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Abstract

Substantial progress in the understanding of limitations for normal conducting accelerating structures
has led to a new optimised design for the CLIC 30 GHz accelerating structure. The new structure pa-
rameters and improvements in other sub-system designs have resulted in modifications in the different
parts of the CLIC design.

This notes describes the different sub-systems in view of the new parameter set, stressing how the
design of the different components is driven. Finally, the overall layout and efficiencies for CLIC with
this updated parameter set are presented.

Geneva, Switzerland
August 22, 2005



Contents

2 Physics requirements

3 Main Linac Accelerating Structures

3.1 HDS design

3.2 The Optimisation Procedure

3.3 Optimisation of the CLIC main linac accelerating structure
4 Damping Rings

5 Injector specifications

6 Beam Dynamics from Damping Ring to BDS

7 Beam Delivery, Collimation and Backgrounds

8 Linac Module layout and PETS (Power Extraction Transfer Structure)
8.1  Module layout

8.2  CLIC Power Extraction and Transter Structure (PETS)

8.3  PETS Power extractor

8.4 PETS HOM damping

8.5 PETS “On/Off” option

9 Drive Beam Generation and Decelerator

9.1  Scaling issues

9.2 The double pulse scheme

9.3 DBA Accelerating Structures

10 Overall Layout, Efficiency and AC Power Consumption
11  Parameters for 1 TeV centre of mass Energy

Appendix

A Tables of Parameters

Overview and rationale

Bibliography

13

14

15

17

17

18

19

19

21

21

21

23

24

26

28

29

33



1 Overview and rationale

Substantial progress has been made during the last years in the understanding of field and pulse length limitations
in normal conducting accelerating structures. A large amount of data has been provided by the X-band tests in
NLCTA and the Ka-band experiments in CTF II. Other studies have addressed problems of material fatigue related
to pulsed heating and plasma dynamics of breakdowns [1]. In parallel with these developments, the understanding
of low emittance generation in damping rings and emittance preservation during beam transport through the main
linac and the beam delivery system has improved, and the dependency of luminosity on beam parameters has been
studied in detail [2].

In the light of these new results it became apparent that the old CLIC main beam accelerating structure design TDS
[3] would not be able to operate with the accelerating gradient and pulse length as published in [4]. This triggered
the development of a new accelerating structure concept named HDS (Hybrid Damped Structure) [5]. Since RF
breakdown is not well understood and therefore difficult to predict, extrapolations from available data have been
used for the HDS as design guidelines, to impose limits on surface field strengths, power flow and pulse length.
While the HDS has a significantly improved damping of long range wake-potentials, the short range wake-potential
is increased due to a reduced aperture. In order to keep the emittance growth in the main linac under control, this
necessitates a reduction of bunch charge, while the improved damping allows the distance between bunches to be
decreased. Although the HDS design has significantly reduced surface fields compared with the TDS, the pulsed
surface heating for a RF pulse length of 130 ns as assumed in the previous parameters was still unacceptably high
and required a reduction of RF pulse length by roughly a factor of two.

Taking all this into account necessitates a major review and adaptation of the CLIC parameters and subsystem
designs to bring the parameters into line with the recent developments. The goals for these new parameters are

- Produce a set of parameters giving the best overall physics performance, consistent with our present knowl-
edge of limitations.

- Produce consistent guidelines/specifications for the design of CLIC components.
- Produce consistent guidelines/specifications for feasibility demonstrations in the CLIC test facilities.

As a specification given by physics requirements [6] we assume the same centre-of-mass (CMS) energy Ecoums of
3 TeV and at least the same luminosity £; in a 1% energy bin (£; = 3.3 - 103* cm—2s~!). For this revision of the
parameter set we decided to keep the following key parameters fixed although these may also be modified in the
future after further studies:

- Loaded accelerating gradient G = 150 MV/m.
- Main linac RF frequency frr = 30 GHz.

The figure of merit used in the optimisation is the Luminosity in a 1% energy bin divided by the mains power. This
was chosen because it facilitates the optimisation process compared with a more refined criterium like luminosity
divided by total cost (=investment and running costs over some assumed lifetime of the collider). Figure 1 shows
a schematic of the process used to derive the parameters.

Although the improvements in the design of the accelerating structure are the main driving force for the parameter
changes, substantial changes have also been made to many subsystems, in particular the damping rings, the power
extraction and transfer structures (PETS) and the drive beam generation complex. These changes reflect recent
improvements in the systems as well as the modification of beam parameters resulting from the changes in the
accelerating structure. We did not consider details of the injector chain upstream of the damping rings, but provide
a specification for the beam parameters to be delivered to the damping rings (see section 5). The reasoning for this
simplification is that no major feasibility issues are expected from this part of the accelerator complex.

One shortfall of these new parameters should be kept in mind. We were not able to find a working point in a regime
for which the £ ~ Pheam/ /0 scaling of [7] is valid. This would require either a higher bunch charge or a smaller
horizontal spot size in the IP [8]. Working in this regime would allow for more favorable parameters, but would
require either a reduction of short range wake fields in the accelerating structures or substantial progress on low
emittance generation and transport.

After a short recapitulation of the physics requirements in the following section, the new HDS accelerating structure
and its optimisation process are presented in section 3. The lower bunch charge required for this structure drives the
new damping ring parameters that are shown in section 4. The main linac beam transport, the beam delivery system
and the interaction point are described in the following sections 6 and 7. Section 8 explains the two-beam module
layout for the main linac and the power generating PETS structure. The shorter RF pulse length has substantial
implications on the drive beam generation complex that is shown in section 9. Finally, the overall layout, power
efficiencies and the power consumption are illustrated in section 10 for the 3 TeV design, and a first approach to a
1 TeV design is presented in section 11.
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2 Physics requirements

The next energy frontier in High Energy Physics is in the range up to 1 TeV, which will first be explored by
the LHC. Just as eTe~ colliders provided an essential complement to hadron-hadron colliders in the 100 GeV
energy range, establishing beyond doubt the validity of the Standard Model, so we expect that higher-energy
ete™ colliders will be needed to help unravel the TeV physics, to be unveiled by the LHC. They provide very
clean experimental environments and democratic production of all particles within the accessible energy range,
including those with only electroweak interactions. These considerations motivate several projects for ete™ future
colliders. The collider considered in this report has the so far unique feature that it aims for et e~ centre of mass
energies of up to 3-5 TeV, at high luminosities.

The best candidate for new physics at the TeV scale is that associated with generating masses for elementary
particles. This is expected to involve a Higgs boson, or something to replace it. The precision electroweak data
from LEP and elsewhere rule out many alternatives to the single elementary Higgs boson predicted by the Standard
Model, and suggest that it should weigh < 200 GeV. A single elementary Higgs boson is not thought to be sufficient
by itself to explain the variety of the different mass scales in physics. Many theories beyond the Standard Model,
such as those postulating supersymmetry, extra dimensions or new strong interactions, predict the appearance of
non-trivial new dynamics at the TeV scale.

For example, supersymmetry predicts that every particle in the Standard Model should be accompanied by a super-
symmetric partner weighing < 1 TeV. Alternatively, theories with extra spatial dimensions predict the appearance
of new particle excitations or other structural phenomena at the TeV scale. Finally, alternatives to an elementary
Higgs boson, such as new strong interactions, also predict many composite resonances and other effects observable
at the TeV energy scale.

Whilst there is no direct evidence, there are various indirect experimental hints that there is indeed new dynamics
at the TeV scale. One is the above-mentioned agreement of precision electroweak data with the Standard Model,
if there is a relatively light Higgs boson. Another is the agreement of the gauge couplings measured at LEP and
elsewhere with the predictions of simple grand unified theories, if there is a threshold for new physics at the
TeV scale, such as supersymmetry. Another hint may be provided by the apparent dominance of dark matter in
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Figure 2: Bar charts of the numbers of different sparticle species observable in a number of benchmark supersym-
metric scenarios at different colliders, including the LHC and linear ete~ colliders with various centre-of-mass
energies. The benchmark scenarios are ordered by their consistency with the most recent BNL measurement of
gu — 2 and are compatible with the WMAP data on cold dark matter density. We see that there are some scenar-
ios where the LHC discovers only the lightest neutral supersymmetric Higgs boson. Lower-energy linear ete™
colliders largely complement the LHC by discovering or measuring better the lighter electroweakly-interacting
sparticles. Detailed measurements of the squarks would, in many cases, be possible only at CLIC.

the Universe, which may well consist of massive, weakly-interacting particles, in which case they should weigh
S1TeV.

We expect that the clean experimental conditions at a linear e*e™ collider will enable many detailed measurements
of this new dynamics to be made. If there is a light Higgs boson, its properties will have been studied at the LHC
and an eTe~ collider with CMS energy up to one TeV, but one would wish to verify the mechanism of elec-
troweak symmetry breaking (EWSB) by measuring the Higgs self-coupling associated with its effective potential,
which would be done better at a higher-energy eTe~ collider. Furthermore if the Higgs boson is relatively heavy,
measurements of its properties at the LHC or a lower-energy TeV scale eTe™ collider will quite possibly have
been incomplete. As another example, if Nature has chosen supersymmetry, it is quite likely that the LHC and a
TeV-scale ete™ collider will not have observed the complete sparticle spectrum, as seen in Fig. 2.

Moreover, in many cases detailed measurements at a multi-TeV eTe™ collider would be needed to complement
previous exploratory observations, e.g. of squark masses and mixing, or of heavier charginos and neutralinos.
Analogous examples of the possible incompleteness of measurements at the LHC collider can be given in other
scenarios for new physics, such as extra dimensions. A Multi-TeV collider will increase the sensitivity range of the
LHC by a factor five or more. Even if extra dimensions are discovered before, it would, for example, be fascinating



to study in detail at CLIC a Kaluza—Klein excitation of the Z boson that might have been discovered at the LHC.
Other examples of increased physics reach relative to the LHC are

— Z’ production: the increase in sensitivity to Z’ is about a factor 5 larger at a multi-TeV collider.

