preserve the ultra-low emittance generatdigient as the warm linacs.
in the damping rings, which must be delivered to the in- The peak RF power is much lower in TESLA than in the
teraction point. The principal emittance dilution mechawarm linacs. The absence of the need for pulse compres-
nisms for an off-axis beam are dispersive growth, driversion and high peak-power klystrons makes the high-level
by energy spread in the linac quadrupoles; and wakefieldRF system in TESLA much less elaborate. The bulk of
induced growth, driven by the transverse wakefields afhe more compact TESLA RF system can be housed in the
the accelerating structures. To control long-range wakesame tunnel as the linac beamline, while, for JLC/NLC, the
fields, the copper structures incorporate damping and d&F systems must be housed in a separate tunnel parallel to
tuning features in each cell, which require precise fabrithe linac beamline tunnel. The single tunnel arrangement
cation tolerances. The TESLA cavities use higher-ordds less costly than the dual tunnel scheme, but has open
mode dampers at the cavity ends. questions related to reliability and maintainability of the

In practice, wakefield and dispersive emittance growtfRF components in the beamline tunnel.
are controlled by alignment of the centers of the TESLAS low frequency superconducting cavities have
guadrupoles and the structures to the beam. Since thmver wakefields than the high frequency copper structures,
micron-level required precision cannot be attained in théeading to less stringent requirements on alignment toler-
ab initio survey, elaborate beam-based alignment schemasces and on the performance of beam position measure-
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ment instrumentation. Special structure BPM's in the warnthe CLIC structures have been achieved using irises made
structures provide information on the position of the beanfrom refractory metals[6], but only with short-(5-30 ns)
relative to the structure. Since this information is not dipulses. The elaborate two-beam pulse compression and fre-
rectly available for the TESLA cavitieab initio cavity po- quency multiplication scheme requires extensive prototyp-
sitioning is more critical in this case. Cavity alignment ining, planned for execution at CERN'’s test facilities between
TESLA is complicated by the presence of the cryostat. now and 2008.

Natural ground motion, and motion induced by techni- There also remain open questions on the ability of any of
cal systems in the tunnel, will cause the linacs to becomifie linacs to preserve the beam emittance to the degree re-
misaligned with time. Feedback systems are required tguired. The complexity of the required beam-based align-
combat this motion. Pulse to pulse feedbacks are genanent means that the demonstration of emittance preserva-
ally only effective up frequencies of roughly a tenth of thetion requires extensive simulations. The simulations done
linac cycle rate, which is much lower in TESLA than in theto date have included in only an approximate way such ef-
warm linacs. fects as dynamic ground motion and instrumentation fail-
ures during the determination of the “gold orbit”. The in-
strumentation requirements for beam-based alignment have
been realized to date only in individual prototypes, and will

The most important R&D challenge facing both optiongbe challenging to achieve in a large scale system. Compo-
is a convincing demonstration of the design gradient in theent vibration at the level of natural ground motion is tol-
accelerating structures, at the design efficiency and reli@rable with the use of feedback, but very little additional
bility. vibration can be allowed from cultural sources, either ex-

For JLC/NLC, the original 1.8 m long structures haveternal to the tunnel or arising from equipment within the
operated reliably at 40-45 MV/m, but when pushed tgnachine.
higher gradients, they exhibited excessive breakdown rates,
erosion at the irises, and evidence of pulsed heating at thete LECTRON AND POSITRON SOURCES
input couplers. Redesigns have focused on shorter (60 cm) .
structures, with lower group velocity and improved coupler | "€ €léctron and positron sources must produce beams
design. A structure of this type has recently reached th¥ith the proper time structure and intensity, for injection
design unloaded gradient of 65 MV/m, with an acceptabl't© the damping rings. The electron beam is required to
breakdown rate[6]. Several such structures are being faf2ve>80% polarization. The positron beam may be unpo-

ricated and will be tested at SLAC later in 2003 and early2fzed, butan option for an upgrade to a polarized beam is
2004. ighly desireable.

Outstanding technical challenges

For TESLA, a number of 9-cell cavities have operated at_ ..
gradients in excess of 24 MV/m, the requirement for oper= ptions
ation at 250 GeV/beam. Using the newly developed elec- A suitable technology for the electron source is a laser-
tropolishing procedure for cavity fabrication, a 9-cell cav-driven DC polarized electron gun, utilizing a strained GaAs
ity, with input coupler, has exceeded the 35 MV/m goal[7] photocathode, followed by bunching and acceleration sys-
required for operation at 400 GeV/beam. There are plans tems. This technology, which was utilized at the Stanford
test more such electropolished 9-cell cavities at 35 MV/ninear Collider (SLC), is adaptable to the needs of any de-
later in 2003 and 2004. sign.

