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Abstract
An alternative klystron-based scenario for the first stage of Compact Linear Collider (CLIC) at 380 GeV
center-of-mass energy was proposed. Compared to the two-beam scheme, klystron-based one is easily
tested and implemented, and is expected to reduce the cost of the first stage at 380 GeV. The RF design
and parameters of the klystron-based accelerating structure named CLIC-K are described in this paper.
The optimization of the high-order-mode (HOM) damping loads used to suppress the long-range
transverse wakefield is also presented.
I. Introduction
It is generally agreed that high center-of-mass energy collider is the most powerful tool for the
development and research of high energy physics [1,2]. CLIC [3] is one of the candidates. A novel design
of two-beam scheme was fully optimized for 3 TeV stage to save the cost on RF power sources and make
the number of L-band Kklystrons at a manageable value. The high peak current of the drive beam is at a
large value of 100 A. Power Extraction and Transfer Structures (PETS) are used to extract the power
from the drive beam to the main beam. However, this system is relatively expensive at low energy.
The baseline for a staged CLIC was updated in 2016 [4]. An alternative scenario for the first stage at 380
GeV using X-band Kklystrons was proposed. Compared to the two-beam scheme, klystron-based one is
expected to be competitive in cost at lower energy, which is illustrated in Figure 1. Moreover, with the
ongoing developments of the modulators and high-efficiency klystrons [5,6], the interest of klystron-
based scenario will be more considerable. Another advantage of the klystron-based option is that the full
RF system is similar with the high-power test setup so that it can be tested more easily and be
implemented faster [7].
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Figure 1. A comparison of cost between klystron-based and two-beam linear collider.

A conceptual design of the RF unit for klystron-based CLIC has been developed [8], as shown in Figure
2. It consists of two X-band klystrons, a correction cavity chain, two SLAC Energy Doubler X-band
pulse compressors (SLEDXSs), eight accelerating structures and some RF components. The RF power
produced by two Kklystrons are combined in a 3-dB hybrid and the pulse shape is modified by the
following correction cavity chain [9]. Then, the long RF pulse is compressed into short one with higher
peak RF power by SLEDXs and split into eight accelerating structures. The accelerator parameters at
380 GeV has been optimized to minimize the cost [4]. The cheapest klystron-based accelerating structure



design was named CLIC-K. Compared with the 3 TeV baseline CLIC-G design [3], the irises of CLIC-
K have a larger average radius and taper more heavily. The expected average loaded accelerating gradient
of 75 MV/m is lower than for 3 TeV, as described in Table 1.
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Figure 2. Conceptual design of the RF unit for klystron-based CLIC.
Table 1. Comparison between CLIC-G and CLIC-K

Parameters CLIC-G CLIC-K
Frequency 11.994 GHz 11.994 GHz
Accelerating gradient 100 MV/m 75 MV/m
Active length 0.23m 0.23m
RF phase advance per cell 120 ° 120 °
Number of cells 28 28
Average iris radius / RF wavelength 0.11 0.1175
First iris radius / RF wavelength 0.126 0.145
Last iris radius / RF wavelength 0.094 0.09
First iris thickness / cell length 0.2 0.25
Last iris thickness / cell length 0.12 0.134
Bunch spacing 0.15m 0.15m
Number of particles per bunch 3.72x10° 3.87x10°
Number of bunches per train 312 485

In the past decade, a number of CLIC accelerator prototypes have been designed, fabricated and tested
[10-18], as summarized in Figure 3. The gradients achieved in the structures with damping features were
generally 80% to 90% lower than those of undamped structures. Nevertheless, to preserve the stability
and luminosity of beams in CLIC, the long-range transverse wakefield in main linac must be suppressed
to an acceptable value [19]. The method adopt in the baseline design for CLIC main linac is waveguide
damping [20,21]. The regular cell geometry of the CLIC main linac is shown in Figure 4. Four
waveguides are coupled to the accelerating cell to damp the HOMs excited in the main linac. The design
of the accelerating structure CLIC-K is also based on the waveguide damping structure.
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Figure 3. Results of high-power tests on the CLIC accelerating structure prototypes.