— Compositness: the sensitivity to the compositness scale can be increased by a factor 10.

— The sensitivity to triple gauge boson couplings is increased by a factor 10.

Moreover, in case the EWSB is not driven by the Higgs, new phenomena in WW scattering at the TeV scale can
be discovered at the LHC but are often difficult to study in detail, while at a multi-TeV collider this region can be
probed with very high precision and e.g. new resonances can be measured with high accuracy.

A detailed study of the physics potential of CLIC, including a close integration of experiments at linear ete~
colliders with the accelerator, particularly in the final-focus region, has been performed in [6], using preliminary
sets of machine parameters. It was demonstrated that, when taking into account a realistic luminosity spectrum
and realistic background conditions, precision measurements can be made at a multi-TeV collider. It is important
that a high total luminosity is kept since the cross sections of s-channel processes scale as 1/s (s = EZ,;5). On
the other hand t-channel production rises as In(s) and these cross sections get larger than the s-channel ones in the
multi-TeV domain. The precise control of the luminosity spectrum will be important for precision measurements.
For resonance scans, performed by varying the CMS energy of the machine, narrow, somewhat reduced luminosity
spectra yield about the same final precision as the full broader luminosity spectra. But for measurements such as
the Higgs self-coupling the total luminosity is most important.

Since CLIC operates in the high beamstrahlungs regime, the background of e*e™ pairs and hadronic 7y interac-
tions is large. This imposes strong requirements on the detector design. With the assumed background numbers
based on earlier preliminary parameter sets, the precision is not compromised significantly, but a reduction in
background at the interaction point would be certainly beneficial.

The short time between bunches is also a challenge for the detectors. The detectors will not be fast enough to
time-stamp individual bunch crossings but one will need to integrate over a bunch train or a large part of it, which
means that the backgrounds of several, perhaps as many as 20, bunch crossings will be accumulated. The resulting
large number of overlap events is reminiscent of the experimental conditions at the LHC. However the situations
here is somewhat different: most of the background activity from -y collisions will be interactions at low CMS
energy and therefore will not affect the hard scattering signatures.

In all, the final parameters of CLIC will have a notable influence on the final physics output and particularly on
detector design choices, but precision physics will be possible, and the physics/discovery reach will remain large

if the total luminosity remains close to 1033 cm~2s~! as it is the case for the new parameter set.

3 Main Linac Accelerating Structures

As stated in section 1, the new design of the main beam accelerating structure is a main driver for many of the
parameters in this new set.

3.1 HDS design

The HDS design was inspired by the idea that iris slots could be introduced in addition to the damping waveguides
in order to improve suppression of long-range transverse wakefields with little increase of the pulsed surface
heating. The geometry of the HDS cell is shown in Fig. 3. In fact, the coupling in the HDS of the (dominant) lowest
dipole mode to the slots is significantly stronger than the coupling to the damping waveguides. The waveguides
are retained because there are higher-order transverse modes with the RF phase advance per cell close to 0 and
longitudinal higher-order modes (TMg,,), which are not coupled to the slots. These modes are generally well
damped by the waveguides.

Because the lowest dipole mode is coupled mainly to the slots rather than to the waveguides, and the weak
dependence of this coupling on the damping waveguide aperture size, the surface of the cell outer wall can be
increased compared to the TDS [3]. This reduces pulsed surface heating, due to a lower current density, while
simultaneously improving damping. The corresponding surface magnetic field distribution is shown in Fig. 4 a).
The slots however introduce a number of difficulties which have had to be addressed. One of them is that the
surface electric field is enhanced in the area where the slots end in the centre of the iris. This field enhancement
is eliminated by forming the beam aperture out of four circular arcs which have a radius larger than the distance a
from the beam axis to the iris tip, which can be observed in Fig. 3. Because the ends of the slots are further from the
centre of the cell than the middle of the iris arcs, they are exposed to lower surface electric field, which is shown
in Fig. 4 b).

Each cell consequently consists of four quadrants which have no contact because the slots cut both the iris and the
wall between damping waveguides of adjacent cells. A structure can thus be formed from four quadrants in which



Figure 3: Geometry of the HDS cell. Two cells are shown to better demonstrate shape of the cell cavity, slotted iris
and damping waveguides. For the same reason one quarter of one of the cells is removed from the picture.
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Figure 4: Surface magnetic (a) and electric (b) field distribution in HDS cell.

the cells, irises, slots, damping waveguides and other subsystems are milled into the outside of each piece as is
shown in Fig. 5.
This novel accelerating structure design and assembly gives a number of advantages compared to traditional
structures in which individual cells are brazed together, including

— reduction of the number of pieces per structure to four and a significant decrease in surface area to be

machined.

— free choice of joining because there are no RF currents between quadrants.

— no water/vacuum joints nor brazed-on cooling channels.

— excellent vacuum pumping.

— slots can be as narrow as needed and profiled — an important feature for 30 GHz.
Fig. 6 shows a picture of a 60-cell HDS prototype which has been successfully manufactured using high-speed
3D-milling with 5-micron precision.

3.2 The Optimisation Procedure

The new structure optimisation procedure was motivated by the need to simultaneously vary iris diameter, iris
thickness and RF phase advance per cell while considering the effect on short-range transverse wakefield am-
plitude, long-range transverse wakefield suppression, RF-to-beam efficiency, surface fields and power flow. The
simple approach of varying a single parameter at a time was clearly impractical.

The optimisation procedure, which is repeated for different phase advances, consists of three parts for each fixed RF
phase advance. In the first part, a set of nine individually optimised cell geometries are calculated for fundamental-
mode and lowest-dipole-mode characteristics for three different apertures a, and three different iris thicknesses d.
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Figure 6: Three quadrants of the HDS 60-cell copper prototype.

This gives a two-dimensional parameter space for interpolation.

In the second part, parameters for 4-n41 -ng2- (na1 — 1) - (ng2 — 1) /2 structures are calculated. Here ngy 042,041,042
mean number of variation in dy, da, a;, as, respectively, which are d and a in the first and last cells of a structure.
For each structure the bunch charge N is determined from the results of beam dynamic simulations which take
into account the effect of short-range wakefields on emittance growth [2]. The long-range wakefields of the lowest
dipole mode are calculated based on interpolated parameters and an uncoupled model. The value of the transverse
wake envelope at the position of the second bunch ||w(NsAgr)|| is limited by the following condition [2]:

N - ||lw(NsArr)|| < 4-10° x 10kV/pCm? (1)

Satisfying this condition gives the bunch separation in the number of RF cycles N;.
In the third part of the optimisation, structures are selected which satisfy the following RF constraints which are
based on a structure made from CuZr alloy and Mo iris tips:
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Figure 7: Figure of merit versus RF phase advance per cell.

1. Surface electric field [9]: E53F < 380 MV/m.

2. Pulsed surface heating [10]: AT™* < 56 K.

3. Power [11]: Pin,/7p < 1200 MW /ns.
Here E;'2F and AT™# refer to maximum surface electric field and maximum pulsed surface heating temperature
rise in the structure, respectively. Pin and 7, denote input power and pulse length. Since both AT™#* oc /7, and
Pin/Tp depend on pulse length conditions, 2 and 3 can always be satisfied by reducing the number of bunches Ny,
in the train. This reduction is however limited because the shorter the pulse the lower the RF-to-beam efficiency
due to the fill time of the structure. Hence, Ny is chosen to make the pulse as long as possible under pulsed surface
heating and power constraints. Then, if the structure satisfies condition (1), RF-to-beam efficiency and other pulse
length dependent parameters of the structure are scaled for this value of Nj.
Different optimisation criteria are possible. In the case of CLIC, the main goal is to reach the design luminosity
and energy in the most efficient way. Hence the optimum structure must provide the highest ratio of luminosity to
main linac input power. In terms of the structure parameters this corresponds to maximizing the figure of merit:
Lyxn/N, where Ly denotes the luminosity per bunch crossing in a 1% energy bin — this is obtained from beam
dynamics simulations of the CLIC main linac and beam delivery system [2]. Thus, the optimum structure is that
which gives the maximum of figure of merit for all structures satisfying conditions 1 through 3.
It has to be noted that this optimisation procedure is based on a number of assumptions that may well change when
new data becomes available. The RF power constraint [11] is the most uncertain number. It is based on X-band
data for copper structure, whereas the number we need is for molybdenum structures at 30 GHz. The two other RF
constraints, pulsed surface heating and surface electric field, are also not known with any certainty. Finally, since
breakdown behaviour is not well understood, there is no guarantee that there are no other RF constraints.

