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Abstract

An RF pulse compression system based on double-height waveguides was studied for
the Klystron-based CLIC main linac. The optimized power gain of the new system is 3.78, with
a specific output pulse shape required for the transient beamloading compensation. A method
based on the waveform parameters of the input pulse was introduced to achieve such an output
pulse shape. This pulse compression system consists of a storage cavity of a Barrel Open Cavity
(BOC) type and four correction cavities. The BOC storage cavity has a Q0 of 2.35 x 105 with
the TM32,1,1 mode and a B of 6.6. A novel RF coupler was designed to facilitate the machining
procedure of the BOC storage cavity. For the correction cavities, a bowl cavity with the TE1,2,4
mode and a spherical cavity with the TE1,1,3 mode were selected for the potential correction
chain. Three prototypes were designed, fabricated, and RF measured validating the fabrication
procedure for the series production.
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An RF pulse compression system based on double-height waveguides was studied for the Klystron-
based CLIC main linac. The optimized power gain of the new system is 3.78, with a specific output
pulse shape required for the transient beamloading compensation. A method based on the waveform
parameters of the input pulse was introduced to achieve such an output pulse shape. This pulse
compression system consists of a storage cavity of a Barrel Open Cavity (BOC) type and four
correction cavities. The BOC storage cavity has a Qo of 2.35 x 10° with the TM32,1,1 mode and a
of 6.6. A novel RF coupler was designed to facilitate the machining procedure of the BOC storage
cavity. For the correction cavities, a bowl cavity with the TE; 2 4 mode and a spherical cavity with
the TE1,1,3 mode were selected for the potential correction chain. Three prototypes were designed,
fabricated, and RF measured validating the fabrication procedure for the series production.

I. INTRODUCTION

The klystron-based Compact Linear Collider (CLIC),
with the center-of-mass collision energy of 380 GeV, uti-
lizes klystrons as RF sources for the main beam accel-
eration [1, 2]. To reduce the number of klystrons and
the overall cost of the RF system, an RF pulse compres-
sion system is employed, as in many other projects [3—
7). The pulse compression system compresses long input
RF pulses and generates shorter RF pulses with a much
larger peak power. The power gain, defined as the peak
output power over the peak input power, is strongly re-
lated to the unloaded quality of the resonant cavities of
the RF pulse compression system and the length of the
compressed output pulse. In general, the power gain is
higher for large unloaded quality factors and short out-
put pulse lengths. However, the length of the compressed
RF pulses going into the linacs should be as long as pos-
sible for efficient multi-bunch acceleration to achieve the
high-luminosity in CLIC. In addition, these RF pulses
should have a specific shape to compensate for the tran-
sient beam loading effect, the details can be seen in [8, 9].

To meet the requirements of high power gain, long out-
put pulse and specific pulse shape, an RF pulse com-
pression system based on individual cavities was stud-
ied in 1992[10]. These individual cavities are defined as
the storage cavity (SC) and the correction cavity (CC).
Only the SC requires a large unloaded quality factor,
which determines the efficiency and power gain of the
pulse compression system. Several CCs are used to mod-
ulate the amplitude of the input RF pulses. Each cavity
of the pulse compression system produces an RF peak
in the spectrum, similar to that of the SLED-II pulse
compressor[11], which uses long delay lines and gener-
ates flat output RF pulses.
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A pulse compression system based on a correction cav-
ity chain and an SLEDX pulse compressor was designed
and fabricated to demonstrate the technique based on
the SC and CCs[12]. The correction cavity chain con-
sists of eight spherical cavities with an unloaded quality
factor of about 4.5 x 10* and four H-Rotators. The cor-
rection cavity chain was manufactured and tested in the
Xbox-2 high-power test at CERN[13]. The test results
showed that the correction cavities efficiently modulate
the amplitude of the RF pulse. This type of correction
cavity chain was also applied for an X-band two-stage
pulse compressor in the X-band high-power test at Ts-
inghua University[14]. The SC, which is an SLEDX pulse
compressor, has an unloaded quality factor of 1.77 x 10°.
This SC, together with the CC chain, generates RF pulses
with a flat top of 244 ns and a power gain of 3.54, re-
sulting in high peak power from the klystrons[15]. To
reduce the requirement for the klystron peak RF power,
the unloaded quality factors of the SC and CCs are rec-
ommended as 2.4 x 10° and 6.0 x 10, respectively[15].

