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Fast Switching Devices and Induction RF at CLIC

R. Assmann, H. Braun, F. Caspers, R. Corsini, D. Schulte, F. Zimmermann, CERN,
Geneva, Switzerland;
P.N. Burrows, Oxford University, United Kingdom

Abstract

We survey possible applications of fast switching de-
vices and induction rf at the Compact Linear Collider
(CLIC). These applications include extraction kickers for
the combiner rings, modulators for the drive-beam linac,
fast intra-train feedback, induction crab cavities, halo kick-
ers, emergency kickers, long-range beam-beam compen-
sation, damping-ring barrier rf, pulsed linac wigglers,
positron capture, and spent-beam handling.

OUTLINE

This report is organized as follows. We first present
a brief overview of the CLIC project. We then describe
two systems which are absolutely required for the baseline
CLIC design and for which the RPIA (Recent Progressin
Induction Accel eration) 2006 workshop may provide cost-
effective solutions, namely (1) the extraction kicker for the
first drive-beam combiner ring, and (2) the modulators for
the drive-beam linac. In the following we address two
other indispensable components for which practical con-
ventional solutions aready exist, but where aternative ap-
proaches could beinteresting: the fast feedback at the colli-
sion point, and crab cavities. Lastly, we walk through alist
of new ideas, which are not essential, but which could fur-
ther boost the CLIC performance. These include the use of
induction rf in the damping ring, emergency beam dumps
along the main linac, halo kickers, long-range beam-beam
compensation, pulsed flux concentrator for positron cap-
ture after the target, pulsed wigglersin thelinac, and pulsed
fields for the extraction of the spent beam.

COMPACT LINEAR COLLIDER -CLIC

CLIC will be an electron-positron collider with a centre-
of-mass energy reach of 3-5 TeV. Its physics programme
is fully complementary to that of the Large Hadron Col-
lider (LHC), which is on track to start operation in 2007.
The physics motivation for CLIC is to probe beyond the
standard model and to understand the origin of mass, the
unification of forces and the origin of flavors.

Key featuresof CLIC are (1) ahigh accelerating gradient
of about 150 MV/m which implies a high rf frequency and
a‘compact’ size; (2) two-beam acceleration, where the en-
ergy is stored in adrive beam, and the rf power is generated
locally, asillustrated in Fig. 2; (3) a central injector, com-
prising a fully loaded normal-conducting linac with 96%

rf-to-beam power-transfer efficiency and involving ‘rf fre-
guency multiplication” and ‘ power compression’.

A concise history of CLIC aswell asits near-term future
are shown in Fig. 1. From 1995 onwards, the CLIC Test
Fecility no. 2 (CTF-2) demonstrated the feasibility of two-
beam acceleration. In 2003 the CLIC physics report was
published [1]. Oneyear later, the CLIC R& D schedule was
accelerated, in order to obtain answersto all ILC-TRC fea-
sibility questions by 2009 [2]. It is foreseen to produce a
preliminary cost estimate in 2008. From Fig. 1it can bein-
ferred that CLIC is about 5 years behind the International
Linear Collider. The feasibility of CLIC will be demon-
strated about 1 or 2 years after the start of LHC operation,
which isthe right time for a decision on amajor new facil-
ity.

Two-beam acceleration was originaly proposed by
A. Sessler [4] in 1982, and for CLIC by W. Schnell [5]
in 1986. Figure 2 shows a schematic of the CLIC drive and
main beams running in parallel. The intense low-energy
drive beam is decelerated and its energy converted into rf
power, which is transferred to the accelerating rf structures
of the higher-energy, low-emittance and lower-charge main
beam.
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Figure 2: Schematic of CLIC two-beam acceleration mod-
ule; 6000 such modules are needed for a 3-TeV collider.

Theprimary goal of the CLIC schemeisachieving ahigh
accelerating gradient of 150 MV/m or above. In 2002, at
the previous facility CTF-2, high gradient tests of struc-
tures with molybdenum irises reached 190 MV/m peak ac-
celerating gradient without any damage [6], well above the
nominal CLIC accelerating field. These results, which con-
stitute aworld record, are displayed in Fig. 3. Since 2005,
at the 3rd generation test facility CTF-3, 30-GHz rf pulses
of the nominal 70-ns lengths are being produced for struc-
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Figure 1: A short history of CLIC [3].

ture tests with the design CLIC gradient. Thisis an im-
portant milestone on the path towards demonstrating CLIC
feasibility.
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Figure 3: Conditioning history of three copper accelerat-
ing structures with either copper, molybdenum or tungsten
irisesat CTF-2[6].

