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eived January 11, 1999)The CLIC study of high-energy (0.5-5 TeV), high-luminosity (1034-1035 
m�2s�1)e� linear 
ollider is presented. Beam a

eleration using high-frequen
y (30 GHz) normal-
ondu
ting stru
tures operating at high a

elerating �elds (100 to 200 MV/m) signif-i
antly redu
es the length and, in 
onsequen
e, the 
ost of the lina
. Based on newbeam and lina
 parameters derived from a re
ently developed set of general s
aling lawsfor linear 
olliders, the beam stability is shown to be similar to lower frequen
y designsin spite of the strong wake-�eld dependen
y on frequen
y. A new 
ost-e�e
tive ande�
ient drive beam generation s
heme for RF power produ
tion by the so-
alled TwoBeam A

eleration (TBA) method is des
ribed. It uses a thermioni
 gun and a fully-loaded normal-
ondu
ting lina
 operating at low frequen
y (937 MHz) to generate anda

elerate the drive beam bun
hes, and RF multipli
ation by funnelling in 
ompressorrings to produ
e the desired bun
h stru
ture. Re
ent 30 GHz hardware developmentsand results from the CLIC Test Fa
ility (CTF), assessing the feasibility of the s
heme,are des
ribed.PACS numbers: 29.17.+n� Presented at the Cra
ow Epiphany Conferen
e on Ele
tron�Positron Colliders,Cra
ow, Poland, January 5�10, 1999.(2029)



2030 J.-P. Delahaye et al.1. Introdu
tionThe Compa
t Linear Collider (CLIC) 
overs a 
entre-of-mass energyrange for e� 
ollisions of 0.5�5 TeV [1℄ with a maximum energy well abovethose presently being proposed for any other linear 
ollider [2℄. It has beenoptimised for a 3 TeV e� 
olliding beam energy to meet post-LHC physi
srequirements [3℄ but 
an be built in stages without major modi�
ations.An overall layout of the 
omplex is shown in Fig. 1. In order to limit theoverall length, high a

elerating �elds are mandatory and these 
an onlybe obtained with 
onventional stru
tures by operating at a high frequen
y.The 
hoi
e of 30 GHz is 
onsidered to be 
lose to the limit beyond whi
hstandard te
hnology for the fabri
ation of normal-
ondu
ting travelling-wavestru
tures 
an no longer be used [4℄. The RF power to feed the a

elerat-ing stru
tures is extra
ted by transfer stru
tures from high-intensity/low-energy drive beams running parallel to the main beam (Fig. 2). A singletunnel, housing both lina
s and the various beam transfer lines without anymodulators or klystrons, results in a very simple, 
ost-e�e
tive, and easilyextendable arrangement (Fig. 3).
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Fig. 3. Tunnel 
ross-se
tion.2. Main parametersThe main beam and lina
 parameters are listed in Table I for various
olliding beam energies. Following SLC experien
e, the luminosity at theIntera
tion Point (IP) has been redu
ed by 20% to take into a

ount a 25%dilution of the nominal beam sizes due to non-perfe
t beam alignment during
ollisions. The luminosity L normalised to the RF power, PRF, depends ona small number of parameters in both low and high beamstrahlung regimes:L��1PRF / Æ1=2BUf �RFb��1=2ny and L��1PRF / Æ3=2BU1=2f ��1=2y �RFb�1=2z ��1=2ny ; (1)



2032 J.-P. Delahaye et al.where ÆB , is the mean energy loss, �RFb the RF to beam e�
ien
y and Uf ,�z, �y, e�ny the beam energy, bun
h length, verti
al beta fun
tion and verti-
al normalised beam emittan
e at the IP, respe
tively [5℄. The parametershave been dedu
ed from general s
aling laws [5℄ 
overing more than a de
adein frequen
y. These s
aling laws, whi
h agree with optimised linear 
olliderdesigns, show that the beam blow-up during a

eleration 
an be made inde-pendent of frequen
y for equivalent beam traje
tory 
orre
tion te
hniques.As a 
onsequen
e and in spite of the strong dependen
e of wake-�elds on fre-quen
y, CLIC whilst operating at a high frequen
y but with a low 
harge perbun
h N , a short bun
h length �z , a strong fo
using opti
s and a high a

el-erating gradient G, preserves the verti
al emittan
e as well as low-frequen
ylina
s. The RF to beam transfer e�
ien
y is optimised by using a largenumber of bun
hes and by 
hoosing an optimum a

elerating se
tion length.In spite of the redu
ed 
harge per bun
h and the high gradient, ex
ellent RFto beam e�
ien
y is obtained be
ause the time between bun
hes is shorterand the shunt impedan
e of the a

