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Abstract

 

A possible design of a multi-TeV e

 

+

 

e

 

–

 

 linear collider is presented. The design is based on
the CLIC (Compact LInear Collider) two-beam technology proposed and developed at
CERN. Though the study has shown that this technology is applicable to a linear collider
with centre-of-mass energies from 500 GeV or less up to 5 TeV, the present report
focuses on the nominal energy of 3 TeV. First, a short overview is given of the physics
that could possibly be done with such a collider. Then, the description of the main-beam
complex covers the injection system, the 30 GHz main linac, and the beam delivery
system. The presentation of the RF power source includes the beam-generation scheme,
the drive-beam decelerator, which consists of several 625 m long units running parallel
to the main linac, and the power-extraction system. Finally, brief outlines are given of all
the CLIC test facilities. They cover in particular the new CLIC test facility CTF3 which
will demonstrate the feasibility of the power production technique, albeit on a reduced
scale, and a first full-scale single-drive-beam unit, CLIC1, to establish the overall
feasibility of the scheme.



 

External Collaborations

 

The CLIC study team would like to acknowledge the very many important contributions
made to the CLIC study over the years by collaborators from external laboratories. Many
of them spent time at CERN as visitors working day-by-day with the CLIC study
members, others worked with the team remotely from their home institutes.

Institutes that have in the past, or that are presently collaborating with the CLIC study
team, are as follows: Berlin Technical University (Germany), CESTA (France),
Daresbury (U.K.), DESY (Germany), INFN/LNF (Italy), Jefferson National Laboratory
(USA), JINR and IAP (Russia), KEK (Japan), LAL (France), LLBL/LBL (USA), MIT
(USA), RAL (U.K.), Royal Institute Technology, Stockholm (Sweden), SLAC (USA).



 

v

 

Contents

 

1  General Introduction 1

 

1.1  Prospects for physics 1
1.2  Overview of the linear collider 3

References 6

 

2  Main-Beam Generation, Acceleration and Delivery 7

 

2.1  Introduction 7
2.2  Injection system 9

 

2.2.1  Basic parameters 

 

9

 

2.2.2  Overall injection complex 

 

10

 

2.2.3  Positron production 

 

11

 

2.2.4  Damping rings 

 

12

 

2.2.5  Bunch compressors and transfer lines 

 

15
2.3  Main linac 16

 

2.3.1  The main linac lattice 

 

16

 

2.3.2  Static trajectory correction 

 

18

 

2.3.3  Time-dependent effects 

 

21

 

2.3.4  Emittance balance 

 

22

 

2.3.5  The main linac accelerating structure 

 

23
2.4  Main-beam delivery 25

 

2.4.1  Function and length of the beam delivery 

 

25

 

2.4.2  Baseline design 

 

26

 

2.4.3  Machine–detector interface - beam–beam interaction 

 

30
2.5  Micro-alignment system 31

References 32

 

3  Drive Beam and RF Power Source 35

 

3.1  Introduction 35
3.2  Drive-beam injector 38

 

3.2.1  Overview of the system 

 

38

 

3.2.2  Beam characteristics required at injector exit 

 

39

 

3.2.3  Beam dynamics simulations 

 

40

 

3.2.4  A photo-injector option 

 

42
3.3  Drive-beam accelerating linac 42

 

3.3.1  The accelerator beam dynamics 

 

42

 

3.3.2  Description of the accelerator cavities 

 

44

 

3.3.3  Drive-beam power systems 

 

45
3.4  Frequency multiplication and pulse compression 48

 

3.4.1  Design of the delay line and combiner rings 

 

48

 

3.4.2  Transfer lines, compressors, path-length chicanes and loops 

 

51
3.5  Drive-beam decelerator 53

 

3.5.1  Lattice and beam stability 

 

53

 

3.5.2  The Power Extraction and Transfer Structure 

 

55
3.6  Power transfer efficiency 58

References 59

 

4  Auxiliary Systems 61

 

4.1  Machine protection system 61
4.2  Beam dumps 63

References 63



 

vi

 

5  CLIC Test Facilities and the Route to CLIC 65

 

5.1  The various stages and a possible schedule 65
5.2  CLIC Test Facilities 65

 

5.2.1  CTF1 overview and results 

 

65

 

5.2.2  CTF2 overview and results 

 

66

 

5.2.3  CTF3 description 

 

67
5.3  CLIC1 – A single-drive-beam unit 71

References 72

 

Appendix
Parameter summary and general layout of the CLIC complex 73



 

1

 

1 General Introduction

 

1.1 Prospects for physics

 

1

 

As at other accelerator laboratories, the top priorities at CERN in the 21st century will be experiments probing
beyond the Standard Model [1.1]. Indeed, this is surely the only responsible motivation for major new accelerators.

Problems beyond the Standard Model may conveniently be gathered into three major classes: those of 

 

Mass,
Unification 

 

and 

 

Flavour

 

. What is the origin of the particle masses, are they due to a Higgs boson, and, if so, why are
they so small, perhaps because of supersymmetry? Is there a simple group framework containing the strong, weak
and electromagnetic gauge interactions, and does it predict new observable phenomena such as proton decay and
neutrino masses? Why are there so many types of quarks and leptons, and how can one understand their weak mixing
and CP violation, perhaps because they are composite or have extra symmetries?

There are good reasons to expect a wealth of new physics in the TeV range, in particular that connected with
the origin of particle masses. This new physics might include an elementary Higgs boson, but most physicists would
expect the new physics to be more complex, perhaps including new spectroscopy of supersymmetric particles or other
excitations.

The first exploration of the TeV energy range will be made with the Large Hadron Collider (LHC), and what it
will find cannot be foreseen. However, it is impossible to expect that experiments at the LHC will actually answer all
the questions concerning this new physics. For example, research physicists are likely to want more information
about any kind of Higgs boson than what the LHC can tell us. Moreover, if Nature chooses supersymmetry, it can be
expected that the LHC will reveal a number of supersymmetric particles but not all of them. And if Nature chooses to
replace an elementary Higgs boson by new strong interactions, the hints that the LHC would provide should be
followed up by other experiments.

Many of the open questions may best be addressed by a lepton–antilepton collider. All the centre-of-mass
energy may be made available for the elementary-particle collisions, the experimental environment is relatively clean
and all quanta with electroweak interactions are produced democratically with similar cross-sections. An example of
the complementarity between hadron collisions and lepton collisions has been provided by the SPS proton–antiproton
collider, in which the W

 

±

 

 and Z

 

0

 

 bosons were discovered, and LEP, which made possible precision measurements of
their properties and tests of the standard electroweak theory. 

Various laboratories are proposing electron–positron colliders with centre-of-mass energies between 0.5 TeV
and 1 TeV. These would be able to explore in detail the properties of any relatively light Higgs boson and have a
chance of producing lighter supersymmetric particles, but would probably not be able to explore all the
supersymmetric spectrum, nor study in detail any new strong interactions. Complete coverage of these issues, and
hence full complementarity with the LHC, probably requires a lepton–antilepton centre-of-mass energy of 2 TeV or
more.

The technology required to collide electrons and positrons at energies ranging from 0.2 TeV (for some overlap
with LEP) up to a maximum of approximately 5 TeV (in stages) has been developed within the CLIC study, at CERN
and elsewhere, and a road map has been drawn up for completing within several years the R&D necessary to establish
the possibility of an e

 

+

 

e

 

–

 

 collider with 

 

E

 

CM

 

 of the order of 3 TeV. The alternative of colliding muons and antimuons is
also being explored. In particular, CERN is conducting studies of the intense proton source that would be needed for
such a muon collider, as well as aspects of the production and capture of muons, aimed at establishing the feasibility
of a neutrino factory based on muon storage rings. Bringing muons into collision would, however, require additional
R&D on cooling and other issues, so construction of any muon collider is likely to be on a longer time-scale than the
Compact LInear Collider (CLIC). 

A preliminary list of key CLIC physics processes to be studied is given in Table 1.1. This Table shows the
clear complementarity between the physics prospects for the LHC and CLIC. In particular, CLIC has unique
prospects for new electroweakly-interacting particles. Some preliminary studies of CLIC physics have already been
made. The design of CLIC has now reached the stage where more detailed studies are required, in particular of the
interface between the beam delivery system and the experimental area. It is also important to be satisfied that the
CLIC beam-energy spread, initial-state radiation and beamstrahlung permit experimental investigation of the full
richness of the available physics. Table 1.2 shows a list of benchmark physics processes that are now being studied in
greater detail by the CLIC Physics Study Group [1.2]. In each case, the most important challenges offered by the
CLIC environment are noted.

 

1.

 

Section written by J. Ellis, CERN.



 

2

 

Table 1.1: 

 

A comparison of some of the capabilities of the LHC and CLIC at the high-energy frontier.
Note the instances where photon beams (

 

γ

 

) and polarization (P) might be advantages for CLIC.

 

Table 1.2: 

 

Examples of benchmark physics processes for CLIC

For each of these processes, the first question is whether a process is observable. The second question is how
accurately it can be measured, e.g., at threshold.

One of the main issues is the spread in centre-of-mass collision energies at CLIC. This involves two
components: the intrinsic beam energy spread and the spread induced by Initial-State Radiation (ISR) and
beamstrahlung. The former is essentially Gaussian, whereas the latter has a long ‘tail’ down to large energy losses.
Another issue is how well the beam energy can be calibrated. Among the physics topics where these effects are
important are the following.

 

– An s-channel resonance, such as a Z

 

′

 

If this Z

 

′

 

 decays only into Standard Model particles, one expects that

  ,

with a modest increase due to the accessibility of  decays. In this case, one might expect that the
beamstrahlung spread would not be so important, but that the knowledge of the beam energy spread and its
calibration error would be.

 

Physics topics LHC CLIC

 

Supersymmetry
  Heavy Higgses H, A
  Sfermions
  Charginos
  SUSY breaking

No?

No?
Some

Yes: 

 

γ

 

Yes: P
More

Strong Higgs sector
  Continuum
  Resonances

< 1.5 TeV
Scalar, vector 

< 2 TeV
Vector, scalar

Extra dimensions
  Missing energy
  Resonances

large 

 

E

 

T

 

q*, g*
Yes

 

γ

 

*, Z*, e*

 

Physics channel CLIC challenges

 

Heavy Higgs H

 

0

 

Strong symmetry breaking
Anomalous W couplings
e  W

Luminosity

 

γγ

 

 bkg, hermiticity

 

γγ

 

 bkg

 

γγ

 

 bkg

Heavy (H

 

0

 

, A

 

0

 

, H

 

±

 

) Higgses
SUSY , 

(d

 

L

 

/d ), pairs, 

 

R

 

beam-pipe

 

γγ

 

 bkg, hermeticity, 

 

R

 

beam-pipe

 

γγ

 

 bkg, hermeticity
(d

 

L

 

/d ), hermeticity

Contact interactions
Z

 

′

 

 (M 

 

≤

 

 3 TeV)
Z

 

′

 

 (M 

 

>

 

 5 TeV)

, 

 

L

 

(d

 

L

 

/d ), 

 

L

 

Pairs, 

 

R

 

beam-pipe

 

Extra dimensions

 

γγ

 

 bkg, hermeticity

q̃   ̃l

ν

g̃ q̃
˜ ˜χ χ+ −

  ̃ ˜l l+ −

s

s

s
s

Γ Γ′

′

Z

Z

Z

Zm m
~

′ →Z tt
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– An S-wave threshold for pair production of some new particle species

 

Here the situation may depend upon whether the event has missing energy or not. In the latter case, one might
again guess that the beamstrahlung spread would not be so important, but that calibration of the beam energy and its
intrinsic spread would be. In the missing energy case, the beamstrahlung energy loss might also be important.

 

– A P-wave threshold for pair production of some new particle species

 

Examples without missing energy include charged-Higgs pair production, associated production of scalar and
pseudoscalar Higgses h or H + A in the MSSM, and an example with missing energy could be pair production of
smuons . In these cases, the beamstrahlung energy loss might be relatively more important.

 

– Associated production of Z + H

 

A new issue here is the finite decay width of the Z and/or H. The beam energy spread could be important here,
beamstrahlung less so.

 

– W

 

+

 

W

 

–

 

 fusion processes, in particular heavy Higgs production

 

Here one would need to understand the roles of missing 

 

p

 

T

 

 and 

 

p

 

L

 

. In this connection, one could expect that
beamstrahlung would be important.

An important set of issues concerns the hermiticity of the possible detector, particularly in the forward and
backward regions. The dead angle 

 

θ

 

 around the beam pipe is critical for several physics processes, for example for
measurements of processes with missing energy, such as  pair production. The resolution in pT is

where θ is a dead angle around the beam axis. It will be necessary to understand the physics loss as a function of this
dead angle.

These detailed studies are currently under way, but, on the basis of preliminary physics studies already made,
one may anticipate that CLIC will be able to complete the exploration of TeV-scale physics that the LHC initiates.

1.2 Overview of the linear collider

A high-energy (0.5–5 TeV centre-of-mass), high-luminosity (1034–1035 cm–2s–1) e+e– Compact LInear
Collider (CLIC) is being studied at CERN [1.3], [1.4] as a possible new high-energy physics facility for the post-LHC
era [1.5]. The general parameters and an overall layout are given in the Appendix. The maximum energy of 5 TeV is
well above those presently being proposed by other linear collider studies. The physics experiments require a
luminosity of at least 1034 cm–2 s–1 at 1 TeV c.m. and this luminosity should increase at higher energies [1.4].
Although the design study has been optimized for 3 TeV centre of mass, the collider could start operation at a lower
energy and then be upgraded in stages. The design is such that these upgrades can be made without major
modifications. CLIC is based on the Two-Beam Acceleration (TBA) method in which the RF power for sections of
the main linac is extracted from a secondary, low-energy, high-intensity electron beam running parallel to the main
linac. The power is extracted from the beam by special Power Extraction and Transfer Structures (PETS). For a 3 TeV
collider, there are 22 such drive-beams, each of which provides enough power to accelerate the main beam by
~70 GeV. All the drive-beams are generated in a centrally located facility. The only difference between the drive-
beam generation schemes for high and low colliding beam energies is the length of the modulator pulse (the installed
hardware is exactly the same). This means that the entire drive-beam generation system has to be installed in the first
stage. The overall layout of CLIC is sketched in Fig. 1.1. Two interaction points (IPs) are foreseen, one for e+–e– and
one for γ−γ. For a c.m. energy of 3 TeV and an accelerating gradient of 150 MV/m, and allowing ~10 km for the
Beam Delivery (BD) area, CLIC would cover a total length of approximately 38 km. The generation, acceleration and
delivery of the main beams (see the upper half of Fig. 1.1) and the micro-alignment system are described in Section 2.
The drive-beam complex, and the production of 30 GHz RF power (see the lower half of Fig. 1.1) is presented in
Section 3. Sections 4 and 5 are devoted, respectively, to machine protection questions, and to the CLIC test facilities
which are intended to demonstrate the feasibility of  the TBA scheme.

µ̃

µ̃

∆p ET CM~ θ
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Fig. 1.1: Overall layout of CLIC for a centre-of-mass energy of 3 TeV.

A big advantage of the TBA scheme is that, since there are no active components such as modulators or
klystrons,  both linacs can be housed in a single small-diameter tunnel. This results in a very simple, cost-effective
and easily extendable arrangement (Fig. 1.2). The tunnel cross-section shows the two linacs installed on a common
concrete base. The various transfer lines fixed to the roof carry the main- and drive-beams from the generation
complexes to their respective injection points (Fig. 1.1).

Fig. 1.2: CLIC tunnel cross-section.

Among the different tehcnological ways of building a linear collider, the CLIC study explores the technical
feasibility of two-beam acceleration using high-frequency, room-temperature, travelling-wave structures. A high RF
frequency has been chosen in order to be able to operate at a high accelerating gradient which reduces the length, and
in consequence, the cost of the linacs. The choice of 30 GHz is considered to be close to the limit beyond which
standard technology for the fabrication of accelerating structures can no longer be used. The main drawback of

FROM MAIN BEAM
GENERATION COMPLEX
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FINAL
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FINAL
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LASER
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20 cm

Main Beams 
154 bunches of 4 109 e+e−

9 GeV/c
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RF power at 30 GHz
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624 m
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e−

e−

FROM DRIVE BEAMS
GENERATION COMPLEX

Drive Beams
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made of ~1952 bunches
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between bunches 

4.16 µs or 1.248 km
between beams
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92 µs

LASER
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operating at a high RF frequency is that the accelerator iris aperture is very small (~4 mm), leading to the generation
of strong wakefields and the related dilution of the transverse emittance. The effects of these strong wakefields can be
minimized by a judicious choice of beam and linac parameters. These parameters have been optimized using general
scaling laws derived from linear collider studies covering more than a factor 10 in frequency [1.6]. The optimization
uses a figure of merit M, defined at a given energy as the luminosity normalized by the beamstrahlung parameter δB
and the wall-plug power consumption PAC.  In the low-beamstrahlung regime (Υ<<1, Y being the critical photon
energy normalized to the beam energy), the factor M depends only on the mains-to-beam power transfer
efficiency  and the vertical normalized emittance  at the IP. In the high-beamstrahlung regime (Υ>>1), the
factor M depends, in addition, on the (r.m.s.) bunch length σz. To obtain stable beam operation with an infinite
number of bunches, and to minimize the energy spread at the end of the linac, the charge per bunch and the bunch
length must be scaled with RF frequency ω/2π, mean-loaded gradient Ga and initial normalized emittance εny0
(before blow-up) like [1.6]

   and   .

For CLIC at 30 GHz this gives Nb = 4 × 109 and σz = 30 µm. After fixing these two quantities, the RF-to-beam
transfer efficiency  is optimized (assuming a large number of bunches) by adjusting the field attenuation constant
τ via the accelerating structure length Lst, according to the following law and its corollary

    ⇒      ,

which makes  nearly independent of the accelerating gradient and of the RF frequency. This optimum
corresponds to τopt = 0.675 and Lst = 0.5 m. In spite of the reduced charge per bunch and of the high gradient, the
efficiency remains high because the time between bunches is small and the shunt impedance of the structure is high.
In addition, the effects of the wakefields and the consequent beam emittance blow-up are effectively made
independent of the frequency with the chosen values of Nb, σz and τ. At higher frequencies this requires stronger
focusing, tighter alignment tolerances of the cavities and position-monitors, and a sufficiently large momentum
spread for BNS damping1 [1.7]. 

At 3 TeV, in the high-beamstrahlung regime (Υ>>1) which, if the other parameters are  kept constant, gives a
larger luminosity, then both the factor of merit and the total luminosity increase with ω but are independent of Ga,
according to Ref. [1.6]

   and   

where Uf is the final energy of the main beam, L the luminosity and  the vertical betatron amplitude at the IP.
Hence, limiting the power consumption at 3 TeV requires operating CLIC with Υ>>1 and with an extremely

low vertical (normalized) beam-emittance which implies a very small growth of this emittance during acceleration.
The other important beam parameters are deduced from constraints in the interaction region. The horizontal beam
size at the IP is adjusted to get a good trade-off between the total luminosity and the fractional luminosity near the
nominal c.m. energy.  The vertical beam size is limited by the synchrotron radiation and the chromaticity generated in
the IP quadrupole doublets. These conditions on the spot size and beam optics considerations determine the betatron-
function amplitudes at the crossing point and in consequence the precise values of the emittances. With such modest
bunch charges, the only way to obtain the specified high luminosity is to operate in a multibunch mode and at a
repetition rate of the order of 100 Hz. The resulting main-beam and linac parameters corresponding to CLIC at 3 TeV
c.m. are listed in Table 1.3.

1. Termed after the names of the authors of the method. 
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Table 1.3: Main-beam and main-linac parameters for CLIC at 3 TeV c.m.
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Main-beam parameters at IP

Luminosity (with pinch)
Luminosity (in 1% of energy)
Beamstrahlung mom. spread
Beamstrahlung parameter
Number of photons/electron
Number of particles/bunch
Number of bunches/pulse
Bunch spacing

Transverse emittances
Beta functions
r.m.s. beam size (no pinch)
Bunch length
Enhancement factor
Beam power per beam

L
L1%
δB
Υ
Nγ
Nb
kb
∆b
∆tb
γεx/y
βx/y
σx/y
σz
HD
Pb

10.0 × 1034 cm–2 s–1

3.0 × 1034 cm–2 s–1

31%
8.1
2.3

4.0 × 109e±

154
20 cm

0.666 ns
680/20 nm⋅rad

8/0.15 mm
43/1 nm
30 µm
2.24

14.8 MW

Main-linac parameters

Centre-of-mass energy
Linac repetition rate
RF frequency of linac 
Acceleration field (loaded)
Energy overhead
Active length per linac
Total two-linac length
RF power at structure input
RF pulse duration
Number of drive-beams/linac
Number of structures per linac
AC-to-RF efficiency
RF-to-beam efficiency
AC-to-beam efficiency
AC power for RF production 

ECM
frep
ω/2π
Ga

LA
Ltot
Pst
∆tp
ND

PAC

3 TeV
100 Hz
30 GHz

150 MV/m
8%

10.74 km
27.5 km
229 MW
102 ns

22
21 470
40.3%
24.4%
9.8%

300 MW

ηRF
AC

ηb
RF

ηb
AC
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2 Main-Beam Generation, Acceleration and Delivery

2.1 Introduction

As explained in the general introduction, a single tunnel will house both linacs which sit on the same
supporting block (Fig. 1.2). The work carried out on the micron-displacement system for the main linac is based on
the principle that support girders are installed on micro-movers which in turn lie on the concrete block. The ends of
two adjacent girders are on a common platform which assures continuity of position between units that form a string.
Four accelerating structures, fixed to the girder via V-supports, are mounted on each girder. At the front of each girder
there is a beam-position monitor for beam-based correction of the trajectory. This arrangement defines the 2.23 m
long basic module of the main linac. Since the drive-beam runs parallel to the main linac and must regularly power
two accelerating structures from one decelerating structure, the main-linac module defines the length of one drive-
linac module. The latter includes two decelerating structures and two quadrupoles forming a FODO cell. Figure 2.1
gives a sketch of the module layout for both linacs.

Fig. 2.1: One basic main-beam module and one drive-beam module.

The main linac contains more than 6300 of these modules, most of them supporting the four structures
indicated on Fig. 2.1. However, since the beam has to be focused, some structures are removed at regular intervals to
liberate space for the quadrupoles of a FODO lattice. As in most linear collider designs, the focusing is scaled with
the energy such as to keep the stability margin by BNS damping approximately constant and this is done by linac
sectors, with, however, a regular lattice in each sector. Hence, in many main-beam modules of the type sketched in
Fig. 2.1, between one and a maximum of four structures are replaced by a quadrupole of corresponding length and
these particular modules are separated by a variable number of basic modules, depending on the sector considered.
All these quadrupoles are supported independently of the string of girders and their positions are optimized by using
the signals from the beam-position monitors. 

High luminosity implies small normalized emittances, in particular in the vertical plane. Therefore, a specific
design of the damping rings is necessary, based on the ‘Theoretical Minimum Emittance’ lattice and straight sections
equipped with wiggler magnets. The beam energy in these rings (1.98 GeV) results from considerations about the use
of polarized beams, damping times, and intrabeam scattering. The energy is then increased in a booster linac
operating at 3 GHz, a frequency at which the effects of the wakefields on the emittance are reduced with respect to
those expected in 30 GHz structures. Taking into account the beam stabilization in the main linac by BNS damping
and trajectory correction, an injection energy of 9 GeV has been selected as a reasonable balance of the contributions
to emittance growth of the booster linac and main linac in the low-energy region. However, the emittance control in
the booster linac has not yet been studied and the related results could lead to a modification of the booster-linac
operating frequency and of the energy of injection into the main linac. The main effort was put on the most critical
question of the preservation of the normalized emittances in the main linac and detailed simulations were done to
study it. Numerical and graphical data are often given only for the vertical emittance which is much smaller than the
horizontal one. Present results indicate that the emittances can be well controlled by using correction and adjustment
techniques which are feasible. For other areas of the beam transport and acceleration, such as the booster linac, the
transfer lines and the beam delivery system (BDS), there are educated guesses of the emittance growths, based on
other studies or preliminary investigations. However, additional potential sources of blow-up, which are likely less
critical and have not yet been analysed, are not included. The current estimates of the emittance growths at different
locations in the linear collider are summarized in Table 2.1.