Recently, the design and production of the rf structures

were modified and optimized [7]. The CLIC main-linac
rf structures are now assembled from 4 quadrants, with-
out any brazing or welds in the direction orthogonal to the
beam image-current flow. The photo of a new structure is
displayedin Fig. 4.

Advantages of the CLIC scheme, in addition to the high
gradient and short length of the linac, are that it can easily
be built in stages, raising the energy simply by the gradual
addition of main-linac modules, like those shown in Fig-
ure 2, and that its tunnel does not house any active ele-
ments. An artist’s view of the CLIC tunnel cross section is
displayed in Figure 5. The tunnel provides space for two
beam pipes, quadrupole magnets, plus the rf & transfer
structures, but, e.g., for neither klystrons nor modulators.
At CLIC, klystrons and modulators are indeed rather few
in total. Their number is comparable to those in use at the
SLAC linac. They are concentrated in the CLIC central
injector complex.

Table 1 lists the main parameters of CLIC at 3 TeV. The
overall performanceis characterized by centre-of-mass en-
ergy, luminosity, rf gradient (site length), total AC power,
and transfer efficiency from wall-plug power to main-beam
power.

Figure 6 present a bird's eye view of the entire CLIC
complex for the 3-TeV collider. Figure 7 indicates the lo-



Table 1: CLIC Parametersat 3 TeV

centre-of-mass energy

main linac rf frequency
[uminosity

luminosity (in 1% of energy)
linac repetition rate
particles per bunch
bunches per train

bunch separation

bunch train length

beam power / beam
unloaded / loaded gradient
overall two-linac length
total beam delivery length
proposed site length

totao ac site power

wall plug (rf) to main-beam power efficiency n

Eom 3000 GeV
fot 30 GHz
L 6.5 1034 cm 25!
Ly, 3.3 1034 cm—2s7!
Frep 150 Hz
Ny 2.56 109
ny 220 —
Atgep 0.267 ns
Ttrain 58.4 ns
Py 20.4 MW
Guniy 172,150 MV/m
llinac 28 km
IBDS 2% 2.6 km
Liot 33.2 km
Piot 418 MW
125 %

Figure 4: CLIC hybrid-damped accelerating structure [7]
with damping waveguides and slotted irises, optimized ge-
ometry, assembly without brazing, and molybdenum iris
tips[8].

cations of various possible components based on ‘RPIA’
technology, which are discussed later in thisreport. Ascan
be seen in this figure, modern pulsed power technologies
and new materials could find numerousinteresting applica-

Figure 5: Schematic of the CLIC tunnel cross section. The
tunnel is simple, with a diameter of 3.8 m, and no active
elements.

tions throughout the CLIC complex.

The CLIC rf power source can be thought of as a“black
box” combining very long rf pulses, and transforming them
into many short pulseswith higher power at and higher fre-
quency, asisillustrated in Fig. 8.

The actua ‘building blocks' of this rf power source —
a fully loaded traveling-wave linac for drive-beam accel-
eration, and transverse rf deflectors for beam combination
and separation — are illustrated in Figs. 9 and 10. The
overall layout of the CLIC rf power source, i.e., the drive-
beam complex, is displayed in Fig. 11, where we again
indicate locations of some elements conceivably based on
‘RPIA’ technologies, namely the modulators of the drive-
beam linac, and the extraction kickers in the two combiner
rings.
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Figure 6: Overall layout of CLIC at 3 TeV [Courtesy
H. Braun].
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Figure 7: Overall layout of CLIC at 3 TeV, highlighting
possible ‘RPIA’ contributions.

After being accelerated highly efficiently, with full beam
loading, in atraveling-wave linac, the time structure of the
beam isfundamentally modified by passing through adelay
line (half of the beam) and two combiner rings. The net re-
sult is 21 bunch trains with 32 less spacing between bunch-
ers and correspondingly higher current. This transforma-
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Figure 8: Schematic view of the CLIC rf power source as
‘black box’ [Roberto Corsini, HEP2005] [9].

tion is graphically sketched in Fig. 12. Thefina trainsrep-
resent a unigque power source in the 10s of GHz frequency
range, and they are used to drive sections of the main high-
gradient linac, which accelerates the two colliding electron
and positron beams.
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Figure 9: Acceleration with full beam loading in the
traveling-wave rf structures of the drive beam linac
[Roberto Corsini, HEP2005] [9].
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Figure 10: Beam combination and separation by transverse
rf deflectors [Roberto Corsini, HEP2005] [9].
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Figure 11: Overall layout of CLIC rf power source, includ-
ing locations of transverse rf deflectors (in blue) and pos-
sible RPIA elements (in red) [Roberto Corsini, HEP2005]

[9.