3.3 Optimisation of the CLIC main linac accelerating structure

The optimisation procedure has been performed for a range of RF phase advances A¢ of 50° to 130°. The iris
radius a was varied from 1 to 2.5 mm, the thickness d was varied from 0.3 to 0.75 mm for A¢ < 90° and from
0.5 to 1 mm for A¢ > 90°. A variation step of 0.05 mm was used for both a and d, resulting in 217800 analyzed
structures for each value of A¢. The results show a maximum figure of merit: Lyxn/N = 14.0 at A¢ = 70°. In
this case, the bunch separation is 7 RF cycles. The parameters of the corresponding accelerating structure have
been presented in [5]. After discussion it was decided that the number of 7 RF cycles is inconvenient for practical
reasons (frequency multiplication) and therefore the number of cycles was increased from 7 to 8. The optimisation
has been performed again with this additional constraint. The resulting figure of merit versus RF phase advance
per cell is plotted in Fig. 7, which clearly indicates that the best structure has an RF phase advance per cell of 60°.
In Fig. 8, several other parameters of the optimum structure are presented as functions of average iris to wavelength
ratio: figure of merit, RF-to-beam efficiency, luminosity per bunch crossing, input power, and bunch population.
The maximum of the red line at <a>/A=0.19 corresponds to the optimum shown in Fig. 7. The corresponding
input power per structure is 190 MW. On the other hand, the figure of merit curve presented in Fig. 8 is rather
flat in the vicinity of the optimum. Therefore, a reduction of <a>/) results in very little change of the figure of
merit but significantly reduces the input power which is advantageous. A compromise value of 150 MW for the
input power has been chosen which is not exactly the maximum of the figure of merit but is very close to it. The
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< Face > [MV/m] 150

f [GHz] 29.985
RF phase advance per cell: A¢ [°] 60
Cell length: [, [mm)] 1.66635
First and last iris radius: a1, a2 [mm] 2.06, 1.50
First and last iris thickness: d;, dz [mm] 0.275, 0.365
First and last cell Q-factor: Q1,2 2590, 2244
First and last cell shunt impedance r1 2 [(Linac)M$/m] 79,92
First and last cell group velocity: vg/cq 2 [%)] 12.2,5.07
Averaged a to wavelength ratio: <a>/A 0.178
Number of particles in the bunch: N 2.56 x 10°
Luminosity per bunch crossing: Ly [m~2] 1.12 x 1034
Ncell 140
Structure length (active): I [mm|] 233
Bunch separation: N; [RF cycles] 8
Number of bunches in the train: N 220
Pulse length: 7, [ns] 68.0
Input power: P, [MW] 151
RF-to-beam efficiency: n [%] 30.9

Table 1: Parameters of the best structure calculated without interpolation.

reduction of the input power and increase in the RF-to-beam efficiency simplifies the 30 GHz power production
scheme significantly.

A list of the optimised structure parameters, which are finally calculated without interpolation, is presented in
Table 1. n refers to the RF-to-beam efficiency taking into account the lower electrical conductivity of the Mo tips.
Fundamental mode parameters as a function of cell number are shown in Fig. 9 and the transverse wake is shown
in Fig. 10.

With the new HDS structure, the overall performance of CLIC in terms of the luminosity to power ratio has been
improved while simultaneously satisfying for the first time all the beam dynamics and RF constraints described
previously. The main feature leading to the improvement is the reduction in the bunch spacing from 20 to 8
fundamental RF cycles. This has a profound effect on the structure RF-to-beam efficiency which is increased
despite the reduction of the pulse length by a factor of two and reduction in bunch charge by 40%.

The smaller bunch charge has a beneficial effect for the damping rings since the emittance is very strongly influ-
enced by intrabeam scattering (IBS).
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4 Damping Rings

The CLIC damping ring is composed of two long FODO-cell straight sections with wigglers, two TME-cell arcs,
and four dispersion suppressors connecting the arcs and the straights, forming a racetrack shape. The beam energy,
ring circumference, number of arc cells, length of wiggler sections, wiggler period, wiggler field, and beta function
at the wiggler were determined so as to produce beam emittances close to the CLIC target values, taking into
account the combined effect of radiation damping, intrabeam scattering and quantum excitation [12, 13]. The
emittance growth from intrabeam scattering dominates that from quantum excitation. The optimisation of the ring
parameters including the intrabeam-scattering effect distinguishes the CLIC design from other damping rings, like
those developed for NLC, TESLA, or ILC. For the purpose of parameter optimisation and performance assessment,
the emittance growth from intrabeam scattering was computed using the ‘modified Piwinski solution’ [14, 15].
The ring circumference was made as small as possible, while still maintaining a reasonable ratio of store time
over damping time, to keep the RF voltage low and the space-charge tune shift at an acceptable level. The filling
factor of dipole and wiggler magnets as a fraction of the whole circumference was maximised, since the radiation
damping arises only from the dipole fields, while intrabeam scattering occurs at all locations around the ring. To
maintain a high degree of polarisation for the electrons, the beam energy of 2.424 GeV corresponds to half an
integer spin tune, namely ay = n + 1/2, with n. = 5, where a =~ 1.16 x 10~2 denotes the anomalous magnetic



variable symbol value
bunch population N 2.56 x 107
bunch spacing Tsep 0.533 ns
bunches per train Ny 110
number of trains Nirain 4
store time / train tstore 13.3 ms
rms bunch length o, 1.547 mm
rms momentum spread o5 0.126%
final hor. emittance YEg 550 nm
hor. emittance w/o IBS YEz0 134 nm
final vert. emittance Yey 3.3nm
coupling K 0.6%
circumference c 360 m
beam pipe radius in arc barc 2cm
vertical half gap in wiggler by 6 mm
no. of arc bends Tbend 96
arc-dipole field Bryena 0932T
length of arc bend lbend 0.545 m
number of wigglers Nwiggler 76
wiggler field Byiggler 1.7T
length of wiggler lwiggler 20m
wiggler period Aw 10 cm
momentum compaction Q. 0.796 x 10~*
synchrotron tune Qs 0.005
horizontal betatron tune Qs 69.82
vertical betatron tune Qy 34.86
RF frequency frF 1.875 GHz
energy loss / turn Uy 2.074 MeV
RF voltage VRF 2.39MV
beam energy Ey 2.424 GeV
damping rime Tg 1.405 ms
revolution time Trev 1.213 us
repetition rate frep 150 Hz

Table 2: CLIC Damping-Ring Parameters

moment of the electron [12].

For dynamic-aperture reasons, the phase advance over 12 arc cells is 7 x 27 in the horizontal plane and 3 x 27 in
the vertical. These phase advances produce a second order achromat where all second order geometric aberrations
cancel (Brown’s 1st theorem [16]). The arcs are equipped with nine families of interlaced sextupoles, where each
cell accommodates three different sextupoles and the pattern repeats after three cells. To further enhance the
dynamic aperture, additional two families of harmonic sextupoles are installed in the two long dispersion-free
wiggler sections. After the nonlinear optimisation of the 11 sextupole-family strengths, the normalised dynamic
acceptance at injection corresponds to 1600 um horizontally and 250 ym vertically, with a momentum bandwidth
of £1% [17]. In view of the ‘flatness’ of the dynamic aperture, a pre-damping ring appears to be necessary for both
electron and positron beams, unless the electron beam can be produced from a ‘flat’ electron gun [18]. A further
optimisation of the beta-function ratio at the focusing sextupoles and an enhanced dispersion at the sextupoles
increase the dynamic aperture, but also the final emittances. Therefore, the present optics can be considered an
optimum with respect to the output emittance.

Table 2 summarises the new parameters of the damping ring. The bunch charge and bunch spacing are decreased
with respect to the 2002 TRC, by factors of almost two and 0.13, respectively. The wiggler period is reduced
by a factor of two, from 20 to 10 cm, since the shorter period is technologically feasible and it reduces the final
emittance significantly. The RF voltage and emittance coupling have also been optimised to yield smaller transverse
emittances.

Figure 11 illustrates the dependence of the final horizontal and vertical emittances on the bunch population. The
four curves refer to two different values of the RF voltage (2.39 MV and 2.59 MV) and to two different emittance
coupling values (1.1% and 0.6%). The smallest vertical emittance is achieved for the smaller coupling and lower RF
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Figure 11: Horizontal (left) and vertical normalised emittance (right) as a function of bunch population. The red
curves refer to a coupling of 0.6%, the blue ones to 1.1% emittance coupling. The solid lines are obtained for an
RF voltage of 2.39 MV, the dotted ones for 2.59 MV. The wiggler field is 1.7 T and the wiggler period 10 cm.
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Figure 12: Bunch length (left), energy spread (centre), and longitudinal normalised emittance (right) as a function
of bunch population. The red curves refer to a coupling of 0.6%, the blue ones to 1.1% emittance coupling. The
solid lines are obtained for an RF voltage of 2.39 MYV, the dotted ones for 2.59 MV. The wiggler field is 1.7 T and
the wiggler period 10 cm.
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Figure 13: Horizontal (left) and vertical normalised emittance (right) as a function of RF frequency. The three
curves refer to RF voltages of 2.79, 2.59 and 2.39 MV, from top to bottom. The wiggler field is 1.7 T and the
wiggler period 10 cm. The black spot indicates the nominal RF frequency.

voltage. Figure 12 shows the associated values of rms bunch length, rms energy spread, and longitudinal emittance.
The dependence of the transverse emittances on the RF frequency and RF voltage is shown in Fig. 13. Doubling
the RF frequency increases both transverse emittances by about 15%. At the same time the longitudinal emittance
decreases by about 30% (not shown).

Figures 14 and 15 present the time evolution of the two transverse emittances, and the longitudinal beam sizes,
respectively, as computed with and without taking into account the intrabeam scattering. The intrabeam scattering
leads to a quadrupling of the two transverse emittances. The total time span shown corresponds to about twice the
nominal store time of 13.3 ms. An equilibrium is reached before beam extraction.

Figure 16 shows the time evolution of the transverse emittances for different wiggler fields. Figure 17 gives the
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Figure 14: Horizontal (left) and vertical normalised emittance (right) as a function of time during the store with
(solid) and without intrabeam scattering (dashed). The wiggler field is 1.7 T and the wiggler period 10 cm.
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Figure 15: Bunch length (left) and energy spread (right) as a function of time during the store with (solid) and
without intrabeam scattering (dashed). The wiggler field is 1.7 T and the wiggler period 10 cm.
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Figure 16: Horizontal (left) and vertical normalised emittance (right) as a function of time during the store with
intrabeam scattering for wiggler fields of 0.5, 1.0, 1.5 and 1.8 T (from top to bottom), and a wiggler period of
10 cm.

dependence of the final transverse emittance on the wiggler field and the wiggler period. The reduction of the
wiggler period from 20 cm to 10 cm reduces the two transverse emittances by about 30%. The further decrease to
8.5 cm offers no significant additional gain.