Acc. Struct.

229 MW 229 MW

223 cm

Main Linac Accelerator

QUAD QUAD

Drive-Beam Decelerator

Acc. Struct. Acc. Struct. Acc. Struct.

Decel. Structure

BPM

Decel. Structure

229 MW 229 MW
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Table 2.1: Transverse normalized-emittance estimated growths at different stages of acceleration,
transfer and delivery

Table 2.2: Longitudinal phase-space parameters at different stages of compression and acceleration

Places where the 
emittance growth 
occurs

Horizontal
∆γεx [nm⋅rad]

Comments on ∆γεx
Vertical

∆γεy [nm⋅rad]
Comments on ∆γεy

Blow-up in beam 
delivery system

35 Total blow-up in BDS 
assumed to be about 5%

2 Total blow-up in BDS 
assumed to be about 10%

Blow-up in the main 
linac

25

6

After several static 
corrections

∆γεx per day, due to 
time-dependent effects

(Both associated with 
wakefields and 
misalignments)

1

1

1

After several static 
corrections

Blow-up due to jitter of 
injection and 
quadrupoles

∆γεy per day, due to 
ground motion effects 
(wakefields, noise and 
misalignments)

Blow-up in the 
transfer lines, 
booster linac and 
bunch compressor

60

40

Synchrotron radiation in 
turn-round & compressor

Booster linac from 2 to 
9 GeV and transfer lines

1

1

Wakefields in booster 
linac

Scattering and ion 
trapping in transfer lines

Location
Energy spread

∆E/E [%]
Uncorrel. Correl.

Comments
Bunch length

σz [mm]
Comments

At the IP Negligible 1 Total width of the energy 
distribution given by the FF 
acceptance

30 r.m.s. bunch 
length at the 
collision

At the exit of the 
main linac

Negligible 0.35 r.m.s. energy-spread (change of 
φRF before exit).
Total < ± 0.5%

30

In the main part 
of the linac

Decreasing 0.55 
with E

r.m.s. correlated energy spread 
for BNS damping. 
(Uncorrelated energy spread is 
negligible after accel.)

30

At the linac 
entrance

Negligible

1.8

Correlated energy spread at 
injection
Max. uncorrelated energy 
spread at injection, after total 
bunch compression

30 Bunch length 
after the second 
compression

Bunch 
compressor

0.22 Negligible

0.98 Negligible

E-spread at 2nd compressor 
entrance (9 GeV)
E-spread at 1st compressor exit 
(2 GeV)

250

250

Bunch length 
after the first 
compression

At the exit of the 
damping ring

0.07  Negligible E-spread required in D.R. to 
keep ∆E/E < 1.8% in the main 
linac

3000 Bunch length 
expected at the 
D.R. extraction
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Considering the absolute normalized emittances, the calculated values corresponding to the target luminosity
of Table 1.3 are 680 nm⋅rad and 20 nm⋅rad in the horizontal and vertical case, respectively. The ratio of 34 is adjusted
in order to balance the total luminosity versus the luminosity in 1% of energy and to control the background. The
vertical value of 20 corresponds to a beam size of 1 nm at the IP. In the actual design of the final focus, however,
achieving this beam size in the presence of the beam energy-spread and chromatic correction might require an even
smaller vertical emittance. At the injection of the main linac, a γεy as small as 5 nm⋅rad has been assumed as a starting
point for the study, i.e. of the same order as the expected blow-up in the linac for a three-day period (see Table 2.1),
while γεx is between 550 and 600 nm⋅rad. This means that the total effective emittance and the vertical one should be
in this case as small as 450 and 3 nm⋅rad at the exit of the damping rings. It is not known today if these extremely low
values can actually be delivered, since the design of the damping rings is not advanced enough. However, comparing
the target emittances at the IP, their assumed values at the damping ring exit, and the expected blow-ups, there is a
margin of the order of 50 nm⋅rad horizontally and 8 nm⋅rad vertically. These margins account for the possibly larger
emittances at the damping ring extraction (coupling, intrabeam scattering, non-linearities, etc.), the needs for a
smaller vertical emittance in the IP (see the argument above), and the neglected sources of perturbations. 

In the longitudinal phase-space, the evolution of the parameters is summarized in Table 2.2. These figures take
into account the bunch compression-rate required, the maximum uncorrelated energy-spread acceptable at the main
linac injection, and the correlated energy-spread necessary for emittance preservation in the linac. They assume in
addition isochronous achromatic bends in the transfer lines, whose residual effects on the bunch-length are currently
neglected.

2.2 Injection system

2.2.1 Basic parameters

The bunch spacing in the main-beam train imposes an RF acceleration frequency of 1.5 GHz. The RF guns
and all the linacs are L-band except the Booster Linac which is S-band. The particle production is 61.6 × 1012 e±/s,
with the present parameters. A total incoherent energy spread of ∆E/E = ± 1%, for the L-band pre-injector,
corresponds to a maximum r.m.s. bunch length of σz = 3 mm. The same bunch length is assumed from the RF gun up
to the first bunch compressor located downstream from the damping ring. Two stages of bunch compressors are
foreseen (Section 2.2.5). The first, at the damping ring exit, works at 3 GHz while the second, at the entrance of the
main linac, works at 30 GHz. 

The normalized transverse beam emittances at the IP are imposed by the luminosity, and their expected
growths are given in Table 2.3. The damping rings have to be designed to cope with the emittances consequently
requested at the ring extraction, given the maximum emittances provided by the lepton sources. The maximum
single-bunch charge is 5% higher than the charge at the IP in order to allow for beam losses in the injector complex
and collimation at the entrance of the main linac. Table 2.3 summarizes the CLIC injector basic parameters.

Table 2.3: Injector basic parameters at different stages

General parameters

At main linac injection
Energy
No. of particles per bunch
Bunch length
Energy spread
Transverse emittance (εx)
Transverse emittance (εy)

9 GeV
0.42 × 1010 e±

30 mm
1.8%
600 nm⋅rad
5 ≤ εy ≤ 13 nm⋅rad

At damping ring exit
Energy
No. of particles per bunch
Bunch length
Energy spread
Transverse emittance (εx)
Transverse emittance (εy)

1.98 GeV
0.42 × 1010 e±

3000 mm
0.082%
450 nm⋅rad
3 ≤ εy ≤ 11 nm⋅rad



10

2.2.2 Overall injection complex

The general layout of the main-beam injection complex is given in Fig. 2.2. This complex is composed of two
systems.

i) The electron production system:
The laser system and the photocathode RF electron gun generate a 10 MeV, low-charge beam. The pre-injector

linac provides an energy gain of 190 MeV and an e– beam energy at the exit of 200 MeV. The injector linac
accelerates the beam by 1.78 GeV, giving a final energy of 1.98 GeV. This linac accelerates alternately the train of
electrons and the train of positrons. A DC dipole magnet separates the e– beam from the e+ beam. It also allows the
beam to be sent towards a dump where some beam instrumentation will be implemented. Then, there are,
successively, the damping ring for e–, the first stage of the bunch compressor working at 3 GHz and 1.98 GeV, the
booster linac accelerating alternately e– and e+ beams up to 9 GeV, the transfer line, and finally the second stage of
the bunch compressor working at 30 GHz and 9 GeV at the entrance of the e– Main Linac.

ii) The positron production system:
The laser system and the photocathode RF electron gun generate a 10 MeV, high-charge beam. The e– Primary

Beam Linac sends a 2 GeV beam onto the e+ target. Following the conventional positron source, which receives the
high-intensity primary e– beam, the e+ Pre-injector Linac accelerates e+ (and secondary e–) up to 200 MeV. The
injector linac (common to e– and e+) provides a 1.78 GeV energy gain. Then, follow the pre-damping ring and the
damping ring for e+. The rest of the system consists of the same kind of compressors and transfer lines as in the
electron system and includes the common booster linac.

Fig. 2.2: Sketch of the injection complex.
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2.2.2.1  Electron source for the main linac

The RF gun should produce 1 nC/bunch. The charge of 6.25 × 109 e–/bunch takes into account the transfer
efficiency between the RF gun, at 10 MeV, and the damping ring exit, at 1.98 GeV. A total charge of 154 nC is not an
issue for an RF gun based on a Cs2Te photocathode if one uses non-polarized electrons, but it should be studied for
polarized electrons. The emittances scale approximately linearly with the charge for a given RF wavelength. At
1.5 GHz, the RF gun should work with an electric field of 50 MV/m. The expected normalized emittance [2.1] is
between 4 and 7 × 10–6 rad⋅m (cylindrical symmetry).

The use of a second RF photo-injector, for the e– beam, is envisaged. It will allow beam profile studies and
could be used as a spare RF gun or as a polarized e– source. The severe requirement on the vertical emittance of the
electron damping ring could indeed be relaxed if the beam profile was shaped in order to get an asymmetric electron
beam coming out from the photocathode.

Since CLIC also requires polarized electrons, they can be generated by using GaAs photocathodes and the
SLC source is the reference, which is based on a DC gun with a GaAs photocathode. However, it has to be
demonstrated that the electron beam characteristics required for CLIC are obtainable with the same technology. A
review has been made of the polarized RF guns [2.2], but more work remains to be carried out in order to establish the
feasibility of a polarized RF gun with the CLIC parameters.

2.2.2.2  Positron source for the main linac

Based on the assumptions developed in Ref. [2.1], the RF gun should deliver 2 × 1010 e–/bunch. A linear
scaling with the charge provides an emittance of 13 × 10–6 rad.m (both planes) for the 2.2 nC/bunch needed to create
the train for positron production. The positron source for the CLIC is a conventional one based on an electromagnetic
shower created by electrons impinging on a high-Z material target. The design takes into account the experience
gained from the SLC source. The source and its associated 2 GeV linac meet the specifications for the 1 TeV option.
The strategy developed for CLIC is explained in Ref. [2.1]. The radius of the incident electron beam is 1.6 mm
(factor 2 compared to SLC) and the e+ beam is accelerated at 1.5 GHz in a structure twice as large as that of the SLC
with a uniform magnetic field in the solenoid. The normalized yield is 0.30 e+/e– × GeV at the exit of the e+ pre-
injector linac. The charge per bunch for the primary electron beam is 1.35 × 1010 e–/bunch. The incoming e+

emittances (edges) into the pre-damping ring are 0.06 rad.m in both planes. This value is based on ETRANS
simulations [2.3].

A possibility to produce positrons by a channelling process is under development. However, the thermal and
radiation effects due to the high-intensity incident electrons should not affect the crystal structure. Preliminary and
encouraging results have been obtained with the SLC 30 GeV beam [2.4]. 

The maximum charge required for the positron production described above is 493 nC in 154 bunches. A
quantum efficiency of 1.5% (at λ = 262 nm) on the photocathode implies a laser energy of 156 µJ at the same
wavelength. The maximum charge required for the electron production (for the collisions) is a factor 3 smaller. The
maximum charge produced, today, by a Cs2Te photocathode, in CLIC Test Facility 2 (CTF2), is 750 nC in
48 bunches. Therefore for both photo-injectors of the CLIC injection complex the charge is not an issue.

The train-to-train and bunch-to-bunch charge jitters required must remain below 0.5% and 1% r.m.s.,
respectively. The transverse laser spot size on the photocathode should have a diameter variation smaller than 1%.

2.2.2.3  The linacs

Based on the NLC studies for the positron capture and beam loading compensation, the e+ pre-injector linac
(~20 m long) accelerates the particles up to 200 MeV with a loaded gradient of 24 MV/m and the energy at the end of
the e– pre-injector linac is the same. The energy gain in the e– primary-beam linac is a free parameter that will be
adjusted for a good trade-off between cost and efficiency. The injector linac (1.5 GHz) is based on a loaded gradient
of 17 MV/m and is approximately 110 m long in order to accelerate both beams to 1.98 GeV. The Booster linac
(3 GHz) has a loaded gradient of 21 MV/m and is approximately 350 m long in order to boost both beams up to
9 GeV. The RF pulse is 10 ms long and accommodates two consecutive SLED (compression system) pulses. The first
is for e+ acceleration and the second is for e– acceleration.

2.2.3 Positron production

The yield at the exit of the e+ pre-injector (200 MeV) is 0.59 e+ per drive electron which is two times the
maximum bunch intensity desired at the IP. The normalized yield, at 200 MeV, is 0.30 e+/e– × GeV. The e+ target is
15.4 mm long. For W75Re25 material, it corresponds to 4.5 χ0 (radiation length). The beam power on the target is
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67 kW and the deposited energy 220 J. The 22 kW power deposited in the target corresponds to 33% of the beam
power. The density in the CLIC target of ≈ 0.5 × 1012 GeV/mm2 is a factor 4 below the failure threshold due to single
pulse heating, which is 2 × 1012 GeV/mm2 for a W75Re25 target. However, according to the recent experience of SLC
e+ target failure, careful attention will be necessary in the design of the e+ target. Two L-band sections are foreseen
for the beam loading compensation. The positron collection system is based on the Adiabatic Matching Device (flux
concentrator). For reasons of reliability and high level of radiations, a second e+ source could be implemented near
the first one, but with an independent access. Table 2.4 presents the CLIC parameters for the positron source and
compares them to those of SLC and NLC.

Table 2.4: Positron source parameters for different linear collider studies

2.2.4 Damping rings

2.2.4.1  Introduction

The CLIC damping ring complex provides positron and electron bunch trains at a repetition period of 10 ms
with a normalized emittance of 430 nm⋅rad in the horizontal and 3 nm⋅rad in the vertical plane (Table 2.5). For the
positron beam, with a pre-accelerator normalized emittance of 42 × 106 nm⋅rad in both planes, the vertical emittance
reduction will be a factor close to 107 which requires 10 damping times in order to have the beam emittances close to
the equilibrium emittances of the ring, while the horizontal emittance will be reduced by a factor 105. To decouple the
wide aperture requirements for the incoming positron beam from the final emittance requirements of the main linac, a
collector ring with a large dynamic acceptance and relatively large equilibrium emittances is used to pre-damp the
incoming beam. Then after six damping times the beam is injected into a final damping ring with very small

General parameters Unit SLC NLC CLIC

Centre-of-mass energy
No. e+ per pulse at IP
No. of bunches per pulse
Pulse duration
Bunch spacing
Repetition frequency

TeV
1010

–
ns
ns
Hz

0.1
3
1

3000
–

120

1
99
90
126
1.4
120

1
62
154
140

0.667
100

Primary beam
Energy
No. e– per bunch
No. e– per pulse
Beam power
Linac frequency
r.m.s. spot size on target
Pulse energy density

GeV
1010

1010

kW
GHz
mm

1012 GeV/mm2

30
3
3
17

2.856
0.8
0.52

6.22
1.5
135
161

2.856
1.6
1.04

2
1.35
208
67
1.5
1.6
0.5

Positron target
Material
Thickness
Energy deposition
Mean deposited power

–
χ0

J/pulse
kW

W75Re25
6
–
5

W75Re25
4

188
23

W75Re25
4.5
220
22

Capture system
Adiabatic matching device
Energy acceptance
Wavelength of accel. RF
Minimum iris radius
Accelerating gradient
No. e+ per bunch

–
MeV

m
mm

MV/m
1010

Yes
20
0.1
9
30
8.7

Yes
20

0.21
20
25
3.1

Yes
20

0.20
20
24
0.8

Yield
Yield at e+ pre-injector exit
(200 MeV)

 
e–/e+ × GeV 0.05 0.33 0.30
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equilibrium emittances adapted to the main linac injection. In the case of electron production, taking into account the
incoming normalized emittances of 7000 nm⋅rad provided by the high brilliance injector linac, a single ring similar to
the final positron damping ring will be sufficient.

At each repetition period a train of damped bunches is extracted from these damping rings, and at the same
time a new train coming from the injector linac or from the positron source is injected. For a damping ring of
circumference C accommodating a bunch train of length ls (including space for the injection and ejection fast kicker
rise and fall times), transferring the beam at a repetition frequency fr, we define the reduced damping time τr = τx,y/C
which has to satisfy in both planes τr < 1/(nτ ls fr), nτ being the number of damping times necessary to damp the
incoming emittance to the acceptable level εtarget.

2.2.4.2  Choice of the beam energy

The optimum beam energy must not be determined from optical considerations, but rather be based on Intra-
Beam Scattering (IBS) and polarization. The polarized lepton option requires an energy of (n+0.5) × 0.44 GeV to
avoid depolarizing resonances. The γ3 dependence of the normalized equilibrium emittance of a lattice prevents
energies larger than 2 GeV. In order to avoid strong IBS, an energy of 1.98 GeV has been chosen.

2.2.4.3  Wiggler effects and energy spread

The total radiation loss in the presence of wigglers with a given field, for a fixed value of τr, is independent of
the ring structure and of the value specified for the target emittance εtarget [2.5]. In Fig. 2.3 the required wiggler length
for a well-defined reduced damping time is shown for different combinations of arc and wiggler field. The quantity
Rra will be used in the following to denote the ratio of the total losses around the ring to the losses in the arcs.

Fig. 2.3: Wiggler field vs. arc bend field for a given reduced damping time of 44 µs/m and different
wiggler lengths (m) at 1.98 GeV.

Even though they are installed in a dispersion-free straight section, the wigglers will create local dispersion
and thereby generate additional emittance. The aim of a very low ring equilibrium emittance, and thus a small wiggler
contribution to the emittance, requires a short wiggler period. Furthermore, increasing the wiggler length or field will
not reduce indefinitely the ring equilibrium emittance as it will become dominated by the wiggler contribution to the
emittance (Fig. 2.4).

2.2.4.4  Arc cells

As proposed in Ref. [2.6] the arcs are made of detuned Theoretical Minimum Emittance (TME) cells. The
dispersion and βx functions in the bending magnets are chosen larger than those required for the minimum emittance,
in order to increase the dispersion both in the bending magnets (and consequently the momentum compaction α) and
at the potential sextupole locations.

A given detuning ratio εr of the actual equilibrium emittance to the minimum possible emittance may be
achieved by different combinations of Dx and βx at the centre of the bending magnets. It is important to select the
combination yielding the largest possible Dx value for a given εr, as a large momentum compaction α is required to
maximize the impedance threshold. In this case the lattice parameters in the centre of the bending magnet are entirely
determined [2.6], and given by
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where θ and lbend are the deflection angle and the length of the bending magnet. 
Using the above expressions the momentum compaction factor of a ring containing exclusively regular TME

cells depends only on the cell length lcell, the bending magnet parameters and the detuning ratio εr.

  .

The horizontal cell phase advance depends only on the emittance detuning ratio. A value of εr = 3.9 is
proposed for the three rings of the 3.0 TeV option (Table 2.5). This yields sufficiently large Dx values.

2.2.4.5  Momentum compaction and impedance turbulence threshold

The ring used in the analytical calculations has a race-track shape. It consists of two 180° arcs, made of
bending magnets of length lbend in regular arc cells of length lcell ~ 2 lbend and a constant space required for the
focusing part of the cell. Two long straight sections house the injection/ejection system and the RF cavity, with a total
length assumed to be the sum of a fixed part of ~18 m and a variable part of 1.8 times the wiggler length. The
wigglers are distributed among the two straight sections in order to minimize the ring dimensions. Using this
geometry the expression for the momentum compaction shown above may be corrected for the presence of the two
long straight sections. 

The number of regular arc cells required to produce the target emittance and the reduced damping time, taking
into account the wiggler effects, can now be evaluated. It is a function of the wiggler characteristics (field, period), of
the emittance detuning ratio chosen and, obviously, of the target emittance and the beam momentum.

As σe has a weak dependence on the ratio Rra, the turbulence impedance threshold, calculated with the usual
formula (Z/n)thr = α (2π)3/2 E σe

2 σs/(Nb e
2 c), will show approximately the same behaviour as α. Large Rra ratios

yield large (Z/n)thr and α values, and small arc bend fields (Fig. 2.5). This allows an increase of lbend and larger values
for Dx and βx, easing the chromaticity correction.

2.2.4.6  Ring parameters

The proposed Electron (EDR) and Positron (PDR) Damping Rings are assumed to have the same ring, cell and
wiggler geometry. The ring has a racetrack shape with two long straight sections, the lengths of which are included in
the circumference equal to 485 m. These sections contain in common the RF cavities, the wiggler magnets, and the
injection and extraction insertions. The chosen emittance detuning ratio εr of 3.9 yields reasonable values for the
momentum compaction and the strength of the chromaticity correction. Further optimization of the damping ring
parameters requires detailed modelling of the effects of the wigglers, intra-beam scattering, errors and misalignments.

The Positron Collector Ring (PCR) is assumed to operate at the same beam energy as the damping rings.
Although the damping time parameters are similar to those of the damping rings, the large target emittance requires a
much smaller number of arc cells. With a circumference of only 155 m, the collector ring could be installed inside the
damping rings (Table 2.5).

Fig. 2.4: Wiggler contribution to the normalized
emittance, vs. Rra, for Bwig = 1.73 T, <βx> = 2.5 m at
1.98 GeV and τr = 35 µs/m for wiggler wavelengths
0.35 m and 0.20 m.

Fig. 2.5: (Z/n)thr and arc field vs. Rra, for
Bwig = 1.73 T, <βx> = 2.5 m at 1.98 GeV and
τr = 35 µs/m, a normalized emittance of 1.9 × 10–6 m
assuming σs = 3 mm and 4.2 × 109 particles per bunch.
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Table 2.5: Tentative collector and damping ring parameters

2.2.5 Bunch compressors and transfer lines

The damping ring is designed to deliver a beam at the energy of 1.98 GeV, bunched at the RF frequency of
3 GHz, of relative r.m.s. energy spread  0.082% and of r.m.s. bunch length of 3 mm. The required bunch length in
the main linac should be 30 µm in order to reduce the dilution effect of transverse wakefields on the vertical
emittance. The corresponding compression rate is 100 which cannot be obtained by a single compression stage
because at the energy of 1.98 GeV the r.m.s. energy spread will rise to 8.2%, too large to transport the beam through
the injector complex, and at the energy of 9 GeV the R56 becomes –0.166 m implying either a short and strongly
radiating chicane or a long one with too high values of the maximum β optical function. 

Thus two stages of compression are proposed: one at 1.98 GeV and one at 9 GeV, the latter in order to benefit
from a higher gradient and a larger RF frequency [2.7]. A compromise has to be found between an acceptable r.m.s.
energy spread at the exit of the first stage and the R56 required by the second stage. The compression factor of 12 of
the bunch compression first stage has been chosen because the r.m.s. energy spread at the exit is an acceptable value
of about 1% and the resulting R56 of the second stage is relatively small (–0.014 m). The first pseudorotation in the
longitudinal phase-space is obtained through RF systems working at a phase equal to kπ, which linearly correlate the
momentum with the position of the particles in the bunch. This rotation requires integrated RF voltages of 103 MV at
3 GHz and of 1026 MV at 30 GHz for each compressor stage, respectively. The second pseudorotation in the
longitudinal phase space is achieved by a magnetic chicane consisting of two parts, one being the mirror image of the
other. Each part is composed of two rectangular dipoles, of length Lm and bending angle θ, separated by a drift space
of length L. The chicanes have been optimized to reduce the maximum values of the β Twiss function. Their optical
functions are shown in Fig. 2.6 and Fig. 2.7.