ESSENTIAL SYSTEMS

Drive-Beam Modulators

The modulators of the drive-beam linac should provide
40 MW rf power in a 100-us pulse, with an energy per
pulse of about 4 kJ, at 150 Hz. This type of modulator
will be used to feed a 937-MHz multi-beam klystron and
to generate along rf pulse.
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Figure 12: Initial and final CLIC drive beam time structure
[Roberto Corsini, HEP2005] [9].

The average power demanded from the modulator is
more than three times higher than for some other projects:

e Themain linac modulators of TESLA/ILC provide 10
MW with 1.7-mspulselength for a1.3 GHz rf system,
with an energy per pulse of 20 kJat 5 or 10 Hz [10].

e The modulatorsof the FNAL s.c. proton driver should
provide 20 MW with a pulse length of about 1 ms, for
al.2 GHzrf system, at 2.5 0r 10 Hz [11].

e A prototype solid-state induction modulator for the
demised NLC/JLC/GLC project (1-beam klystron),
provided 640 MW, with 1680 A current at 380 kV
voltage, over 3 us pulse length, which amounts to
about 2 kJ per pulse, for a11.4 GHz rf system, at 120
Hz [12].

Figure 13illustrates the CLIC drive-beam linac rf power
source with two long-pulse modulators, each feeding a
multi-beam klystron. The main parameters of the modu-
lators are summarized in Table 2.

40 MW
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937 MHz
500 kW
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40 MW
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500 kW
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modulator modulator
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250 KW
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Power
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combinet
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Figure 13: The 40-MW multibeam klystron rf network
module[13].

Combiner-Ring Extraction Kicker

The extraction kicker in the first combiner ring is the
most challenging. Figure 14 sketches the time structure
of the required kicker pulse. A rise time of less than 70 ns

Table 2: Parameters of CLIC drive-beam modul ator.

peak power 40 MW
pulse length 100 ms
pulses/ second 150

is followed by aflat top of 210 ns to extract the combined
bunch train. Next come a fall time of again less than 70
ns, and then azero kick over 770 ns, during which time the
next combination is accomplished. This patternis repeated
83 times, giving a pulse length of about 100 us. The pulse
repetition frequency is 150 Hz.

84 cycles per pulse

\ pulse frequency 150 Hz /—\—

P k

A
A 4

X flat top
rise 210 ns zero 770 ns
time fall
<70ns time
<70ns

Figure 14: Time structure of combiner-ring extraction-
kicker pulse.

The combiner ring operates at a beam energy of 2 GeV.
For estimating the kicker strength needed, we assume a
beta function at the extraction point of order 10 m and a
minimum required deflection angle of 10 mrad. The main
parameters of the extraction kicker are summarized in Ta
ble 3.

Table 3: Parameters of extraction kicker for 1st combiner
ring.

kick strength >0.1Tmor >20 MV
risetime < 70ns

flat top 210ns

pulse period 1120 ns
cycles/ pulse 84

pulses/ second 150

INDISPENSABLE SYSTEMS FOR WHICH
CONVENTIONAL SOLUTIONSEXIST

Fast Intra-Train | P Feedback

The fast intra-train feedback at the interaction point (IP)
isthe ‘last line of defense’ against relative misalignments
of the two colliding beams [14]. The key component of
such feedback are beam-position monitors (BPMs), signal
processor, fast driver amplifier, electromagnetic kicker, and



afast feedback circuit. Two schematics of the | P feedback
are shown in Figs. 15 and 16 at various levels of abstrac-
tion. The feedback circuit contains a delay loop for pre-
venting ‘under-correction’ after one turn-around time.

