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ARTICLE INFO ABSTRACT

Keywords: The klystron-based Compact Linear Collider (CLIC) was initially proposed with a low center-of-mass energy

CLIC of 380 GeV, primarily due to potential cost-effectiveness. To enhance overall cost-efficiency, reliability, and

RF mOdUI_e stability, a novel RF module for klystron-based CLIC main linac has been designed and studied. This RF module

Accelerating structure utilizes two X-band klystrons to feed eight traveling wave accelerating structures, resulting in a beam energy

RF pulse compressor increase of 138 MeV. A key innovation of the new RF module is the integration of double-height waveguides,
which contributes to a 30% reduction in surface fields and a 40% decrease in RF loss. To meet the double-height
requirement, a majority of the RF components responsible for transmitting the high RF power underwent
a redesign. Two solutions, based on the choke mode flange and the L-shape waveguide, were proposed to
facilitate the adjustment of the accelerating structures for beam-based alignment. Additionally, bent damping
waveguides and HOM loads and a high order Magic-T, were designed for the accelerating structure named
CLIC-K. The paper will comprehensively present and describe both the RF design and the integration of the
klystron-based CLIC module.

1. Introduction the two-beam scheme for the RF power transmission, thereby incur-
ring significant RF loss in the RF network. The RF power from two
klystrons is combined, transported and then split into eight accelerating
structures, with a pulse compression system increasing the peak RF
power to 350 MW. However, this amplification results in substantially
larger surface fields compared to the two-beam scheme. To mitigate RF
loss and surface fields in the klystron-based scheme, RF components
with double the height of the standard WR-90 waveguide have been
proposed and investigated. Efforts have been made to maximize the use
of these double-height RF components, as their incorporation is pivotal
for ensuring the reliability and stability of the RF network.

The Compact Linear Collider (CLIC) is a linear electron-positron
collider with center-of-mass energies of 380 GeV, 1.5 TeV and 3 TeV, as
well as high luminosity [1-3]. Employing the Two-Beam acceleration
scheme, CLIC sources its RF power feeding the main accelerating struc-
tures from the high-current driven beam [3]. This acceleration scheme
has the advantage of cost-effectiveness for the TeV scale energies.
However, its cost efficiency decreased significantly when addressing the
lower center of mass of 380 GeV. Consequently, there is a contempla-
tion on the adoption of a Klystron-based CLIC for the initial stage with
an energy of 380 GeV [1,2]. The klystron-based scheme presents itself

as a financially viable option, while beyond this energy threshold, the
Two-Beam scheme emerges as the sole feasible alternative.

In the two-beam scheme, the high-current driven beam traverses
Power Extraction and Transfer Structures (PETs), generating RF power
for the accelerating structures [4,5]. The proximity between PETs and
accelerating structures is a mere half meter, rendering the RF loss
in the RF network negligible. The RF power generated by the PETs
amounts to approximately 132 MW, maintaining a surface electric field
in the RF network of only 33 MV/m [4]. In contrast, the klystron-based
scheme introduces a distance of about 4 meters between the klystrons
and accelerating structures, necessitating more RF components then
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Traditional standing wave or traveling wave structures do not re-
quire wakefield damping due to low beam current and a less stringent
beam quality requirement [6-10]. However, in the case of CLIC, wake-
field damping becomes a fundamental necessity [11,12]. Numerous
traveling wave accelerating structures have been designed, fabricated
and tested for the CLIC project [13-16]. An accelerating structure
named CLIC-K, featuring straight damping waveguides, was specifically
designed and studied for the klystron-based scheme. CLIC-K comprises
two RF couplers and 26 regular cells [17]. Each cell incorporates
four damping waveguides with Higher Order Mode (HOM) loads to
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Fig. 1. Schematic layout of the RF module for klystron-based CLIC.

effectively absorb the wakefields generated by the electron beams
traverse CLIC-K. For enhanced integration and a more compact design,
we proposed the use of bent damping waveguides. Additionally, a High
Order Mode Magic-T (HOMagic-T) was employed to damp wakefields
originating from the input coupler [13]. A compact H-bend was de-
signed to transmit the working mode at 12 GHz and the wakefield at
17 GHz for the accelerating structure.