The parameters of the two bunch compressors [2.8] obtained to first order have been inserted into a
longitudinal tracking program to investigate how the beam will behave when the higher-order magnetic effects (of the
chicane) and the strong wakefields are taken in account. Figure 2.8 and Fig. 2.9 show the longitudinal phase space
before the compressor (horizontal scatter plot), after the RF pseudo-rotation (oblique scatter plot) and at the exit of
the chicane (vertical scatter plot) for the first and second stage, respectively. The high-order effects are small, only
slightly lengthening the bunch by one micron.

The effect of the coherent radiation has not been investigated but a rough estimate suggests that it should be
negligible. Numerical tracking has to be carried out to confirm this. The present design might be slightly modified to
reduce its consequences.

Since the injection complex is foreseen to be in a central position (Fig. 2.2) each beam (e– and e+) has to be
transported at 9 GeV to the entrance of the second bunch compressor, before injection in the main linac. These two
transfer lines consist of regular FODO cells, with sufficiently low vacuum (~ 10–10 Torr) in order to prevent ion-
trapping instability. Removal of the beam halo generated in the injector complex is foreseen in these transfer lines,
either by conventional spoilers and collimators or by resonant drift in nonlinear fields; both techniques remaining to
be studied and compared.

Parameter Unit EDR PDR PCR

Ring momentum
γ εtarget
τr
nτ

GeV/c
10–6 m⋅rad

µs/m

1.98
0.43
43.7

6

1.98
0.43
53.0

5

1.98
60

43.7
6

εr
Ncell
Barc
Bwiggler
Lbend
Lcell

T
T
m
m

3.9
72
0.3
1.81
1.92
5.84

3.9
72
0.3
1.60
1.92
5.84

3.9
18
1.0
1.80
2.30
6.61

Circumference
α
σe
(Z/n)thr

m
10–3

10–3

Ω

485
0.49
0.75
0.13

485
0.49
0.69
0.11

155
7.3
0.71
1.72

<
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The 360° turn-round consists of 48 isochronous modules [2.9], each one made of three identical dipoles (1 m
long) and of four quadrupoles. Symmetric triplets match the modules between them. The overall diameter of the turn-
round is 430 m approximately, in order to limit to 60 nm⋅rad the horizontal emittance growth due to the synchrotron
radiation. All the other major bends can be built on the same basis.

2.3 Main linac

2.3.1 The main linac lattice

The main linac accelerates the beam from 9 GeV to 1.5 TeV. In order to facilitate the matching of the layout of
the drive beams and the main beam the two are built of 2.23 m long modules. Each main linac module contains four
0.5 m long accelerating structures. Between one and four of these structures may be replaced by a quadrupole to
provide the necessary focusing. A beam-position monitor (BPM) is placed at the head of each girder. The beam line
consists of twelve sectors, each containing FODO cells of equal length and phase advance [2.10]. The main

Fig. 2.6: Optical functions in the first chicane. Fig. 2.7: Optical functions in the second chicane.

Fig. 2.8: Longitudinal phase space in the first stage.Fig. 2.9: Longitudinal phase space in the second stage.
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characteristics of the linac lattice, made of these 12 sectors with constant cells and of matching insertions between the
sectors, are given in Table 2.6. In order to keep the fill factor about constant, the target values of the focal length f and
the quadrupole spacing L are scaled from the initial values f0 = 1.5 m and L0 = 2.5 m with the energy E as
L(E) = L0(E/E0)

1/2, f(E) = f0(E/E0)
1/2. The actual values in each sector are adjusted to the hardware geometry, see

Fig. 2.10. The phase advance is about 70° per cell but varies slightly from sector to sector. This small value allows a
better compromise to be found between time-dependent and static effects. The matching of one sector to the next is
achieved by adjusting the strengths of the last three quadrupoles of the previous sector and the first two of the
following one. The fill factor is 78%.

Table 2.6: Lattice-geometry parameters in each sector of the linac

Fig. 2.10: The beta-function and the beam energy spread along the main linac.

The beam consists of a train of 154 bunches with a charge of 4 × 109 particles each that are separated by
20 cm. The bunch length is σz = 30 µm, the transverse emittances used for simulations are εx = 680 nm⋅rad and
εy = 5 nm⋅rad and the increase of the vertical emittance should admittedly be less than 5 nm⋅rad.

In order to stabilize the beam, the so-called BNS damping is used. Between E = 9 GeV and E = 30 GeV the
RF phase is set so as to create a relative energy spread in the bunch, which is maintained using another phase in the
main part of the linac. In the last part, the RF phase is set so as to decrease the energy spread to a full width of 1% so
that the beam can pass the final focus system. The optimum phases will have to be determined in practice. In the
presence of ground motion, a larger energy spread leads to better results if a few feedbacks are used to re-steer the
beam, while a smaller energy spread is advantageous if a one-to-one correction is used for the same purpose (see
Fig. 2.16). For the present simulations Φ = 6° is used in the main part of the linac, leading to the energy spread shown
in Fig. 2.10.

The control of the bunch-to-bunch energy spread requires the compensation of the beam loading in the main
linac. It is proposed to achieve this compensation by generating a ramp in the RF power output of the Power
Extraction and Transfer Structures (PETS) as explained in Section 3.1. Simulations show that a full bunch-to-bunch
energy spread of less than 5 × 10–4 can be obtained in the main beam with the RF voltage resulting from a delayed
phase-switching technique [2.11] (Fig. 2.11).

Sector no.
No. of quads/

sector
Quad. length

(m)
Cell length

(m)
Sector length

(m)
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6
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Fig. 2.11: (a) RF voltage output from PETS when the delayed phase-switching technique is applied to
the drive-beam pulse; (b) Energy spread along the main-beam pulse accelerated with the RF pulse
shown in (a).

The gradient in the structures is slightly less than 150 MV/m since some overhead is provided for feedback
purposes. The single-bunch wakefields have been calculated in Ref. [2.12]. The longitudinal multibunch wakefields
are assumed to be fully compensated. For the transverse multibunch wakefields a simple model is used, which takes
into account only the wakefield amplitude.

2.3.2 Static trajectory correction 

2.3.2.1  Beam-based alignment

Before correction, the beam-line elements will be pre-aligned by means of a sophisticated system of wires. As
a result of this, the positions of all the linac components will be randomly scattered around the so-called averaged
pre-alignment line. The system of wires foreseen allows misalignment r.m.s. amplitudes of the order of 10 µm. While
this accuracy is relevant for the beam-position monitors (BPMs) and for the accelerating structures pre-aligned on
every girder with respect to the BPMs (see Fig. 2.1), it is not really critical for the quadrupoles which are re-aligned
with the beam as explained below; for instance, an initial 50 µm r.m.s. scattering is acceptable for quadrupoles. The
relative misalignments of the girders are defined by those assumed for the BPMs.

This precision of 10 µm is, however, not sufficient to keep the growth of the vertical emittance smaller than
100% in the main linac. Therefore, beam-based alignment of the quadrupoles is necessary. The main proposed
scheme is the ballistic alignment method [2.13]. In this method the beam line is divided into a number of bins
containing 12 quadrupoles each that are corrected one after the other. In the first step of the correction all the
quadrupoles in the bin are switched off, except the first one. The beam is then steered into the last BPM of the bin.
The other BPMs are moved onto the trajectory of the beam. It has been verified that the beam divergence does not
generate a transverse beam-size larger than ~ 75 µm r.m.s. over the length of a bin. In the second step, the
quadrupoles are switched on again and a simple few-to-few correction is performed. This method allows all the
BPMs in a bin to be aligned on a relatively straight line (see Fig. 2.12) and thus to reduce the dispersion to a very
small value. The remaining emittance growth is almost entirely due to the wakefields of the structures that are
scattered around the beam trajectory. It therefore depends very little on the RF phases chosen.

In the simulations, all elements are assumed to be scattered around a common axis following a normal
distribution with a sigma of 10 µm for BPMs and structures and 50 µm for quadrupoles for the reasons explained
above. The BPM resolution is 100 nm [2.14]. Beam jitter during correction, remanent fields of the quadrupoles when
switched off and the shift of the quadrupole centre with field strength (from remanent to nominal field) are also
possible error sources. In the simulation, a position jitter of the incoming beam of 0.1 σ is included. If the jitter is
larger, one can average over a number of pulses. The size of the remanent field is sampled from a constant distribution
between 0% and 2% of the nominal value. The shift of the centre is assumed to follow a Gaussian distribution with a
sigma of 10 µm. The effect of these imperfections can be very large at the first correction step, but iterating the
correction in a bin solves the problem almost completely [2.15]. The emittance growth simulated with PLACET
[2.16] is about ∆εy/εy ≈ 270% (Fig. 2.12), which is still larger than the goal set. This method of correction is robust
and will be the basic static correction applied when starting the linac.
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Fig. 2.12: Left-hand side: The BPM positions before and after the ballistic correction. Right-hand side:
The emittance growth after ballistic correction for different RF phases.

2.3.2.2  Multi-step lining-up

The Multi-step Lining-up (ML) method [2.17] has in common with the ballistic method the idea to align the
main components of the linac on a straight line defined by the beam. The ML method is also based on the observation
that to align the quadrupoles on a reference line is more important than the actual choice of this line, provided the
latter is not too far away from the average-alignment line determined by the positions of the components resulting
from the pre-alignment. Instead of switching off the quadrupoles, the ML method relies on a small change of their
strengths (several per cent) in a bin (linac section) and on measurements of trajectory differences, like in the
dispersion-free correction [2.18]. This minimizes the heat-load variations and makes the remanent field and hysteresis
effects negligible, though the magnetic centre of the quadrupoles might shift with the excitation level. The results are
dependent only on the BPM resolution (as in the ballistic method), the beam is kept focused and close to the centre of
the elements (reduced wakefield effects) and on-line corrections are feasible after matching the detuned section to the
rest of the linac.

The sequence of the ML correction operations applied on the pre-aligned but scattered components of the
linac is the following. At first, a single bunch is injected and successive trajectory corrections or beam-based re-
alignments are applied in sections of the linac, according to the following procedure:

– Select successively bins of N quadrupoles where N is optimized for an accurate estimation of the reference
line and of the bin-injection slope sinj and off-set xinj. The number N of quadrupoles is of the order of 12
to 15.

– Inject the beam on the nominal lattice (focal distance f1) and measure the beam positions at the BPMs,
averaged over 100 pulses (~1 s) in order to gain a factor 10 on the resolution and acquisition errors.

– Inject a beam with a detuned lattice in the bin considered (change the focal distance by ~5% to a new value
f2) and with betatron matching to the rest of the linac. Measure beam positions again.

– Run the ML algorithm [2.19] on the measured trajectory differences, getting rid of the absolute off-sets of
the BPMs, and apply the following steps: i) Using the high resolution of the BPM (100 nm), calculate the
quadrupole displacements dq,k = δq,k – xinj – kLsinj (k is the quad-index and L the distance between
quadrupoles) with respect to the injection line, still unknown; ii) Estimate the injection line parameters by
a least-squares fit on the BPM readings corrected for the quadrupole misalignments. This provides the
change of slope (kick) that steers the beam toward the reference line (close to the average pre-alignment
line); iii) Move the first quadrupole of the bin (with a resolution better than 1 µm) in order to apply the
computed kick. Displace all the quadrupoles by the estimated dq,k in order to move them towards the
reference line defined by the algorithm.

– Set back the nominal lattice f1, suppress the bin-matching and inject a beam to measure the actual positions
read by the BPMs. Move all the BPMs sitting at the head of each girder to the reference line, by zeroing
their reading (within their resolution). This is a kind of ‘calibration’ of the measurement system. Moving
the BPMs means moving the girders (Fig. 2.1), and the cavity position scattering is reduced to their initial
pre-alignment imperfections on a single girder, decreasing accordingly the wakefield effects.

– At least one iteration of this process is needed because the lattice model used in the algorithm cannot
include the wakefields.
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This whole procedure is repeated bin after bin over the whole linac, before the full-intensity beam can be
injected. Simulations of the emittance growth have been carried out with MUSTAFA [2.20]. Figure 2.13(a) shows the
r.m.s. and maximum beam off-sets with respect to quadrupole centres and Fig. 2.13(b) the simulated blow-up, after
ML correction and before emittance bumps (of the same order of that obtained after ballistic correction). 

The multi-step lining-up is considered as a complement to the ballistic method. More studies will deal with the
possibility to use ML for time-to-time corrections (keeping the quadrupoles ON and the beam transmission) when
small deviations are observed in the BPMs because of component drifts after a static correction, and as a feedback if
much smaller variations of the quadrupole strengths are considered (~0.5%). To maintain the measurement resolution
needed, the quadrupoles might be forced to oscillate at a given frequency and the corresponding beam positions
detected by notch filtering around the same frequency.

Fig. 2.13: (a) r.m.s. and maximum beam off-sets with respect to the quadrupole centres; (b) Emittance
blow-up along the linac, after ML correction.

2.3.2.3  Emittance-tuning bumps

A further reduction of the emittance growth after ballistic or ML correction is necessary. A possible way to
achieve this additional reduction consists of applying emittance-tuning bumps. In the simulation case, these bumps
are created by two pairs of accelerating structures around two quadrupoles followed by a feedback system. This
system consists of these quadrupoles that are about π/2 apart and serve to steer the beam onto the initial trajectory,
and of an emittance measurement station. An illustration of the effect of one of these bumps is given in Fig. 2.14
(left), where the two quadrupoles no. 124 and no. 126 and the nearby cavities are numerically displaced in order to
reduce the emittance growth downstream from 160% to 100%, in this particular case. In practice, two groups of
accelerating cavities will be displaced. The structures are moved in order to minimize the emittance at the
measurement station. With 10 bumps distributed along the linac, the emittance growth can be reduced to about 15%
for Φ = 6°, see Fig. 2.14 (right). Here, the results strongly depend on the RF phases because the emittance growth due
to the dispersion is almost completely cancelled by the ballistic correction while the bumps prevent the emittance
growth due to wakefields. The remaining blow-up corresponds to the cross talk of the dispersion and wakefield
effects. Using five bumps results in about 30% emittance growth. The multibunch results are very close to those for
single bunches, see Fig. 2.15 (left).

Fig. 2.14: Left-hand side: Illustration of emittance-bump effect on a single bunch. Right-hand side:
The emittance growth for different RF phases in the main linac.
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Fig. 2.15: The emittance growth found after applying the ballistic correction and optimizing the
emittance tuning bumps. On the left-hand side the single- and multibunch cases are shown. On the
right-hand side the accelerating structures have been aligned to the beam after the ballistic alignment
leading to a very smooth emittance growth.

The emittance grows significantly after each tuning bump and this is due to the initial misalignment of the
BPMs. This large beating can be prevented by realigning the accelerating structures onto the new beam trajectory.
Figure 2.15 shows the emittance blow-up for this case, where the variations have been almost completely suppressed.
The final position error of the structures is assumed to follow a normal distribution with a sigma of 10 µm.

2.3.3 Time-dependent effects

Three main dynamic effects that lead to emittance growth have been considered [2.10]. First, the quadrupoles
may jitter independently, for example because the cooling water induces vibrations. Second, the ground will move
coherently. Third, the beam itself may jitter. No data are available for the first and the last effects, therefore only
tolerances can be given. The size of the second effect depends on the site and we have not yet achieved general
consensus on the model to retain. Here, the so-called ATL model is used with A = 5 × 10–7 µm2 m–1 s–1.

An r.m.s. jitter of the quadrupoles of 1.3 nm leads to a single-bunch emittance growth with respect to the
original beam axis of 6%. This cannot be reduced except with an intra-pulse feedback comparable to the one
described in Ref. [2.21] or with a change of the lattice or beam parameters. The increase of single-bunch emittance
expected from a beam-offset of ∆y = 0.3 σy is also 6%.

With the assumed ground motion model, one finds that the emittance increases in one minute by 50% if only
one feedback after the linac is used to steer the beam to its original trajectory (such a trajectory feedback is made of
one pair of fast kickers in each plane and BPM devices downstream). However, the ground motion effects can be
reduced by the use of various feedbacks in the linac. Four different stages are envisaged. In the first, trajectory-
feedbacks of the kind described above steer the beam locally back to its original trajectory, in the linac itself. If
10 such feedbacks are used which are placed at equal distances along the linac, the remaining emittance growth is
11% per minute (Fig. 2.16 left). If one used a larger energy spread in the linac, this growth could be reduced while the
static growth would increase at the same time. In the second stage, a one-to-one correction is performed on a longer
time-scale, over the whole linac length. This has most likely to be done in steps — moving the quadrupoles that give
the largest effects first. A detailed investigation about the performance of this correction, including a smooth
transition from the first step remains to be done, and the possibility to use as an alternative the multi-step lining-up,
with small oscillations of the quadrupole strengths, forced at a given frequency (Section 2.3.2.2), has to be studied. If
the one-to-one correction is performed in a single step, one finds a single-bunch emittance growth of about 20% per
day (25% in the multi-bunch case), as illustrated in Fig. 2.16 (right). Here, a smaller energy spread in the main linac
would give better results. The optimum has thus to be found by evaluating the transition from simple feedbacks to
one-to-one correction. The third stage would be a re-tuning of the emittance bumps which leads to 5% growth per
day. The fourth stage would perhaps be a complete realignment of the beam line.
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Fig. 2.16: The emittance growth due to ground motion assuming the ATL model: on the left-hand side
after one minute and using 10 feedbacks; on the right-hand side after one day using a one-to-one
correction. With the feedbacks the larger energy spread (Φ = 0°) is more stable, while for the one-to-
one correction the smaller energy spread (Φ = 10°) is advantageous.

2.3.4 Emittance balance 

This section summarizes the contributions to the emittance growth expected from the various sources of
perturbations and corrections discussed in the preceding sections, for the lattice of Section 2.3.1. The beam energy
varies in the linac from 9 GeV at injection to 1.5 TeV at the end. During the acceleration, the normalized transverse
emittances grow for the reasons described above and this growth is controlled by the various corrections reviewed in
the preceding sections. The most critical phase-plane is obviously vertical where the emittance is very small in order
to allow the nominal luminosity retained. It is therefore interesting to summarize the expected values of the absolute
increase of the vertical emittance [2.22]. At first, Table 2.7 gives the single-bunch growth after each static correction,
according to Section 2.3.2 and assuming 10 µm r.m.s. misalignments. It shows that the one-to-one correction alone is
by far insufficient, the ballistic correction and the multi-step lining-up are essentially equivalent, and that combining
the ballistic correction with 10 emittance bumps allows a single-bunch vertical increase of the targeted amplitude
(~1 nm⋅rad) to be achieved. Injecting a multibunch train after the latter combined correction gives a total effective
emittance growth of ~2 nm⋅rad which can be reduced to ~1 nm⋅rad after re-optimization of the emittance bumps and
one-to-one correction with the whole train (Table 2.8). Turning now to the time-dependent effects (Section 2.3.3),
Table 2.9 gives the vertical emittance rise expected from simulations of uncorrelated quadrupole jitter and vertical
injection beam-jitter (relative to the vertical beam size σy). The corresponding values indicate that a requirement to
keep the contributions of these two jitters of the same order as in the static case implies tight tolerances. The last
figure in Table 2.9 is the ground motion effect expected after one day, assuming that the ATL law applies. The total
effective increase of the vertical emittance is obtained by adding the optimum static multibunch growth (~1 nm⋅rad,
cf. Table 2.8), the jitter contributions and the ground motion effect per day (Table 2.9). On the basis of the simulations
done, this effective increase would reach an amplitude of 5 nm⋅rad after 3 days and 8 nm⋅rad after 6 days; this implies
repeating some corrections after such a period of time or using feedbacks which remain to be studied. Table 2.1 relies
on these numbers for the estimates of emittance growths in the linac.

Table 2.7: Single-bunch vertical emittance increase after various static corrections

Effects of misalignments + static corrections ∆(γεy) [nm⋅rad]

After one-to-one correction only
After ballistic correction only
After multi-step lining-up

135
15
17

After ballistic correction and 10 emittance-bumps 0.75
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Table 2.8: Multibunch vertical emittance after static correction and possible re-optimization

Table 2.9: Vertical emittance dilution due to uncontrollable time-dependent effects, which adds to the
multibunch emittance increase remaining after static corrections (Table 2.8)

2.3.5 The main linac accelerating structure

The CLIC main linac accelerating structure, the Tapered Damped Structure (TDS), has 150 cells, is 500 mm
long, and operates in the 2π/3 travelling-wave mode. The design of the structure is driven by extreme performance
requirements: accelerating gradients well in excess of 150 MV/m, power flows in excess of 200 MW, a 10 µm
structure straightness and alignment tolerance (to preserve single-bunch emittance), long-range transverse wakefield
suppression of over two orders of magnitude (to preserve train emittance) and ultimately a low mass-production cost. 

The issues of gradient, power and tolerances are each in part addressed by ultrahigh precision diamond turning
of the copper disks that make up the sections. This technique gives a 1–2 µm dimensional tolerance and an optical-
quality surface finish. The 10 µm tolerance of assembled sections is guaranteed by a specially developed hybrid
brazing/diffusion bonding technique. Measured Q factors correspond to 98% of the theoretical value in (undamped)
constant impedance structures. Constant impedance structures were tested in CTF1 to 125 MV/m (albeit with pulses
that reached these peak levels for only a few nanoseconds) [2.23].

Long-range transverse wakefields are suppressed through a combination of strong damping and detuning
[2.23]. The damping is accomplished by coupling to each cell of the structure four individually terminated
waveguides. The damping waveguides have a rectangular cross-section of 4.5 mm by 1.9 mm, hence a cutoff
frequency of 33.3 GHz, which is above the fundamental but below all higher-order modes. In this way higher-order
mode energy propagates out of the cells via the damping waveguides but the fundamental mode energy does not. This
results in a Q of approximately 16 for the lowest, and most dangerous, dipole passband. A taper in the iris diameter
from 4.5 mm at the head of the structure to 3.5 mm at the tail provides a detuning frequency spread of 2 GHz (5.4%).
The layout of the cell structure can be seen in Figs. 2.17 and 2.18.

 

Effects of misalignments + static corrections ∆(γεy) [nm⋅rad]

Multibunch, injected after the best single-bunch correction 2

Multibunch, after re-optimization of the emittance-bumps and re-
application of one-to-one correction to the train

1

Effects of dynamic, time-dependent position-fluctuations ∆(γεy) [nm⋅rad]

Uncorrelated quadrupole jitter of 2 nm 
Vertical beam jitter at injection of amplitude 0.5 σy
Ground motion contribution (ATL law) after 105 s

 0.5
 0.5

 ~1 per day

Fig. 2.17: Cross-sectional view of the TDS geometry.Fig. 2.18: Photograph of a TDS cell with damping
waveguides and SiC loads.

Silicon carbide
load

Damping
waveguide
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Cell dimensions and some of the fundamental mode characteristics of the beginning, middle and end cells are
given in Table 2.10.

Table 2.10: Fundamental mode parameters of the TDS as calculated using HFSS

By using these calculated fundamental mode characteristics, the power flow (Fig. 2.19), accelerating gradient
etc. along the structure are calculated. The accelerating gradient profile is plotted in Fig. 2.20. The nominal average
gradient of 150 MV/m is obtained with 250 MW input power.

A number of methods have been developed to calculate the transverse wakefield of the TDS (Fig. 2.21). These
include an uncoupled circuit model, a semi-coupled time domain model, a complex-wave number model and a
double-band circuit model described in Refs. [2.24] and [2.25]. The validity of the analysis and of the TDS design has
been directly demonstrated by the measurement of a 15 GHz structure at the ASSET facility at SLAC [2.26]
(Fig. 2.22). However, the recent observation in CTF2 of unexpected surface damage at relatively low accelerating
gradient (~ 60 MV/m) in these high group velocity structures (Table 2.10) is a cause for concern. It is not clear at the
moment whether this can be attributed to the geometry of the structure or to contributing factors such as vacuum level
or conditioning procedure.