The high power RF system required for JLC/NLC offers The conventional technology for positron production in-
a number of challenges. High efficiency 75 MW X-bandvolves creation of unpolarized positrons in a thick, heavy
klystrons, with permanent magnet focusing and operatingetal target, under bombardment by a few GeV electron
at 120 Hz, are needed. Prototypes have been built at SLA§eam. An alternate technology for positron production uti-
and KEK, and the KEK prototypes have been successfulljzes a few hundred GeV electron beam to produce 10-20
tested at full peak power and half the design repetition ratleV photons in an undulator. Positrons are produced when
The high power RF pulses from a pair of klystrons musthe photons generate electromagnetic showers in a thin tar-
be further boosted by a factor of 3.3 for delivery to a seget. This method can produce more positrons per second
ries of 8 accelerating structures. The required dual-mod@an the conventional technology, and if a helical undulator
SLED Il pulse compression system has yet to be demotis used, a polarized positron beam can be produced.
strated at full power; this demonstration is slated for later The baseline for JLC/NLC and CLIC uses the conven-
this year. The RF system for TESLA is less demandingional technology positron source, although three parallel
Several prototypes of the required 10 MW multibeam Ltargets must be used because of target shock wave dam-
band klystrons have met design specifications, but the tulzgye limits. With its long bunch train, TESLA requires
lifetime remains to be determined. twice as many positrons per second, and the baseline de-

The extremely high gradients required for CLIC, to-sign achieves this using a planar undulator-based source.
gether with the novel character of the two-beam poweAn upgrade to a helical undulator would provide polarized
source, constitute severe challenges. Gradients required faositrons.
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Advantages and disadvantages Advantages and disadvantages

The conventional positron source has the advantage of The small circumference of the damping ring for
having an existence proof in the SLC source. HowevedLC/NLC and CLIC is its principal advantage. This trans-
the need for three parallel target and collection systemiates directly into a cost benefit, as the technical compo-
introduces additional complexity and cost. Moreover, thaents in the two ring options are similar, at least in the arcs.
positron emittance from the source is sufficiently large that The small ring has alignment tolerances similar to those
a positron pre-damping ring is required. In addition, ther@f conventional synchrotron radiation rings of comparable
is no possibility of positron polarization with this option. size. The larger size of the TESLA ring makes it more

The undulator-based positron source is capable of prgensitive to alignment tolerances, a situation which is the
ducing a high positron flux, with a smaller emittance tharreverse of that obtaining for the linacs of the two options.
the conventional source, and can be upgraded to produfiethe TESLA ring, the beam must be coupled to generate a
polarized positrons. However, such a source has never begsund cross section in the straight sections, to reduce space
built. In addition, a high energy electron beam is require¢harge tune spread, while remaining flat to high precision
for its operation. This adds significant complexity to thein the arcs. This procedure appears feasible but is certainly

commissioning and operation of the collider. an additional complexity.
The use of an undulator source for TESLA removes the
Outstanding technical challenges necessity for a positron pre-damping ring. However, the

For the electron source, the major technical challenge %osnron damping ring must then have a large acceptance.

the development of the laser which illuminates the photo- ] ]
cathode, with the required bunch time structure and bunciPutstanding technical challenges

to-bunch intensity variation{1% for JLC/NLC and CLIC,  ¢jiective effects are currently thought to be the princi-

~5% forTESLA). ) , pal technical challenge for the damping rings. The elec-
The conventhnal positron source should be a straightfoton cloud and fast ion effects may generate unacceptably
ward extrapolation from the SLC source. For the TESLA;ge single and multi-bunch instabilities and tune spreads.
undulator source, a 135 m long permanent magnet undulgg syppress the electron cloud effect, the vacuum cham-
tor is planned. For both options, the production target mugje, may be coated with materials which limit the sec-

rotate at high speed in a vacuum and radiation environmergndary emission yield. Suppression of the fast ion insta-

which presents an engineering challenge. bility may require a ringwide vacuum specification as low
as10~1% Torr. Elimination of classical instabilities, such
DAMPING RINGS as the microwave instability, requires a very low broadband