The RF pulse compressor constitutes a critical component within
the RF network for numerous linac-based projects [18-24]. A novel
pulse compression system, incorporating a storage cavity and correc-
tion cavities, has been designed and investigated for the klystron-based
scheme [25,26]. This system comprises an X-band SLAC Energy Dou-
bler (SLED) type pulse compressor as the storage cavity and a correction
cavity chain based on spherical cavities. Currently in use at CERN’s
Xbox2 high power test stand, the pulse compression system demon-
strates excellent RF performance. However, its power gain of 3.5 is not
large enough for the klystron-based scheme when considering the RF
loss of the RF network [27]. To enhance power gain, a bowl cavity with
an unloaded quality factor of 24.4e4 was studied for both the storage
cavity and correction cavities [28]. A bowl cavity for the storage cavity
is undergoing fabrication by Shanghai Advanced Research Institute in
China. Finally, the pulse compression system based on a new Barrel
Open Cavity (BOC) pulse compressor as the storage cavity and bowl
cavities as the correction cavities has been designed and chosen as an
ultimate solution for klystron-based CLIC [29].

The alignment specifications for the klystron-based scheme differ
from the two-beam case. Beam-based alignment (BBA) has been pro-
posed for CLIC [30]. A dedicated RF component is essential to facilitate
the adjustment of the accelerating structures for BBA. To fulfill the BBA
requirement, we propose two schemes that employ Choke Mode Flange
(CMF) and L-shape waveguide (LSW), respectively.

Numerous RF components have been designed and employed in
the high power X-band test facilities at CERN, as documented in [31].
The insights gained from this extensive experience prove invaluable in
designing the RF module for klystron-based CLIC. Building upon this
foundation, we have refined the RF components, introducing reduced
tolerance requirements and enhancing RF parameters for improved
performance.

The structure of the paper is outlined briefly below. In Section 2,
we provide a schematic layout of the RF module along with the
introduction of three kinds of RF loads proposed for the RF module.
Section 3 covers a detailed description of the CLIC-K structure and
the pulse compression system. Moving forward, Section 4 delves into
the presentation of the RF combiner located between the klystrons

Fig. 2. Three RF loads for the RF module, (a) steel RF load, (b) spiral load and (c)
RF terminator.

and the pulse compression system, while Section 5 addresses the RF
splitter located between the pulse compression system and the CLIC-K
structures. The paper concludes with a summary in the final section.

2. Schematic layout of RF module

Fig. 1 depicts the schematic layout of the RF designed for the
klystron-based CLIC. To support a center-of-mass energy of 380 GeV,
a total of 2754 such RF modules will be required. Each RF module
comprises two klystrons with a peak power of 50 MW, a pulse com-
pression system increasing the peak power by a factor of 3.80, and eight
accelerating structures with an average loaded accelerating gradient of
75 MV/m. The installation of these eight accelerating structures on a
girder necessitates precise alignment prior to the final integration. For
the active BBA, it is imperative that the girder supporting the eight
accelerating structures be movable. To facilitate this requirement, the
CMF positioned between the pulse compression system and the power
splitters is designed to allow movement without impacting RF power
transmission. Another method involves using an LSW with bending,
which also allows movement of the accelerating structures.
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Fig. 4. Field distribution and s-parameters of CLIC-K structure.

In accordance with the RF power levels, the RF module can be
categorized into five sections: the RF combiner, the double height
waveguide (DHWR-90) with a length of 2 m, the pulse compression
system, the RF splitter and the accelerating structure section. The RF
combiner combines the RF power from two klystrons, generating a
total RF power of 95 MW. Subsequently, The RF power transverses
the DHWR-90 and reaches to the pulse compression system. The pulse
compression system compresses the RF pulse, yielding a shorter RF
pulse with a power of 350 MW. The RF splitter divides the RF power
from the pulse compression system into four parts for distribution to the
accelerating structure section. The accelerating structure section com-
prises four super accelerating structures (SAS), with each SAS featuring
an E-plane 3-dB hybrid and two CLIC-K accelerating structures.