The best prototype to date is FONT3 which was de-
signed and constructed by a group from Queen Mary
U. and Oxford University in the UK, and tested with beam
at the KEK-ATF test facility [14, 15]. As detailed fur-
ther bel ow, the beam experimentswith the ultrafast FONT3
have demonstrated a latency as low as 23 ns, about a third
of the CLIC pulse length, and only a little short from the
FONT3 design goal of 20 ns.

V/ .
=

Roung-Trip
Delay

| i’;ﬂ . Amp
B Prui::‘m'f + —J

Figure 15: Schematic of intra-train feedback for interaction
point with crossing angle; the deflection of the outgoing
beam isrecorded by aBPM and acorrectingkick is applied
to the incoming other beam [15].

Adjustable-gap BPM

kicker 1

Figure 16: Schematic circuit of IP-feedback key compo-
nents [14].

Kicker driver amplifiers developed for the FONT1 (at
NLCTA [16]) and FONT3 IP feedback systems are dis-
played in Figs. 17, 18 and 19. FONT1 used a 3-kW
tube amplifier, its successor FONT2 a solid-state ampli-
fier, and FONT3 an ultrafast solid-state amplifier. The
most compact FONT3 system provides the drive power
which would be needed for the International Linear Col-
lider (ILC). FONT1, FONT2 and FONT3 employed ana-
logue signal processing, as required for CLIC, while the
ILC beam parameters demand further developments and
tests of adigital system.

Figure 17: Components of FONT1 3-stage tube amplifier
[14].

Figure 18: Components of FONT1 3-stage tube amplifier
[14].

The installation of the FONT3 BPMs and amplifier-
feedback systems at the KEK/ATF beamline is illustrated
by the photosin Figs. 20 and 21.

The FONT3latency budget isdetailed in Table 4. A total
latency of 20 ns was expected. The experimental result,
reproduced in Fig. 22, showed a dlightly larger value of 23



Figure 19: FONT3 printed-circuit-board amplifier and
feedback [14].

Figure 20: FONT3 BPM processor board in the KEK-ATF
beam line [14].

ns.

Table 4: FONT3 latency budget

time of flight kicker - BPM 4ns
signal returntime BPM - kicker 6 ns
— irreducible latency 10ns
BPM processor 5ns
amplifier & feedback 5ns
— €lectronicslatency 10ns
= total latency budget 20ns

The CLIC IP feedback requirements are as follows. The
CLIC trainlengthisabout 63 ns, and, hence, very similar to
that of the ATF. The time of flight from the kicker to the IP
isabout 7 nsassuming a2 m distance. Thefeedback should
have a range of 50 rms vertica beam sizes, or about 50
nm. This trandlates into a maximum integrated deflecting

Figure 21: FONT3 amplifier-feedback board in the KEK-
ATF beam line [14].
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Figure 22: Experimental measurement of FONT3 latency
at KEK-ATF on 3 June 2005. Each curve represents the
beam position as a function of time during a bunch train
passage. The different traces correspond to different initial
conditions. The top graph was recorded without feedback;
for the center picture the main feedback loop is active; in
the bottom picture also the delay 1oop was turned on [14].

magnetic field, BI, of 60 xTm, or an equivalent electric
field of 19 kV. For example, considering a stripline kicker,
we may estimate the corresponding stripline current as
Iy~ m(Bhd 31A )
Lo
where L =~ 20 cm is the stripline length and d ~ 2 cm
the assumed distance between stripline and beam. With
a resistance of 502 the peak power needed is about 5 kW.
Requirements for the CLIC IP feedback are compiled in
Table 5.

Crab Cavities

The CLIC design foresees a crossing angle of 20 mrad
at the interaction point. This crossing angle is necessary to
remove the spent beam including coherent pairs and beam-



Table 5: Parameters of CLIC intra-train | P feedback.

voltage >19kV
current 31A
response time few ns
bunches/ pulse 220
pulses/ second 150

strahlung photons, and to avoid the multibunch kink insta-
bility [17, 18]. On the other hand, if no measures are taken,
the luminosity decreases with crossing angle by the geo-
metric reduction factor

1
Rp= ——— | 2
"= Jirer @)
where P
CUZ
= . )

denotes the Piwinsi angle. Inserting typical CLIC parame-
ters, o, =~ 60 nm, o, ~ 31 um, 6. ~ 20 mrad, we have
O ~ 5.2 and Ry ~ 0.19. Therefore, CLIC would achieve
only 19% of the ideal head-on luminosity.