Among the existing X-band pulse compressors, the
BOC pulse compressor from PSI has a maximum un-
loaded quality factor of 1.5 x 10°, which is still far from
2.4 x 10°[13, 16]. A novel large bowl cavity was designed
with an unloaded quality factor of 2.42 x 10°[17]. The
fabrication of the prototype for the large bowl cavity is
currently underway. For the CCs, an X-band spherical
pulse compressor with an unloaded quality of 9.6 x 10*
and an X-band corrugated pulse compressor with an un-
loaded quality of 1.4 x 10° are good candidates[18, 19].
They have been tested at high power and showed good
high-power performances. These X-band pulse compres-
sors use an H-Rotator and a single resonant cavity, which
benefits the compactness of the correction cavity chain.
A small bowl cavity was also designed for the correction
cavity chain[17]. In addition, another two cylinder cavity
based cavity types were designed for the correction cav-
ity chain. However, prototypes are needed to verify their



reliability and feasibility[20].

An improvement to the klystron-based CLIC is the ap-
plication of the double height waveguide (DHW). Using
a waveguide with a height of 20.32 mm, the surface fields
and the RF loss of the waveguide can be reduced by 30%
and 40%, respectively. This dramatically improves the
high power performance of the waveguide network[21].
Based on the new requirements of the RF pulse compres-
sion system and the application of the DHW, the RF
system requires updates. In this paper, we focus mainly
on the RF pulse compression system. For the SC, we
proposed a BOC storage cavity with a novel RF power
coupler and the DHW. For the CCs, we proposed a bowl
correction cavity with the TE 54 mode and a spherical
correction cavity with the TE ;3 mode. Both candidates
deploy an H-Rotator for RF power coupling from the
rectangular waveguide to the rotating circular waveguide
mode as an input in the CC.

The structure of this paper is as follows. Sect.Il. will
discuss the waveform calculations which take into ac-
count the specific pulse shape required by the CLIC-K
linac[8, 9]. The details of the BOC storage cavity will
be presented in the Sect.III including the RF design, the
mechanical design, the thermal analysis as well as the
fabrication and the results of the RF measurements. In
Sect.IV, we describe the RF designs, the mechanical de-
signs, and the results of the RF measurements of the bowl
and spherical cavities. Finally, we formulate a conclusion
in Sect.V.

II. WAVEFORM CALCULATIONS

An accelerating structure named CLIC-K was designed
for the klystron-based CLIC [9]. To compensate for the
transient beamloading effect, a specific shape of the input
pulse is needed. In the case of CLIC-K, four parameters
define this requirement: the filling time of the structure
(1f), the beam time (1), the power at the beginning of
the filling time (Pf), and the peak input power (P;y),
as shown in Fig. 1. The values of the parameters are
listed in Table I. The pulse compression system should
generate RF pulses that meet the shape requirement for
the beamloading compensation. For more details about
the beamloading compensation, please refer to [9].