In this configuration, the CMF serves as an illustrative example.
Positioned just after the pulse compression system, a single CMF sat-
isfies the requirement for the BBA. In contrast to the CMF case, the
accelerating structure section employs four LSWs, each corresponding
to one SAS.

The RF module incorporates three types of RF loads: steel RF loads,
spiral RF loads, and RF terminators, as shown in Fig. 2. The steel RF
load is adapted to managing RF power exceeding 50 MW and finds
application in the RF combiner section, where two steel RF loads can
efficiently absorb the entire RF power from two klystrons. The compact
spiral RF load is employed in the accelerating structure section, absorb-
ing the RF power leaving the accelerating structures. The RF terminator
is tasked with terminating the RF ports of the 3-dB hybrids in both the

Fig. 5. RF model and main parameters of the bending waveguide.

RF combiner and the RF splitter sections. Typically, only three ports
of a 3-dB hybrid are utilized for transporting high RF power, leaving
the fourth port with negligible RF power. Consequently, the utilization
of the steel RF load and spiral RF loads becomes unnecessary under
these ports. The RF terminator, characterized by its compact nature,
facilitates the integration of the RF module. These ports are also used
to integrate the vacuum pumping port just before the RF terminator.
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Each of these RF loads underwent thorough study and testing at the
high-power test stand at CERN [32].

3. Accelerating structure and pulse compression system

The accelerating structures and pulse compression system serve as
pivotal components within the RF module. All other RF components
are designed in sequence after the development of these foundational
elements.

The accelerating structure designated as CLIC-K, featuring straight
damping waveguides, was specifically designed for klystron-based CLIC
[17]. Initially, rounding disks were proposed for CLIC-K, followed by
a detailed study and comparison with square disks with bent damping
waveguides. Square disks proved superior in terms of compactness and
ease of machining. The updated CLIC-K design incorporates the use of
square disks, as shown in Fig. 3. CLIC-K comprises 2 RF couplers and
26 regular cells and has a length of 233 mm. Each regular cell inte-
grates 4 bent damping waveguides with small HOM loads inside. The
HOM loads made of SiC lossy material serve to absorb the wakefield
generated by the beams traversing the cell. For the input coupler, two
damping waveguides in the y direction handle wakefield damping in
that direction, while an HOMagic-T is introduced to address wakefield
damping in the x direction [13]. Unlike the traditional Magic-T, the
waveguide on the H-plane has a small cross section, preventing the
working mode with a frequency of 12 GHz and allowing the trans-
mission of the dipole mode with a main frequency of 17 GHz. The
dipole mode of the wakefield in the x direction of the input coupler
is combined by the HOMagic-T and directed into the small waveguide,
where an HOM load absorbs the wakefield. For more details on the
principle for the HOMagic-T, see [13]. For the working mode with a
frequency of 12 GHz, the HOMagic-T functions as an RF splitter.

The results of the RF design of the CLIC-K are shown in Fig. 4, mir-
roring those of the CLIC-K based on straight damping waveguides [17].
Inclusion of bent damping waveguides does not alter the RF parameters
of the CLIC-K for the working mode. Specifically, the average loaded
gradient of CLIC-K remains at 75 MV/m with an input power of 40.6
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Fig. 7. RF model with three scenarios for wakefield calculation. Red zone: Perfect
matching layer (PML) on the input coupler and loads in the dampling waveguides (PIC-
LDw); Green zone: Shorted bends on the matching layer (PML) on the input coupler
and loads in the dampling waveguides (SFIC-LDw); Blue zone: HOMagic-T on the input
coupler and loads in the dampling waveguides (MTIC-LDw).

MW, and the phase advance of CLIC-K is 120 degrees. For additional
details, see [17].