A noteworthy feature of the revised design parameters is that two trains are extracted simultaneously and need to
be combined using a subsequent delay line and RF deflectors (or beams of opposite charge). The advantage is a
two times larger bunch spacing in the ring (16 RF cycles at 30 GHz) compared with the linac (8 RF cycles), which
alleviates the impact of electron-cloud and fast-ion instabilities, and allows for a lower (but still higher than usual)
RF frequency in the ring, which also leads to a longer bunch and reduces the intrabeam scattering.

The parameters in Table 2 do not include any margins or overheads for errors and tolerances, nor for any collective
effects other than intrabeam scattering.

The primary contributions to the vertical emittance are spurious vertical dispersion and betatron coupling. The
effects of misalignments was simulated by the BETA code and by a MAD-based dispersion-free steering routine
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Energy 2.424 GeV
Bunch charge (# of particles) 3.4 x 10°
Horizontal emittance (norm. r.m.s.) < 44pm
Vertical emittance (norm. r.m.s.) < 7Tpum
Energy spread < £0.5%
Bunch-length (r.m.s.) < 5mm
Number of bunches per train 110
Bunch spacing 16 cm
Number of trains per pulse 2
Spacing between trains 72.64 m
Rep. rate 150 Hz
vertical Polarisation of electrons > 80%

Table 3: Main beam injector specification for electron beam. The reference point is the damping ring injection.
The same specifications are valid for positrons except for the polarisation, which is only considered as an upgrade
option.

previously used for LEP operation [19]. Considering rms displacements of 100 microns for quadrupoles and
30 microns for sextupoles, a combined closed-orbit and dispersion correction reduces the rms orbit distortion
to less than 50 microns and the rms vertical dispersion to 4 mm. The vertical emittance for these conditions is
still larger than 20 nm [19]. The design emittance would correspond to an rms orbit offset at the sextupoles of
less than 10 microns [19]. To reduce the vertical emittance in the presence of errors towards the target value of
3.3nm, a number of options are available, such as an optimisation of the BPM locations as well as an increase in
the number of BPMs or correctors, the beam-based alignment of BPMs with respect to adjacent quadrupoles, and
a correction of both residual vertical dispersion and betatron coupling by means of a large number of distributed
skew quadrupoles, as is employed at the KEK/ATF. The errors will not only increase the equilibrium emittance,
but also reduce the dynamic aperture.

Limitations from collective effects are studied in [20]. The results suggest that countermeasures must still be
developed for the electron cloud in the positron damping ring [21] and for the fast beam-ion instability in the
electron ring. The space charge tune shift is somewhat marginal in either ring, but probably acceptable [20].
No serious constraints are expected to arise from longitudinal microwave instability, TMC instability, coherent
synchrotron radiation, Touschek effect, and resistive-wall coupled-bunch instabilities [20].

Further options to enhance the emittance performance include the use of RF wigglers in the damping ring and the
integration of superconducting wigglers in the main linacs [22].

5 Injector specifications

The injector requirements are to a large extent determined by the damping ring parameters in the previous section.
These requirements are summarised in Table 3. The reference points for the specification are the injection beam
lines of the main electron and positron damping rings.

The bunch charge specification contains a margin for a maximum of 20% injection losses. The specifications for
the transverse emittances are obtained by dividing the dynamic acceptance of the damping ring (without orbit and
alignment errors) by a factor 36, corresponding to a 6 acceptance aperture. Probably pre-damping rings will be
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required to achieve these emittance requirements. Pre-damping rings for this purpose have already been considered
in [13]. The longitudinal beam parameters are in line with the assumptions for the injected beam from section 4
with a safety factor 2 for both bunch length and energy spread. The required longitudinal parameters are not
particularly challenging.

For the spacing in between the trains we assume that the damping rings operate with 4 stored trains equidistantly
distributed around the ring circumference. On every machine pulse two subsequent trains are extracted and imme-
diately replaced by two trains from the injector.

The CLIC injector scheme for the old parameter-set has been published in [23, 24, 25]. An adaptation of this
injector scheme to the new parameters still needs to be performed. Since the total number of positrons needed
per pulse is slightly reduced in comparison with the old parameters no major feasibility limitations are expected.
The new bunch spacing of 16 cm, however, requires a change of RF frequencies throughout the injector complex.
Another additional complication comes from the need to provide two trains of bunches with 73 m spacing in each
injector pulse.

6 Beam Dynamics from Damping Ring to BDS

After the damping ring, the beam is accelerated to 9 GeV and longitudinally compressed in a two-stage bunch
compressor. The design of these compressors will be studied in the framework of EUROTeV [26]. Previous studies
indicated that they are feasible [27].

Two damping ring beam pulses will be merged to form one main linac pulse. This will reduce the bunch distance
from 16 cm to 8 cm. Different options exist how this can be done, e.g. using RF deflectors. The exact scheme will
need to be determined by performing a full optimisation of the compressor complex including the acceleration
between the two stages, which could use high (15 GHz) or low frequency (e.g. 1.875 GHz).

Due to the high RF frequency the longitudinal and transverse wakefields in the CLIC main linac are quite strong.
The main linac lattice has therefore to be designed with special attention to the minimisation of the effects caused
by these wakes. The lattice for the previous parameter set has been derived in a careful optimisation of the focusing
strength along the linac, see reference [28].

The lattice is based on a sequence of FODO cells, with a constant phase advance per cell and a cell length that
scales with v/E. Simulations with these scalings showed excellent performance. In addition, this combination
keeps the fill factor along the linac constant which helps to keep constant the length of each main linac section that
is powered by one drive beam decelerator. The real lattice was a discrete approximation of the scaled lattice which
consisted of 13 sectors of FODO cells; in each sector the cell length was constant. This was due to the fact that the
old linac lattice consisted of five different girder types that all had the same length of 2.23 m (including the bellows
which connect adjacent girders). The main accelerating girder supported four structures. Then four different girder
types existed, where the first one, two, three, or all accelerating structures were replaced with a quadrupole. The
new lattice will be quite similar to the old one except that the girder length is only 2.06 m (see section 8). The
emittance preservation properties of the new and old lattice can thus be expected to be comparable, but a full study
remains to be done once the new lattice has been designed.

In the linac, the beam is accelerated off the crest of the RF wave. This is necessary since the single bunch longi-
tudinal wakefields introduce an energy spread in the beam. The fields induced by the beam head is decelerating
the beam tail. If the beam arrives slightly before the crest of the accelerating RF, the tail will be accelerated more
than the head. This can be used to counterbalance the wakefield induced effect. For the old parameters it was
required that the beam has an energy spread of less than 1% full width at the end of the linac and that the beam is
accelerated by not more than 15° off-crest. These constraints have been used to determine for each structure the
minimum bunch length as a function of the bunch charge. For the new parameters exactly the same procedure was
used.

The transverse wakefields of the structure are the main source of emittance growth. This growth depends on
the lattice design. Since the old design had been optimised thoroughly to minimise the wakefield effects, it was
assumed that no better solution can be found for the new lattice, if one does not want to decrease the fill factor.
Consequently the constraint was set that the new beam should see the same transverse wakefield effects as the old
one. As a simple measure for this, the amplitude of the wake kick over a bunch length was used. It was required
that N - w(20,) be the same for the old and new parameters. Consequently the transverse effects are expected to
be the same for the new and old parameters.

In addition to the single bunch wakefields, another concern are the multi-bunch transverse wakefields, which can
lead to multi-bunch beam break-up. Simulations have shown that the additional effects from the multi-bunch
wakefields can be neglected in comparison to the single bunch effects for a transverse wakefield amplitude of
20kV/pCm? and a bunch charge of 4 x 10°. For a given structure design, the multi-bunch wakefields can be reduced
by spacing the bunches further apart. In the optimisation a constraint w(NsAgr) - N/ 4 x 10° < 10kV/pCm? (see
Eq. 1) has been respected. The multi-bunch effects should therefore be acceptable as a first simulation of the
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Figure 18: The emittance growth for a bunch train with an initial offset. The value for a single bunch is compared
to that for a full train as a function of the wakefield amplitude at the second bunch. The bunch charge is 2.56 x 10°
particles.

multi-bunch beam break-up indicates. Figure 18 shows the ratio of the multi bunch to the single bunch emittance
growth for an initial offset.

7 Beam Delivery, Collimation and Backgrounds

The CLIC 3 TeV beam delivery system (BDS) downstream of the main linac consists of a 2 km long collimation
system, which is followed by a 0.5 km long final focus. The total length of the BDS, counting both sides of the
interaction point, is 5 km. The collimation system itself consists of two parts, the first longer part devoted to energy
collimation, the second shorter part to betatron collimation. A detailed description of the CLIC BDS can be found
in Ref. [29] and additional information on the collimation system in [30].

The collimation system was derived from a 1 TeV NLC design generated by Tenenbaum [31]. To render synchro-
tron-radiation effects at 3 TeV acceptable, all lengths in the energy collimation section were increased by a factor 5,
and the bending angles reduced by a factor 12 compared with the NLC design. To keep the system short, half of the
original energy-collimation system was omitted. The dispersion at the location of the energy spoiler is maintained
just large enough to ensure the survival of the energy spoiler, if it is hit by a beam, provided the spoiler is made
from carbon, diamond, or possibly beryllium.