Crab cavitieswhich effectively restore the head-on lumi-
nosity of alinear collider [19] therefore are indispensable
for CLIC. The principle of the ‘crab crossing’ is shown in
Fig. 23. The crabbing is realized with transverse dipole-
mode rf cavities. The crab cavity rf deflects the head and
tail of the bunch in opposite direction.

\ L

crab cavity crab cavity

Figure 23: Schematic of the crab-crossing principle; head
and tail of the bunch receive a deflection in opposite direc-
tion, so that the collision effectively becomes head-on.

With a bunch spacing of 0.267 ns, the crab rf frequency
must be a multiple of 3.75 GHz. The R 12 matrix element
from the crab-cavity locationto the IPis of order 10m. The
crab voltage requiredis

cEptan(f./2) ~ cEp 0 4
827TfrfR12 - 847TfrfR12 €7
which amountsto 20 MV at 3.75GHz or 1 MV at 30 GHz.

There exists a tight tolerance on relative phase jitter be-
tween the crab cavities on the left and right side of the IP.

‘/crab =

Such relative phase jitter would steer the beam out of colli-
sion. The phasetoleranceis

Azpaxdm
Arfgc ’

where Az, IS the maximum permissible offset between
the two beams. Taking as maximum allowed offset 20% of
the rms IP beam size (about 12 nm), the phase tolerance is
94 prad at 3.75 GHz or equal to 4 fs independent of fre-
guency.

Timing tolerances for crab cavities at various projects
arecompared in Table 6. The only crab cavities under con-
struction so far are those for KEKB, whichis astorage-ring
B factory and for which the timing tolerance has a fairly
loose value of 6 ps. The tolerances for crab cavities at the
ILC would be 200 times tighter and those for CLIC yet
another factor of 8 more demanding. It is interesting to
note that a phase stabilization system meeting a 0.02-psjit-
ter tolerance is presently under development for the X-ray
FEL at DESY [20].

A ¢crab = (5)

Table 6: Left-right timing tolerancefor crab cavities of var-
ious projects, computed for a beam-beam offset at the col-
lision point of lessthan 0.25 .

KEKB Super-KEKB ILC CLIC
o 100 um 70 um 024 ym  0.06 um
6. £11 mrad +15 mrad +5mrad 410 mrad
At 6 ps 3ps 0.03ps  0.004 ps

Could we employ an induction rf system to achieve the
crab crossing? Figure 24 compares the conventional crab-
bing scheme, where bunches are placed at the zero cross-
ing of aharmonic rf wave, with two aternative induction-rf
crabbing scheme, using either alinear increasein the trans-
verse crab voltage along the full bunch train or a repetitive
sawtooth pattern.

The bunches in CLIC are spaced a 8 cm (0.267 ns).
Therefore, the minimum frequency of a classical harmonic
crab cavity is 3.75 GHz, a situation which is sketched in
thetop picture of Fig. 24. Thelinear slope across the bunch
near the zero crossing of the rf waveis used for crabbing.

With induction rf we could generate along linearly ris-
ing voltage slope, as indicated in the center picture. Un-
fortunately, the value of the required slope is prohibitively
high, namely 4.7 x 197 V/s, corresponding to a voltage
increase of 28 GV over the linac pulse length of 60 ns,
which appears beyond the present state-of-the-art in induc-
tion rf. In addition, with this type of crabbing different
bunch pairs would not collide at the same horizontal posi-
tion, but, along abunchtrain, the collision point would shift
horizontally by Az} ;. ~ 19 cm, whichislarge compared
with the size of the innermost particle-physics detector.

Therefore, another application of induction rf could be
considered, which mimics the shape of the harmonic rf by



a sawtooth pulse. This second solution is shown in the bot-
tom picture of Fig. 24. The voltage swingis +31 MV with
aperiod of 3.75 GHz. Again, the combination of high fre-
guency and tens of Megavolts amplitude looks rather de-
manding for an induction rf system with the technology at
hand. M esting the timing tolerance with induction rf might
also be a challenge. Table 7 summarizes the requirements
on a (induction-rf) sawtooth crabbing system at CLIC.

A cost estimate for a generic induction rf system was
presented at the RPIA 2006 workshop. It amounts to 100
million US$for 10 MV of inductionrf (i.e., inductionrf has
the same price per unit length as normal rf, and the same
price per Volt as the ILC s.c. rf) [21]. Clearly the price
for a CLIC induction-crab system would not be negligible.
However, it was also pointed out that the costs per Volt
of the three FNAL systems have differed by more than an
order of magnitude.