Figure 4. Regular cell geometry of CLIC main linac.
In this paper, the details of RF design and parameters of the accelerating structure CLIC-K based on
HFSS code [22] are described in Sec. II. The results of wakefield suppression and the design of HOM
loads are introduced in Sec. III. The simulations of wakefield excited in accelerating structure is carried
out by GdfidL code [23]. The accuracy of the code has been verified in the previous experiment [24].
II. Accelerating structure design

11.1 Design of the regular cells
In high-gradient accelerating structures, the limitation of performance is due to vacuum RF breakdown.

It is a complicated phenomenon that can be predicted by the maximum of surface electric field, surface
RF pulsed heating and the modified Poynting vector S¢ [25-26]. To minimize the surface electric field
and S, the optimization of iris shape was conducted by using HFSS. As for the RF pulsed heating, a
fourth-order polynomial curve with smoother curvature change was proposed and replaced the elliptical
curve to minimize the surface magnetic field on the outer wall of the cell [14]. The results of the single
cell design in the accelerating structure CLIC-K are illustrated in Figure 5.
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Figure 5. (a) Electric field distribution, (b) S distribution and (c) magnetic field distribution on the
surface of the middle cell (1/8 view)

Figure 6. Geometrical parameters defined in cells.

Moreover, the design of the damping waveguide structure was optimized. The related parameters are
shown in Figure 6. The width of the waveguide was selected as 10.1 mm, which has been analyzed in
the optimization of baseline CLIC-G design [14]. The dimension of the waveguide opening, named “iw”,
has significant impact on the wakefield suppression, pulsed surface heating temperature rise and RF-to-
beam efficiency. A larger waveguide opening results in a stronger wakefield suppression but a higher
surface magnetic field, a lower Q-factor and a lower shunt impedance, which means a higher pulsed
surface heating temperature rise and a lower RF-to-beam efficiency. A trade-off needs to be made in the
optimization of waveguide opening. The simulations of wakefield suppression and RF parameters were
carried out by GdfidL and HFSS, as shown in Figure 7. The final dimension of the waveguide opening
is tapered from 7.9 mm to 7.7 mm.
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Figure 7. (a) Wakefield potential at second bunch, (b) maximum of temperature rise in the structure and
(c) RF-to-beam efficiency distribution with different linear tapering on waveguide opening. The spot “x”
indicates the parameters selected in the CLIC-K.

Table 2. RF parameters of the first, middle and last cells.

RF parameters Firstcell ~ Middle cell ~ Lastcell
Q-factor (Cu) 5619 5786 5962
Group velocity [% of c] 2.362 1.370 0.682

Shunt impedance [MQ/m] 73 91 112
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Figure 8. Distribution of RF parameters for loaded (solid) and unloaded (dashed) conditions.

The RF parameters of the first, middle and last cells are summarized in Table 2. The distribution of these
parameters in the accelerating structure CLIC-K calculated analytically based on the interpolation of the
first middle and last cells parameters is presented in Figure 8.

11.2 Coupler design

The input and output coupler cells were designed in a similar way as the compact couplers for CLIC-G.
The length of the coupler cells was kept same as in the baseline design: 6.66 mm. The width of input and
output waveguides is 22.86 mm (WR90 width). The radius and waveguide opening were optimized to
match the WR90 waveguides and the accelerating structure. The match of the output coupler cell was
based on the analysis of the amplitude of forward and backward waves, as expressed in the Equation (1).
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Where E3, E», Es are the peak electric field of last three cells, ¢ is the phase advance (2/3x) between two
cells, a and b are the amplitudes of the forward and backward waves, as shown in Figure 9. The match
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of the input coupler cell was done by minimizing Sq.
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Figure 9. Reflection defined in the travelling wave structure.

Figure 10. Vacuum volume of the full tapered structure.
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Figure 11. Reflections of the accelerating structure CLIC-K.
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Figure 12. Electric field distribution along the beam path. (a) Complex electric field. (b) Magnitude of
electric field.