The damping waveguide load must simultaneously be well-matched down to near the waveguide cut-off
frequency, compact, vacuum-compatible, and compatible with assembly by brazing of the accelerating structure
[2.27]. A low reflection coefficient (Fig. 2.23) is obtained by using a taper of silicon carbide (Fig. 2.24). The
performance of the load near the cut-off is improved by tapering inwards the damping waveguide at the point at
which the load begins. In this way the impedance change caused by the SiC is partially compensated by the
impedance change of the narrowing waveguide. The current load design has been optimized using HFSS and has an
overall length of 10 mm.

Cell radius [mm] Iris radius [mm] Q R′/Q [kW/m] vg/c

4.255 2.250 3628 20.2 10.4

4.111 2.000 3615 23.0 7.5

3.984 1.750 3621 27.1 5.2

Fig. 2.19: Power flow in MW along the structure as a
function of cell number. The solid line is with beam and
the dotted without.

Fig. 2.20: Accelerating gradient in MV/m as a function
of cell number. The solid line is with beam and the
dotted without.
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2.4 Main-beam delivery 

2.4.1 Function and length of the beam delivery

The main part of the beam-delivery line is the final-focus system which is characterized by a very large de-
magnification. This means that the linear optics is dominated by the chromatic aberrations in the quadrupole doublets
involved, aberrations which should be corrected by a minimal number of sextupoles separated from the quadrupoles
by adequate betatron phases. In addition, in order to preserve the cleanness of the colliding beams and to limit
backgrounds and losses, the beam halo has to be eliminated by collimation before the interaction region.

Consequently, a so-called conventional main-beam delivery complex is made of three major subsystems
which follow one another in the delivery line and are as independent as possible. Following the beam after its
extraction from the main linac, the first subsystem is the collimation section made of several collimators separated by
adequate betatron-phases and located at positions where the β-amplitudes are large to keep low beam densities at the
absorbers. Momentum collimation requires non-zero dispersion and dipole magnets in addition. All these needs lead
to a section length which may be large and scales up with the collision energy. The second subsystem is the chromatic
correction section which typically contains a minimum of two pairs of non-interleaved sextupoles and dipoles for
generating some dispersion. Again this system requires high β-values at the sextupoles and may extend over a long
distance which increases with the energy. The last subsystem is the telescope of the final focus, the length of which
depends on the de-magnification, the required beam-size at the IP and the synchrotron radiation effect in the last
doublet, which is linked to the beam energy and the length of the free space left between the two final doublets. In
addition, and to be complete, a betatron-matching section in front of the chromaticity correction subsystem and an
insertion for diagnostics might be necessary.

Fig. 2.21: Transverse wake spectrum. Fig. 2.22: Transverse wake of the TDS with the 10 mm
load, as computed by the double-band circuit model
(N.B. the computation has been made for a 15 GHz
structure).

Fig. 2.23: Measured reflection coefficient of the load
Γ as a function of frequency.

Fig. 2.24: Detail of the TDS load. The load is 2 mm
wide at its base and 0.2 mm square at the tip.
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Such a basic beam-delivery line has been studied in detail for the Next Linear Collider (NLC) [2.28], and also
for the Japan Linear Collider (JLC-I) [2.29] and TESLA [2.30]. In this context, laws for scaling the length of the
different subsystems with the beam energy have been proposed [2.31]. Scaling from 1.5 to 3 TeV with the relative-
energy variable Ur = E (TeV)/1.5 and assuming a vertical β-function amplitude at the IP of the order of 0.1 mm, the
law which has been obtained writes:

  ,

where LBD represents the total length (both sides of the IP) of the beam-delivery line and where the parts due to the
final focus (FF) and to the collimation system (COLL) are separated.

Starting from this basic design, modifications have been worked out in other studies [2.32]. As a major
difference, an asymmetric dispersion has been proposed in order to concentrate the sextupole chromatic effects into
the second sextupole of the pair, which tends to reduce chromogeometric aberrations. Another change consists of
using non-linear magnetic field elements in the collimation subsystem in order to limit the betatron amplitude there
and reduce the chromaticity and the section length. With these modifications, the law proposed [2.33] for the scaling
of the length from 0.5 to 3 TeV and written for a different relative-energy variable Ur = E (TeV)/0.5 looks as follows:

  ,

where the starting length comes from the 0.5 TeV design of the JLC beam delivery.
At 3 TeV, the first law gives a total length of the order of 21 km and the second of 10 km (value given in

Fig. 1.1). More precise evaluation of the space needed can result only from design studies; the present status of the
baseline design of the beam delivery is given below, more investigations remaining necessary.

The baseline proposed for the ensemble telescope and chromaticity-correction section, called final focus in
Section 2.4.2.1, has a total length of 6.2 km (Fig. 2.25). Since the system studied includes the concept of asymmetric
dispersion, this should be compared to the result of the second scaling law after ignoring the term linked to the
collimation. The two values are remarkably consistent, for this law gives LFF = 6 km.

A further significant reduction of the total final-focus length (both sides added) is only possible if the
chromaticity correction is applied locally near the last doublets (the main source of chromaticity). There are
essentially two ways which can be envisaged to achieve this. The first one, or short final-focus scheme [2.34], is
based on the generation of some finite dispersion across the final doublet (but of zero amplitude at the IP) and on the
addition of sextupoles close to the doublet quadrupoles in order to compensate their chromaticity. The second one, or
‘ultra-short’ final-focus scheme [2.35], relies on the use of microwave quadrupoles placed near the magnetic
quadrupoles of the doublet and playing a role similar to the one of the sextupoles, in the presence of a correlation
between the momentum and the position along the bunch. The applicability of these schemes to CLIC at 3 TeV has
still to be investigated before they can be adopted; in particular, questions related to the presence of finite dispersion,
to flexibility and orthogonal tuning of the parameters in the first case, and to the tight tolerance about the energy
variations required in the second.

2.4.2 Baseline design

2.4.2.1  Final focus 

The task of the final-focus system is to focus the two main beams to the transverse design spot sizes of 43 nm
and 1 nm at the interaction point (IP), where the opposing beams are collided. The momentum bandwidth of the final-
focus system should be of the order of 1% in order to accommodate the expected beam energy spread from the linac.
Tolerances on magnet position and field stability are another critical issue in the final-focus design. Both optics
development and tolerance analysis for the CLIC final-focus made use of the design program FFADA [2.36].

A baseline optics of a 3-TeV final-focus system is shown in Fig. 2.25. It consists of horizontal and vertical
chromatic correction sections (CCX and CCY) followed by a final transformer. The total length is 3100 m per side.

The final transformer, made from two quadrupole doublets, demagnifies the beam by a factor 15 horizontally,
and 50 vertically. The gradient of the final quadrupole is taken to be 450 T/m. For comparison, the gradient achieved
in an NLC permanent magnet prototype was 500 T/m [2.37]. For a large-aperture superconducting quadrupole the
gradient would be a 30% increase from present design values of 320 T/m [2.38]. With the assumed quadrupole
gradient, the chromaticity of the final doublet is 6900 in the horizontal and 27 000 in the vertical plane, where

L L L U U UBD FF COLL r r rkm( ) [ ] [ ] [ . ( ) . ] [ ]/= + = + + +0 8 1 2 4 63 2

L L L U UBD FF COLL r rkm( ) [ ] [ ] [ ] [ . ]/= + = + 1 6 1 2
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chromaticity is defined as the relative spot-size increase (added in quadrature) divided by the r.m.s. energy spread.
The beta functions at the entrance to the final quadrupole of 15 km horizontally and 88 km vertically correspond
to r.m.s. beam sizes of 59 µm and 24 µm for the nominal CLIC parameters. This translates into a beam stay-clear of
50–140 σ for a permanent magnet with 3.3-mm bore radius and of 450–1100 σ for a superconducting quadrupole
with 2.7 cm radial aperture.

Fig. 2.25: Beta function and dispersion for the 3-TeV baseline final-focus system, plotted as a function
of the longitudinal position. The interaction point is on the right.

The large chromaticity of the final doublet is compensated in the two chromatic correction sections. Each of
these comprises a pair of sextupoles, separated by a –I transformation and placed an integer multiple of π in betatron
phase apart from the final doublet. The dispersion function is nonzero only at the second sextupole of each pair. An
odd-dispersion optics like this [2.39] has two advantages: (1) it reduces the number of bending magnets and the
amount of synchrotron radiation by a factor of 2, and (2) it avoids many of the fifth-order chromogeometric
aberrations arising from the chromatic breakdown of the –I between the sextupoles, which limit the momentum
bandwidth. Thanks to the –I separation the individual sextupole pairs do not generate third-order geometric
aberrations. The second-order dispersion from the CCX is adjusted to cancel the second-order dispersion produced in
the CCY. The ratio of dispersion values, or, alternatively, the ratio of bending angles in CCX and CCY is thus
constrained. 

In the present design the net bending angles for the dipole regions in CCX and CCY are 63 µrad and 230 µrad,
respectively. The peak beta functions at the CCY sextupoles are about 1000 km, and the maximum value of the
dispersion is 0.1 m. 

The achievable luminosity is calculated with the FFADA code, which tracks two random sets of particles
through the entire system to the interaction point, using MAD, and then convolves them on a grid. The luminosity
was maximized for a 1% flat energy spread by varying the total length, the ratio of CCX and CCY lengths, the
bending angles, and the strengths of the last two quadrupoles. Figure 2.26 displays the luminosity of the optimized
system as a function of the full-width momentum spread, assuming a flat energy distribution. For the expected energy
spread, close to 1%, the luminosity (without pinch) is about 80% of the ideal luminosity that would be attained for a
perfectly linear and achromatic optics. Figure 2.27 depicts the dependence of the transverse r.m.s. spot sizes on the
energy spread. The vertical spot size is about 30% larger than the ideal linear value, the blow-up being due to
synchrotron radiation (SR) in the second-to-last quadrupole magnet Q2. The horizontal spot size for small energy
spread is close to the ideal value, but it increases rapidly with increasing energy spread. The strength of Q2 has been
adjusted such that for 1% energy spread the horizontal blow-up is similar in magnitude to the vertical one. Hence, the
final parameter choice is a trade-off [2.40] between Oide effect [2.41],[2.42] (vertical beam size increase due to
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synchrotron radiation in the last quadrupoles, favouring a weak second-to-last magnet Q2) and the momentum
bandwidth in the horizontal plane (demanding a small horizontal chromaticity and, thus, a strong quadrupole Q2).

The initial beta functions, at the entrance of the CCX, are about 1 m in both planes. Since the typical beta
functions at the end of the linac are 18–65 m, an upstream beta-matching section will be required.

Fig. 2.26: Relative luminosity loss as a function of the full-width energy spread for a flat distribution.
The luminosity was calculated by tracking two random distributions of 5000 particles through the final
focus to the interaction point (IP) and there convolving them on a grid, not including beam–beam
focusing forces. The ideal reference luminosity is L0 = 4.6 × 1034 cm–2 s–1.

Fig. 2.27: Relative r.m.s. spot sizes as a function of the full-width energy spread for a flat distribution.
The ideal linear spot sizes are σx = 43 nm and σy = 1.0 nm.

Figure 2.28 displays jitter and drift tolerances for the horizontal and vertical magnet positions. The jitter
tolerances apply to pulse-to-pulse time scales. The tightest jitter tolerance is 0.2 nm for the last quadrupole. The drift
tolerances refer to a time scale of several minutes and are of the order of 100 nm.

In Fig. 2.29, we present the tolerances on the magnet pitch angle and on the relative field stability. For the final
quadrupole, the pitch jitter tolerance is 0.1 nrad. Typical field stability tolerances are 10–5, a value close to
specifications for the LHC power supplies [2.43].

Finally, it should be noted that a large crossing angle of 20 mrad (total) is required to suppress the multibunch
kink instability by parasitic collisions around the IP and to provide sufficient space for the spent beam and collision
debris, in particular for the opposite-charge pairs [2.44]. This means that crab-crossing cavities will have to be used to
avoid a reduction of luminosity. However, the tolerance on the relative phase of the cavities is approximately 0.06° at
30 GHz (for a few per cent loss of L).
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Fig. 2.28: Displacement sensitivities for 2% luminosity loss, calculated with the FFADA code. The full
bars represent pulse-to-pulse ‘jitter’ tolerances, due to both the induced orbit motion and the spot-size
increase at the interaction point. This jitter can be corrected within a few pulses using a fast orbit
feedback. The tightest jitter tolerances are about 3 nm (x) and 0.2 nm (y). The open bars are ‘drift’
tolerances referring to increases in the IP beam size only. Since the beam size tuning will be performed
only every couple of minutes, the drift tolerances must be met over a longer time-scale. Drift tolerances
are of the order of 100 nm.

Fig. 2.29: Sensitivities to pitch angle (left) and relative field changes (right), calculated with the
FFADA code. Again, the full and open bars represent jitter and drift tolerances, respectively. The
tightest pitch angle jitter tolerance is 0.1 nrad for the final quadrupole. Field stability tolerances are
about 10–6.

2.4.2.2  Collimation system

The collimation system should serve two different purposes: (1) remove the beam halo which otherwise would
cause unacceptable background in the particle-physics detector, and (2) protect the downstream systems against the
impact of a missteered beam. Point (1) is achieved if the collimator shadows the final doublet apertures on the
incoming side. To this end, the collimation aperture should be about 25 σ horizontally and 80 σ vertically [2.45], in
case the final quadrupole is a permanent magnet, or 400 σ and 1000 σ for a superconducting final quadrupole with a
large bore. The apertures on the outgoing side need not be shadowed by the collimation, since the incoming halo is
tiny compared with the wide-angle debris coming from the collision point [2.46].

If a first beam-halo collimation is performed prior to injection into the main linac, the halo at the entrance to
the final focus, due to all known scattering sources, is estimated to be of the order of only 103 or 104 particles per
bunch [2.47] and [2.48]. Thus there may not be a need for a dedicated separate collimation section. Instead the
collimators might be installed in the final focus itself, since for every few 104 scraped particles a single muon is
generated, and the detector should be able to cope with several hundred muons passing it per bunch train. Collimation
in the final focus will considerably shorten the overall system length, and, in addition, it will profit from the naturally
large final-focus beta functions.

The collimators survive the impact of one entire bunch train if the following condition is fulfilled: σUTS >
αE/Cp dE/dm, where σUTS is the ultimate tensile strength, α the linear thermal expansion coefficient, Cp the heat
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capacity, E the elastic modulus, and dE/dm the energy loss per gram of material. This condition can be rewritten
as σx σy > α E/(σUTS Cp) dE/dx kb Nb/(2π) where dE/dx is the loss of energy per unit of length. Assuming a copper
collimator, with E = 120 GPa, α = 1.7 × 10–5 K–1, Cp = 0.385 Jg–1 K–1, dE/(ρdx) = 1.44 MeV cm2 g–1 (ρ = material
density), and σUTS = 300 MPa, we find (σx σy)

1/2 > 200 µm, or βx,y > 1000 km. Materials with a smaller product αE
would be better suited for collimation. We are studying the possible use of carbon composites. For many conceivable
failure modes, the emittance of a missteered beam will be significantly blown up in the linac, and a smaller β-function
would suffice.

As a back-up option we may investigate a nonlinear collimation system à la KEK [2.49] or TESLA [2.48].
Also such a nonlinear collimation could be integrated into the final focus, e.g., utilizing the sextupoles in the two
chromatic correction sections.

In addition, we are considering the installation of high-impedance structures for passive machine protection.
In this scheme a missteered off-centre bunch will excite a wakefield in the high-impedance structure that spoils the
bunch emittance and also deflects subsequent bunches. Both effects would increase the area of beam impact on a
downstream collimator, thereby ensuring its survival.

2.4.2.3  Exit line

The task of the exit line is to remove the spent beam and debris from the interaction region, simultaneously
ensuring acceptable background in the detector and not causing any vibrations of the final-doublet quadrupoles. 

Design of the beam exit line is a major challenge, as the outgoing beam has an energy spread of 100%, and
there are copious beamstrahlung photons, carrying a third of the initial beam power, and almost as many coherent
pairs as incoming particles [2.50]. Low-energetic pairs of both charge signs might spiral around the solenoidal field
and hit apertures between incoming and outgoing quadrupole magnets. The impact of only a small fraction of the
incoming beam power near the final quadrupole can induce elastic waves with amplitudes well in excess of the
0.2 nm vertical jitter tolerance [2.51]. Neutron generation in the vicinity of the detector is a further concern. Large
apertures should be chosen in order to guide as much of the collision debris as possible away from the IP. The ideal
quadrupole magnet might be a double-quadrupole with an open centre, similar in its layout to the magnets built for
the LHC cleaning insertions [2.52].

2.4.3 Machine–detector interface - beam–beam interaction

Because of the small spot size at the interaction point, the colliding bunches produce strong electromagnetic
fields focusing each other. While this enhances luminosity, the beam particles travel on curved trajectories, emitting
beamstrahlung, which is comparable to synchrotron radiation. In the machines with centre-of-mass energies of up to
1 TeV the critical energy of this radiation is below the beam energy, but this is not the case at ECM = 3 TeV.

The beam–beam effects were simulated using GUINEA-PIG [2.53]. The beamstrahlung has a total power of
about P = 4.6 MW, but it is emitted into small cones in the forward direction so it does not cause direct background.
However, protection of the magnets in the spent beam line is an issue which has not yet been investigated. Also
secondary particles — especially neutrons — are of concern.

The beam–beam interaction will also cause background via coherent and incoherent pair creation. In the
coherent process, a hard beamstrahlung photon turns into an electron–positron pair in the strong field of the
oncoming bunch. About 6.8 × 108 pairs are produced per bunch crossing [2.54]; a number comparable to the number
of beam particles. Thus these particles influence the beam–beam interaction significantly. Initially they have small
angles but they can be deflected by the beams. The detector can not be extended to very small angles in order to stay
out of the flux of these particles. At larger angles it can be protected from most of their secondaries with the help of a
mask. However, secondary neutrons produced inside of the mask potentially lead to significant background [2.55]. In
order not to produce the neutrons in the first place it is therefore necessary to allow an exit hole with an opening angle
of about 10 mrad [2.50]. In this case the energy deposited per bunch crossing in the final quadrupoles is comparable
to the value expected for TESLA. The number of particles produced via the incoherent process is much smaller than
the number of particles in the bunch (about 4.5 × 105), but they can have significant inherent angles. They can enter
the detector causing background — especially in the vertex detector, which integrates over a full train. The
longitudinal magnetic field of the main detector solenoid helps to reduce the number of hits. For Bz = 4 T a minimum
radius of 30 mm for the inner layer of the detector seems possible, with a hit density of less than one charged hit per
mm2 and bunch train. The background processes can be used as a fast signal for tuning the luminosity [2.56].

The number of hadronic background events per bunch crossing is high, about four events with a centre-of-
mass energy above 5 GeV [2.54]. Their effect on the physics needs to be investigated.
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2.5 Micro-alignment system

Transverse alignment tolerances of about 10 µm (r.m.s.) are required for the main linac in order to limit the
emittance blow-up due to transversely deflecting wakefields to reasonable values. The entire accelerator is mounted
on a concrete base grounded to the floor. This base runs the full length of the tunnel (Fig. 1.2). An active alignment
system using precision micro-movers is proposed to achieve these tight tolerances. The accelerating structures and
beam-position monitors of each linac are supported by precisely pre-aligned V-blocks sitting on SiC girders. The ends
of two adjacent girders are connected by swivel-joint link rods to a common platform that is driven by three remote-
controlled 0.1 µm resolution stepping motors. The length of one girder is 2.23 m. The quadrupole supports are
independent of the girder supports and are driven by five identical stepping motors. The quadrupole support platforms
are located above the girders. Aligning the linac in this case means aligning the articulation points of the girders, and
the magnetic components. The articulation points are equipped with, and aligned by, an overlapping optical off-set
measurement system (RASNIK). This system ensures a relative precision between articulation points of the order of
about 1 µm over distances of a few metres. At intervals of about 36 m (16 girders), the articulation points are attached
via sensors to a stretched wire positioning system (WPS) which assures a relative precision of 10 µm over distances
of about 200 m. The WPS consists of two stretched wires running parallel to the linacs and overlapping over half their
own length. To be able to consider the wire as a reference in the vertical plane it is necessary to determine the
catenary of the wire with great accuracy. The RASNIK system is preferred to the WPS for local positioning of the
girders (within the 36 m intervals) because it is considerably cheaper. All magnetic elements are equipped with two-
axes tilt monitors [making up the tilt monitoring system (TMS)] and with WPS sensors, and are positioned using the
stretched wire. The WPS itself is attached to precision support plates which sit on the concrete block at 16-girder
intervals (35.68 m). These precision plates also support a hydrostatic levelling system (HLS) which provides the
reference for all height measurements and in particular for the measurement of the catenary of the wire. The
corresponding geometrical reference networks are schematically shown in Fig. 2.30.

Fig. 2.30: Schematic plan view of the two geometrical reference networks.

The support plates have standard CERN reference bore holes which enable them to be positioned with
classical surveying techniques to a relative precision of about 0.1 mm. This classical part is done during the civil
engineering stage in the following way. First, a system of reference pillars is created outside the tunnel, on the surface
along the projected line of the linacs, at intervals of about 3.6 km using global positioning surveying techniques
(GPS) with an absolute precision of about 1cm and a relative precision of about 1mm. These surface pillars are then
used to create a set of underground reference pillars with the same relative precision (~1 mm) using vertical drop
techniques. The underground pillars are themselves then used to create a set of temporary civil engineering reference
pillars using gyroscopic and distance techniques, which are built at intervals of about 36 m along the length of the
linac as the tunnelling work progresses. This temporary reference system is used to position the above-mentioned
reference support plates on the concrete base to a precision of about 1 cm. The last step is to use adjustment screws on
the support plates to position the plates with respect to the underground reference pillars to a precision of about 1 mm
and a relative precision of 0.1 mm. All the instruments measuring these networks during this pre-alignment stage
continuously provide information to a computer system which, following a statistical analysis, calculates the actual
positions of the components, and then deduces and controls the movements to be made. Once the linacs have been
pre-aligned in this way, beam is injected into the machine, and the more accurate signals produced by the sub-micron-
resolution beam-position monitors take over the alignment process. The measuring system used for pre-alignment,
however, remains active in the background to provide a position memory of the components so that the pre-alignment
condition can be reinstated for beam start-up after a shutdown. 
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3 Drive Beam and RF Power Source

3.1 Introduction

The CLIC study focuses on high-gradient, high-frequency (30 GHz) acceleration for multi-TeV linear
colliders. Short RF pulses of high peak power are typically required in high-frequency linear colliders. In the case of
CLIC, 130 ns long pulses at about 230 MW per accelerating structure are needed, but no conventional RF source at
30 GHz can provide such pulses. This leads naturally to the exploration of the two-beam acceleration technique [3.1],
in which an electron beam (the drive beam) is accelerated using standard, low-frequency RF sources and then used to
produce RF power at high frequency.

In linear collider projects based on conventional RF sources (klystrons), pulse compression or delayed
distribution techniques are used in order to obtain the needed high peak power and short pulse length. Similar
techniques can be used in two-beam accelerators. In the CLIC case, however, the compression and distribution are
done with electron beams [3.2]. The main advantage of electron beam manipulation, with respect to manipulation of
RF pulses, consists in the very low losses that can be obtained while transporting the beam pulses over long distances
and compressing them to very high ratios. A further advantage is the possibility of frequency multiplication, achieved
by interleaving bunched beams by means of transverse RF deflectors [3.3]. In the following we will describe the
CLIC RF power source complex used to generate all the RF power needed for one of the two main linacs (electron or
positron). Possibilities to combine some elements of both the e+ and e– complexes are under study. A schematic
layout of one complex is shown in Fig. 3.1.

Fig. 3.1: Schematic layout of the CLIC RF power source. Two such complexes (one for each of the
main linacs) will be needed to provide the power for 3 TeV c.m. CLIC operation. Only two of the
22 decelerator/accelerator units composing a linac are shown.