To achieve a comprehensive RF design characterized by compact-
ness, the inclusion of a compact bending waveguide is imperative.
Another crucial requirement is that both the working mode with a
frequency of 12 GHz and the wakefield with a frequency of 17 GHz
must exhibit favorable transmission properties in the bending waveg-
uides. A dedicated bending waveguide was designed to meet these dual
requirements, as shown in Fig. 5. The distinctive feature of this bending
waveguide lies in the shape of the outer wall, which incorporates
two arcs with radii denoted R1 and R3, respectively. The bending
waveguide demonstrates excellent performance, with reflections below
—47 dB, as shown in Fig. 6. Notably, the bending waveguide matches
the performance of the straight waveguide at 12 GHz in terms of the
passband and surface fields.

As mentioned above, the HOMagic-T serves the purpose of absorb-
ing the wakefield from the input RF coupler in the x direction. To
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Table 1

F parameters in x direction for three scenarios.

Input coupler settings Fc Frms Fworst
PIC-LDw-x 1.0021 1.1623 3.0745
SFIC-LDw-x 1.00444 1.2392 64.37
MTIC-LDw-x 1.0011 1.0692 2.2577
Limit - <2 <5

evaluate the necessity of the HOMagic-T, three cases were examined,
as shown in Fig. 7. These cases are defined within three zones: the
blue zone encompassed all RF components for the wakefield simulation,
the green zone excludes the HOMagic-T, allowing the wakefield to
be reflected by the short faces of the bending waveguides, and the
red zone excludes both the bending waveguides and HOMagic-T. The
results of these cases are shown in Fig. 8. Calculating the so-called jitter
amplification parameters from the wakefields provides insights into the
wakefield impact on the transverse beam stability [33]. The matrix A is
used to calculate the jitter amplifgggtion parameters. The element of the
matrix A is defined: A, = (iz;}k)! , where j and k denote the bunch
j and bunch k, i is imaginary number, and a, is calculated by using
the wakefield. For more details on the matrix A, see [33]. Based on

the matrix A, the three jitter amplification parameters are defined as

2 yolsk A AT .
follows: F, = i > |Z,~ Akj‘ and F,,, = 20210k where n is the

number of bunches. The worst combination can be found via a singular
value analysis of A. The square of the largest singular value then defines
F,ors:- The blue zone exhibits a wakefield reflection from the short
faces, leading to unacceptable F parameters. In contrast, the other two
cases show similar wakefields with acceptable F parameters, as listed
in Table 1. Consequently, on the basis of these findings, the HOMagic-
T is deemed essential for the optimal performance of the accelerating
structure.

The pulse compression system for klystron-based CLIC is based
on individual cavities. The input and output waveforms of the pulse
compression system is shown in Fig. 9. A Barrel Open Cavity (BOC)
pulse compressor and a correction cavity chain (CCC) utilizing bowl
cavities were designed and studied, as shown in Figs. 10 and 11.
The mode of the BOC pulse compressor is T M, ; 3, which boasts an
impressive unloaded quality factor of 23.5e4 and low surface fields.

4 T T T T T
o3 1
% = Input waveform
- Output waveform
3
N2T 1
®©
£
(@]

Z1r 1

) -

0 500 1000 1500 2000 2500
Time (ns)
Fig. 9. Input and output waveforms of the pulse compression system.

The optimized coupling factor is 6.6 for the BOC pulse compressor.
The bowl cavity uses a TE,,; mode and exhibits a unique feature of
no field present at the top of the cavity, facilitating effective vacuum
pumping. The unloaded quality factor is 7.5e4 and the optimized
coupling factor is 1.95. For a more comprehensive understanding of
the pulse compression system, please refer to [29].

4. RF combiner

The RF combiner, shown in Fig. 12, comprises 4 RF tapers, a
pumping port, a double-height 3-dB hybrid and a splitter. It combines
the RF power from two klystrons by using a 3-dB hybrid. The RF
design and the S parameters of the 3-dB hybrid are shown in Fig. 13.
A standard height of 10.16 mm was adopted for the RF design. The 3-
dB hybrid, characterized by its compactness, exhibits a substantial pass
band of 180 MHz, as defined by the merit function surpassing —30 dB.
The merit function, denoted as:

db(l —2 % |ReS13 * ImS14 + ImS13 * ReS14]),
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is elaborated further in [34]. This H-plane device features symmetry
based on an electric wall. A double height 3-dB hybrid can be achieved
by doubling its height. The H-bends and pumping port of the RF com-
biner, also H-plane devices, can be adapted similarly to double-height
versions simply by changing the height.