8 cm
(0.267 ns)

option 1: linear crab cavity
/ using transverse induction rf

oQtion 2: sawtooth
iSIW
3.75 GHz

Figure 24: Comparison of conventional harmonic crab
voltage (top), with two alternative schemes based on induc-
tion rf, namely linear voltage slope (center), and sawtooth
(bottom).

NEW IDEASWHICH COULD FURTHER
BOOST CLIC PERFORMANCE
Induction RF in Damping Ring

The nomina CLIC damping ring produces a short Gaus-
sian bunch (o, ~ 1.3 mm) in asingle-harmonic rf system.

Table 7: Parameters for a hypothetical CLIC induction-rf
crabbing system.

peak voltage >30 MV
frequency 3.75GHz
timing jitter < 0.004 ps
cycles/ pulse 220
pulses/ second 150

Iterative analytical calculations [22, 23] predict a large ef-
fect of intrabeam scattering (IBS), which, e.g., increases
the normalized horizontal emittance from 134 nm without
IBSto 550 nm when IBS is taken into account [24].

Induction rf would allows us to flatten the bunch profile,
e.g., by generating barrier buckets and creating a rectangu-
lar bunch. For arectangular bunch of length g, the IBS
rate would decrease, provided the bunch is long enough,
namely [25]

lfas > 2¢/70. ~ 5.3 mm . ()

Unluckily, an additional design constraint for CLIC is that
the longitudinal rms emittance in the damping ring should
not increase. Taking this as well into account, the max-
imum static gain in IBS growth rate due to the restricted
bunch flattening turns out to be only about 10%. A variant
of the above scheme would be the dynamic bunch com-
pression with induction rf just prior to extraction, in which
case al emittances need to be calculated dynamically. The
beam dynamicsin an induction-rf damping ring has not yet
been studied in any detail, however.

conventional rf

induction barrier-rf

Figure 25: Artist’sview of damping-ring bunch profilewith
harmonic rf (top) and barrier-bucket induction rf (bottom).

Table 8 lists parametersfor an induction-rf system at the
CLIC damping ring. The bunch frequency is half the linac
frequency, but with 1.9 GHz still high. Indeed, worldwide
the only storagering operating with ahigher (conventional)
rf frequency, namely 2.856 GHz, is the MIT Bates South
Hall Ring [26].



Table 8: Parameters for a hypothetical damping-ring
induction-rf system.

voltage >30 MV
frequency 19GHz
pulses/ second cw operation

Emergency Kickers Along Main Linac

Presently the CLIC design allocates a length of 2 km
per beam to collimation. The main reason for this substan-
tial length is that the beam sizes need to be blown up, at
least for the off-momentum collimator, so as to guarantee
collimator survival in case of beam impact due to an up-
stream failure [27] (see Fig. 26). Mis-phased or unstable
drive beams are likely failure modesin CLIC [29].
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Figure 26: CLIC damage threshold diagram: minimum
horizontal and vertical rms spot sizes in case of beam im-
pact on various materials (for carbon cal culations with and
without the effect of image currents are shown) [27]. The
nominal beam sizes at various collimator positions in the
present CLIC collimation system and final focus are also
indicated by the plotting symbols[28].

If the only function of the collimation system were re-
moving the beam tails and improving the physics-detector
background, it could be substantially shortened. A pos-
sible way to achieving this was proposed by R. Assmann
[30, 31]. Hisideais to abandon the present passive ma-
chine protection and to instead adopt an active protection
system, where emergency kickers are distributed along the
main linac. Based on information from beam-quality mon-
itorsfor both main and drive beams, the emergency kickers
extract the main-beam bunches onto a dump whenever a
problem is detected with either the preceding bunches of

the main beam or with one of the two neighboring drive
beams. These kickers must always be fired before a full
bunch train can impact on the collimators, for which no
longer enormous beta functions or dispersion are needed.

The overall layout of the active emergency-dump system
isillustrated in Fig. 27 [31]. Emergency dumps are fore-
seen at the start or end of each drive beam sector (21 per
side). The beam quality is monitored in the main linac just
upstream of the emergency kicker, in the adjacent drive-
beam turn-around loops, and at the end of the last drive-
beam decelerator of the preceding drive beam. The beam
quality signals travel in beam direction towards the kicker.
The solution is economical in that the drive-beam dumps
could a'so be used for disposing the main beam in case of
emergency, asisshownin Fig. 27.