The CLIC RF power source can be thought of as a ‘black box’ that combines and transforms several long, low-
frequency RF pulses into many short, high-power pulses at high frequency. During the process, the energy is stored in
a relativistic electron beam, which is manipulated in order to obtain the desired time structure and then transported to
the place where the energy is needed. The energy is finally extracted from the electron beam in resonant decelerating
structures, which run parallel to the main accelerator and are called Power Extraction and Transfer Structures (PETS).
The key points of the system are an efficient acceleration of the drive beam in conventional structures, the
introduction of transverse RF deflectors to manipulate the drive beam, and the use of several drive-beam pulses in a
counter-flow distribution system, each one powering a different section of the main linac. The primary characteristic
of this scheme consists of using the energy stored in different time bins of a long electron-beam pulse to create the RF
necessary for different sections of a long linac. Thus, the same accelerator and beam manipulation system is used to
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create all the beam pulses needed for powering one of the two main linacs. The method discussed here seems
relatively inexpensive, very flexible and can be applied to the beam-acceleration in various linear colliders over the
entire frequency and energy range applicable.

The drive-beam generation complex is located at the centre of the linear collider complex, near the final-focus
system. The energy for the RF production is initially stored in a 92 µs long electron beam pulse (corresponding to
twice the length of the high-gradient, main linac) which is accelerated to about 1.2 GeV by a normal-conducting,
low-frequency (937 MHz) travelling wave linac. The linac is powered by conventional long-pulse klystrons. A high-
energy transfer efficiency is paramount in this stage. The drive beam is accelerated in relatively short structures
(3.4 m long), such that the RF losses in the copper are minimized. Furthermore, the structures are fully beam-loaded,
i.e., the accelerating gradient is zero at the downstream end of each structure and no RF power flows out to a load. In
this way, about 98% of the RF energy can be transferred to the beam. 

The beam pulse is composed of 32 × 22 subpulses, each one 130 ns long. In each subpulse the electron
bunches occupy alternately even and odd buckets of the drive-beam accelerator fundamental frequency (937 MHz).
Such a time structure is produced after the thermionic gun in a subharmonic buncher, whose phase is rapidly switched
by 180° every 130 ns. This provides us with a means to separate the subpulses after acceleration, while keeping a
constant current in the accelerator and avoiding transient beam-loading.

With nominal phase-switching times, the resulting pulse of the acceleration voltage is rectangular. By delaying
the phase-switching time, it is also possible to obtain subpulses of different lengths. When the different subpulses are
superimposed at the end of the combination process, one can thus obtain a current ramp of about 22 ns at the leading
edge of the pulse. This in turn produces a ramp in the PETS power output, which is used for beam-loading
compensation in the main linac. An illustration of this technique [2.11] is given in Fig. 3.2 under the assumption that
only one combiner ring is used, folding the beam by a factor two only. If the phase-switching is delayed after the first
two trains, the shape of the voltage pulse is not flat anymore. The trailing bunches which are located after the nominal
switching time add to the train considered and consequently append to the tail of the final pulse. In the train which
follows the delayed switching, the first few bunches are missing and this generates gaps at the head of the final pulse.
This results in a variation of the density of bunches and therefore in a ramp of the current. The unwanted tail is of no
concern since it goes through the drive-beam decelerator after the passage of the main beam.

Fig. 3.2: Illustration of the delayed switching scheme. In the upper case, the phase is switched at
nominal times, creating a rectangular pulse. In the lower case, the phase shift is delayed in order to
create a ramp of beam current.

As the long pulse leaves the drive-beam accelerator, it passes through a delay-line combiner [3.2] where ‘odd’
and ‘even’ subpulses are separated by a transverse RF deflector at the frequency of 468.5 MHz. Each ‘even’ bunch
train is delayed with respect to the following ‘odd’ one by 130 ns. The subpulses are recombined two-by-two by
interleaving the electron bunches in a second RF deflector at the same frequency. The net effect is to convert the long
pulse to a periodic sequence of drive-beam pulses with gaps in between. After recombination, the pulse is composed

current

current
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of 16 × 22 subpulses (or trains) whose spacing is equal to the train length. The peak power and the bunch frequency
are doubled.

The same principle of electron-bunch pulse combination is then used to combine the trains four-by-four in a
first combiner ring, 78 m long. Two 937 MHz RF deflectors create a time-dependent local deformation of the
equilibrium orbit in the ring. This bump is used for injection of a first train in the ring (all its bunches being deflected
by the second RF deflector onto the equilibrium orbit). The ring length is equal to the spacing between trains plus
λ/4, where λ is the spacing between bunches, equal to the wavelength of the RF deflectors. Thus, for each revolution
period, the RF phase seen by the bunches circulating in the ring increases by 90°, and when the second train is
injected, the first one does not see any deflection and its bunches are interleaved with the ones which are injected (at a
λ/4 distance). This is repeated twice, then the four interleaved trains are extracted from the ring by an ejection kicker
half a turn later, and the same cycle starts again. After the first combiner ring the whole pulse is composed of
4 × 22 trains.

The trains are combined again, using the same mechanism, in a second combiner ring, 312 m long, yielding
another factor four in frequency multiplication, and obtaining the final 22 trains required for the main linac. At this
point, each final train is 39 m long and consists of 1952 bunches with a charge of 16 nC/bunch and an energy of
1.18 GeV.

Such drive-beam pulses are distributed down the main linac via a common transport line, in a direction
opposite to the direction of the main beam. The distance between trains is now 1248 m, corresponding to twice the
length of the linac section which they will power, so that they will arrive at the appropriate time to accelerate a high-
energy beam travelling in the opposite direction.

Pulsed magnets deflect each beam at the appropriate time into a turn-around. After the turn-around each pulse
is decelerated in a 624 m long sequence of low-impedance Power Extraction and Transfer Structures (PETS) down to
a minimum energy close to 0.12 GeV (Fig. 3.22), and the resulting output power is transferred to accelerate the high-
energy beam in the main linac. As the main beam travels along, a new drive-beam train periodically joins it and runs
in parallel but ahead of it to produce the necessary power for a 624 m long linac unit. At the end of a unit the
remaining energy in the drive beam is dumped while a new one takes over the job of accelerating the main beam. The
main characteristics of one drive-beam unit are given in Table 3.1.

Table 3.1: Main parameters of a drive-beam unit

Parameter Symbol Value

Drive-beam pulse
Energy (initial)
Energy (final, minimum)
Current
Pulse duration (FWHH)
Charge/train
Total energy/train
Number bunches/train
Bunch charge 
Bunch separation
Bunch length, r.m.s.
Normalized emittance, r.m.s. (injection)

Ein,dec
Efin,dec
Idec
τtrain
Qtrain
Wtrain
Nb,dec
Qb,dec
∆b,dec
σz,dec
εn,dec

1.18 GeV
118 MeV

240 A
130 ns

31.25 µC
36.9 kJ
1952
16 nC

0.067 ns
0.4 mm

150 µm⋅rad

Decelerator unit
Repetition rate
Unit length (total)
Unit length (active)
Number of PETS/unit
Number of quadrupoles/unit
Decelerating gradient
Power extracted/metre
Main beam energy gain/unit

 
frep
Lunit,tot
Lunit,act
NPETS,unit
Nquad,unit
Gdec
Pout
∆Emain

 
100 Hz
624 m
390 m
488
488

2.8 MV/m
458 MW
68 GeV
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3.2 Drive-beam injector

3.2.1 Overview of the system

The basic scheme for the drive-beam injector has been further developed and adapted to the new parameter
set. The total pulse, at the injector exit, is 92 µs (Fig. 3.3) and is composed of 32 × 22 subpulses as mentioned in
Section 3.1. The time structure of this pulse is produced after the thermionic gun in a subharmonic buncher, in such a
way that the electron bunches of each subpulse occupy alternately even and odd buckets (Fig. 3.3). This is indeed the
requisite for subsequent separation of the subpulses, and their recombination in the combiner rings.

Fig. 3.3: Combined pulses at the injector exit or linac entrance.

Figure 3.4 shows a layout of the CLIC drive-beam injector. The latter is composed of five subsystems:
1) A thermionic gun; 2) A bunching system providing a bunched beam at 10 MeV; 3) An injector linac

accelerating the beam up to 50 MeV; 4) A spectrometer line with beam diagnostic and collimation; 5) A matching
section to the drive-beam accelerator.

Fig. 3.4: Layout of the CLIC drive-beam injector.

The thermionic gun

The gun provides a beam at 200 keV. The rise and the fall time of the electron pulse from the gun are assumed
to be linear. Their duration ranges between 10 and 50 ns. The power calculated for the gun and for the grid is based on
the total charge of about 1300 µC. It takes into account the bunching efficiency and the collimation in order to get
750 µC at the injector exit. At 200 kV, the gun provides an energy of 253 J. With a repetition rate of 100 Hz, the beam
power out of the gun is 25 kW. The average current delivered by the gun is 0.127 A. The duty cycle is 0.0092. It
implies an average current of 13.8 A during the pulse. The gun is of the triode type. With the cathode at –200 kV, a
pulsed grid allows this peak current. The grid limits the electron current (Ib) by space charge effects [3.2]. The grid
voltage is plotted versus the beam current on Fig. 3.5 based on the LEP Injector Linac (LIL) gun characteristics. The
CLIC grid voltage is estimated to be around 600 V.
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Fig. 3.5: Grid voltage versus beam current.

A pass tube is fed from a power supply and provides the –200 kV. A function generator drives the grid through
optical fibres and the linear power amplifier must have the necessary bandwidth to reach the required grid
modulation. A ripple of one per mil, during the 92 µs flat-top, could be obtained with the voltage. The beam
emittance was measured out of the LIL gun [3.4]. The measured geometrical emittance containing 85% of the beam
is 120 µm⋅rad (not normalized) for a beam current of 1 A.

The bunching system

The bunching system is composed of two subharmonic bunchers (SHB1 and SHB2) working at 937/2 MHz,
followed by one standing-wave pre-buncher (B1) and one travelling-wave buncher (B2), both working at 937 MHz.
The bunching efficiency is estimated at 66% (based on LIL) while the collimation efficiency (at 50 MeV) is estimated
at 90%. After a drift of 50 cm from the gun exit, the first subharmonic buncher (SHB1) receives a modulation of
±10 kV. The second subharmonic buncher (SHB2) is 2 m downstream and works with a modulation of ±50 kV. The
phase of the SHBs is rapidly switched by 180° every 130 ns, in order to produce the ‘phase-coded’ subpulses. Then
the pre-buncher (B1) is 1.25 m downstream and works with a voltage of ±100 kV. Finally the buncher B2 continues
the bunching process while accelerating the beam up to 10 MeV. It has 12 cells (4 × 3 cells) with a phase advance of
2 π/3. The magnetic field along the front end keeps the beam sizes to a reasonable value of 10 mm (90% of particles).
The front end is roughly 5 m long.

The injector linac

The linac is composed of three damped and detuned accelerating structures (S1 to S3) and works in the fully
loaded steady-state mode. It accelerates the beam up to 50 MeV with travelling wave sections at 937 MHz. A long
sequence of solenoids along the entire section is installed for focusing. The accelerating structures are 3.4 m long
with a loaded accelerating field of 3.9 MV/m. They are similar to those of the drive-beam accelerator. The injector
linac provides an energy gain of 40 MeV. Adding the beam energy from the front end, the total energy at the injector
linac exit is around 50 MeV. A beam collimation is implemented with losses up to 10% before injection of the beam
into the accelerating linac.

The matching section and the spectrometer line

A matching section composed of two quadrupole triplets is implemented at the injector exit (50 MeV). A
chicane will allow the beam collimation (± 3 σE) in order to achieve the required beam characteristics. Losses up to
10% before injection of the beam into the drive-beam accelerator could be accepted. A spectrometer line will be used
for beam diagnostics and beam performance optimization. 

3.2.2 Beam characteristics required at injector exit

The main condition to be fulfilled is that the total number of bunches should be a multiple of 32 since there are
two combiner rings giving a multiplication factor of 4 and a delay loop providing a multiplication factor of 2.
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The energy spread at the exit of the injector linac is partly correlated due to the short-range wakefields. The
uncorrelated energy spread is assumed to be 0.75% and the total energy spread is assumed to be less than 1%. Such a
value is expected after beam collimation around ± 3 σE before the injection in the accelerating linac. An r.m.s. value
of 4 mm for the single bunch length could be achieved at the injector exit. A large beam size could cause losses in the
decelerating structures. Therefore, it is crucial to obtain at 1.2 GeV a beam with an emittance as small as possible.
Assuming an emittance blow-up of 50% between the injector and the decelerator, an upper limit of 100 µm⋅rad is
required at 50 MeV. Table 3.2 summarizes the beam characteristics required at the injector exit.

Table 3.2: Beam characteristics required at the injector exit

3.2.3 Beam dynamics simulations 

Beam dynamics simulations are done with the PARMELA code [3.5]. Preliminary simulations have been
performed for the bunching system (up to B2) and with an energy gain of 3 MeV. As initial beam conditions, a given
number of particles (between 100 and 500) are generated randomly in a four-dimensional transverse hyperspace with
uniform phase and random energy-spread at the gun exit. The normalized r.m.s. emittance is 10 µm⋅rad at this point
and 100% of particles are assumed to be confined within six times this emittance. At 200 keV a total emittance of
62 µm⋅rad is used for the simulations. With a radius of 10 mm for the hole in the anode, the horizontal (and vertical)
β-value of the ellipse is 1.61 m/rad. The r.m.s. beam radius is σ = 7 mm. A straight ellipse (α = 0) is assumed in both
transverse planes at the gun exit. The longitudinal coordinate z = 0 is taken at the anode exit where the magnetic field
is still zero. The total charge of 29.2 nC (1.8 × 1011 e–) is distributed over two RF periods of 937 MHz. The
transverse focusing is provided by a longitudinal magnetic field satisfying the Brillouin-flow condition. Both axial
bunch velocity and bunch current are functions of z. For preliminary simulations, the magnetic field is represented by
a fast rise at the beginning, starting from zero and followed by a constant amplitude along the front end (≈5 m).
Figure 3.6 shows the energy gain from the gun exit.

Figure 3.7 shows the horizontal beam envelopes along the front end. The continuous curve is the r.m.s.
envelope and the dotted curves are the 90% and 100% beam envelopes. The entire beam remains inside the 40 mm
aperture (radius) of the travelling-wave structures. The buncher’s aperture (radius) is 53 mm. The core of the bunch
has an extension of 22 degrees while the total bunch (a few particles in the tails) extends over twice this value. The
full energy spread is roughly ±10% which corresponds to a r.m.s. value of a few per cent. Figure 3.8 shows the bunch
length obtained at 3.7 MeV.

Figure 3.9 shows the initial phase versus the current phase. It provides a figure of merit of the bunching
efficiency. For this run with 500 particles and an initial phase of ±500°, one obtains ±300° in the correct bucket. The
bunching efficiency in this case is 60%. 

The normalized emittance is 245 µm⋅rad. The results presented here are preliminary. The target values for the
injector are not yet completely reached and further optimization is necessary. The input and resulting parameters are
given in Table 3.3. 

Parameters Injector exit

Beam energy
Pulse length (total train)
Beam current per pulse
Charge per pulse
Number of bunches per pulse
Bunch length (FWHH)
Bunch length (r.m.s.)
Normalized emittance (r.m.s.)
Energy spread
Repetition frequency

50 MeV
92 µs
8.2 A

750 µC
~43 000

32 ps
4 mm

≤ 100 µm⋅rad
< 1%

100 Hz
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Table 3.3:  Preliminary simulation results at the front-end exit

Fig. 3.6: Energy gain along the front end. Fig. 3.7: Horizontal beam envelopes (r.m.s., 90% and
100% of particles).

Fig. 3.8: Bunch length at the front-end exit. Fig. 3.9: Bunching efficiency of the injector.

PARMELA results

Beam energy
Bunch charge/2 RF periods
Bunch population/2 RF periods
Bunching efficiency
Bunch length
Phase extension (937 MHz)
Energy spread (single bunch)
Normalized emittances

3.2 MeV
30 nC

18 × 1010

67%
19.5 mm (FWFM)

22 degrees
20% (FWFM)
245 µm⋅rad
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3.2.4 A photo-injector option

The possibility to use a RF photo-injector as the drive-beam source is under investigation. Figure 3.10 gives a
sketch of a possible layout. A CW laser working at 468.5 MHz provides a continuous train. During 92 µs the
necessary power at 262 nm is generated in order to create the charge of 750 µC by the photocathode. The ‘even’ and
‘odd’ photon pulses are directly produced by electro-optics components. The resulting laser beam illuminates the
photocathode of an RF gun powered by a klystron at 937 MHz. It generates an electron beam with a momentum of
several MeV at the exit of the photo-injector and with the required sequence of bunches which can then be directly
injected into the drive-beam accelerating linac. Such an option would represent several advantages: it would replace
the thermionic gun and the bunching system by a single RF gun; the pulse shaping would be much easier and could
be adjusted in order to optimize the RF power generation; small emittances would be achievable. However, several
issues remain to be addressed: the UV power and stability for the laser and the necessary charge for the
photocathodes. An R&D programme has been set up to try to overcome these problems.

Fig. 3.10: Possible layout for a photo-injector option.

3.3 Drive-beam accelerating linac

3.3.1 The accelerator beam dynamics

The drive-beam accelerator consists of 50 FODO cells with a constant phase advance of 117 degrees. The
spacing between quadrupoles is 3.8 m and one accelerating structure with a length of 3.1 m is placed between each
pair. The beam is accelerated from 50 MeV to about 1.2 GeV. Every second bucket of the beam is filled with a charge
of about 16 nC, switching from odd to even buckets or vice versa every 60 bunches. 

For the simulation the single-bunch wakefields were derived from the ones calculated for SBLC [3.6] by
scaling with the frequency and iris radius. The longitudinal multibunch wakefields were ignored, their effect should
be small due to the beam loading compensation scheme. The transverse wakefields were calculated for a constant
impedance structure for four different iris radii [3.7]. For each cell the loss factor and the frequency of the two most
important dipole modes were derived by interpolation. An analysis that includes the coupling between cells and the
damping remains to be done. Conservatively, a damping with Q = 100 was assumed for the first dipole mode and with
Q = 400 for the second.

The initial bunch length in the accelerator is σz = 4 mm while in the decelerator it should be smaller than
0.4 mm. Therefore, bunch compression is needed. On the other hand, the bunch length has to be larger than 2 mm in
the combiner rings and the following bends in order to suppress coherent synchrotron radiation. Thus a final
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compression is needed at the point where the beam is bent into the decelerator. To evaluate the final bunch length a
simple calculation was performed [3.8]. The compression stages are assumed to be linear. The longitudinal single-
bunch wakefield was scaled from the one from SBLC assuming W∝ 1/a2. Two different strategies of compression
exist. One can compress the beam to σz = 2 mm at about E = 100 MeV and then just accelerate it. The final
compression after the final bends then yields a bunch length of σz = 290 µm. It is also possible to compress the beam
as much as possible at three stages in the linac. Before the rings the beam is uncompressed to σz = 2 mm. After the
final bend it is compressed as much as possible yielding σz = 170 µm. The phase space for this case is shown in
Fig. 3.11.

Fig. 3.11: The longitudinal phase space in the case of four compression steps (left). The final position
of the slices in a bunch train with an initial offset of one sigma (right). The periodic large deviations
are the result of the phase switch.

Coherent jitter of the beam is one of the possible sources of instability. Figure 3.11 shows the final offset of the
different bunch slices at the exit of the accelerator for an initial offset of ∆ = σ. Large amplitudes occur periodically.
At these positions one switches from one train to the next. The offsets reach a steady state before the next train. It is
therefore not important to simulate the exact pattern of the switching with the precise length of the trains. However,
the time necessary for switching is important, as can be seen in Fig. 3.12. Here, the amplification of an initial offset is
shown for a fast switch without any ramp and one with a ramp of 20 bunches. The points represent different slices of
the beam. Initial and final offset are normalized to the beam size. Without a ramp the maximum amplification is
significantly larger than with a ramp. Even a short ramp results in a significant reduction of the amplification.

The initial misalignment of the accelerator components needs to be corrected with beam-based alignment.
Only a simple one-to-one correction is used in the simulation, since this machine needs to be very simple to operate
in order to minimize down-time. All components are assumed to be scattered around a straight line with a normal
distribution with a sigma of 100 µm. For the quadrupoles larger errors are assumed, but they have no influence on the
results.

Figure 3.12 shows the result of the correction in one case. The simple correction technique seems to be
sufficient. This was verified by simulating 20 other cases [3.9] in which similar results were found.

Fig. 3.12: Left: The amplification of an initial jitter. Initial and final position are normalized to the
beam size at the corresponding energy. Right: The final bunch positions for a corrected machine.

1140

1150

1160

1170

1180

1190

1200

−2.0 −1.5 −1.0 −0.5 0 0.5 1.0 1.5 2.0 2.5 3.0

E
 [M

eV
]

z [mm]

−600

−400

−200

0

200

400

600

0 20 40 60 80 100 120 140 160 180 200

x 
[µ

m
]

bunch number

n = 20
n = 0

−3

−2

−1

0

1

2

3

x′
/σ

x′

−3 −2 −1 0 1 2 3
x/σx

−3

−2

−1

0

1

2

3

x′
/σ

x′

−3 −2 −1 0 1 2 3
x/σx



44

3.3.2 Description of the accelerator cavities

3.3.2.1  Structure description and scaling

The group velocities and the R′/Q values must be such as to enable the beam to use up properly the
electromagnetic energy before it reaches the structure end. Two possible designs of the accelerator cavities are being
investigated. A new concept based on a slotted iris and constant aperture is proposed (E. Jensen et al., LINAC 2000).
The model based on a classical geometry in order to avoid excessive surface gradients is described below.

First beam transport simulations with 937 MHz structures of 29 cells having an average iris radius a equal to
48.5 mm, an average outer radius b = 144 mm and a disc thickness d = 19 mm demonstrated that both detuning and
damping were necessary to preserve a sufficiently low transverse beam emittance. The design is based on the same
principles proposed for the CLIC main accelerating structures [2.23]. Good beam transmission was obtained with a
dipole frequency spread of about 10% and a Q-value of 100 for the first mode and 400 for the second one (see
Section 3.3.1 on beam dynamics). Since some scaled model work was planned at 3 GHz, the investigations with the
code ABCI were all done for structures with this fundamental frequency (the average iris radius a scales to 15 mm at
3 GHz). A 29-cell structure having for the first cell a = 17 mm and for the last one a = 13.3 mm was used.

Table 3.4 lists the relevant parameters of the two extreme cells for zero bunch length and the 937 MHz
operating frequency of the CLIC drive beam.

Table 3.4: Parameters of the first and last cell of the 937 MHz structure

A 32-cell damped, detuned scale-model has been realized for 3 GHz (Fig. 3.13). Damping was confirmed by
computations on a single cell using the HFSS code yielding Q-values of 11 and 100 for the first and second transverse
modes, respectively [3.10]. The model work and the HFSS calculations have demonstrated that sufficient damping for
beam survival is obtainable.

Fig. 3.13: Front end of a 3 GHz scaled CLIC drive-beam acceleration structure with transverse
damping waveguides against bipolar and quadrupolar high-order modes. Each such waveguide
contains a SiC absorber.