The full tapered structure includes 26 regular cells and 2 coupler cells, as shown in Figure 10. The
reflection at the input coupler was optimized below -50 dB, as illustrated in Figure 11. The distribution
of electric field along the beam path is presented in Figure 12. From this field distribution, the backward
reflection b/a calculated by the amplitude of forward and backward waves along the full structure was
conducted and presented in Figure 13. The reflections in the regular cells are below -50 dB. The rapid
declining and rising of the slope at the beginning and end are caused by the differences between coupler
cells and regular cells.
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Figure 13. The local reflection along the full accelerating structure.

The RF parameters of the accelerating structure CLIC-K are described in Table 3. Due to the limited
structure bandwidth and for beam-loading compensation purposes, two ramps during the rise time 1, and
filling time tf are necessary in the input pulse [27,28], respectively. The rise time is scaled from the 1, of
the CLIC-G, as expressed in the Equation (2). The filling time is calculated from the distribution of Sy
parameters versus RF frequencies, as expressed in the Equation (3) and presented in Figure 14(a). The
schematic shape of the input pulse is shown in Figure 15. Moreover, the average Q-factor of the full
structure can be obtained from the Equation (4), as shown in Figure 14(b). The peak input power needed
for 75 MV/m accelerating gradient in 0.23 m active length is 40.6 MW and the average unloaded gradient
in regular cells under this condition is 94.2 MV/m. The regions for the voltage calculation of the full
structure and the regular cells are illustrated in Figure 16.
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Table 3. RF parameters of klystron-based CLIC accelerating structure.

Parameters Symbol Unit K
Frequency f GHz 11.994
RF phase advance per cell A ° 120
Number of cells Nc 28
Average Q-factor (Cu) <Q> 5846
Rise time T ns 28.6
Filling time T ns 63.7
Bunch train length To ns 242
Pulse length TRF ns 334.3
Peak input power (HFSS) Pin MW 40.6
Active length L m 0.23

Average loaded gradient <G> MV/m 75



Average unloaded gradient in regular cells <GypRes> MV/m 94.2

RF-to-beam efficiency n % 425
Maximum surface electric field (unloaded) Es MV/m 224
Maximum modified Poynting vector (unloaded) Sc MW/mm? 35
Maximum pulsed surface temperature rise (unloaded) AT K 35.8
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Figure 14. (a) Filling time and (b) average Q-factor calculated from Sy; parameters.
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Figure 15. Schematic shape of the input pulse for CLIC-K.
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Figure 16. Electric field distribution of the full structure and of the regular cells only.
111. Wakefield suppression
111.1 Transverse long-range wakefield suppression
The beam dynamics study requires that the transverse wakefield potential must be below 4.75



V/pC/m/mm [29-31]. The long-range transverse wakefield of the full tapered structure was simulated by
GdfidL [23]. A typical simulation took 18 hours with a mesh spacing of 0.05 mm in all three directions
(a total mesh of 4.986x10°) and a length of the wakefield of 16 m by using 960 CPUs. The results of the
transverse wakefield potential are shown in Figure 17 for the geometry shown in Figure 10 where all
damping and main waveguides are terminated with the perfectly matched layer (PML) boundary
condition. The small differences between the wakefield potential on the X plane and the Y plane are due
to the coupler cells. The results indicate that the envelope of the wakefield potential at the second bunch
is close to 0 V/pC/m/mm.
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Figure 17. (a) The envelope of the long-range transverse wakefield potential. (b) Transverse wakefield
potential around the position of the second bunch at 0.15 m.
The beam instability caused by long-range transverse wakefield can be described with three transverse
beam jitter amplification factors: F¢, Fims and Fuorst [29]. The beam dynamics study proposed that the Fems
should be below 2 and the Fuorst Should be below 5 in order to be stable and do not have significant
emittance growth along the linac. Moreover, the distribution of the transverse wakefield is related with
the frequency of the wakefield dipole modes, which might be affected by the fabrication errors in the
shape of the cells. These three transverse beam jitter amplification factors for the structure CLIC-K
calculated with the PML boundary condition are presented in Table 4, which are better than the
requirement even if the frequency of the wakefield dipole mode shifts within the range of +1%.
Table 4. Wakefield suppression results of CLIC-K with the PML boundary condition
Frequency errors

Transverse beam jitter Ideally L Beam dynamics
e within £1% ]
amplification factors requirements
(X) (Y) (X) (Y)
Fe 1.02 1.03 1.06 1.07
Frms 1.03 1.09 1.26 1.34 <2
Fworst 2.10 2.52 3.12 3.60 <5