elerating stru
tures is higher. TABLE IMain beam and lina
 parametersBeam parameters at IP 0.5 TeV 1 TeV 3 TeV 5 TeVLuminosity (1034 
m�1 s�1) 0.5 1.1 10.6 14.9Mean energy loss (%) 3.6 9.2 32 40Photons /ele
trons 0.8 1.1 2.2 2.6Rep. rate (Hz) 200 150 75 50109 e� / bun
h 4 4 4 4Bun
hes / pulse 150 150 150 150Bun
h spa
ing (
m) 20 20 20 20H/V en (10�8 radm) 188/10 148/7 60/1 58/1Beam size (H/V) (nm) 196/4.5 123/2.7 40/0.6 27/0.45Bun
h length (�m) 50 50 30 25A

el. gradient (MV/m) 100 100 150 200Two lina
 length (km) 7 14 27.5 35A

elerating se
tions 10 802 21 604 43 736 54 802Power/se
tion (MW) 116 116 231 386RF to beam e�
. (%) 35.5 35.5 26.6 19.4AC to beam e�
. (%) 14.2 14.2 10.6 7.8AC power (MW) 68 102 206 310Up to 1 TeV, where the beamstrahlung parameter � < 1, the beamparameters are 
hosen to have a small ÆB . To limit the power 
onsumptionabove 1 TeV, �ny is redu
ed and � allowed to be � 1. In this regime [see



CLIC, a 0.5 to 5 TeV e� Compa
t Linear Collider 2033Eq. (1)℄ high-frequen
y lina
s are very favourable be
ause �z is small. Asa 
onsequen
e, even with � � 1, neither the L spe
trum (Fig. 4), nor thenumber of emitted gammas whi
h in
rease the ba
kground in the dete
tor,signi�
antly deteriorate with energy [1℄ (see Table I).
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Fig. 4. Luminosity distribution with energy.3. Main lina
The e�e
ts of the strong 30 GHz wake-�elds (WT) 
an be kept moderateby 
hoosing N to be small (4� 109 at all energies) and �z at the lower limitthat results from the momentum spread a

eptan
e of the �nal fo
us. Witha high gradient G and strong fo
using, the single bun
h blow-up ��ny atall energies 
an be kept below � 100% (Fig. 5) [6℄. To obtain the valuesof L given in Table I requires a gradual redu
tion in the inje
ted �ny from5 � 10�8 rad.m at 0.5 TeV to 0:5 � 10�8 radm at 5 TeV. Limiting theoverall ��ny relies in part on the use of bumps whi
h are 
reated lo
allyat 5�10 positions along the lina
 by misaligning a few upstream 
avities.The e�e
ts of these bumps are used to minimise the lo
al �ny (Fig. 5).Without these bumps, dispersive e�e
ts are � 10 times weaker than WTe�e
ts. The average latti
e �-fun
tion starts from � 4�5 m and is s
aledapproximately as (energy)0:5. The FODO latti
e is made up of se
tors withequispa
ed quadrupoles of the same length and normalised strength, withmat
hing insertions between se
tors. The RF 
avities and quadrupoles arepre-aligned to 10 and 50 �m respe
tively using a stret
hed-wire positioningsystem. The o�set misalignments of the beam position monitors (BPMs)are measured as follows. A se
tion of 12 quadrupoles is swit
hed o�, andwith the beam 
entred in the two end BPMs of this se
tion, the relative
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Fig. 5. Emittan
e variation along the main lina
misalignment of the other monitors is measured with an a

ura
y of 0.1 �m.The beam traje
tory and ground motion e�e
ts are 
orre
ted by a 1-to-1
orre
tion. BNS damping is a
hieved by running o�-
rest of the RF-waveby 6Æ to 10Æ. Multiple bun
hes are required to obtain high luminosities. Themultibun
h ��ny is � 20%. To make the 150-bun
h train stable requires astrong redu
tion of WT [7℄. Ea
h 
ell of the 150-
ell stru
ture [8℄ is dampedby its own set of four radial waveguides (Fig. 6) giving a Q of 16 for thelowest dipole mode. A simple linear taper of the iris dimension provides adetuning frequen
y spread of 2 GHz (5.4%). Cal
ulations of the transversewake-�elds in this stru
ture with non-perfe
t loads indi
ate a short-rangelevel of about 1000 V/(pC �mm �m) de
reasing to less than 1% at the se
ondbun
h and with a long time level below 0.1%.
Fig. 6. 30 GHz tapered damped stru
ture