Quantity First cell Last cell Units

Iris radius a
Relative group velocity vg
Outer radius b
R/Q for fundamental mode
Frequency of first transverse mode
Transverse loss factor k of first mode
Frequency of second transverse mode
Transverse loss factor k of second mode

54.4
0.053
147.2
1088
1.22
32.34
2.14
3.1

42.6
0.025
140
1340
1.34
63.5
2.18
13.7

mm
–

mm
Ω/m (linac)

GHz
V/pC/m2

GHz
V/pC/m2
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3.3.2.2  Wake-fields and the structure model

The short-range wakefields of the structures are derived by scaling from those for the S-Band Linear Collider
(SBLC). For the SBLC frequency of 2.998 GHz the longitudinal delta-wakefield can be expressed as follows [3.6]:

For fixed ratio a/λ, the scaling of the wakefield amplitudes with frequency goes with the frequency ratio to the
square, i.e. (f1/f0)

2. For a change of a/λ, the scaling law is not straightforward, but goes with the square of the inverse
of the radius-ratio, i.e. (a0/a1)

2. The long-range longitudinal wakefields are neglected in the simulations reported in
Section 3.3.1. Their effect on the mean bunch energy should be taken out by the beam loading compensation, so that
only the distribution might slightly change.

The transverse delta-wakefield for 2.998 GHz can be approximated by the following relation [3.6]:

  .

Provided that a/λ remains constant, the scaling with the frequency is proportional to the cube of the frequency-
ratio, i.e. (f1/f0)

3 as shown in Ref. [3.11]. For a variation of a/λ, the scaling of the amplitudes is approximately given
by the following law (a0/a1)

2.2.
The ratio a/λ selected for the accelerator is larger than that for SBLC by a factor 1.25. The long-range

transverse wakefield is calculated by assigning specific modes to the individual cells. It is assumed that the modes are
trapped and do not propagate longitudinally. For each cell the two modes with the highest loss factors are used and
the transverse field of the cell is given by the summation of these sinusoidal modes, exponentially decreasing with the
distance z behind the particles driving the wakefield. 

In order to obtain a realistic model at 937 MHz, the loss factors and frequencies for all the 29 cells are
estimated by interpolating between the four cells simulated with the code ABCI at 3 GHz [3.12],[3.10]. The radii are
equally spaced in the range 42.6–54.4 mm, corresponding to 13–17 mm at 3 GHz. Once the frequencies and
amplitudes of the two most important modes in the four simulated cells have been calculated, the results are fitted by
interpolation with a continuous function. These fits give closed expressions for the amplitudes and frequencies of the
first two modes of the transverse wakefield which can then be used in beam tracking simulations (Section 3.3.1).

The damping was measured on a model indicating an upper limit for the damping of the first transverse mode
of Q < 100 and a value of Q ≈ 400 for the second mode. In what follows, a quality factor for the main mode Q = 100
is used but more precise measurements are expected to show significantly smaller values. Calculations predict Q ≈ 11
for perfect loads [3.10].

3.3.3 Drive-beam power systems 

3.3.3.1   Klystrons

The CLIC drive-beam RF power system provides 100 MW, 100 µs long pulses for each single accelerating
structure of the 1.2 GeV, fully loaded and conventional 937 MHz, L-band linac [3.2]. A modular drive power system
approach has been chosen, where the RF outputs from two 50 MW klystrons are connected to this single 3.4 m long,
travelling wave structure, via 3 dB power combiners. Each of the 50 MW klystrons is driven by high-power
modulators as shown below in Fig. 3.14. The CLIC scheme will contain in total about 90 of these RF power modules
in each of the drive-beam linacs.

CLIC requires a high conversion efficiency of AC power into klystron RF output power in order to reduce
overall power consumption. Multibeam klystrons (MBKs) are being designed for this task in the above drive scheme
(Table 3.5). These can be likened to a number of separate klystrons that share common cavities, a common collector
structure, and the axial magnetic focusing field. For a given peak output power (Po) and efficiency (ηMBK) the MBK
beam voltage reduces with an increasing number of beams (nb) within the structure. This lower voltage reduces the
probability of gun breakdowns with long pulse lengths and reduces any X-ray emission. It also permits the overall
tube length to be reduced by up to 25%, leading to a smaller total volume for the installation. The MBK efficiency is
expressed empirically as a function of the single-beam microperveance (µP) by:

ηMBK = [0.78 – 0.16 (µP)]  .

W zL V pC m mm= ( )250 0 85/( ) - .exp /

W z z⊥ = − ( ) +( )[ ]5 45 1 1 1 13. / . /kV / (pC m ) exp -1.13 mm mm2
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Fig. 3.14: The 50 MW MBK RF network module.

This low, single-beam microperveance, with low space-charge forces, enables stronger beam-bunching and so
a higher electron efficiency compared to the standard monobeam, higher microperveance tube. An efficiency of 65–
70% is calculated for the CLIC MBK. For high efficiency, as much of the kinetic energy as possible in the bunched
beams must be converted into electrical energy at the RF output. This is achieved by decelerating the electron beam in
the output gap. On account of the potential drop at the collector entrance, some electrons are accelerated in the
reverse direction, particularly from the central, seventh beam, giving rise to oscillations and unwanted sidebands. An
alternative six-beam MBK is also being investigated in case this difficulty has an impact on the use of the central
beam and restricts the present design (Table 3.5). Each of the parallel beams is the MBK transport part of the total
output power  so that the effective tube microperveance is nb(µP). The peak output power is then given by:

  .

The simulated power transfer curves [3.13] for a seven-beam MBK are shown in Fig. 3.15.

Fig. 3.15: Simulated MBK power transfer curves.

The present MBK design parameters are given in Table 3.5.
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Table 3.5: Six- and seven-beam MBK design parameters

The choice of six beams is a minimum to meet initial design parameters and stay within current experience
limits. An MBK with a seventh beam should enable a device to be developed that is close to the required RF power
output specification. A further increase in the number of beams in the tube envelope will again reduce the beam
voltage requirements and enable a higher peak output power to be obtained, but will not increase the efficiency, and
increases the complexity of the gun and beam focusing systems. 

For a greater number of beams (nb > 7) a larger-diameter cavity would probably be needed, and could be
operated as a higher-order mode multibeam klystron (HOM-MBK). However, larger cavities have multiple
resonances that may bring difficulties in selecting the right operating mode for the klystron and cause a reduction in
gain or efficiency. A larger-diameter cavity could make the internal geometry simpler with a beam convergence ratio
closer to unity reducing the focusing power needed for the electromagnet and improving overall klystron-modulator
system efficiency. All of the multibeam klystron scenarios discussed above require development to ensure that the
operational parameters can be obtained. 

3.3.3.2  Modulators

The conventional line-type modulator baseline design, shown in Fig. 3.16, has been studied [3.14] for
powering a single 50 MW multibeam klystron and can also be used with two parallel, lower-power (25 MW)
klystrons in an initial development phase. A key consideration is the conversion efficiency of AC wallplug power to
pulsed RF power from the klystron. This requires that each major functional part be optimized for efficiency as well
as for high-voltage performance and reliability. In this baseline design a high-efficiency switched-mode power unit is
proposed for the high-voltage charging system. This is connected to a Rayleigh multicell (~33 cells) pulse-forming
network (PFN), and discharged by two thyratron switches into the MBK load via a step-up pulse transformer.
Auxiliary power systems provide the thyratron and klystron tube heating and focal power to an electromagnet for a
magnetic field of around 2.5 times the Brillouin level. An overall AC-to-RF power efficiency of about 52% for a
klystron modulator should be obtainable. The parameters for a 50 MW baseline modulator are shown below
(Table 3.6).

Fig. 3.16: Block diagram of a basic modulator.

Parameter

Frequency
RF pulse width
Microperveance
Number of beams (nb)
Beam area convergence
Beam interaction length
Jmax
Efficiency
Bandwidth (−1 dB)
Saturated gain
Focusing field
Beam voltage (Vk)
Collector dissipation
Beam current
Peak RF output power (Po)

937.5 MHz
100 µs

0.5 A/V3/2

7 (6)
5.4:1 

~2800 mm
6 A/cm2

65–70%
4 MHz (min)

≥47 dB
975 G

212 kV (211 kV)
Full beam

342 A (293 A)
47 MW (40 MW)

High
Voltage

Charging
System

Pulsing
System

AC Line
Power
System

Auxilliary
Power
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Pulse
Transformer

System
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power

Pac
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Table 3.6: Baseline modulator parameters

Different modulator designs using Insulated Gate Bipolar Transistors (IGBTs) for high-voltage switching are
also being investigated as a possible future replacement for the thyratron in the baseline design. Large IGBT arrays
can be used to handle the switched voltage and current requirements, and these need adequate protection to ensure
correct load sharing. Alternatively, a high-frequency 3-phase switching supply, with low leakage inductance mains
transformers, that is gated on and off by its primary circuit IGBTs will produce a high-voltage pulse directly for the
klystron, or via a step-up pulse transformer. In the CLIC klystron-modulator application the requirements of high
conversion efficiency, with high reliability and the handling of high-average switched power are important issues that
need to be resolved.

3.4 Frequency multiplication and pulse compression

3.4.1 Design of the delay line and combiner rings

The main issue in the compression system (delay line plus combiner rings) is the preservation of the bunch
quality during the combination process. In particular, the bunch length and longitudinal phase-space distribution must
be preserved and the fluctuations in phase and transverse position between trains and between bunches minimized.
The rings, the delay line and the transfer lines must therefore be isochronous. The final bunch length must be short in
order to maximize the 30 GHz RF power production efficiency in the drive-beam decelerator. The aim is an r.m.s.
bunch length of σz = 0.4 mm, for a 16 nC bunch-charge. High-charge, short bunches can radiate a considerable
amount of Coherent Synchrotron Radiation (CSR), leading to both a significant average energy-loss and energy-
spread within the bunch [3.15]. The emission is concentrated at low frequencies [ν ≤ 1/(2 σ)], and can be partly
suppressed if at least a fraction of the emitted spectrum is below the cut-off of the beam pipe (shielding effect),
though a lower limit in the beam pipe dimensions is imposed by the necessary beam clearance. Both the energy loss
and spread must be kept small, in particular because the bunches belonging to different trains make a different
number of turns in the rings (from 1/2 to 7/2) and will develop different energy distributions. This will cause relative
phase errors between bunches and some bunch lengthening. These intense and short bunches will also interact with
any small discontinuity of the beam chamber (e.g., bellows and septa), possibly being subject to longitudinal and
transverse wakefields. It is therefore highly desirable to have relatively long bunches to manipulate in the
compression system, and to compress them just before the injection into the drive-beam decelerator sections. An
upper limit to the bunch length is given by the non-uniform kick experienced by the bunches at injection in the RF
deflectors, due to their phase extension, causing growth of the single-bunch emittance. The bunch length has been
fixed at the exit of the accelerator to be 2 mm r.m.s. approximately. The emittance growth in this case is
approximately 2% (for an initial r.m.s. normalized emittance of 200 µm⋅rad), arising mainly in the deflectors
(3.75 GHz) of the second combiner ring, where their effect is large. A correlated energy spread (~1% r.m.s.), suitable
for the final bunch compression, is obtained in the accelerator by the combined effect of the RF curvature and
longitudinal wakefields. The need to preserve the correlation all along the compression system means that all the
distortions of the longitudinal phase space must be kept small. In particular, attention must be given to the higher
orders of the momentum compaction. A numerical analysis has shown that second-order effects would be
unacceptable and must be corrected by using sextupoles [3.2].

Parameter

Modulator pulse width (FWHM)
Voltage pulse rise time (10–90%)
PFN voltage (max.)
Single PFN impedance
PFN cell capacitance
Stored energy in PFN
Klystron-to-PFN mismatch (max.)
Single thyratron peak current
Single thyratron average current
Pulse transformer ratio
Pulse transformer volt-seconds

108 µs
12 µs
43 kV
11.5 Ω
155 nF
8.5 kJ
6%

1800 A
19.5 A
1:10

22.5 Vs
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Another concern is the beam loading in the RF deflectors, particularly just before the extraction from the
second combiner ring, where the average current in the train and the deflector’s frequency (3.75 GHz) are the highest.
In order to overcome this problem, a travelling-wave iris-loaded structure with a short filling time with respect to the
train duration has been chosen. A steady-state condition is then reached with minimum transient effects, although at
the expense of a loss in the deflection efficiency. The extraction system for both rings is also a critical item, the two
main issues being the high repetition rate (particularly in the first ring –250 kHz) and the interaction with the high-
current beam (particularly in the second ring –262 A). A possible solution is based on the use of pairs of travelling
TEM wave transmission-lines [3.16].

A preliminary design of the lattices for the delay line and the combiner rings was made in 1999 [3.2]. Since
then, the CLIC RF pulse length has been reduced from 143 ns to 130 ns. Such a parameter change implies a reduction
of the delay introduced in the delay-line and of the circumference of the combiner rings. The existing lattice design
could in principle be modified to fit the new parameters. Another possibility would be to use an alternative design for
the isochronous cells [3.17], presently under investigation for CTF3. Such a design is based on the use of three
bending magnets per module or cell instead of four. Being more compact, it would be better adapted to shorter rings
and transfer lines. In the following, only the first-order design with the old parameters will be described in some
detail. Tables 3.7 and 3.8 present the main parameters of the subsystems with the delay length and ring
circumferences selected at the time of the study. The delay-line geometry has been chosen to minimize both CSR
emission and overall dimensions. One 3-bend magnetic chicane is located in the delay line and two in each ring. They
are used for fine path-length tuning (±0.5 mm tuning range), in order to adjust the relative phase of the bunches and
compensate for orbit variations. Each chicane is 3.5 m long and works around an average bending angle of
θ0 ~ 150 mrad. The tuning range is obtained with a bending angle variation of ∆θ = 1.5 mrad; such a small value of
∆θ/θ0 does not perturb the optics. Each chicane has a linear transfer matrix element R56 = 0.065. Both the delay line
and the ring arcs are based on the same type of isochronous lattice cell (see Fig. 3.17), a modified four-cell FODO
structure with ‘missing magnets’ [3.18]. The small finite R56 generated by the chicane is compensated in the two
adjacent cells with R56 = 0.065/2, slightly detuned away from their isochronous point. In order to avoid distortions in
the longitudinal phase space, all the arcs are made isochronous up to second order by the use of sextupoles placed in
the high-dispersion regions where there are no dipoles. The use of different families of sextupoles makes it possible to
correct the third order as well. These designs will have to be re-adjusted to the new nominal delay length of 39 m and
ring circumferences of 78 m and 312 m (Fig. A.1).

Table 3.7: Delay line parameters

Table 3.8: Ring parameters

Delay length
Bending radius
No. dipoles
Dipole length
Dipole field

43 m
3 m
16
2 m

1.25 T

Ring 1 Ring 2

Circumference
Bending radius
No. cells
Cell length
No. dipoles
Dipole length
Dipole field
No. quadrupoles
Quadrupole length
Max. quadrupole gradient
No. sextupoles
Sextupole length
Max. sextupole gradient
Max. β-function (h,v)

(m)
(m)

 
(m)

 
(m)
(T)

 
(m)

(T/m)
 

(m)
(T/m2)

(m)

86
3.6
4

13.6
16
1.4
1.1
52
0.3
14
20
0.3
26

10.3, 10.9

344
17.8
20

13.6
80
1.4
0.22
184
0.3
14
84
0.3
120

32.6, 16.8
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Fig. 3.17: Lattices of the basic isochronous cell (left), and of the first ring arc (2 cells + 1 chicane),
globally isochronous to 1st order (right). The β-functions and the dispersion curve are shown.

The ring injection is similar to a conventional fast injection scheme based on a septum and a fast kicker, where
the kicker is, however, replaced by an RF deflector. Another deflector is placed upstream of the septum (at –π phase
advance), and provides the pre-compensation of the kick given by the injection deflector to the circulating bunches. A
π/2 phase advance FODO lattice is used in the injection straight section, with the septum and deflectors close to the
focusing quadrupoles, such that the angular kick from the deflector corresponds to a maximum displacement in the
septum (see Fig. 3.18).

Fig. 3.18: Injection-insertion layout with the RF deflector (left) and first-ring lattice (right).
Circulating bunches will travel on the central or inner orbit, while the injected bunches are kicked by
the 2nd deflector onto the equilibrium orbit. The train of combined bunches is ejected before the next
pulse reaches the deflecting phase represented by the dotted line trajectory (intercepting the septum).

All the RF deflectors are short travelling-wave iris-loaded structures, in which the resonant mode is a
deflecting hybrid mode with a 2π/3 phase advance per cell and a negative group velocity [3.19]. The design is
basically the same for all the deflectors, with the cell dimensions linearly scaled with frequency. They are made of
4 cells at 937 MHz and 10 cells at 3.75 GHz, and provide the 2 mrad deflection needed in both rings, with a 50 MW
and 15 MW power consumption, respectively.

The extraction kickers consist of pairs of TEM travelling-wave transmission-lines (Fig. 3.19) [3.16], powered
in anti-phase, with the wave moving against the beam; the kicker length is chosen to be 2 m, with a half-aperture of
1.5 cm. A deflection of 3 mrad requires a voltage of 11.3 kV, corresponding to 2.6 MW into each 50 Ω line. The
kicker filling time of 6 ns remains small compared with the 130 ns available rise time. Because of the length of the
extraction kicker, a different design is used for the extraction region lattice, based on a triplet placed between the
kicker and the extraction septum. The phase advance between the kicker and the septum remains ~π/2. The use of a
triplet allows a rather constant β-amplitude along the kicker.
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Fig. 3.19: Extraction-insertion layout (left) and lattice (first-ring case, right). 

As mentioned earlier, the preservation of the longitudinal phase-space of the bunches is important in order to
be able to compress them before injection in the drive-beam decelerator. The main sources of phase-space distortion
in the pulse compression chain are the coherent synchrotron radiation (CSR) emission and the higher-order
momentum compaction. The evaluation of the longitudinal bunch-dynamics in both rings takes into account the CSR
effect with shielding and the isochronicity curves in the arcs after sextupole correction up to second order [3.2]. The
results are promising; the final bunch-length after compression is smaller than the target value, with small bunch-to-
bunch variation (from 340 to 360 µm r.m.s., depending on the number of turns in the rings). The contribution of the
delay-line arcs, as well as the non-linear contributions from the return loops and the final bunch-compressor, have
been neglected for the moment. Nevertheless, these contributions are smaller, and further improvement can be
obtained, e.g., either by using different sextupole families, or by adding pulse stretchers and compressors in front of
each ring and optimizing the bunch length in each component.

3.4.2 Transfer lines, compressors, path-length chicanes and loops

The drive-beam accelerator and the combiner rings are planned to be in a central position with respect to the
two main linacs of the collider. This means that all the drive beams have to be first transported in a direction opposite
to that of the main beams, before being turned around over 360° and injected in the different decelerating units where
they travel parallel to the main beams. 

The transport line for the beam going upstream is of course located in the same tunnel as the decelerators, near
the tunnel roof in order to minimize the loss of space (cf. Fig. 1.2). This position offers the advantage of preventing
interference with the main linac and the decelerator by keeping the turn-around loops at a different level both in the
tunnel and in the individual alcoves which will house these loops.

The different beam-transport elements of the turn-around area [3.2] are schematically shown in the plan view
of Fig. 3.20 (bottom part). The up-going drive beam arrives from the left through a simple FODO transfer line. After
a small vertical deflection [see the solid line branching above the dashed line at the top of the drawing (Fig. 3.20),
(side view)], the selected drive-beam pulse enters the 360° loop, consisting of a 90° right-turn followed by three 90°
left-turns. Drifts between these 90° turns are added to adjust the geometry and separate the axis of the down-going
beam from the up-going one. These modules are designed to be isochronous (R56 = 0) in order to preserve the bunch
length and are based on the design concept elaborated for such applications with compact lattice and acceptable
synchrotron radiation effects [2.9]. Table 3.9 summarizes the main parameters.

Table 3.9: Isochronous module parameters

Bending magnet length
Bending magnet fields
Bending angle per dipole
Bending radius
Quadrupole length
Quadrupole gradient
Module length
Transfer matrix coefficient R56

1.6 m
1.0/1.8 T

23.5/43 degrees
3.9/2.15 m

0.3 m
26.0 T/m
11.0 m
0.00 m
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Fig. 3.20: Layout of the turn-around area.

After the loop, the beam traverses a sort of bending chicane that serves to adjust the path length and at the
same time to compress the bunch length. The present proposal is a generalized chicane consisting of a series of four
double-bends with two dipoles deflecting the beam in the same direction, i.e., with a bending radius ρ and a bending
angle θ of the same sign. In this case, the integral of D/ρ over the two dipoles is positive by definition. The dispersion
D, assumed to be zero, together with D′, at both the entrance and the exit of the double-bend, is simply controlled by
putting a focusing quadrupole at the mid-point between the two dipoles. The quadrupole inverts the sign of D′ and the
function D is mirror-symmetric with respect to this point. The correlation between the energy spread and the position
z within the bunch requires a positive R56 for bunch compression. The total compression corresponds to a reduction of
the bunch length from 2 mm to 290–170 µm with a correlated r.m.s. momentum-spread of approximately 1.5–1.2%.
This gives a total R56 of ~0.15 m. On the other hand, the R56 coefficient must be sufficiently large for an adjustment
∆l between ±2 mm and ±5 mm at most (i.e., half the RF period at 30 GHz). The proposed path-length module has an
R56 equal to 0.13 m, the remaining compression being provided by the following vertical-bend (see side view of
Fig. 3.20). In order to reach such a high value of R56 without increasing too much the angle or the dipole length, it is
necessary to have a succession of four double-bends arranged in a geometry that looks like a chicane (Fig. 3.21). The
total contribution to R56 is simply equal to the sum of the individual contributions. These do not depend on the sign of
the deflection, since the double bends are separated by dispersion-free drifts. It is important to note that a triplet of
quadrupoles must be inserted in the middle of these drifts. This matching triplet has no influence on R56 but is
necessary to focus the beam and match the optics of the two adjacent double-bends. The following parameters of the
generalized chicane were selected to give R56 = 0.13 m and ∆l = 0.5 mm/mrad:

θB = 16°   lB = 1.23 m   B = 0.88 T   ldrift = 0.5 m   lQ = 0.2 m   GQ = 20 T/m  .

A path-length adjustment of 2 mm implies a change in the bending angle by 4 mrad, which induces in the mid-
point of the snake a still tolerable lateral shift by approximately 4.8 cm.

Fig. 3.21: Layout of the path length module.
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The vertical translation which adds some bunch compression can be obtained by using the same double-bend
concept. The coefficient R56 should be equal to 0.03 m in order to give a total of 0.16 m together with the path length
module. Using the exact geometry, the following set of parameters for the elements of the two double-bends is
proposed:

lB = 1.23 m   θB = 11°   B = 0.60 T   ldrift = 0.5 m   lQ = 0.2 m   GQ = 38 T/m  .

The drift in the middle of the module, containing a matching quadrupole triplet, has a total length equal to
1.0 m, adjusted such as to satisfy the translation amplitude required.

Another promising design consists in using the tunable achromats developed for the CTF3 project [3.20]. Its
main advantages are its geometrical flexibility, its capability of easily adjusting the coefficient R56, and its much
smaller number of magnetic elements.

3.5 Drive-beam decelerator

3.5.1 Lattice and beam stability

The decelerator has to provide the RF power to accelerate the main beam by decelerating the drive beam. To
achieve high efficiency, it is necessary that the final drive-beam energy be much smaller than the initial one. As a goal,
the lowest-energy particles should have only 10% of the initial beam energy when the beam is dumped. Since the
particles in the first bunches are not decelerated significantly, the final energy spread in the beam will be very large,
see Fig. 3.22. Transporting this beam, which in addition has a very high current of about 240 A, is thus a challenge.

Fig. 3.22: Left-hand side: The final energy spread of the beam. Right-hand side: The envelope of a
four-sigma beam (in both planes) with and without an initial offset of sigma in the vertical plane.

The beam line consists of a simple FODO lattice with a quadrupole spacing of 1.115 m. One decelerator
structure with an active length of 0.8 m is placed between each pair of quadrupoles. A BPM is positioned in front of
each quadrupole. The strengths of the quadrupoles are adjusted to keep the phase advance constant for the particles
that lose most energy. Owing to the adiabatic energy changes, the particles at higher energies remain at smaller
amplitudes [3.21]. It was found that the radius of the structure should be as large as possible in order to improve
stability [3.22]. The drive-beam injector can provide a maximum current of about 250 A; together with the required
output power this limits the radius to a maximum of about a = 13 mm, which was adopted for the structure.