II1.2 Design of the HOM damping loads

To suppress the wakefield, high-order modes propagating into the four damping waveguides of the
accelerating cells must be absorbed by HOM damping loads. The material of HOM loads is a silicon
carbide material called “EkaSiC-P”. The properties of this material have been measured in [32]. The
geometry of HOM loads designed for the updated baseline structure CLIC-G™* [14] is presented in Figure
18. The tapering part from 1 x 1 mm cross-section to 5 x 5 mm is designed for broad-band absorption
and low reflection from the tip. The same geometry is used for the CLIC-K as the nominal geometry.
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The position of HOM loads in the damping waveguides was optimized for CLIC-K to decrease the impact
on the fundamental 12 GHz mode in the accelerating cells. Ideally, when HOM loads are closer to the
wall of damping waveguides, the power dissipation of fundamental mode is lower. The clearances Mx
and Mz between the HOM load and waveguide wall are necessary for mechanical assembly. The final
designs of Mx and Mz were both selected at 0.4 mm. The optimization of safe distance HL was conducted

by HFSS, as shown in Figure 19. The distance between the center of the structure and the tip of the HOM
load is 35 mm.
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Figure 19. Power dissipation of the fundamental mode with different distance from the tip of HOM load
to the center of cavity.

The transverse wakefield of the full accelerating structure with HOM loads whose geometry is shown in
Figure 20 was calculated by GdfidL. The measured frequency dependence of the SiC material [32] is
expressed with a dispersive N-th order Lorentz medium in GdfidL code [23]. The simulation took about
29 hours with a mesh spacing of 0.05 mm in all three directions (a total mesh of 7.666x10°) and a length
of the wakefield of 16 m by using 1280 CPUs. The results of wakefield suppression for the nominal
geometry are described in Figure 21 and Table 5, which are better than the beam dynamics requirements.
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Figure 21. The envelope of transverse wakefield of CLIC-K with the HOM loads.
Table 5. Wakefield suppression results of CLIC-K with the HOM loads

Transverse beam jitter Ideally Frequency errors Beam dynamics
amplification factors within +1% requirements
Fe 1.02 1.06
Frms 1.05 1.34 <2
Fuworst 2.19 3.77 <5

The properties of SiC material may vary from production batch to batch and depend on the supplier.
This may result in the variation of the wakefield suppression. The sensitivity of the wakefield suppression

and the SiC material properties has been simulated by using GdfidL. For the properties, €’ is the real part

of permittivity and ¢ is the imaginary part of permittivity. The calculated transverse beam jitter

amplification factors always meet the beam dynamics requirements when material properties vary within

+20%, as shown in Figure 22 and Figure 23.
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Figure 23. Wakefield suppression versus material properties of HOM loads including effect of the dipole
mode frequency shift of +1%.

Furthermore, an attempt to optimize the length of HOM loads was carried out. The dependence of the
wakefield on the tapered length of HOM loads is illustrated in Figure 24. The envelope of the wakefield
at the third bunch (0.3 m) is sensitive with the tapered length of HOM loads, which results in a larger
Fworst With a shorter HOM load that does not meet the beam dynamics requirement. Consequently, the
geometry of the HOM loads in CLIC-K is kept same as for the optimized for 3 TeV accelerating structure

CLIC-G*.
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Figure 24. Wakefield suppression in CLIC-K with different tapered lengths of HOM loads



IV. Summary

The accelerating structure named CLIC-K for the klystron-based first stage CLIC at 380 GeV was
designed. It consists of 26 regular cells and 2 compact coupler cells. The average loaded accelerating
gradient of this structure is 75 MV/m. The peak input power needed is 40.6 MW and the RF-to-beam
efficiency is 42.5%. The results of HOM damping loads design showed good transverse wakefield
suppression. The transverse wakefield potential at the second bunch was around 0 V/pC/m/mm. The
tolerance study of the material properties indicated that the wakefield suppression is better than beam
dynamics requirements even if the material properties changed within +20% and the frequency of the
wakefield dipole mode shifts within £1%.
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