The reason to place energy collimation in front of betatron collimation, and to demand a minimum spot size at
the energy spoiler is the following. A failure mode analysis for CLIC revealed that off-energy beams with close to
nominal emittance are a likely event, against which the downstream system should be protected, and in particular
that a rigorous and safe collimation in energy will intercept beams that otherwise would hit the subsequent betatron
collimators for most of the failures considered [32]. Rare failures leading to pure betatron oscillations, e.g, misfiring
of a damping-ring extraction kicker, are exceptions. These are not only less probable but, in addition, almost always
accompanied by a significant emittance blow up in the linac.

The optics of the final focus was derived from the compact NLC 1 TeV final-focus optics of Raimondi and Seryi
[33]. The sextupole strengths were increased by a factor 3.4, profiting from the smaller geometric emittance, and
the bending angles decreased accordingly, thereby reducing the effect of synchrotron radiation. The exact value
of the scale factor was chosen to maximise the luminosity for the nominal emittance. The compact optics was
adopted instead of the more conventional odd-dispersion optics previously created [34], because it provides for a
larger free length [* from the last quadrupole to the IP, a wider momentum bandwidth, and reduced beam tails [35].
A disadvantage of the compact optics is the tighter collimator setting requirement in the horizontal plane, due to
the increased [* and the dispersion across the final doublet.

Table 4 lists selected parameters of the CLIC BDS. The IP beta functions can be varied easily using a set of five
quadrupoles at the entrance of the final focus. The IP beta functions listed yield the largest geometric luminosity,
without pinch and without hourglass effect. These values are also close to those yielding optimum luminosity,
when beam-beam effects are included [2].

The bunch density at the interaction point is so high that the colliding beams focus each other strongly. Even the
transverse beam size is significantly decreasing during the collision. This process increases the luminosity but due
to the bending of the particle trajectories it also leads to the emission of beamstrahlung. The average energy of the
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parameter Symbol value

FF length 0.5 km

CS length 2.0 km

BDS length 2.5 km
bunch population N 2.56 x 10°
number of bunches / train Ny 220
horizontal emittance YEx 0.68 um
vertical emittance Yey 0.01 pm
horizontal IP beta function Jop 7 mm
vertical IP beta function By 90 pm
horizontal IP core spot size o 60 nm
vertical IP core spot size oy 0.7 nm

ideal horizontal IP spot size fop 37 nm

ideal vertical IP spot size Ty0 0.5 nm
bunch length o, 30.8 pm

IP free length > 43 m
crossing angle 0. 20 mrad
repetition rate frep 150 Hz
luminosity without pinch Ly 3.6 x 10>* cm 25!
ideal luminosity without pinch ~ Lgo 9.3 x 1034 cm2s~!

Table 4: Beam-Delivery System Parameters

emitted photons is very high — of the order of 10% of the particle energy — and also the probability of emission is
high — of the order of one photon per beam particle. The fact that particles collide after emission of beamstrahlung
leads to the development of a luminosity spectrum. For the physics mainly the part of the luminosity close to the
nominal centre-of-mass energy is relevant. Hence some part of the luminosity will not be useful any more. For
otherwise fixed beam parameters the luminosity is proportional to 1/(o,0,) while the beamstrahlung increases
as 1/(o, + oy). In all linear colliders one therefore uses flat beams with o, < o, which minimises the product
but maximises the sum of the two beam dimensions. One therefore aims to minimise o, which will lead to more
luminosity in all cases. The choice of o, however is a trade-off between more luminosity (smaller o) and a better
luminosity spectrum (larger o).

Due to the beamstrahlung, the IP beam size is highly non-Gaussian, with 15.2% of the population lying outside of
30, in the vertical plane, and about 7% in the horizontal plane [36]. The rms spot sizes widely overestimate the
size of the beam core. The horizontal rms size is of order 100 nm, compared with a core size from a Gaussian fit
of 55 nm. In the vertical plane, the discrepancy is larger still, with about 3.5 nm for the rms value and 0.7 nm for
the core size. The beam sizes obtained from different tracking codes (MAD, DIMAD, Merlin and PLACET) differ
by about 25%.

The emittances in Table 4 refer to the input emittances at the start of the collimation system. The value of 0.68 um
for the horizontal emittance was recently reduced to 0.66 pym [37]. However, all calculations and numbers in this
section still refer to the 0.68 pm value.

The geometric luminosity (without pinch effect) obtained by particle tracking is 3.6 x 1034 cm~2s~! which falls
substantially short of the ideal value 9.3 x 1034 cm~2s~! computed from the ideal linear spot size. Without the
collimation system, the luminosity in the tracking is 4.8 x 1034 cm~2s~! which is 25% larger than that for the full
system and two times smaller than the target value. The loss in luminosity is due, in roughly equal parts, to the
effect of synchrotron radiation and to higher-order chromo-geometric aberrations.

The finite bandwidth of the beam delivery system also introduces a tight tolerance for the RF gradient and RF
phase in the linac. Without the collimation system the tolerance is relaxed by about 70% [38].

With the present emittances and beam delivery system design one however finds that the horizontal spot size
cannot be reduced to a level beyond about 60 nm. Using the realistic energy spread and emittances from the main
linac, tracking through the beam delivery system and using full simulation of the beam-beam effects one finds the
luminosity to be 6.5 x 10%*cm™=2s~! and the luminosity above 99% of the nominal centre-of-mass energy to be
about 3.3 x 10*4cm 2571,

Ultimate limits to the IP horizontal spot size are the beamstrahlung, requiring [2]

> 9225 N 7 ~18 )
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Figure 19: Vertical vs. horizontal beam size required for spoiler survival with different spoiler materials [42] and
beam-size values at spoiler locations computed from the design beta functions, emittances and energy spread.

and the horizontal Oide effect yielding [39] ¢, > 30 nm. Fundamental limits to the vertical spot size are the
quantum diffraction [40] (ye, > A./2 = 0.2 pm — o, > 5 pm), the hourglass effect (0, > 0.4 nm), and the
vertical Oide effect [39] (o, > 1 nm). The above estimate of the vertical Oide effect is pessimistic on the one hand
since it considers the rms beam size, on the other hand it is optimistic, since the effect from the horizontal position
in the final quadrupole is not taken into account.

The background level at the IP for the present parameters is given in Table 13. Per bunch crossing it is reduced
compared to the old parameters, per unit time it remains about the same. The number of beamstrahlung photons is
down from 1.5 to 1.1 and the coherent pair production is significantly reduced.

The luminosity performance of the CLIC BDS at 3 TeV is comparable to the performance of the latest NLC system
when operated at 3 TeV with CLIC beam parameters [41]. A difference is the length of the two systems. The NLC
optics has a length of 1.7km, the CLIC one is slightly longer than 2.5 km. The maximum dispersion in the NLC
system is about 0.2 m, compared with 0.5 m for CLIC. The large dispersion was chosen intentionally for CLIC in
order to guarantee the energy-collimator survival in case of beam impact [42]. If we opt for carbon as collimator
material and give up the possibility of using beryllium, we might reduce the horizontal beam size at the spoiler
by a factor of about 3, as illustrated in Fig. 19. This may allow a significant reduction of the energy collimation,
making the length comparable to that of the NLC optics.

The parameters in Table 4 do not include any margins or overheads for errors and tolerances, nor for any collective
effects, like wake fields. From the vibration and active stabilisation measurements performed by Redaelli at CERN,
a luminosity loss of 25-30% due to fast ground motion is expected [43]. In addition, a 20% luminosity loss was
estimated for the 1996 NLC design due to limited beam-based tuning precision for 16 important aberrations [44].
If we do not improve the tuning and stabilisation procedures beyond those assumed in [43, 44] for the CLIC BDS,
we could expect a total luminosity loss of up to 50% due to errors.

8 Linac Module layout and PETS (Power Extraction Transfer Structure)

8.1 Module layout

The CLIC two-beam configuration along most of the length of the main and drive linacs (excluding special diagnos-
tic sections for example) consists of repeated 'modules’. Each module contains a PETS (see section 8.2), feeding
four accelerating structures, and a drive-beam quadrupole, as a very dense lattice is required for the low-energy
drive beam. Two modules are mounted on each alignment girder, and a schematic view of this layout is shown in
Fig. 20. Space for quadrupoles in the main linac is made by leaving out one, two or four accelerating structures
and replacing the PETS with shortened lower-power versions. The stagger between the two linacs is made to give
the correct relative RF to beam timing.
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Figure 20: Schematic view of the module layout.

The module length is determined mainly by the length of an accelerating structure and the fact that a PETS feeds
four (a number which depends on the high-power capability of the PETS which will be determined in the CTF3
30 GHz experimental program). Drive linac beam dynamics simulations show that the drive beam quadrupole
spacing must be about 1 m and the length be about 200 mm for sufficient strength. The remaining space, 770 mm,
is then available for the PETS which is just sufficient. A 30 mm length is typically included for component
interconnection, however no detailed mechanical design has yet been made.

The regions where each drive beam is fed into and out of a drive beam linac sector have not been designed in detail.
However, an adequate solution would be alternating which side of the main linac the drive beam is placed.

8.2 CLIC Power Extraction and Transfer Structure (PETS)

The CLIC Power Extraction and Transfer Structure (PETS) is a passive microwave device in which bunches of
the drive beam interact with the impedance of the periodically corrugated waveguide and excite preferentially the
synchronous TMy; 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 [45]. The RF power
produced is collected at the downstream end of the structure by means of the Power Extractor and conveyed to the
main linac structure by means of rectangular waveguides.