The beam consists of about 1950 bunches separated by 2 cm and each with a charge of roughly 16 nC. To
compensate the beam-loading in the main linac, it is necessary to ramp the RF power. This is achieved by delayed
switching, therefore some bunches are missing in the first 20 ns of the pulse. The precise pattern will be adjusted for
optimum compensation at the real machine and may vary from decelerator to decelerator.

The transverse stability of the beam is of concern due to its very high current. Two programs, WAKE [3.23]
and PLACET [3.24], have been developed to simulate it. The PETSs have one dominating transverse and one
dominating longitudinal mode. Because of the high group velocity, the power in both modes quickly drains out of the
structure. In addition, the transverse mode is damped. In the simulations, particles pass the structure in several steps
taking into account the longitudinal field distribution. In the following, the four-waveguide structure is used
throughout, the six-waveguide structure is expected to give better results but the simulations of the structure are not
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yet finalized (see descriptions of these structures in Section 3.5.2). The group velocity for each of the modes is
β = 0.441 c, the R′/Q = 41 Ω/m (linac convention), the peak transverse wakefield W = 225 V/pC/m2 and the damping
of the transverse mode about Q = 200. This last value is significantly worse than the one assumed in previous
simulations [3.25].

The envelope of a four-sigma beam is shown in Fig. 3.22 for an on-axis beam and one that has a very large
initial offset of one sigma. The beam passes through the decelerator without problem. Here, a constant pulse current
is assumed.

The transverse and longitudinal modes have very similar frequencies. The transverse wakefield produced by a
leading bunch is thus minimal at a following one because of the phase difference of π/2 between the two modes.
However, a small difference between the two frequencies leads to large effects. 

Figure 3.23 shows the maximum amplification of an initial offset. At least a factor  is expected from the
adiabatic undamping of the oscillation. The factor depends strongly on the transverse frequency, with a minimum at
the fundamental. The asymmetry around this point is mainly an effect of the bunch length as simulations with point-
like bunches show [3.9]. One can conclude that it is very important that the transverse frequency is tuned to the
fundamental, and if it is different it should rather be higher. 

Since the structure is not cylindrically symmetric, the deceleration of the particles depends on the transverse
position. This non-uniformity of the longitudinal field also gives rise to a transverse kick. For an m-waveguide
structure the transverse field can be expressed as

   .

Here, r is the distance of the particle from the structure axis and φ the azimuth angle. The most important
contribution is expected from the term with the lowest order in r.

A simulation with a four-sigma beam (and a normalized emittance of 150 µm⋅rad) with an initial offset of one
sigma shows that the beam will be lost before the end of the decelerator, see Fig. 3.23. The problem can be solved by
rotating every other structure by 45 degrees to cancel the effects in lowest order. The second order is also included in
PLACET but does not show a significant effect.

Fig. 3.23: Left-hand side: The dependence of the maximum amplification of an initial jitter on the
frequency of the transverse mode. Right-hand side: The effect of the non-uniformity of the longitudinal
field in the four-waveguide structure.

The drive-beam decelerator needs beam-based alignment. As a goal, an initial position error of the beam line
components of 100 µm should be tolerable. The BPMs and quadrupoles are aligned with a low-intensity beam using
the ballistic alignment method [3.22]. During this procedure, the beam is not focused over a distance of about 26 m
corresponding to 23 quadrupoles that are switched off. To keep the envelope reasonably small, the beam emittance
has therefore to be small. It is envisaged to use the main beam after the damping ring at an energy of E = 1.98 GeV.
This beam has all the necessary properties. After the ballistic correction the quadrupoles are re-aligned with a simple
one-to-one correction using the drive beam. The envelopes obtained by this procedure are shown in Fig. 3.24 for
10 different machines. The results are not satisfactory. Possible remedies are an increase in the final energy
compromising the efficiency, an improvement in the correction algorithm, an improvement in the structure, and an
increase of the decelerator length but with proportional increase of the initial and final energies. It is evident from the
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figure that increasing the final energy helps. The correction algorithm can be improved in several ways, e.g., one can
make use of the different energies in the pulse ramp to obtain a dispersion-free steering. A structure with six
waveguides looks more promising than the one with four, but the calculations are not yet finalized. Increasing the
length of the decelerator makes the beam more stable. The initial and final energies are increased to keep the
efficiency the same. The 10 cases simulated for a decelerator twice as long as the present one show that the beams are
stable in all cases.

Fig. 3.24: The four-sigma envelope of the beams in ten different decelerators after beam-based
alignment. On the left-hand side for the nominal decelerator length, on the right-hand side for
decelerators that are twice as long.

3.5.2 The Power Extraction and Transfer Structure 

3.5.2.1  Definition and function of the PETS

The Power Extraction and Transfer Structure (PETS) [3.26] is a passive microwave device in which the
bunches of the drive beam interact with the impedance of periodically loaded waveguides and excite preferentially
the synchronous hybrid TM mode at 30 GHz. In the process, the beam kinetic energy is converted into
electromagnetic energy at the mode frequency, which travels along the structure with the mode group velocity. The
microwave power produced is collected at the downstream end of the structure by means of couplers and conveyed to
the main linac accelerating structures by means of rectangular waveguides [3.27]. In its classic configuration, the
PETS consists of a cylindrical beam chamber, which is coupled by longitudinal slits to four teeth-loaded waveguides
as visible in Fig. 3.25, which shows the PETS model with beam chamber diameter 26 mm.

Fig. 3.25: Four-waveguide PETS.

3.5.2.2  Principle of operation

When a train of short electron bunches each of charge qb traverses a section of PETS ls metres long, it builds
up a voltage across the structure of peak value
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  , (3.1)

where ω = 2πf is the excited mode frequency, R′/Q is the normalized longitudinal impedance per unit length
(expressed in linac Ω/m) of the structure at frequency f, qf is the total beam charge in one fill time Tf of the structure
and ls is the structure length. 

The fill time is simply the time it takes for the energy deposited by one bunch in the fundamental mode to
travel through the structure:

  where  is the normalized group velocity.

In order for the mode excitation to be coherent and therefore constructive, the bunch spacing must be a
multiple of the mode wavelength which is 10 mm and the mode phase velocity must be equal to the speed of the
relativistic bunches. The bunch time separation Tb, however, must be much shorter than one fill time Tf, so that
several bunches contribute to the build up of the voltage Uf. The rate of energy deposition by the beam or the RF
power generated in the PETS is obtained by multiplying the voltage Uf by the average beam current in one filling
time qf/Tf:

  . (3.2)

The power form factor F2(σ) takes into account the finite length of the Gaussian bunches. For a train of
bunches lasting much longer than the structure filling time, the peak power level in Eq. (3.2) stays constant provided
that the charge per filling time remains constant. Expression (3.2) therefore gives the steady-state power level at the
structure output when the internal wall losses are neglected.

3.5.2.3  The four-waveguide PETS

Structure parameters

Table 3.10 shows the main geometric and RF parameters of the transfer structure with a 26 mm beam chamber
aperture which has been adopted as power extracting structure for the drive-beam decelerator [3.28].

Table 3.10: Parameters of the four-waveguide PETS

Transverse wakefields in the PETS

The transverse wake induced in a 24-cell PETS section by a Gaussian bunch with σ = 0.4 mm and charge 1 pC
displaced 1 mm off-centre has a peak value of 0.22 V/pC/mm/m. The wake spectrum shows almost no higher-order
modes. It is therefore justified to assume that practically all the transverse deflection of an off-centre beam is caused

Beam chamber diameter
Waveguide width
Waveguide height
Slit aperture
Synch. mode frequency
Synch. mode βg
Synch. mode R′/Q
Peak transverse wakefield
Transverse mode Q-value
Effective structure length
Nominal output power*

* The output power is computed for a train of bunches spaced by 20 mm, with charge 16.0 nC and σ = 0.4 mm, 
which gives a form factor of 0.94.

26.00 mm
8.60 mm
4.00 mm
7.00 mm

29.985 GHz
0.441 c

41.0 linac Ω/m
0.22 V/pC/mm/m
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by the main deflecting mode, the frequency of which is only a few tens of MHz away from the main longitudinal
mode. The value of the peak transverse wakefield, which appears in Table 3.10, is used in the computation of the
transverse stability of the drive beam (Section 3.5.1).

Transverse mode damping

The PETS has been equipped with transverse mode dampers, which consist of four corrugated slits oriented at
45 degrees in the transverse plane in order to intercept the image current of the transverse mode. The slits are closed
at their outer ends with respect to the beam chamber by RF loads made of silicon carbide (SiC). The position of the
dampers is chosen to be in the symmetry planes such that the main mode is not affected by their presence. Extensive
simulations have been necessary to optimize the damping channels and the loads in order to obtain the lowest
possible Q value for the main deflecting mode [3.29].

PETS integrated longitudinal electric field uniformity

Because of the particular geometry of the PETS, the integrated decelerating field varies as a function of the
angular and radial position within the beam chamber. In particular the integrated field increases as one moves towards
the waveguides, while it decreases to zero towards the chamber walls. The non-uniform beam deceleration causes the
particles to receive transverse kicks, which are functions of the particle position within the PETS chamber. The
overall result found in tracking programs is that the drive beam would be unstable if no cure were found for the
problem. One possible simple solution consists in rotating by 45 degrees every other PETS in the decelerating linac
so that a particle off-centre at ϕ = 0 in a structure would be at ϕ = 45 degrees in the following one, thus averaging out
the field non-uniformity. The useful effect of the alternate PETS rotation is somewhat reduced by the betatron motion
of the particles in the drive linac lattice. Tracking programs have shown, however, that the overall result is beneficial
to the transverse beam stability and worth the implementation effort [3.28].

3.5.2.4  The six-waveguide structure

One alternative approach to solve the problem of field non-uniformity in the PETS consists in increasing the
number of waveguides in the structure. Figure 3.26 shows the six-waveguide structure with beam aperture diameter
of 30 mm.

Fig. 3.26: Six-waveguides PETS.

The geometric and RF parameters are listed in Table 3.11.

Table 3.11: Parameters of the six-waveguide PETS

Beam chamber diameter
Synch. mode βg
Synch. mode R′/Q
Peak transverse wakefield
Transverse mode Q-value

30.00 mm
 0.53 c

50.4 linac Ω/m
 0.25 V/pC/mm/m

170
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The radial integrated field distribution is more favourable with respect to the four-waveguide structure with the
same chamber aperture. We can take advantage of the alternate rotation (by 30 degrees in this case) of the successive
structures and obtain a very uniform averaged integrated field up to a radius of 13 mm. The six-waveguide structure
represents a very promising alternative to the four-waveguide structure with one drawback being its mechanical
complexity. The output RF couplers for this structure have yet to be designed, but ideas exist on possible solutions.
On the positive side, this geometry offers a larger beam aperture than the four-waveguide PETS for a given output
power and consequently the transverse mode loss factor is lower.

3.6 Power transfer efficiency

One of the most important features in a high-energy linear collider is the power transfer efficiency. A list of
efficiencies for different components of the design considered is shown in Table 3.12, although it is too early to know
the precise values for all of the subsystems. The target efficiencies are listed in the Table together with the more
conservative values which have been assumed in the present report. Figure 3.27 shows the power flow of the whole
CLIC complex, from the wall plug to the main beam.

Table 3.12: Component efficiencies (%)

Fig. 3.27: Power flow diagram for CLIC (3 TeV c.m. energy), from wall plug to main beam.

Item Assumed Target

Modulator
Klystron
drive-beam acceleration*

Decelerator
Power extraction
Power transfer

* Product of the efficiency of the structures ηS by the acceleration efficiency itself ηA (for off-crest acceleration and 

feedback overhead).

ηM
ηK
ηS ηA
ηD,extr
ηPETS
ηtransf

90
65
93
82
95
95

92
70
94
85
97
97
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This diagram does not take into account the power needed for the cooling of the beam dumps, of the
accelerating structures, and of all the other components. Typically, direct cooling with water consumes about 3% of
the dissipated power, while air cooling is more expensive (about 40%). Assuming the use of water cooling whenever
possible without additional costs, one obtains an additional wall-plug power of about 16 MW (280 MW water-
cooled, i.e. 8.4 MW consumption, plus 20 MW air-cooled, corresponding to 8 MW consumption). The total installed
cooling capacity (cooling towers) naturally does not need to be larger than the total wall-plug power, but depending
on the specific mode of operation, the water flow may need to be shunted to particular loads or dumps. This requires
a redundant plumbing, a cooling control, and an interlock system. Each installed load must be able to handle the
maximum power possible at this location [3.30].

Another issue, which is not covered here, is the need for some operational overhead in the drive-beam
accelerator. Additional klystrons could be needed for a fast substitution of failing tubes. If these klystrons feed
structures permanently installed in the beam line, they should constantly provide power to compensate for the local
beam loading. Depending on the expected failure rate and on the scenario chosen for the overhead, the additional
power needed could be as high as 40 MW [3.30].
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4 Auxiliary Systems

4.1 Machine protection system

The two beams of the CLIC complex carry a very high amount of energy (about 296 kJ and 1624 kJ for the
main beams and drive beams, respectively) which is large enough to induce severe damage in terms of heat
deposition, shock wave and melting of structure even if only a fraction of their intensity is accidentally lost. The
power of the drive beams is almost two orders of magnitude greater than for any existing electron linac. Thus great
care should be taken during the design of the machine to assess any potential damage.

The purpose of the Machine Protection System (MPS) is to provide the means of protecting the equipment
from abnormal beam behaviour. The extent of the MPS depends on the compromise between accepted risk and
financial constraints. Three major types of components should be considered: i) intrinsically secure devices; ii) a fast
interlock like system, which could handle abnormal pulses in order to reduce significantly possible damage; iii) the
hardware and software required by MPS to ensure the overall level of safety of the CLIC complex. In addition, all
these components can be classified independently of their type on the basis of their action on the beam, as proposed in
Table 4.1.

Table 4.1: Proposed definition of component classes

The MPS must also ensure a safe transition from the rest state (shutdown or no beam) to the nominal regime
expected by the physics experiments.

Beam damage by stray beam

The energy stored in a drive beam (812 kJ) is sufficient to melt 1.5 kg of copper, or to pierce a hole of 10 mm
diameter and 2 m length. At a momentum of 1.18 GeV/c the range of electrons in copper is about 150 mm and the
beam size should be enlarged up to at least a diameter of 35 mm to avoid the melting of any copper structure. In each
decelerator section the energy, although divided by 22, is large enough to melt 30 g of copper. Even if the beam is
only partially lost and no melting occurs, the thermal shock and the induced stress and deformations would be such
that the structure will be unable to work correctly.

Class number Description

1 No direct or indirect action on the beam.

2 Possible action, but not directly observable. Statistical indicators like Mean 
Time Between Failure and Mean Time To Repair may be used.

3 Static equipment (not pulsed) acting on the beam. Access to its status is 
available. Intrinsic safety should be preferred. If it is not possible then at least 
preventive maintenance and evaluation of statistical indicators (as in class 2) 
should be provided.

4 Pulsed equipment acting on the beam. Check-point readings are available. 
Slow drift and peak-to-peak fluctuations should be monitored and kept within 
a given range.

5 Fast-pulsed equipment acting strongly on the beam. No significant information 
available at check-point time. Actual parameter must be acquired at beam time, 
and pulse-to-pulse fluctuation should be within acceptable boundaries.

6 Fast-pulsed equipment. No significant data can be directly acquired. Indirect 
parameters have to be defined. Same treatment as for class 5.

7 MPS itself. Redundancy can be requested in the system. Acceptance and 
validation test of the system must be defined and executed by an independent 
body. Regular no-regression test must be done. Any upgrade must be treated as 
a new installation.
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Machine protection principle

The machine protection is a set of passive, active, and predictive systems, which will ensure that the complex
will not approach the boundary of the safe region for the current working point. The safe region is a hypervolume (n
dimensions in CLIC complex equipment parameters) in which the damage risk is declared to be acceptable. This
volume is a function of the instantaneous working point defined by the beam momentum, beam total charge, beam
structures for each of the beams in the complex. The predictive system will assess the state of the complex at a certain
time before the beam runs, and decide on a ‘Go, No-Go’ for the next pulse. It should use all the data available on the
complex and carry out sophisticated treatments such as statistical analysis or determination of trend evolution. The
active systems should avoid that a too large amount of energy is lost in an uncontrolled way, once an abnormal
situation is detected. The passive systems are built in such a way that they cannot accidentally endanger the CLIC
complex.

Passive systems

The typical example of a passive system is the magnet for which large enough yoke lamination will ensure a
long enough magnetic field decay time whatever the state of the coil and the power supply. Another case is the
dynamic alignment system which should ensure that the mechanical inertia is large enough to maintain any
movements in an acceptable range even if the maximum torque is applied by accident to the driving motor.

Active systems

For the main beams, a fast beam-kill system must be provided at the exit of the damping rings. It will be used
when the beam parameters become abnormal during the damping process (which take a few milliseconds), or when
bad beam conditions are detected in the drive beams during the combining process. Action can probably be taken
only on a pulse-to-pulse basis because the duration of the main beam pulse itself (102 ns) is too short to permit a
partial dumping of the beam when an abnormal state is detected in the head of the beam during the acceleration
process. Beam collimation can also be used to reject off-momentum beam pulses. Chicanes and combiner rings can
be used to measure the momentum of the drive beams and fast feedback can react on the gun or on the kickers to
partially dump the beam. Fast beam-intensity-measurement devices can be useful to reject beam pulses with charges
out of tolerance. The second combiner ring, where the drive beam remains for about 4 µs, is the last point where it is
possible to decide to dump the beam during the extraction process. A detailed analysis of the instrumentation and
actuators will be needed in order to decide on the best methods to use. The time required by the measurement,
discrimination of the results, and the decision process are very sensitive parameters of the efficiency of the system. 

Predictive system

The main duty of the system is to obtain all the elements required to take the ‘Go No-Go’ decision before any
pulse. This decision will be taken after data sampling and collection of the state of every sensitive system in the
complex and after assessing the margin between the current position in the CLIC complex state hypervolume and the
boundary of the safe domain according to the current working point. The second aim of this system is to ensure that
any action (by operators or any automated process) will never drive the complex outside the current safe domain. The
processing complexity is such that very fast networking and digital data processing will be required. It is very
important to observe that the sampling of the state of the system cannot be done later than 200 µs before the decision
has to be taken. This system must also inform the operation crew about the safety margin, and provide early warning
when slow drift in a subsystem becomes dangerous. For any ‘No-Go’ decision the system will force the complex to
fall back immediately into the safe regime. From then on it will guarantee that the checklist is applied and
successfully gone through before restarting the ramping procedure to restore the nominal working point. The loss of
physics time due to a ‘No-Go’ decision can be of the order of one hour. Thus it is essential to keep down the number
of wrong decisions. Sophisticated techniques and methods like those developed in the aerospace industry have to be
studied.

The CLIC operation case

The main aim of the CLIC operation is to maintain the parameters of the CLIC complex in the nominal
domain. It must also ensure that the phase transition from the no-beam situation to the nominal working point, or
from this one to another one according to the physics schedule, is correctly carried out. These transitions must follow
a very controlled and stable path. To be able to define these transition procedures, the overall stability of the CLIC
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complex should be carefully studied. The stability margin must be quantified, and fast and sure procedures should be
developed. These could be validated by a global simulation system, which will also be very valuable for the training
of the operation crew.

4.2 Beam dumps

The CLIC complex is equipped with two classes of beam dumps. 

Beam dumps for normal operation: 

1) After the experimental collision point for the main beams (a pair in each detector zone). These dumps must
be able to absorb the full main-beam power at the nominal repetition rate (14.8 MW). Given the proximity
of the interaction area, the control of the vibrations generated by such dumps is a critical issue. A possible
solution to prevent excessive acoustic emission in the dumps could be to make them out of water at 4°C
[4.1].

2) Beam dumps for the remaining portion of drive beams at the exit of the deceleration section (1–2 MW
each). A possible layout of such a beam dump is given in Fig. 3.20 [3.2]. The beam must be diverted into a
water-cooled dump placed in an excavated niche. For this purpose, the beam is first deflected using a
dipole of angles ranging from say 25 to 250 mrad, which generates a large spatial dispersion. After the
dipole, a string of half-quadrupoles could be used to give more deflection and to allow the beam to
continue to the dump without excessive transverse growth. The dump itself could be of the SLAC type in
which the beam power is absorbed in a water-cooled bed of aluminium spheres [4.2].

Beam dumps for abnormal pulses:

1) For the main beams at the exit of the damping rings, and within, or close to the collimator in the final focus
region. These dumps do not need to function at the nominal repetition rate.

2) For the drive beams: at the exit of combiner rings, possibly at the exit of the delay loop and at the end of
the transfer line in the main tunnel. Their exact number and positions must be defined according to the
chosen active protection systems.

The total energy deposited in the operation dumps is quite large (in the range 75–100 MW) and energy
recycling should be envisaged.
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5 CLIC Test Facilities and the Route to CLIC

5.1 The various stages and a possible schedule

The basic principles of the two-beam acceleration technique have been established in the first two CLIC test
facilities, i.e. CTF1 [5.1], which is now out of operation, and CTF2 [5.2], which is still running. It is now proposed to
demonstrate the overall feasibility of the many key issues which are specific to the CLIC scheme in two distinct
successive stages.

The first stage, which would take five years, would be to build and exploit a new test facility (CTF3) which
would demonstrate the feasibility, and test all the critical components of the RF power generation scheme albeit on a
much smaller scale and with the drive linac at a different (higher) frequency. This facility would be housed in the
present LPI (LIL+EPA) buildings. 

The second stage, which would come immediately after CTF3 and which would take about five years, would
be to build a limited, first-phase version (CLIC1) of the real CLIC power source to produce just one single-drive-
beam unit rather than the multiple drive-beams it would ultimately be required to produce. This drive-beam would
have the nominal CLIC energy and current, and would provide enough power in a ~ 624 m long section of the CLIC
linac to accelerate a multibunch beam to 68 GeV. Since this is a final test of the CLIC scheme, all components will be
definitive ones and, given a positive outcome of the test, would be used for the final construction.

Details of future CLIC studies and the new test facility (CTF3) are described in Ref. [5.3]. 

5.2 CLIC Test Facilities

5.2.1 CTF1 overview and results

The technical feasibility of two-beam acceleration was first demonstrated in the CLIC Test Facility CTF1 [5.1]
which was built to (i) study the production of short, high-charge electron bunches from laser-illuminated
photocathodes in RF guns, (ii) generate high-power 30 GHz RF pulses by passing bunch trains through energy
extraction cavities for testing CLIC prototype components, (iii) test beam-position monitors. A layout of CTF1 is
shown in Fig. 5.1. A 3 GHz 1.5-cell RF gun equipped with a laser-driven photocathode and operating at 100 MV/m
produced a bunched beam with a momentum of 4.5 MeV/c. A solenoid at the outlet of the gun provided some
focusing of the beam before it was accelerated to 12 MeV/c in a four-cell standing wave gun-booster cavity. Final
acceleration to 65 MeV/c was obtained using a 1 m long travelling-wave section — provided by LAL. Energy was
extracted from the beam by a 30 cm long travelling-wave section (CAS1) to provide short high-power 30 GHz RF
pulses. This power was in turn fed to a second identical CLIC structure (CAS2) to produce high accelerating
gradients. The decelerated beam then either went to a dump, or was turned through 180° by bending magnets at the
end of the line and re-accelerated by the second high-gradient CLIC section. The facility was operated in either
single-bunch or multi-bunch mode at a repetition rate of 10 Hz. Multiple bunches were made by splitting the laser
pulse into a train of pulses each spaced by one 3 GHz wavelength. The synchronized laser system had been optimized
at the fourth harmonic (262 nm) providing a maximum energy of 0.5 mJ per pulse (before splitting) and a pulse
length of 8 ps FWHH. After an initial period of operation with CsI photocathodes, Cs2Te photocathodes were later
used. These photocathodes were prepared in the laboratory and transported under vacuum and installed in the gun
using a specially designed transfer system. The RF gun produced 35 nC in a single bunch and 450 nC in a train of
48 bunches. Only a small fraction of this charge, however, could be transported to the dump. The maximum 30 GHz
RF power produced was 76 MW for 3 ns. The highest average accelerating field in the second CLIC accelerating
structure was 94 MV/m.
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Fig. 5.1: Layout of the facility CTF1, which is now out of operation.