CLIC, a 0.5 to 5 TeV e� Compa
t Linear Collider 20354. The RF power sour
eThe RF power for ea
h 687.5 m se
tion of the main lina
 is provided by ase
ondary low-energy, high-intensity ele
tron beam whi
h runs parallel to themain lina
. The power is generated by passing this ele
tron beam throughenergy-extra
ting RF stru
tures (transfer stru
tures) in the so-
alled DriveBeam De
elerator. For the 3 TeV 
.m. 
ollider there are 40 drive beams (20per lina
). Ea
h drive beam has an energy of 1.16 GeV and 
onsists of 2144bun
hes with a spa
ing of 2 
m and a maximum 
harge per bun
h of 17.5 nC.These 20 drive beams, spa
ed at intervals of 1.375 km, are produ
ed as onelong pulse by one of the two drive beam generators. By sending this drivebeam train towards the on
oming main beam, di�erent time sli
es of thepulse 
an be used to power separate se
tions of the main lina
 (see Fig. 1).This drive beam is generated as follows [9℄. All the bun
hes (for 20 drivebeams) are �rst generated and a

elerated with a spa
ing of 64 
m as onelong 
ontinuous train in a normal-
ondu
ting, fully-loaded 937 MHz lina
operating at a gradient of 3.8 MV/m (Fig. 1). This 8.2 A 92 �s 
ontinuousbeam 
an be a

elerated with an RF/beam e�
ien
y � 97%. After a

el-eration the 
ontinuous train of 42 880 bun
hes is split up into 320 trainsof 134 bun
hes using the 
ombined a
tion of a delay line and a grouping ofbun
hes in odd and even RF bu
kets. These trains are then 
ombined ina 86 m 
ir
umferen
e ring by interleaving four su

essive bun
h trains overfour turns to obtain a distan
e between bun
hes at this stage of 8 
m. Ase
ond 
ombination using the same me
hanism is subsequently made in asimilar, larger 344 m 
ir
umferen
e ring, yielding a �nal distan
e betweenbun
hes of 2 
m. The energy-extra
ting transfer stru
tures 
onsist of fourperiodi
ally-loaded re
tangular waveguides 
oupled to a 
ir
ular beam pipe.Ea
h 80 
m long stru
ture provides 462 MW of 30 GHz RF power, enoughto feed two a

elerating stru
tures. For stability in the drive beam de
el-erator, these stru
tures have to be damped to redu
e long-range transversewake-�eld e�e
ts. 5. Inje
tion of main beamsThe layout of the 
entrally-lo
ated inje
tor 
omplex of the main beams[10℄ is shown in Fig. 7. To redu
e 
osts, the same lina
s a

elerate bothele
trons and positrons on 
onse
utive RF pulses. The positrons are pro-du
ed by standard te
hnology already in use at the SLC but with improvedperforman
e due to the larger a

eptan
e of the L-band 
apture lina
. Boththe ele
tron and positron beams are damped transversely in spe
ially de-signed damping rings for low emittan
es [11℄. The damping rings are madeup of ar
s based on a Theoreti
al Minimum Emittan
e (TME) latti
e andstraight se
tions equipped with wigglers. The positrons are pre-damped in a
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HzFig. 7. Layout of the inje
tor 
omplex of the main beamspre-damping ring. The generation of extremely low emittan
es (5�10�7 and5 � 10�9 radm in the horizontal and verti
al planes respe
tively), requiredfor the 3 and 5 TeV CLIC designs, is still under study and may requireadditional wigglers or another damping ring. The bun
hes are 
ompressedin two stages in magneti
 
hi
anes [12℄, the �rst one after the damping ringusing 3 GHz stru
tures, the se
ond one just before inje
tion into the mainlina
 with 30 GHz stru
tures.6. The beam deliveryA new multibun
h Final Fo
us (FF) design for the 0.5 TeV ma
hinehas re
ently been studied [13℄. It is based on a 
rossing angle of 5 mradand 
an be run with or without 
rab-
rossing 
avities if a 20% redu
tion inluminosity 
an be a

epted. The last quadrupole is split into a 48 mm large-bore SC one and a smaller 13.7 mm normal-
ondu
ting one. The outgoingbeam is de�e
ted by the �rst quadrupole into the �eld-free region of these
ond. The free distan
e between quadrupoles is 3 m, �y is 
hosen to be0.1 mm to avoid the Oide syn
hrotron radiation limit in the �nal magnetsand to prevent high 
hromati
ity. Using this doublet, the �nal teles
ope hasa demagni�
ation of 12� 30. The momentum a

eptan
e of the FF systemis � 1%. The possible use of this system at higher energies requires furtherstudy. S
aling the FF length (in
luding the 
hromati
ity 
orre
tion se
tionwhi
h has two pairs of sextupoles) with 
0:5, gives � 0:8 km at 1 TeV and1.4 km at 3 TeV. The 
ollimation se
tion has not yet been studied; however,s
aling the JLC design gives � 2 km at 3 TeV, resulting in a total � 7 kmfor the whole beam delivery system.