TABLE I. Parameters of the pulse shape for the CLIC-K

Parameters Symbol Unit Value
Filling time Ty ns 63.6
Beam time Ty ns 242
Filling input power Py MW 10.15
Peak input power P; MW 40.6

Figure 2 shows the normalized input and output wave-
forms, as well as the input and output phases of the
pulse compression system. The outputs can be calcu-
lated based on the spectrum of the pulse compression
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FIG. 1. Parameters of the input waveform for the beamload-
ing compensation of the CLIC-K structure.

system and the input pulses. For more details, please see
[12]. The original input pulse (the blue dashed curve) is
flat. The pulse compression system compresses this input
pulse and generates the output pulse with several ripples.
To get a flat-top output pulse, the amplitude modulation
is applied to the input pulse. The Ptau is the normalized
power at the beginning of the filling time and Pg is the
average normalized power of the flat top of the output
pulse which is the same as the power gain of the pulse
compression system. The ratio of Ptau over Pg should
be the same as the ratio of Py over P, as mentioned
above. The PinMax and PoutMax are the maximum
points of the input waveform and output waveform. Dur-
ing the modulation, PinMax should be 1 and PinMax
should equals to Pg.
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FIG. 2. Input and output waveforms as well as the input and
output phases of the pulse compression system

The output pulse was optimized using the parameters
td, rt, and D, as shown in Fig. 3. D is used to limit the
length of the flat top and td is used to define the start
point of the beam time. The rt is the key parameter to
optimize the shape of the output pulse. It determines



the slope of the leading edge of the output pulse and
simultaneously greatly affects the amplitudes of the rip-
ples of the output pulse before the modulation. As shown
in Fig. 4, the amplitudes of the ripples are dramatically
reduced by using a larger rt.
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FIG. 3. Zoom in of Fig. 2 with a range of from 2100 ns to
2550 ns
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FIG. 4. Output waveforms with different rt parameters

A merit function is defined based on the parameters of
the input and output waveforms mentioned above:

MeritFun(td,rt, D, 8.) = |PinMax — 1|+ 1)
|PoutMax/Pg — 1| + |Ptau/Pg — Py /Py, |

where [, is the coupling factor of the correction cavi-
ties. All unloaded quality factors of the SC and CCs are
from the RF designs, which are fixed in the waveform op-
timization. In this section, the unloaded quality factors
are 2.35 x 10° for the SC and 7.5 x 10* for CCs. They
will be discussed in Sect.III and Sect.IV. Another fixed
parameter in the waveform optimization is B85, which is

the coupling factor of the SC. For different 5, an output
pulse with the required shape can be obtained by min-
imizing MeritFun(td,rt, D, (.). The power gain curve
versus s, which provides the optimized (s is shown in
Fig. 5. The optimal coupling factor of the SC is 6.2.
However, in case of the reduction of unloaded quality
factor of the SC, a larger coupling factor is preferable. A
coupling factor of 6.6 was chosen, as the power gain is
only 0.5% lower than the optimized value. At this point,
the optimization of the pulse compression system is com-
plete. This optimization procedure takes into account the
shape of the output pulse. The power gain also benefits
from this optimization procedure, which takes advantage
of the rt parameter to reduce the amplitudes of the rip-
ples. The final parameters for the input waveform after
the optimization are shown in Table II.
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FIG. 5. Power gain versus the coupling factor of the SC

TABLE II. Main parameters of the input pulse

Parameters and units Value
Input pulse length [ns] 2500
rt [ns] 90.98
td [ns] 38.69
D [ns] 290.69

In principle, the more the CCs are in the RF pulse com-
pression system, the larger is the power gain. However,
the more CCs, the more the RF losses are introduced by
the CCs which reduces the power gain. In addition, the
slope of the leading edge of the output pulse is also useful
to reduce the ripple amplitude. Taking these factors into
account, the number of CCs must be optimized. Figure
6 shows the power gains versus the number of CCs for
three cases. In the first case, no RF loss is included. For
the other two cases, the H-Rotator is assumed for the cor-
rection cavities and used for one CC or for two CCs. For
all the three cases, the optimized number of the CCs is
4. The RF parameters of five resonant cavities in the RF
pulse compression system are shown in Table III. The