The choice of PETS geometry is a result of multiple compromises between drive beam stability along the whole
decelerator sector (~600 m) and the active length of the PETS given by the main linac RF power needs and the
layout. Surface electric field, power extraction method, HOM damping, ability to cancel RF power generation
if needed, and fabrication technology were all evaluated to ensure a reliable design. The final PETS design
consists of a 22.5 mm diameter circular waveguide with shallow (~1.3 mm deep) sinus-type corrugations with
140 degrees phase advance per period (3.8885 mm). Eight HOM damping slots are placed symmetrically around
the circumference splitting the whole structure into 8 identical pieces. To simplify the fabrication, the active profile
of each of the 8 racks was chosen to be flat, see fig. 21. The damping slot width (2 mm) and the slot’s rounding
radii (0.8 mm) provide a quasi-constant surface electric field distribution with a maximum of about 110 MV/m at
the nominal RF power level. In this configuration the 600 mm PETS active length is sufficient to extract 642 MW
of RF power from the 181 A, 15 GHz drive beam. Assuming an extraction and transfer efficiency of 94% this is
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Synchronous frequency 29.9855 GHz
Aperture 22.5 mm
R/Q 320.2 Q/m
Group velocity 0.798 ¢
Phase advance/cell 140°
Active length 0.6 m
Drive beam Current 181 A
RF power generated 642 MW
Extraction and transfer efficiency 94%
Damping slots 8 X 2 mm

Table 5: The CLIC PETS parameters

Figure 21: The PETS machining test prototype

enough to deliver the required 151 MW to each of the four accelerating structures (see section 3). The CLIC PETS
parameters are shown in Table 5.

8.3 PETS Power extractor

The extraction of RF power from over-moded waveguides is not a trivial task. To make it efficient and compact
a new broad-band 8-channel quasi-optical extraction coupler based on the multimode mixing approach has been
designed to couple out the power from the CLIC PETS with an efficiency of 98% [46]. The latest version of the
coupler consists of two parts, a mode launcher, and a diffraction/extraction section; these units provide an efficient
step-by-step conversion of the energy from the Eg; mode of the over-moded circular waveguide to the fundamental
H;o mode of the eight radial standard rectangular waveguides. The total length of the extractor is 70 mm. A low
power prototype (see fig. 22) has been built and RF tested and shown to be in good (within 1%) agreement with
HFSS simulations. Since the PETS is very over-moded, any geometrical perturbation will provoke coupling of the
decelerating mode into unwanted HOMs. As a result, a long adiabatic matching section with a number of gradually
reduced corrugations between the active PETS part and the power extractor is needed. The matching section has a
total length of 58 mm (15 periods) and has a reflection and mode conversion expected to be better than —40 dB.
Finally the total length of the PETS including all elements is 770 mm.

8.4 PETS HOM damping

To avoid drive beam losses along the decelerator, the strong suppression of the transverse HOM is absolutely
necessary. The most dangerous transverse mode has a frequency and group velocity practically identical to the
decelerating one. The only way to damp it is to use its symmetry properties. The damping mechanism of this
mode can be explained as a coherent radiation of many RF sources represented by the individual period of the
corrugations into eight infinite radial slots.

The angle of radiation here depends on the phase advance and the distance between periods. The higher the phase
advance, the smaller the angle and the less the damping. In any case the radiation (damping) is the strongest when
the phase advance and period are matched in frequency. For practical reasons the infinite slot is replaced by a
broad-band RF matched load. The iterative optimisation of the slot configuration and the damping was done using
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Figure 22: Low RF power prototype of the PETS Power extractor

mode 1 | mode 2
W, [V/pC/m/mm] 2.144 0.874

f [GHz] 28.031 | 35.092
Group velocity [c] | 0.8883 | 0.6512
Q loaded 44.1 39.8

Table 6: The lowest transverse modes in PETS
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Figure 23: The PETS transverse wake envelope and impedance

HFSS [47], GdfidL [48] was used to verify the whole structure behaviour in time domain. Finally beam dynamic
simulations with PLACET [49] were used to confirm stable beam transportation along the decelerator.

It was found, that in the presence of the damping slots, the lowest transverse mode splits into two different
frequency modes with different phase relations between slots and aperture. This brings extra benefits due to the
naturally introduced quasi-detuning and hence stronger suppression of the wake at shorter distances. In addition
the depth of the regular part of the slots was tuned in pairs of 4 to provide the best damping of each of two modes.
The parameters of these modes calculated using HESS are shown in Table 6.

Beam dynamic simulations have shown that insufficiently damped HOM of the higher bands can be troublesome,
even though their impedances are quite small [50]. To avoid this, frequency detuning was introduced using a linear
increase of the phase advance per cell (from 132 to 140 degrees) along the structure, while keeping the aperture
constant. This resulted in an effective suppression of the higher bands HOM by a factor of ten. The final envelopes
of the transverse wake and impedance as simulated with GdfidL for the full structure length and single bunch rms
size of 0.7 mm are shown in Fig. 23.

The envelopes of a 30 beam with an initial offset of Ay = 0.3 o, along the decelerator with and without transverse
wakes simulated with PLACET are shown in Fig. 24. One can see that the transverse HOM have now practically
no effect on the beam transport.
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Figure 24: The envelopes of a 30 beam with an initial offset of Ay = 0.3 o, along the decelerator with (green)
and without (red) transverse wakes effects.

Figure 25: PETS ON/OFF configuration with detuning wedges

8.5 PETS “On/Off” option

During machine operation it will be necessary to locally turn the RF power production OFF when either PETS
or an accelerating structure fails due to breakdown. It can be shown that the RF power generated by the beam at
the end of the constant impedance structure will be zero if the synchronous frequency is detuned by the amount
+8c¢/(1 — B)L, where B = vgroup/c and L is the length of the structure. In our case this corresponds to about
2 GHz frequency detuning. We have found that such a strong detuning can be achieved by inserting 4 thin (1.6 mm)
wedges through 4 of the 8 damping slots in such a way that the edge position of the wedge does not exceed the
beam aperture, see Fig. 25. The wedge geometry was modified in a way that at any intermediate wedge position
there is no electrical field enhancement in the 0.2 mm gap between the wedge and the wall, nor any RF power leak
in the HOM loads occur [51]. Thus the device can operate as a variable attenuator. The normalised output power
level as a function of the wedge position is shown in Fig. 26.

9 Drive Beam Generation and Decelerator

9.1 Scaling issues

As discussed before, the optimisation studies on CLIC accelerating structures have tended towards rather short
structures, with a fill-time and an RF pulse length which are reduced by about a factor 2 with respect to the
previous parameter set. These structures can provide RF-to-beam efficiencies equal or better than the old structures
and require about the same power per meter. The main consequences of such a change on the drive beam generation
complex derive from the reduction of RF pulse length. In particular, the dimensions of the delay loop and combiner
rings, the number of decelerator sectors and the drive beam energy and current are linked directly to the RF pulse
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Figure 26: The normalised output power level as a function of the wedge position
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Figure 27: Schematic layout of the CLIC drive beam generation complex. The values of the new parameter set are
shown in italics.

length. A general layout of the drive beam generation complex is shown in Figure 27, together with the initial and
final drive beam time structure, for both the old and new parameter set.

The initial pulse length 75, = 100 us corresponds to the total length of the main linac and is essentially unchanged.
It depends on the final energy, the accelerating gradient and the main linac fill-factor. The length of the sub-pulses
is equal to the length of the 30 GHz RF pulse 7gr and must be reduced now from 130 ns to 70 ns. The combination
factor C'r, defined as the ratio between final and initial bunch repetition frequencies and the number of decelerator
sections Ng link the RF pulse length to the initial pulse length as follows: 7, = Cr X Ng X Trp. There is
some freedom in the choice of the combination factor, but the final spacing between drive beam bunches (15 GHz)
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is limited by the frequency of the last pair of RF deflectors (3.75 GHz) [52]. It is also preferable to use a factor
four combination in each ring (rather than five, for instance), since it leaves more space for the septum thickness,
it gives less disturbance to the circulating pulses and the setting-up with beam is simpler. A natural choice is
to use two rings, for a factor 4 x 4 = 16, plus a delay line, needed anyway to introduce a hole in the time
structure for the extraction kickers, which gives another factor 2. The total combination factor is therefore 32 and
the initial frequency used for drive beam acceleration is 30 GHz/32 = 975 MHz. Such frequency represents a
good compromise, since low frequencies are favourable for klystron efficiency and high peak power, while high
frequencies allows for more compact accelerating structures and a shorter drive beam accelerator. For all of these
reasons, it has been proposed to leave unchanged the combination factor, and the initial and final bunch spacing.
Taking into account this constraint, if the 30 GHz RF pulse length is shortened, the obvious consequence would
be an increase in the number of drive beam decelerator sections and a decrease, roughly by the same factor, of
the drive beam momentum. A positive consequence of that is a decrease of the energy of each drive beam pulse
in the decelerator (less damage potential in case of losses). However, both cost and complexity increase, since
more turn-around and dumps would be needed. With a straightforward scaling, the length of the delay line and of
the rings will decrease as well. A shorter delay line would pose no problem, but a reduction in length of the first
combiner ring is a problem, 78 m being already very short. The lower drive beam momentum is also a problem,
since the ring impedance and Coherent Synchrotron Radiation (CSR) cause an energy spread whose absolute
value does not depend on momentum. Therefore the relative energy spread would double. In reality, the drive
beam momentum can be increased if the PETS impedance and the current are decreased, but the scaling of beam
stability in the decelerator in this case is unfavorable.

9.2 The double pulse scheme
Indeed, the previous drive beam parameters (10 nC/bunch, 2 GeV, beam current from 4.6 A to 150 A) were a good
compromise between transverse stability in the decelerator and collective effects (wake-fields and CSR) in the DB
generation complex. There is a way to stay in the same parameter space for the drive beam generation complex
even with a reduced RF pulse length. This solution, called the double pulse scheme, is described in the following.
Some time ago it was proposed [53] to combine the DB generation for both e+ and e- linacs, in order to improve
the DB stability in the decelerator. This can be done as follows:

— Use a single accelerator with double length, doubling the beam momentum,

— keep unchanged the initial pulse length, and the length of the delay line and combiner rings,

— switch subsequent pulses to power the e+ and e- main linacs, thus doubling the distance between pulses in

each decelerator,

— half the number of decelerator sectors.
In the case of a reduced RF pulse, it is possible to use a single drive beam generation complex to feed both linacs,
in a different way:

— keep one “long” linac as for the long RF pulse,
use a “short” delay loop (21 m for 70 ns),
use “long” combiner rings (84 m and 334 m for 70 ns),
in each ring two pulses will circulate and will be combined at the same time,
the combined pulse couples can be separated and sent to the et and e~ main linacs.