CLIC, a 0.5 to 5 TeV e� Compa
t Linear Collider 20377. Test fa
ilitiesThe �rst CLIC Test Fa
ility (CTF1) operated from 1990 to 1995 anddemonstrated the feasibility of two-beam power generation. It produ
ed76 MW of 30 GHz RF power from a low-energy high-intensity beam andgenerated on-axis gradients in the 30 GHz stru
tures of 125 MV/m. A newtest fa
ility (CTF2) [14℄ is at present being 
ommissioned (see Fig. 8). The30 GHz part of this fa
ility is equipped with a few-mi
rons pre
ision a
tive-alignment system. The 48-bun
h 640 nC drive beam train is generated bya laser-driven S-band RF gun with a Cs2Te photo
athode (PC). It is a

el-erated to 62 MeV by two travelling-wave se
tions (HCS) operating at twoslightly di�erent frequen
ies to provide beam loading 
ompensation alongthe train. After bun
h 
ompression in a magneti
 
hi
ane, the bun
h trainpasses through four transfer stru
tures (CTS), ea
h produ
ing enough powerto drive two 30 GHz a

elerating se
tions (CAS) with 40 MW, 12 ns longpulses. The two bun
hes of the probe beam are generated by an RF gunwith a CsI+Ge PC. They are pre-a

elerated to 50 MeV at S-band beforebeing inje
ted into the 30 GHz a

elerating lina
. Only half of the two-beamlina
 has been installed, 
ompletion is planned for Mar
h 1999. The drivebeam RF gun has produ
ed a single bun
h 
harge of 50 nC and a maximum
harge of 450 nC in 48 bun
hes. Although the power levels are not yet up tonominal values, a series of 
ross-
he
ks between drive beam 
harge, gener-ated RF power, and main beam energy gain have shown ex
ellent agreement.Thirty-six megawatts have been produ
ed so far by the two transfer stru
-tures using a train of 48 bun
hes of 375 nC total 
harge. This resulted ina 23 MeV energy gain of the 0.7 nC probe beam. The highest a

eleratinggradient obtained so far is 50 MV/m.
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Fig. 8. Demonstration of the two-beam a

eleration in the CLIC test fa
ility.A new fa
ility (CTF3) is under study (see Fig. 9), whi
h would test allmajor parts of the CLIC RF power s
heme. To redu
e 
osts, it is based



2038 J.-P. Delahaye et al.on the use of 3 GHz klystrons and modulators from the LEP Inje
tor Lina
(LIL). The drive beam is generated by a thermioni
 gun and is a

elerated byeight � 1 m long fully-loaded 3 GHz stru
tures operating at 12 MV/m withan RF-to-beam e�
ien
y of 96%. The power is supplied by eight 40 MWklystrons and 
ompressed by a fa
tor 2.5 to give a peak power at ea
hstru
ture of 100 MW. The beam pulse is 1.1 �s long with an average 
urrentof 8.2 A. The bun
hes are initially spa
ed by 20 
m (two 3 GHz bu
kets)but after two stages of frequen
y multipli
ation they have a �nal spa
ing of2 
m. This bun
h train with a maximum 
harge of 5.5 nC per bun
h is thende
elerated by seven 0.8 m long transfer stru
tures in the 30 GHz drive beamde
elerator from an initial energy of 100 MeV to a �nal energy of 56 MeV.Ea
h transfer stru
ture provides 512 MW. The main beam is a

elerated to1.0 GeV by fourteen 30 GHz a

elerating stru
tures operating at a gradientof 150 MV/m.
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hemati
 layout8. Con
lusionThe CLIC two-beam s
heme is an ideal 
andidate for extending the en-ergy rea
h of a future high-luminosity linear 
ollider from 0.5 TeV up to 5 TeV
.m. The high operating frequen
y (30 GHz) allows the use of high a

elerat-ing gradients (100�200 MV/m) whi
h shorten the lina
s (27.5 km for 3 TeV)and redu
e the 
ost. The e�e
ts of the high transverse wake-�elds havebeen 
ompensated by a judi
ial 
hoi
e of bun
h length, 
harge, and fo
usingstrength su
h that the emittan
e blow-up is made independent of frequen
yfor equivalent beam traje
tory 
orre
tion te
hniques. The two-beam RF



CLIC, a 0.5 to 5 TeV e� Compa
t Linear Collider 2039power sour
e based on a fully-loaded normal-
ondu
ting low-frequen
y lina
and frequen
y multipli
ation in 
ombiner rings is an e�
ient, 
ost-e�e
tive,and �exible way of produ
ing 30 GHz power. The feasibility of two-beampower produ
tion has been demonstrated in the CLIC Test Fa
ilities (CTF1and CTF2). A third test fa
ility is being studied to demonstrate the newly-proposed drive beam generation and frequen
y multipli
ation s
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