The electron and positron beams from the sources ai@pedance, roughly one-third of what has been achieved in

radiation cooled in the damping rings to produce uItraIO\A?X:tm?hmaCh'_nets' hnical challenae for the dampind rfinas
transverse emittance flat beams, suitable for acceleration.in nothérmajortechnical challeng ping ring

the main linacs and high luminosity collisions at the inter'S meeting the tight vertical emittance requirement. This is

action point. Most of the radiation damping in these ringyarttlculla;ly cf:gllel:réglng fqr CUCd' It requlres vt?]ry rpi)r:e0|set
is provided by wigglers. control of vertical dispersion and coupling in the rings, a

the level which can only be realized through beam-based
Options alignment, as in the main linacs. Simulations indicate that
this is achievable, but there is not much margin. Experi-
The length of the bunch train required by the linac isments at the ATF[4] have demonstrated vertical emittances
a major determining factor in the design of the dampinglose to that required. To preserve the emittance after ex-
rings. traction, variations in the extraction kicker relative field
For JLC/NLC and CLIC, the bunch train is sufficiently strength must be limited ter 1073,
short that a 2 GeV damping ring of a few hundred meters in Particle loss is an issue because of the large beam power
circumference is sufficient to store three trains. TESLA hain the damping rings. The dynamic aperture is limited by
a bunch train which is roughly 290 km in length. A ring of nonlinear effects associated with the strong wigglers in the
this size would be expensive, so the bunch train is stored iings. Careful design of the wigglers and the machine lat-
the ring in a compressed format, with about 20 ns betwestite is needed to obtain the required aperture. This is par-
the bunches. The minimum bunch spacing is set by thigcularly challenging in the TESLA positron damping ring.
pulse length of the injection and extraction kickers. Even in
this compressed format, the bunch train still requires a ring BEAM DELIVERY SYSTEMS
of 17 km in circumference. To limit space charge effects
in this large ring, the design energy is chosen to be 5 GeV. The beam delivery systems transport the high energy
This energy still allows arcs of circumference about 2 kmelectron and positron beams from the ends of the main
so much of the ring can be straight. To reduce cost, thinacs to the interaction point (IP). They must also trans-
portion is placed in the same tunnel as the main linac.  port the post-collision spent beam and the beamstralung

740



Proceedings of the 2003 Particle Accelerator Conference

cleanly to beam dumps. Essential elements include collutstanding technical challenges
mation systems, machine protection, the final focus, spent

. For all options, a major challenge is the development of a
beam transport lines, and beam dumps. P J 9 P

robust collimation system, which can adequately suppress
background sources such as muons and synchrotron radia-
tion, in the presence of complications such as collimator-
induced wakefields. Since it constitutes the limiting aper-

JLC/NLC and CLIC, with their small bunch separation,ture, the collimation system must also be integrated into the
are required to have a crossing angle at the IP, to avoid tiRverall machine protection system. o
multibunch kink effect. Crab cavities are used to prevent For JLC/NLC, and particularly for CLIC, vibration sta-
luminosity loss. The crossing angle geometry allows théilization of the final focus doublet is a key issue. Clean
spent beam and the beamstralung to be transported indglivery of the spent beam and the beamstralung to the ap-
Separate channel to the beam dumpsl Because of the @_)(Oprlate dUmpS IS an ISS_ue for a” Optlons, but is more dif-
tremely small vertical beam size at the IP, jitter in the finaficult for a head-on crossing design.

focus quadrupoles must be limited with an active stabiliza-
tion system. CONCLUSIONS

TESLA has a large bunch separation and does not re- pegigning, building and operating a linear collider is en-

quire a crossing angle. The current design uses head-QQioned to be a fully international effort from the outset.
collisions, although a crossing angle solution is under Corbroponents in the three major regions with interest in the
sideration. The spent beam and beamstralung are tra’ﬁbject (Asia, Europe, and North America) have formed
ported _out of the interaction region throggh the incomingsteering groups to develop requirements and technology
beam final focus magnets. Separation into a spent begiions for their bid to host the project. An International
channel is accomplished using electrostatic separators ajithe o Collider Steering Committee has been formed under
a magnetic septum. the auspices of the International Committee for Future Ac-
The final focus optics for JLC/NLC and CLIC has a non-celerators. This committee will promote the construction
zero dispersion function through the final doublet. Thisf the linear collider as an international project by develop-
allows a local chromatic correction system for the final foing a global consensus on the requirements and helping to
cus. TESLA uses a more conventional optics, without locahcilitate the technology choice for the machine. The reso-
chromatic control, but could easily adopt the other designution of critical R&D issues in 2004 would open the way
Both options make use of beam-beam focusing to enhanggr this technology choice. Subsequently, a technically lim-
the luminosity. ited schedule for a collider built in the US would include a
project design and engineering phase from 2006-2008, fol-

) lowed by 6-7 years of construction, with operation starting
Advantages and disadvantages in 2015-16.

Options
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