5.2.2 CTF2 overview and results

With the second CLIC Test Facility, CTF2 [5.2], a real two-beam accelerator, with separate drive and main
beams, was built and successfully operated. A string of 30 GHz, low-impedance, power-extracting structures is used
to decelerate the high-charge drive beam. The extracted 30 GHz power is transferred to a string of high-impedance
structures accelerating the low-charge probe beam. A layout of CTF2 is shown in Fig. 5.2. The 30 GHz part of this
facility is equipped with an active-alignment system with a few-microns precision. The 48-bunch 450 nC drive-beam
train is generated by a laser-driven S-band RF gun with a Cs2Te photocathode (PC). It is accelerated to 40 MeV
average by two travelling-wave structures (TWS) operating at two slightly different frequencies to provide beam-
loading compensation along the train. After bunch compression in a magnetic chicane, the bunch train passes through
four Power Extraction and Transfer Structures (PETS) each of which powers one 30 GHz accelerating structure
(CAS) (except the third which powers two) with 16 ns long pulses. The single-probe beam bunch is generated by an
RF gun with a CsI+Ge PC. It is pre-accelerated to 45 MeV at S-band before being injected into the 30 GHz
accelerating linac. The drive-beam RF gun produced a single-bunch charge of 112 nC and a maximum charge of
755 nC in 48 bunches. The maximum charge transmitted through the 30 GHz modules is 450 nC. A series of cross-
checks between drive-beam charge, generated RF power, and main-beam energy gain have shown excellent
agreement. A consistent set of values are given in Table 5.1 for two 30 GHz modules with one PETS feeding one
CAS. The highest accelerating gradient obtained is 59 MV/m and the energy of an 0.7 nC probe beam has been
increased by 55 MeV. Extremely high gradients [5.4] were obtained by powering a 30 GHz single-cell resonant
cavity directly by the drive beam. The cavity operated without breakdown at a peak accelerating gradient of 290 MV/
m. When pushed further, the cavity started to break down at surface-field levels around 0.5 GV/m. The breakdown
manifested itself as a field extinction of the decaying pulse at different times in the pulse. At the end of the test, when
the cavity was breaking down continuously, surface-field levels as high as 750 MV/m were obtained. 

Fig. 5.2: Layout of the present facility CTF2.

Table 5.1: A consistent set of measured values from two 30 GHz modules in CTF2
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5.2.3 CTF3 description

5.2.3.1  Outline of the proposed CTF3

Since CLIC1 is a very large and expensive installation, a much smaller facility (CTF3) [5.3] is proposed as a
first intermediate step to demonstrate the technical feasibility of the key concepts of this new RF power source, e.g.,
generation of interleaved bunch trains, operation with a fully-loaded drive-beam accelerator, and generation of
accelerating gradients of 150 MV/m. The new CLIC Test Facility (CTF3) is shown in Fig. 5.3. To reduce costs, CTF3
differs from the RF power source proposed for CLIC in the following ways (Table 5.2).

The frequency of the drive-beam accelerator is chosen to be 3 GHz instead of 937 MHz. This enables the
3 GHz klystrons, modulators, RF power compression units, and waveguides from the LEP Injector Linac (LIL)
Complex to be used for power production which is always very costly. With 10 of these modulator/klystron units the
drive-beam energy for a current of 3.5 A (~ half the nominal CLIC current) is 184 MeV — this is very low compared
to the 1.18 GeV for CLIC and obviously makes operation more difficult, but simulations indicate that it works. CTF3
only has the first two stages of the beam combination scheme, namely the times-2 Delay Line Combiner and the first
Combiner Ring. The second (×4) large circumference Combiner Ring is very expensive and since it has the same
scheme of combination it is not considered to be essential for this first demonstration test facility. The compression
factor for the first Combiner Ring has, however, been increased from 4 for CLIC, to 5 for CTF3, to obtain an overall
compression of 10. This gives a final bunch spacing of 2 cm (the same as in CLIC) for production of power at
30 GHz. Because of space limitations, it is unlikely that the circumference of the Combiner Ring can be made smaller
than 84 m. This results in a final pulse length of 140 ns rather than the nominal CLIC value of 130 ns. The modulators
produce a maximum RF pulse of 6.7 µs which after power compression with LIPS (×2.3) becomes ~1.6 µs. This
beam pulse is long enough after a (×10) frequency multiplication to produce the required final 140 ns pulse. The
drive-beam decelerator is limited to a total length of about 10 m (four transfer structures) compared to 624 m for
CLIC. To limit the radiation produced by CTF3 it is proposed to run at 5 Hz instead of 75 Hz. 

The new facility will be housed in the existing LIL and EPA buildings and use will be made of many of the
LIL and EPA components. As mentioned above, an 84 m circumference ring appears just to fit in the EPA. 

Fig. 5.3: Schematic layout of nominal phase of CTF3.

X 5
Combiner Ring

84 m

X 2
Delay
42 m

Drive Beam Injector

Main Beam
Injector

150 MeV 

Main Beam Accelerator
8 Accelerating Structures

30 GHz - 150 MV/m - 0.3 m

Drive Beam Decelerator
4 Transfer Structures - 30 GHz 

10 Modulators/Klystrons with LIPS (×2.3)
3 GHz - 30 MW - 6.7 µs  

Drive Beam Accelerator

~ 15 m

~ 10 m

0.51 GeV

125 MeV

3.5 A - 2100 b of 2.33 nC
184 MeV - 1.4 µs

35 A - 184 MeV
140 ns

High Power
Test Stand

20 Accelerating Structures
3 GHz -7.0 MV/m - 1.3 m 



68

Table 5.2: Comparison of CTF3, CLIC1 and CLIC (3 TeV) parameters

5.2.3.2  The main CTF3 subsystems

Injector

The injector consists of a pulsed thermionic gun followed by one or two subharmonic (1.5 GHz) pre-buncher
cavities, two 3 GHz pre-buncher and buncher cavities, and two 3 GHz damped/detuned accelerating structures (see
section on drive-beam accelerator below). All the injector components sit in a solenoidal-focusing field. The final
beam energy is about 26 MeV. The pre-buncher creates bunches with a spacing of 20 cm. Depending on the phase of
the subharmonic pre-buncher, these bunches fall into either even or odd RF buckets of the 3 GHz system where they
are trapped and accelerated. With the phase set at 0 degree, most of the charge (the process is not 100%) goes into
bunches occupying only even 3 GHz buckets (in fact every other even bucket). As the phase of the subharmonic
cavities is varied from 0 degree to +180 degrees, the intensity of the charge of the bunches in the even buckets is
reduced and that in the odd buckets increased until there is charge in the bunches in the odd buckets only. This
produces the drive-beam structure shown in Fig. 5.4. It is hoped that the phase switch can be done within 4 ns. A very
broad-band power supply and a low-Q (~10) subharmonic buncher cavity are required in order to be able to switch in
such a short time. This may not be feasible but it will only be known when the hardware has been tested. A longer
switching time makes the system less efficient. The normalized emittance of the bunched beam at the exit (~26 MeV)
is required to be <100 mm⋅mrad with an r.m.s. bunch length <1.5 mm.

Fig. 5.4: Bunch train structure.
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An interesting alternative is to use a photo-injector consisting of a laser-illuminated photocathode in a high-
gradient RF gun. This has the advantage of producing very short, low-emittance bunches. The bunch train structure
could be generated directly by a suitable phasing of the laser pulses. The present CTF2 gun design with some
modifications would be suitable for the RF gun, but the laser required for such a system has a specification which is
beyond anything that exists today and an intense R&D programme would be necessary to determine if such a laser is
indeed feasible and at what cost. 

Drive-beam accelerator

The 3 GHz drive-beam accelerator increases the beam energy from ~26 MeV to 184 MeV using 16 out of
20 normal-conducting TW structures operating at 7.0 MV/m (4 structures being included in the drive-beam injector
with solenoid focusing). This linac has a conventional quadrupole FODO focusing. To maintain beam stability in both
this linac and the 26 MeV injector linac the transverse wakefield levels have to be damped to Q-values of  100. This
will be done by building new structures with waveguide damping and detuning [the accelerating structures of the LEP
Injector Linac (LIL) cannot be used because of beam instabilities above 50 mA, and excessive beam loading effects].
The structure design will be based on one developed for the CLIC 30 GHz main-linac accelerating structures. The RF
power is supplied by 30 MW klystrons. After compression by a factor 2.3 by the existing RF pulse compression
system (LIPS) and splitting of the power, ~34.5 MW are provided at the input to each 1.3 m long structure. Operating
this linac in the fully-loaded condition results in an RF-to-beam efficiency of ≈96%. Since the bunch train charge is
essentially constant along the 1.4 µs pulse, the beam-induced energy spread is very small. A correlated single-bunch
energy spread is introduced in the drive-beam accelerator by a combination of off-crest running and beam loading for
BNS stabilization, and so that the bunches can be compressed at a later stage. At the end of the accelerator there are
~2100 bunches of 2.33 nC per bunch, this corresponds to a current of 3.5 A averaged over the train. The total single-
bunch energy spread is expected not to exceed 1% approximately, and the bunch-to-bunch energy spread must remain
an order of magnitude smaller. The length of the accelerating structure (1.3 m) has been chosen to give maximum RF-
to-beam efficiency with a current of 3.5 A when powered with 30 MW klystrons. Since this is also the optimum
length of structure for 4 A when powered with 40 MW klystrons, it is proposed to replace 30 MW klystrons when
they fail with 40 MW klystrons so that there will be a natural progression towards higher currents (4 A) and slightly
higher energies (200 MeV).

Delay line combiner

The continuous train of bunches is split by the combiner delay line into a series of 42 m long bunch trains with
42 m gaps. It also produces a frequency multiplication (×2) by interleaving the bunches in the even buckets with the
bunches in the odd buckets to produce a bunch spacing of 10 cm. The two RF transverse deflectors in this line are
short, 1.5 GHz, travelling-wave, iris-loaded structures whose fundamental mode is a deflecting hybrid mode. To
prevent bunch lengthening, the lattice has to be isochronous. At the exit of the delay line the pulse current is 7 A. 

Ring combiner

A further frequency multiplication (×5) is obtained in the 84 m circumference combiner ring corresponding to
a final bunch spacing of 2 cm. This ring is more like a transport line than a storage ring because there is no RF
acceleration and the bunch trains make at the most a few turns (the first train makes 4  turns and the fourth train
makes only half a turn). Since the CTF3 and CLIC frequency multiplication factors are different, the way in which
the trains are combined is also slightly different (see the caption of Fig. 5.5).

Injection into the ring is made using a septum and two transverse RF deflectors (Fig. 5.5). The existing
injection septum of EPA can be used for this purpose. The injection and extraction systems are located at a distance of
half the ring circumference from each other. Beam loading and transverse wakefields in the 3 GHz transverse
deflecting structures are a concern because the decrease of the transverse kick along the train will produce variations
in transverse position of the bunches.

To prevent bunch lengthening, the combiner ring lattice has to be isochronous. In fact, since the fifth bunch
train makes only half a turn in the ring, each half-ring also has to be isochronous. The suitability of using existing
bending and quadrupole magnets of the LPI Electron Positron Accumulator (EPA) in the ring is being studied. The
bunch length is kept relatively long in the combiners (~1.5–2.5 mm r.m.s.) to prevent the emission of coherent
synchrotron radiation which increases the single-bunch energy spread as well as decreasing the average energy. The
140 ns bunch train is extracted from this ring using a pulsed kicker and a septum magnet both of which can be taken
from EPA. At the ring-exit the peak current is 35 A. 

<̃

1
2
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Fig. 5.5: RF deflector injection insertion layout and lattice. Circulating bunches travel on the full-line
orbits while the injected bunches are kicked by the second deflector onto the equilibrium orbit of the
ring. The maximum outer trajectory (shown dotted and intercepting the septum) is never followed,
since the whole bunch train is ejected before any of the circulating bunches reach the corresponding
phase in the first deflector. The maximum inner trajectory (also shown dotted) is not used either.

Bunch-length tuning module

The bunch length will be tunable in the transfer line between the drive-beam accelerator and injection into the
combiner ring so that coherent synchrotron radiation effects in the ring produced by the high-charge short bunches
can be both controlled and studied. A design has been found [5.5] which incorporates this bunch-length tuning which
is able to compress or stretch the bunches, in the strong-bending modules of the transfer line.

Bunch compressor

Owing to the unusual bunch energy correlation, the final bunch compression after extraction from the ring
cannot be done with a simple three bending-magnet chicane because its optics does not have the correct sign of the
R56 matrix element, so a more complicated design has to be worked out which will certainly take up more space. The
final r.m.s. bunch length for efficient production of 30 GHz RF power is ~0.5 mm.

5.2.3.3  Main tests planned in CTF3 

Two-beam test accelerator

The final 35 A drive beam will have an energy of 184 MeV and will consist of bunches with a charge of
2.33 nC/bunch with a spacing of 2 cm. It is proposed to use this drive beam either to power the four 30 GHz modules
that have been built for CTF2, or to drive a high-power RF test stand (see later) for the testing of prototype CLIC
components. To be able to produce sufficient power to generate the nominal CLIC accelerating gradient of 150 MV/
m with only 35 A requires a slightly modified power extraction structure which couples more strongly to the beam, so
four new power extracting structures will have to be built. After deceleration from an initial energy of 184 MeV to a
final energy of 125 MeV the drive beam is sent to a dump. There is space in the modules for eight 86-cell 30 GHz
accelerating structures with the potential to accelerate a beam from 150 MeV to 510 MeV. The main beam to probe
the accelerating fields generated will be produced by a photo-injector which will be able to run in either a single-
bunch or a multi-bunch mode. In the multi-bunch mode there will be about 50 short bunches of about 0.64 nC/bunch
(the exact number of bunches will be determined by beam loading considerations). One of the two CTF2 RF guns can
be used for the photo-injector but a new laser and pulse train generator will be required. The beam will be accelerated
to an energy of ~150 MeV by four 4.5 m long LIL accelerating sections operating at a gradient of about 9 MV/m.
When operating with the 30 GHz modules, a single-bunch main beam will be used because the constant impedance
sections are not designed for multi-bunch operation. 

High-power RF test stand

It is proposed to operate a high-power RF test stand driven by the CTF3 beam in series with the four 30 GHz
modules (see Fig. 5.3). The test stand would be a highly flexible experimental facility with a 1–2 m long test bed to
measure a wide range of CLIC prototype components quickly, easily and accurately. This is in contrast to the
modules where integration of prototype components into the very compact layout would always be problematic. The
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test stand would require instrumentation to allow precise measurements of beam energy spectra, beam profiles before
and after interaction with RF structures, transverse wakefields (if feasible), RF power, dark-current spectra and X-ray
emission. 

Preliminary beam tests using the LIL/EPA complex

It is proposed to use the LIL/EPA complex to carry out preliminary beam combination tests at very low
currents as a first-stage CTF3. The transformation of the LIL/EPA complex into CTF3 would be carried out
progressively. Recent studies and experiments have shown [5.6] that the EPA lattice can be modified (without making
any hardware changes) to make it isochronous. It is foreseen to use the complex with small modifications to try out
the (×5) beam combination scheme. The idea is to combine five short (6 ns) pulse trains spaced at a distance equal to
the circumference of EPA (~125.6 m or 420 ns) into a single 6 ns pulse. The total pulse train length is 2.1 µs. The
initial bunch spacing will be 10 cm (3 GHz) and after the combination will be 2 cm (15 GHz). The combination will
only be possible with very low pulse currents (0.3 A), the limitation being beam loading in LIL. The beam energy
(~350 MeV) will be higher than that for CTF3 (~184 MeV) and should therefore make operation somewhat easier. To
produce five useable pulses at a spacing of 420 ns will, however, require a major modification of the present LIL gun
pulse-forming network. The new gun foreseen will be able to deliver seven pulses in order to take into account the
transient beam loading in the structures and get five pulses for recombination into EPA. In the next stage, longer
pulses and higher currents will be possible when the new CTF3 linac is installed. This will again require either major
modifications to the present injector or a new injector. Operation of this first-stage facility would enable the RF
deflectors and RF diagnostic equipment to be tried out and debugged, and should result in an earlier first
demonstration of the overall scheme, albeit at a low current. The fast switching of the subharmonic buncher between
even and odd RF buckets is only required when the delay line combiner is installed. Until this moment CTF3 will
operate with one bunch every 3 GHz RF bucket and in consequence one-half of the nominal charge (the nominal
current is always constant at 3.5 A).

5.3 CLIC1 – A single-drive-beam unit

Although quite a number of issues concerning the technical feasibility of the CLIC scheme can be addressed
with CTF3, a full-scale prototype (CLIC1) to test one complete CLIC drive train will almost certainly be required
before the community is convinced that the overall scheme will work. A layout of CLIC1 is shown in Fig. 5.6.

Fig. 5.6: Schematic layout of CLIC1.
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The drive-beam generator for CLIC described above will produce 22 drive trains per linac for a 3 TeV centre-
of-mass collider. All major problems associated with this scheme can, however, be studied by generating only one
drive train. To obtain the nominal beam energy with only 46 klystrons installed requires building forty-six 937 MHz
RF power compressors (these compressors are not required for the final CLIC scheme). Klystrons working with a
much reduced RF pulse (~25 µs) could be used at this stage instead of the CLIC nominal value of 100 µs. This first-
phase CLIC installation would produce beams with the nominal current and would be able to accelerate a multibunch
beam to 68 GeV at the nominal accelerating gradient of 150 MV/m. CLIC1 and CLIC (3.0 TeV) drive-beam
parameters are compared in Table 5.2.
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Appendix
Parameter summary and general layout of the CLIC complex

Table A.1: CLIC parameters associated with the main beam at various energies

Centre-of-mass energy (TeV)

Parameter Symbol Unit 0.5 1 3 5

Beam at IP
Luminosity (with pinch)
Luminosity (in 1% of energy)
Beamstrahlung mom. spread
Beamstrahlung parameter
No. of photons/electron
Linac repetition rate
No. of particles/bunch
No. of bunches/pulse
Bunch spacing
Transverse emittances
Beta functions
r.m.s. beam size (no pinch)
Bunch length
Enhancement factor
Beam power per beam

 
L

L1%
δB
Υ
Nγ
frep
Nb
kb
∆b

γεx/y
βx/y
σx/y
σz
HD
Pb

 
(1034 cm –2 s–1)
(1034 cm–2 s–1)

(%)
(−)
(−)

(Hz)
(109 e±)

(−)
(cm)

(10–8 rad⋅m)
(mm)
(nm)
(µm)
(−)

(MW)

 
1.4
1.0
4.4
0.3
0.7
200
4.0
154
20

200/2
10/0.15
202/2.5

30
1.81
4.9

 
2.7
1.5
11.2
1.0
1.1
150
4.0
154
20

130/2
10/0.15
115/1.75

30
1.86
7.4

 
10.0
3.0
31
8.1
2.3
100
4.0
154
20

68/2
8/0.15
43/1
30

2.24
14.8

 
10.0
2.4
36.6
18.8
3.2
50
4.0
154
20

78/2
6/0.15
31/0.78

25
2.53
12.3

Main linac
RF frequency of main linac
Acceleration field (loaded)
Energy overhead
Active length per linac
Total length of two linacs
RF power at section input
No. of drive beams/linac
No. of structures per linac
AC-to-RF efficiency
RF-to-beam efficiency (incl. ovh)
AC-to-beam efficiency
AC power for RF generation

 
ω/2π
Ga
ovh
LA
Ltot
Pst
ND

 

PAC

 
(GHz)

(MV/m)
(%)
(km)
(km)
(MW)

(−)

(%)
(%)
(%)

(MW)

 
30
150
8

1.74
5

229
4

3470
40.3
24.4
9.8
100

 
30
150
8

3.54
10
229
8

7070
40.3
24.4
9.8
150

 
30
150
8

10.74
27.5
229
22

21470
40.3
24.4
9.8
300

 
30
172
8

15.64
40
301
32

31282
40.3
21.3
8.5
290

ηRF
AC

ηb
RF

ηb
AC
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Table A.2: Parameters associated with the RF power source for the 3 TeV CLIC

Parameter Symbol Value

Main linac
C.M. energy
Gradient
Total length/linac
Frequency
Repetition rate
Bunch charge
No. of bunches/pulse
Bunch separation
RF pulse duration (flat-top)
RF pulse duration (FWHH)
RF peak power/structure
No. of structures/linac
Total RF peak power/linac
Total RF energy/pulse

 
ECM
Gmain
Ltot
νRF
frep
Qmain
Nmain
∆main
τRF,ft
τRF,FWHH
PRF
Nstruct,main
PRF,tot
WRF,tot

 
3 TeV

150 MV/m
13.75 km
30 GHz
100 Hz
0.64 nC

154
0.67 ns
102 ns
130 ns

229 MW
21470 

4.92 TW
602 kJ

Drive-beam (in the accelerator)
Energy
Current
Bunch charge (max.)
No. of bunches/pulse
Bunch separation
Pulse duration
Total charge
Total energy
Average beam power

 
Efin,acc
Iacc
Qb
Nb,acc
∆b,acc
τpulse
Qtotal
Wtot
Pacc,ave

 
1.18 GeV

7.5 A
16 nC
42944
2.13 ns
91.6 µs
688 µC
812 kJ
81 MW

Drive-beam (in the decelerator)
Energy (initial)
Energy (final)
Current
Bunch charge (max.)
No. of bunches/train
Bunch separation
Train duration (FWHH)
Train number
Charge/train
Total energy/train
Average beam power

 
Ein,dec
Efin,dec
Idec
Qb,dec
Nb,dec
∆b,dec
τtrain
Ntrains
Qtrain
Wtrain
Pdec,ave

 
1.18 GeV
118 MeV

240 A
16 nC
1952

0.067 ns
130 ns

22
31.25 µC
36.9 kJ
3.7 MW

Drive-beam accelerator
Length (active)
Frequency
Loaded gradient
Structure length
No. of structures
Shunt impedance
Quality factor
Group velocity
Filling time
Power/structure
RF pulse duration

Lacc
νacc
Gacc
Lstruct,acc
Nstruct,acc
r′acc
Qacc
βg,acc
τfill
Pacc
τacc

306 m
937 MHz

3.86 MV/m
3.4 m

91
1214 Ω/m (linac)

26660
0.039 c
288 ns

100 MW
91.6 µs
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Drive-beam decelerator
No. of units
Unit length (total)
Unit length (active)
No. of PETS/unit
Decelerating gradient
PETS length (active)
PETS shunt imp.
Group velocity
Drain time

 
Nunit
Lunit,tot
Lunit,act
NPETS,unit
Gdec
LPETS
r′PETS
βg,dec
τdrain

 
22

624 m
390 m
488

2.8 MV/m
0.8 m

41 Ω/m (linac)
0.441 c
3.4 ns

Efficiency (%)
Modulators
Klystrons
DB acceleration
DB power extraction
PETS extraction
PETS to CAS transfer
Wall-plug-to-RF
RF-to-main-beam (with 8% overhead)
Wall-plug-to-main

 
ηM
ηK
ηD,acc
ηD,extr
ηPETS
ηtransf
ηplug,RF
ηRF/main
ηtot

 
90
65
93
82
95
95

40.3
24.4
9.8

Parameter Symbol Value
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