To deflect a1.5-TeV beam at the end of thelinac by 1 cm
over 50 m, an integrated kick strength of 1 Tm or 300 MV
is needed. Primary requirements for the CLIC emergency
kicker are summarized in Table 9.

Table 9: Parameters of proposed emergency kicker system
for active machine protectionin the CLIC main linac.

kick strength  >1Tmor >300 MV

pulse length 60 ns

repetition rate up to 150 Hz
Halo Kicker

Another application of interest for collimation would be
a‘hao kicker’, i.e., akicker which deflects the beam halo
to larger amplitudes without using a low-gap scatterer or
primary collimator, in order both to avoid destruction of
the latter and to reduce wake fields, which become smaller
for larger apertures. A solution proposed by F. Caspers
[32] is sketched in Fig. 28. Similar nonlinear pick ups
were indeed developed for stacking with stochastic cool-
ing (signal-wise separation of hot low-intense injected and
cold intense stacked beams on two different orbits for cool -
ing with two independent systems) at the CERN AA in the
1980s [33] and aso proposed for LHC halo cleaning [34].
Thefigurerefersto ahorizontal halo kicker witho,, > .
An equivalent vertical halo kicker would have to be posi-
tioned at alocation with 8, > 3, and o, > o,. Prelimi-
nary halo-kicker parameters are listed in Table 10.

Table 10: Parameters of a hypothetical CLIC halo kicker.

current ~100 A
pulse length 60 ns
repetition rate  up to 150 Hz
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Figure 27: Emergency kickersfor active machine protection and shared beam dumps along the CLIC main linac [31].
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Figure 28: Schematic of a nonlinear horizontal halo kicker
[32].

Pulsed Flux Concentrator for Positron Target

Another element requiring a high pulsed field is the flux
concentrator behind the positrontarget. CL1C requirements
aresummarizedin Table 11, assuming that the positronsare
produced by a Compton-laser scattering source [35].

Table 11: Parameters of pulsed flux concentrator.

field >10T
pulse length 56 us
repetitionrate 150 Hz

An active development programme for pulsed flux con-
centrators is ongoing at BINP as part of the R&D for
VEPP-5 (and the former NLC) [36]. Figures 29 and 30
show the BINP 1-kJpulse 120-Hz modulator, which pro-
vides 31 kA current at 4 kV voltage. Figures 31 and 32
present photos of the flux-concentrator magnet itself. Pow-
ered by the modulator, it achieves a peak field of 12 T at
50-Hz repetition rate. The measured longitudinal and trans-
verse magnetic fields in this magnet as a function of longi-
tudinal position are displayed in Fig. 33.

Figure 29: BINP modulator for the VEPP-5 positron flux
concentrator developed by A.D. Chernikian [36].

Pulsed Wiggler in Main Linac

Wiggler magnets in the main linac could provide addi-
tional damping and reduce the emittance below the values
extracted from the damping ring. Such use of wigglers
was first proposed by Dikansky and Mikhailichenko [37].
A similar scheme was later studied specifically for CLIC
[38]. If the transverse normalized emittance is to be re-
duced from avalue €g t0 € #4541, the optimum beam energy
for the additional linac wiggler is given by [38]

/G 1 1
opt a B € B: ()

where G denotes the accelerating gradient in GeV/m taken
to be 150 MV/m, B isthe peak wiggler field, and

1
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Figure 30: BINP modulator for the VEPP-5 positron flux
concentrator developed by A.D. Chernikian [36].

Figure 31: BINP flux-concentrator magnet [36].

For a 10-T peak field, the optimum energy is 34 GeV.
This energy is optimum in the sense that the total addi-
tional length required is minimized. At the optimum en-
ergy, the lengths of the wigglers equal the lengths of the
re-accel erating rf sections. The minimum value of the total
additional length (the sum of wigglers and re-acceleration)
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Figure 33: Measured longitudinal and transverse field pro-
file as afunction of longitudinal position for the BINP flux
concentrator [36]. The positron production target (e.g., lig-
uid metal jet) islocated z = 0 mm.
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The length is inversely proportional to the peak magnetic
field. At awiggler peak field of 10 T, a length of 5.2 km
would be needed in order to damp the beam transversely
by a factor 300 [38]. Figure 34 displays the total addi-
tional length as afunction of beam energy for two different
wiggler peak fields. If the transverse emittances should be
decreased by a factor of two only, oneis still faced with a
length of about 600 m for a 10-T field. An further compli-
cation is that, for a 10-T field, the emittance growth from
guantum excitation becomes significant if the wiggler pe-
riod exceeds 1.5 cm [38].