The output waveguides of the klystrons adhere to standard di-
mensions, with a height of 10.16 mm and a width of 22.86 mm. To
establish a connection between these standard waveguides and double-
height waveguides, an RF taper is employed. The RF design and the S
parameters of the RF taper are shown in Fig. 14. Notably, the double-
height waveguide can theoretically support four modes at a frequency
of 12 GHz. Among these, the first mode corresponds to the working
mode (TE10 mode). The couplings from working mode to the remaining
three modes are below -60 dB, rendering them negligible. Additionally,
the RF taper facilitates connection to the two steel RF loads.
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There are six H-bands in the RF combiner. The RF design and S-
parameters of the H-band are shown in Fig. 15. The pass band, defined
by the reflection better than -30 dB, exceeds 1 GHz. An additional
advantage is that the tolerances for the geometric parameters exceed
0.1 mm, which facilitates fabrication.

A pumping port is incorporated into the RF combiner, as shown in
Fig. 16. The pumping port can be considered as a 4-port device with
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effective isolation between port-1 and port-3, as well as between port-
1 and port-4, both registering below —80 dB. Following the pumping
port, an RF splitter is employed to distribute the RF power to two steel
RF loads. The RF splitter has been thoroughly studied and tested at
CERN [31].

5. RF splitting network

Following the pulse compression system, the RF power undergoes a
two-fold division to feed four SASs. Two schemes have been proposed
for the RF splitter. The first involves two double-height E-bends, a CMF,
and three double-height 3-dB hybrids, as shown in Fig. 17. The second
scheme comprises a double-height E-bend, three double-height 3-dB
hybrids, and four LSWs, as shown in Fig. 18.

Correction cavity chain

BOC pulse compressor

450
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The double-height E-bend is a E-plane device without symmetry
based on the electric wall, distinguishing it from the cases of double-
height H-band, pumping port and 3-dB hybrid. The RF design and the
S parameters are shown in Fig. 19. For the simulation, four modes
are considered for each port. The reflection of the working mode and
couplings to the other modes are consistently below —50 dB.

The CMF and LSW are designed to facilitate the movement of
the accelerating structure section, meeting the requirements of BBA.
The RF design of the CMF is shown in Fig. 20. The CMF comprises
rectangular waveguide parts, rectangular waveguide adapters to the
circular waveguide, circular waveguides, and a choke. The CMF is
bifurcated by the choke, allowing relative movement of the two parts
for adjustments of the position of the accelerating structure section. The
S parameters of the CMF in the normal case are shown in Fig. 21. The
transmission of the working mode from port-1 to port-2 is nearly 100%.
With a transmission better than 99.99%, acceptable offset ranges of
the three directions can be calculated. For the x-direction, the range
is +0.89 mm; for the y-direction, the range is +0.12 mm; and for the
z-direction, the range is +£0.96 mm. In the RF splitter, adjustments in
the y direction and the z direction are selected for movement. The
LSW features L-shaped waveguides with a length of 0.5 m for each
arm, allowing similar adjustment ranges for the x-direction and z-
direction. The LSW waveguides are standard waveguides with a height
of 10.16 mm. The advantage of the LSW-based scheme is that no
special mechanical design is needed for the LSW to control movement.
However, the disadvantage is that the RF loss is greater than that of
the CMF-based scheme.

6. Mechanical design and integration

Based on the RF components mentioned above, two mechanical
design integration layouts were developed, as shown in Figs. 22 and
23 [35]. These layouts incorporate considerations for the tunnel in
klystron-based CLIC, vacuum maintenance, and other integration con-
siderations for the RF module. Real positions of the RF components

Splitter-3

44

Splitter-2

900 (mm)

Fig. 17. RF design of the RF splitter based on CMF.
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BOC pglse compressor

. . . rd
Correction cavity chain -
7

E-bend

0 500 1e+03 (mm)

Fig. 18. RF design of the RF splitter based on LSW.