The proposed method is schematically described in Figure 28. By using this method, the number of decelerator
sections is kept small (21) and the drive beam energy is high (2.4 GeV).

The main hardware changes are the reduction of the delay line length and the need of a kicker after extraction from
the second combiner ring, to switch every second pulse from the electron to the positron linac. The main issue left
is the drive beam energy, increased by 20% with respect to the old parameter set. Possible limitations come from
the increased field in the combiner ring magnets and from an increase in synchrotron radiation losses.

By scaling directly the ring design proposed in [54], reasonable values of the magnetic field are obtained for all
magnets, except for the main dipoles of the first ring, which would need an on-axis field of 2.2 T. A small, increase
of the dipole fill factor of the ring, which is about 27%, would however reduce the field below a more conservative
value of 2 T. This can be easily obtained, for instance, by modifying the isochronous cell lattice from a four-bends
to a three-bends solution [55]. In the following a fill factor increased by about 20% is assumed for both rings. In
Figure 29, the total relative energy loss for bunches making the maximum number of turns in both rings is pictured
as a function of the drive beam momentum. For a momentum of 2.4 GeV, the maximum relative energy loss is
about 0.1%, which is acceptable for beam dynamics.

The energy loss is dominated in this case by incoherent synchrotron radiation effects. CSR losses are small thanks
also to the shielding effect of the vacuum chamber. The power lost by synchrotron radiation by the high current
drive beam is however not negligible. The average power loss is about 7 kW/m in the first ring dipoles and 250 W/m
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Figure 28: Schematic description of the proposed time structure evolution of the drive beam during the combination
process.
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Figure 29: Total relative energy loss from synchrotron radiation, both coherent and incoherent, as a function of
beam momentum. The contribution of both rings is taken into account.

in the dipoles of the second ring, and its absorption and cooling is not a trivial problem. On the other hand, the
increase in beam emittance and energy spread caused by the incoherent emission are negligible (de/e < 1%,
0p/p =~ 3 x 107°). Finally, the increase in momentum doesn’t affect the RF power needed in the ring deflectors;
the real emittance adiabatic damping implies that a smaller kick is needed, compensating to first order the increase
in power for a fixed kick strength.

9.3 DBA Accelerating Structures

For the new parameters and layout from the previous section, the drive beam accelerator (DBA) will consist of
176 accelerating structures, each of 28 cells and approximately 3.5 m length. It will operate in 27/3 mode, fully
beam loaded by a beam current of 5.7 A and it will have a moderate accelerating gradient of 3.9 MV/m. The
unloaded gradient is 7.4 MV/m. This will bring the drive beam to 2.37 GeV.
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Figure 31: Two 3 GHz SICA structures during installation in CTF3.

Two types of structures have been studied [56]: the “Tapered Damped Structure” (TDS), originally designed for the
CLIC main accelerator and downscaled by a factor 32. Dipole mode damping in TDS is attained by coupling SiC
loads through 4 waveguides to the accelerating cavities. The cut-off frequency of these waveguides is chosen above
the operating frequency, but below the higher order mode frequencies. It thus serves as a high-pass filter between
the cavity and the dampers. A TDS scaled to 937 MHz would however be very large (outer diameter 1.4 m).

The impractical size of TDS was one of the reasons to study in detail a novel type of structure [57]. The SICA
structure (for “Slotted Iris - Constant Aperture”) has 4 radial slots in each iris, which virtually do not perturb the
fundamental mode field. Dipole mode currents however are intercepted by the slots. The slots continue radially
into ridged waveguides which contain tapered SiC loads. These are designed so as to drastically reduce the Q of the
dipole modes (to values typically below 20). As opposed to TDS, where the higher order modes are separated by a
filter from the accelerating mode, mode separation in SICA uses the geometric differences and special symmetries
of the mode patterns. SICA structures were successfully built and tested at 3 GHz and are being implemented as
DBA structures for CTF3. At 937 MHz, SICA structures would have an outer diameter of approximately 550 mm.
Fig. 30 shows an artists conception of the accelerating structure, Fig. 31 shows a photograph of two 3 GHz SICA
structures during installation in CTF3.

Another feature of the SICA structures is the constant iris aperture which reduces the short range wakes. The
detuning is obtained by introducing nose cones with varying depths. These nose cones lead to a larger ratio of
surface field to accelerating gradient in the downstream cells (ratio of up to 3.4), but this is acceptable since the
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3 GHz DBA 937 MHz DBA ] unit
operating frequency 2998.55 937.05 IMHz
Jbeam current 3.5 5.7 A
1% cell | center cell | last cell | 1% cell | center cell | last cell
cavity diameter 82.95 79.00 74.39 |265.44| 252.80 |238.05 jmm
ose cone size 0.00 2.53 4.66 0.00 8.10 1491 gmm
iris thickness 6.00 19.20 m
iris diameter 34.00 108.80 m
hase advance/cell 120 ° 120 °
/Q (Linac Q) 3143 3292 3165 982 1029 989 JQ/m
roup velocity 5.19 3.49 2.36 5.19 3.49 236 Poc
O accelerating mode 13860 [ 12771 10950 | 24794 | 22845 19588
frequency 1% dipole 4147 4197 4097 | 1296 1314 1279 MHz
ick factor 1% dipole 555 668 843 16.95 20.22 5.90 JV/pC/m?
QO 1% dipole mode 17.5 6.2 5.8 17.5 6.2 5.7
frequency 2™ dipole 4243 4279 4379 | 1326 1318 1335 MHz
ick factor 2" dipole 206 254 197 6.29 8.07 25.00 JV/pC/m?
O 2™ dipole mode 3.4 17.3 24.4 34 3.4 3.4
cell length 33.32 106.62 jmm
umber of cells/structure 32 28
structure length 1.22 3.48
fill time, T 98 278 S
input power 30 80 W
afl‘;gﬁ:émg voltage, 13.3 25.7 \
i\ocggée(:lratmg voltage, 79 135 v
eam loading, 97.4 99.0 %o
efficiency, n 92.5 96.0 %o
I:uumber of structures 2+16 2+176 IM
otal energy gain 127 2376 eV

Table 7: Parameters of the DBA accelerating structures.

overall accelerating gradient is moderate.

Issues which were addressed in the design were i) the field enhancement at the slot edges and ii) the presence of
low frequency “slot modes” and their potential impact on the performance. The field enhancement is reduced to
acceptable 40% by a modest rounding of the edges (rounding radius of approximately half the slot width). This
additional field enhancement will lead to a maximum surface field of 33 MV/m or 1.2 Kilpatrick at the slot edges
in the last cell.

The slot modes, which occur at frequencies of about 2/3 of the operating frequency, have the electric field across
the slots and are strongly damped (@) < 6) if the cut-off frequency of the ridged waveguide is chosen low enough.
The kick factor of the slot mode is found to be at an acceptable 5% of that of the lowest dipole mode.

A total of 18 SICA structures operating at 3 GHz have been built by industry [58]. They are installed in CTF3 and
have been successfully operated at and above their specification during 2003 and 2004. The CTF3 drive beam linac
is now operated routinely under full beam-loading condition [59].

The parameters of the DBA accelerating structures are summarised in Table 7.

10  Overall Layout, Efficiency and AC Power Consumption

Figure 32 shows the overall CLIC layout resulting from the new parameters, the newly introduced train combina-
tion scheme after the damping rings for the main beam and the modified drive beam production scheme.

The efficiencies for the different subsystems have been recalculated with the updated parameters. One modification
to the old parameter set is the assumption of a klystron efficiency of 70% (instead of 65%). This value was changed
since Multi Beam Klystrons are expected to obtain efficiencies well above 70% and a value close to 70% was
already experimentally demonstrated [60].

The power flow from the wall plug to the main beams power with the corresponding efficiencies is illustrated in
Fig. 33. A expected total efficiency 7,y is therefore 12.5%.
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Figure 32: CLIC layout with train combination scheme after the damping rings and the modified drive beam
production.

| | unit | old | new |
PAc DB—_acc. MW 311 | 322
Main beam injectors MW 7 7
Central area magnets/services/detectors MW 35 35
Tunnel services and magnets MW 25 25
DB-acc. reliability margin (klystron failure) MW 24 25
Modulator auxiliaries MW 4 4
PAc Total MW 406 | 418
Pruain beams (sum of both) MW 31.1 | 40.6
Tltot (: Prain beams/PAC DB—acc.) % 10 12.5
L1 10%%cm 2571 33 ] 33
L1/ PAc total 10%%cm—2s~IMW-1 | 81 | 7.9

Table 8: Power consumption for the various components and efficiency.

Table 8 shows the total AC power resulting from the power consumption of the drive beam accelerator and various
components in the tunnel and the central injector complexes. The latter numbers have been adapted from [4] since
no important changes affecting these numbers have been performed. It is worth mentioning that the overall power
consumption has stayed almost constant despite the substantial improvement in RF power to beam power efficiency
of the main beam. The reason is that the accelerating structure design optimisation resulted in a smaller bunch
charge, which drives us further away from the advantageous regime of £ ~ Pyeam//0~ as already mentioned in
section 1.