A pulsed wiggler might reach a higher field than a static
one. Minimal requirements for a pulsed linac wiggler are
compiled in Table 12.
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Figure 34: Length of linac damping section as a function
of beam energy at wiggler peak fields of 10 and 20 T, for
an emittance reduction by a factor of 330 [38].

Table 12: Parameters of pulsed linac wiggler.

field >10T
period <1l.5cm
total wiggler length  >100m
pulse length 60 ns
repetition rate 150 Hz

Long-Range Beam-Beam Compensation

Due to the crossing angle and the short bunch spacing,
different CLIC bunches experiences different numbers of
long-range collisions before they reach the main collision
point. Thesiutationis sketchedin Fig. 35. Transient deflec-
tions at the start of a bunch train could be harmful both for
the colliding bunches and for the collision products (debris
and coherent pairs). For example, without any countermea-
sure the collision point would shift by 1 — 2 ¢ during the
train passage, due to the increasing number of long-range
collisions affecting the incoming bunches.

In order to minimize such transient effects, a pulsed
compensator, also called ‘wire lens’ or ‘BBLR’, could be
used, similar to the one proposed for the LHC [39]. Param-
etersarelisted in Table 13.

Table 13: Parameters of long-range beam-beam compen-
sator.

max. current 27 A

risetime 29ns
flat top 30ns
repetition rate 150 Hz

Spent Beam Extraction

The extraction of the spent beam is challenging for a
multi-TeV collider, since the energy spread after collision
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fringe
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- different

bunches experience
different numbers of
long -range collisions
between 0 and 107

Figure 35: Schematic of the CLIC interaction region with
crossing angle, detector solenoid field, multiple bunches,
beamstrahlung photons, coherent pairs, and hypothetical
long-range beam-beam compensator.

is about 100% (or even 200% counting the coherent pair
particles of opposite sign). Figure 36 compares the spent
beam energy spectrum at 3 TeV with the one at 500 GeV.
Figure 37 shows the energy distribution of the coherent
pairs from 3-TeV coallisions.
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Figure 36: Energy distribution of the spent beam for centre-
of-masenergies of 500 GeV and 3 TeV, simulated using the
code Guinea-Pig [18, 40].
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Figure 37: Energy distribution of coherent pairs for a
centre-of-mas energy of 3 TeV, simulated using the code
Guina-Pig [18].

A first exit-line layout for CLIC was proposed in



Ref. [40]. This line contains no quadrupoles in view
of the enormous energy spread of the beam to be trans-
ported. It isreproduced in Fig. 38. A challenging question
for RPIA2006 and beyond is whether we can use pulsed
switching devices to either confine the low-energy parti-
cles or to reduce the energy spread of the spent beam. The
latter could be achieved with an induction rf system, whose
accelerating field depends on the horizontal position. Un-
fortunately, for such a compensation to be meaningful ex-
tremely largeinduction voltages or fieldswoul d be required
in case of a high-energy 3-TeV collider. The requirements
on the pulsed extraction element are summarized in Table
14.

dump

dipoles
induction rf

collimators

Figure 38: Schematiclayout of adraft CLIC exit linewhich
separates charged and neutral debris components using a
chicane prior to disposal on a beam dump [40].

Table 14: Parameters of induction devicein extraction line.

integrated field >100Tm, > 30 GV

pulse length 60 ns

pulses per second 150
SUMMARY

CLIC is a future electron-positron linear collider with
high accelerating gradient using a drive beam as rf source.

New pulsed-power technologies may offer solutions for
its combiner-ring extraction kickers and solid-state induc-
tion drive-beam modulators. The same technologies could
furnish economical implementations of the fast | P feedback
and, less likely, the crab cavities. Finally, advanced tech-
nol ogies might further boost the CL1C performance by pro-
viding emergency kickers and beam dumps, halo kickers,
pulsers for positron flux concentrator or beam-beam com-
pensation, damping-ring rf, tools for spent-beam handling,
or pulsed linac wigglers.
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