Table 2

RF loss of the RF networks.
Components RF loss (CMF) RF loss (LSW)
Combiner 0.66% 0.66%
DHWG-90 4.01% 4.01%
| CCcC 1.29% 1.29%
S Parameter Plot2 ~ HFSSDesign-Half 0.5 full ANSYS BOC 2.01% 2.01%
o Sw e H-bend 0.074% 0.0%
2000 Sob :Sweep E-bend 0.28% 0.28%
— s1311) CMF 0.29% 0.0%
000 i E-bend 0.28% 0.0%
. s st o Splitter-1 0.98% 0.98%
T Splitter-2 0.65% 0.85%
8000, Setup1: Sweep Splitter-3 0.62% 0.82%
o000 = meann LSW 0.0% 2.22%
Overall 10.66% 12.25%
-120.00 T T T T T — dB(S(2:41:1))
1100 1125 1150 1175 1200 1225 1250  12]Sepl:Sweep
Freaforz)

1199

were considered in these mechanical designs. Subsequently, detailed
calculations and analyses of RF losses for the RF modules were con-
ducted. Table 2 provides a summary of the calculated RF losses for
J‘ Choke the two RF networks for comparison. The overall RF losses amount to

Fig. 19. RF design and S-parameters of the double-height E-bend.

10.66% and 12.25% for the CMF-based and LSW-based RF networks,

respectively. Table 3 summarizes the surface electric field and modified

| poynting vector (S.) of the two RF networks. The S, is defined as

S. = Re{S}+1/6-Im{S}, where S is the complex poynting vector [36].

Circular The S, is seen as a single RF breakdown constraint in RF design and

used as a merit function when optimizing RF components in this paper.

The pulse lengths are different for the RF power in Table 3. Before the

BOC pulse compressor, the pulse length is 2500 ns and then the pulse
length is about 330 ns as shown in Fig. 9.

waveguide

|

Rectangular
waveguide .
7. Summary and conclusion
Adapter
We present the RF module design based on double-height waveg-
uides for the klystron-based CLIC, addressing two scenarios involving
: - CMF and LSW for BBA. Comprehensive studies and designs for all
RF components of the RF module consider factors such as compact-
ness, reliability, and stability. Additionally, we offer an RF power loss

Fig. 20. RF design of the CMF.
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S Parameter Plot 2 2-CylChole_dz ANSYS |  Cuveinto
= dB(S(1.1)
Setup1 : Sweep

0.00

] — dB(sE21)
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— dB(S(31,1)
Setup1 : Sweep.

— dB(SE2.1)
Setup1 : Sweep

— B3N
Setup1 : Sweep

= dB(S(34.1))
Setup1 : Sweep.
-80.00 —
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Fig. 21. S-parameters of the CMF in normal case.

N

= e

Fig. 22. Mechanical design of the RF module based on LSW.

Fig. 23. Mechanical design of the RF module based on CMF.
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Table 3

Surface fields of the RF networks.

Components Emax Sc Power

[MV/m] [MW/mm?] [MW]

Combiner 25.9 0.55 100
DHWG-90 19.7 0.43 100
CCC 53.2 1.9 95
BOC 47.3 2.0 350
H-bend 45.9 2.0 350
E-bend 52.8 3.6 350
CMF 38.0 1.8 350
Splitter-1 48.4 1.9 350
Splitter-2 34.2 9.6 175

budget and maximum surface field values for each RF component.
Wakefield simulations, varying settings for the input coupler, highlight
the necessity of the HOMagic-T to damp the wakefields effectively.
Two mechanical models, derived from RF designs of the RF module,
have been thoroughly studied. The finalized RF design and mechanical
design will be provided for the next stage, and prototypes of the RF
components will under development and testing.
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