Overall, a major update of the CLIC design and 3 TeV parameters has been undertaken, including many new
developments. These new parameters comply with the present knowledge on RF breakdown limits. The present

27



Wall Plug @

Modulator 351 MW

347 MW auxiliaries

e 000 r | | |
il 4 MW : Central area Tunnel
_ ] g b Main beam .
Ny = 90 Power supplies Tniect: magnets, services, magnets,
. njection :

Ne = .70 klystrons detectors services

202 MW 7MW 35 MW 25 MW

Drive beam | Mg~
acceleration | 1, =.977 /
: . n =43 %

188 MW 41 MW plug/RF &
F(c)= 97 .96 | Drive beam — 0
n, = -84 power exr. Dumps nR-F/ main 29 1 /0

147 MW '

Npps =98
PETS =
nI_A96 \ ntot_ 12.5 % /
139 MW
(2 x 460 kJ x 150 Hz)

- e = .21
II\EI;;ICI N 40 MW ) Main beam

Figure 33: Power flow diagram with component efficiencies.

design has achieved similar effective luminosity, total power consumption and total length as in the previous design,
while the RF to beam power efficiency has been increased and the IP backgrounds have been reduced.

11  Parameters for 1 TeV centre of mass Energy

Possible parameters for a machine with a centre-of-mass energy of 1 TeV can be derived from the ones for 3 TeV.
In order to reach E.,,, = 1 TeV, seven rather than 21 drive beam sectors are necessary per linac. Consequently, the
pulse length of the drive beam can be reduced by a factor of three.

The main beam generation complex will remain unchanged as will the accelerating gradient in the main linac.
The linac lattice is based on the first third of the one for the 3 TeV machine and the emittance budget is kept at
the same level. Consequently all beam parameters will remain unchanged at the entrance of the beam delivery
system. The target beta-functions at the interaction point are 10 mm in the horizontal and 0.1 mm in the vertical
plane. This would lead to a luminosity of 3.8 x 1034 cm~2s~1. The average energy loss of AE/E ~ 10% due
to beamstrahlung remains quite acceptable and the luminosity spectrum is of good quality since less than one
beamstrahlung photon is emitted on average per beam particle. No specific design of the beam delivery system has
been developed but the lattice for 3 TeV has been used, modifying the strength of all magnets to follow the beam
energy. The main beam parameters at the interaction point, the luminosity and background figures are given in
Table 9 for the design and the results from particle tracking. As can be seen, the luminosity from tracking is lower
than anticipated from the beta-functions. A re-optimisation of the lattice for 1 TeV would very likely improve the
luminosity performance.
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Parameter Target | Tracking
NT107] 2.56 2.56
Ny 220 220
frep [Hz] 150 150
o, [pm)] 30.8 30.8
€, /€y [nm] 660/10 | 660/10
B2/ By [mm] 10/0.1 10/0.1
0z /0y [nm] 82/1 94/1
L[10**em™2s71] (Lo.01 /L [%]) | 3.8 (60) | 2.8 (61)
Neon [106] 0.9 0.6
Nuad/Npt 0.25/13 | 0.1710
AE[%] (Ny) 10(1.0) | 9(0.9)

Table 9: Beam parameters at the interaction point of CLIC at 1 GeV centre-of-mass energy. The results for a perfect
beam delivery system (target) and one from tracking through a BDS with a simple scaling of the current 3 TeV
design (tracking) are shown.

Appendix

A Tables of Parameters

Parameter | Symbol | Value | Unit
Overall Parameters

Centre of mass energy Eoms 3000 GeV
Main Linac RF Frequency fut 30 GHz
Luminosity L 6.5 1034 cm—2s~!
Luminosity (in 1% of energy) Lggo 3.3 10%4cm—2s~1
Linac repetition rate frep 150 Hz

No. of particles / bunch N 2.56 10°

No. of bunches / pulse Ny 220

Bunch separation Aty 0.267 (8 periods) ns
Bunch train length Ttrain 58.4 ns
Beam power / beam P, 20.4 MW
Unloaded / loaded gradient Gunij1 172/ 150 MV/m
Overall two linac length linac 28 km
Total beam delivery length 8D 2x2.6 km
Proposed site length liot 33.2 km
Total site AC power Py 418 MW
Wall plug to main beam power efficiency Ntot 12.5 %

Table 10: Overall parameters
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| Parameter | Symbol |  Value | Unit |
Main Linac
Overhead for energy fdbk & repair OVhyep 5 %
Overhead for off-crest operation ovhof-crest 5 %
Acceleration structure length (active/full) lstruct 0.233/0.243 m
average {a/\) a/\ 0.178
Group velocity vylc 12.2-5.07 %
Filling time Ty 9.5 ns
Unloaded Quality factor Q 2590 - 2244
Shunt impedance (first/last cell) Ts 79792 (Linac)MQ/m
RF -> main beam efficiency 7b,RF 30.9 (Mo) %

Table 11: Main linac and accelerating structure parameters

Parameter | Symbol |  Value | Unit |
Main Beam in damping ring before extraction
Energy Eypr 2.424 GeV
No. of particles / bunch Ny 2.56+5% 10°
Bunch length 0s,DR 1550 mm
Energy spread oe/E pr 0.13 %
Transverse horizontal emittance YEz,DR 550 nm rad
Transverse vertical emittance YEy,DR 33 nm rad
Longitudinal emittance (normalised) 4700 eVm
Electron / positron damping ring
Ring circumference Cbhr 360 m
Number of trains stored TNrain 4
Number of bunches / train Ny 110
Bunch separation Aty pR 0.533 ns
RF frequency for 1875 MHz
Wiggler length lwig 152 m
Damping times Tel Tyl T, | 28/2.8/14 ms
Tunes Q! Qy 69.82/34.86
Main Beam at linac injection
Energy Ey inj 9 GeV
No. of particles / bunch N 2.56 10°
Bunch length 0s.inj 30.8 pm

Table 12: Main Beam and damping ring parameters



| Parameter | Symbol | Value | Unit
Beam Delivery System + IP
Total collimation system length leon 2x2.05 km
Total final Focus system length lpp 2x0.55 km
Input transverse horizontal emittance Ex 660 nm rad
Input transverse vertical emittance Ey 10 nm rad
Nominal horizontal IP beta function . 7 mm
Nominal vertical IP beta function Y 0.09 mm
Horizontal IP core beam size oy 60 nm
Vertical IP core beam size oy 0.7 nm
Bunch length Os,inj 30.8 pm
Initial RMS Energy spread OAE /E 0.35 %
Total Energy spread 1 %
Crossing angle at [P Oc 20 mrad
Disruptions D, /Dy | 0.04/3.5
Beamstrahlung mom. spread 0B 16 %
No. of photons / electron Ny 1.1
No. of pairs (pP"=20MeV/c, Oin=0.2) | Npairs 17.4
No. of coherent pairs Neon 5 107
Hadronic events / crossing Nhadron 0.73
No. of jets (pr™i"=3.2 GeV/c) Niets 0.52
Geometric luminosity Lgeom 4.1 1034cm—2s~1!
Enhancement factor Hp
Peak luminosity (ideal) Lpx 6.5 10%4cm—2s~1
Luminosity (in 1% of energy) Lgg, 3.3 103*cm—2s1

Table 13: Beam Delivery System, IP and background parameters

| Parameter | Symbol | Value | Unit ]
Decelerator
No. of drive beam sectors / linac Ng 21
Unit length (total) Lunit 669 m
Average fill factor F 50.1 %
No. of PETS / sector NPETS, unit 559
Length of PETS (active/overall) lpETS 0.6/0.77 m
Nominal output RF Power / PETS Pyt 642 MW
Transfer efficiency PETS > HDS 94 %
Number of accelerating structures / PETS 4
Main beam acceleration power / PETS Phice 4x 151 | MW
Main beam energy gain / unit APFain 71 GeV
drive beam -> RF efficiency (HDS input) TdecRF 74 Y%

Table 14: Decelerator and PETS parameters
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| Parameter | Symbol | Value | Unit |
Drive beam basic parameters
Energy (decelerator injection) Ein dec 2.37 GeV
Energy (final, minimum) Efn dec 237 MeV
Average current in pulse Tgec 181 A
Train duration Terain 69.7 ns
No. bunches / train N dec 1046
Bunch charge Qb,dec 12.1 nC
Bunch separation Ap dec 0.067 ns
Bunch length, rms O dec 0.4 mm
Normalised emittance, rms YEdec 150 pm rad
Drive Beam linac
RF frequency frr 937 MHz
Total number of klystrons Nuy 2 %176
Klystron peak power Py 40 MW
Repetition frequency frep 150 Hz
Beam energy Epg 2.37 GeV
Pulse length (total train) Tpulse 93.7 us
Beam current per pulse Inp 5.7 A
Charge per pulse Qpulse 530 uC
Number of bunches / pulse Np puise | 43932
Bunch length (rms) s 4 mm
Normalised emittance (at injection) YE; 100 pm rad
Total energy spread (at injection) AFE/E 1 %
Wall plug -> RF efficiency TAC,RF 58.5 %
RF -> drive beam efficiency 1b,RF 93 %
Table 15: Drive Beam parameters
| Parameter | Symbol | Value | Unit |

Delay Line

Length Lp 21 m

RF deflector frequency §is) 468 MHz

Combination factor Fep 2

Bunch length (rms) Os 2 mm

Combiner Ring 1 with 2 trains

Length Lp 84 m

RF deflector frequency fr1 937 MHz

Combination factor Fe ri 4

Bunch length (rms) Os 2 mm

Combiner Ring 2 with 2 trains

Length Lpo 334 m

RF deflector frequency fr2 3750 MHz

Combination factor Feo o 4

Bunch length (rms) O 2 mm

Table 16: Delay Line and Combiner Ring parameter
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