corresponding power gain without RF loss is 3.78. An
RF module for the klystron-based CLIC consists of two
klystrons with an output power of 50 MW each, an RF
pulse compression system and eight CLIC-K structures
with an input power of 40.6 MW/[21]. The relationship of
the output power of the klystron(Py), the input power of
the CLIC-K (P;,), the power gain of the pulse compres-
sion system (Pg) and the RF loss of the RF system (7) is
that Py+2%xPgx(1—mn) > 8+ P;,. The n of the RF system
is 10.66% or 12.25 % for two different methods to meet
the Beam Based Alignment requirements[21]. The mini-
mum required Pg is 3.64 or 3.70 for the two cases. Both
are smaller than 3.78 of the proposed design meeting the
requirements. The S15 of the RF pulse compression sys-
tem shown in Fig. 7.
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FIG. 6. Power gain versus the number of CCs.
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FIG. 7. Si2 of the pulse compression system.

TABLE III. RF parameters of the pulse compression system

Frequency [GHz] Qo Qe B

CC1 11.9882 7.5e4 3.85e4 1.95
CC2 11.9911 7.5e4 3.85e4 1.95
SC 11.9940 23.5e4 3.56e4 6.6
CC3 11.9969 7.5e4 3.85e4 1.95
CC4 11.9998 7.5e4 3.85e4 1.95

III. BOC STORAGE CAVITY

In this section, the RF design, mechanical design, ther-
mal analysis, fabrication and RF measurement results of
the BOC prototype are presented. BOC pulse compres-
sors have advantages of large unloaded quality factor,
lower surface fields and large mode seperations. They
were studied and successfully implemented in CLIC Test
Facility (S-band), Swiss FEL (C- and X-band) and DESY
(X-band)[16, 22—-24]. As the SC of the RF pulse compres-
sion system needs a large unloaded quality factor as large
as about 2.4 x 10°, the BOC storage cavity is the best
option.

A. RF design of the BOC storage cavity

The RF model and the field pattern are shown in Fig. 8
and Fig. 9. It consists of a barrel open cavity, a DHW
around the cavity, and a novel RF coupler. The working
mode of the cavity is TM321,;. In the spherical coor-
dinate system, 32 is the mode index in the azimuthal
direction. Traditional BOC pulse compressors need fake
coupling holes to keep the symmetry of the cavity and
optimize the reflection. However, a feature of this BOC
storage cavity is that no fake coupling holes are used for
keeping the cavity symmetry, which benefits from the
application of the novel RF coupler.

0 100 200 (mm)

FIG. 8. Full RF model of the BOC storage cavity.

The shape of the cavity is described by five parameters
as shown in Fig 10. The two main parameters are the C'd



FIG. 9. Field pattern of the BOC storage cavity.

parameter and Rarc. The Cd parameter is the center of
the arc with respect to the center of the cavity, while the
Rarc is the radius of the arc. The radius of the cavity
is the sum of the Cd and Rarc, which determines the
frequency of the cavity and the mode separation.
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FIG. 10. Shape of the cavity and related parameters.

The smallest RF model to calculate the working mode
and nearby modes is shown in the top right corner of
Fig. 11. The volume of the RF model is 1/256 of the
full cavity and has the copper boundary on the surface
of the cavity and electric or magnetic boundaries on the
other surfaces of the RF model. The Cd parameter was
used for the mode separation optimization. The mode
separation of the BOC storage cavity is more than 100
MHz. The working frequency is 11.994 GHz and the
unloaded quality factor without coupling hole is 2.42 x
10°. The field patterns of the working mode and two
nearby modes of TE3 14 and TEsp ;5 with the same
azimuthal index are shown in Fig. 11.

To calculate the unloaded factor with coupling hole, a
segment RF model was used for this purpose as shown in
Fig. 12. The volume of the segment RF model is 1/64 of
the full RF model. Several faces are defined for different
RF calculations. Face-1 is the surface of the cavity. The
Face-2 and Face-3 have the shape described in Fig. 10.

11.994 GHz

FIG. 11. Smallest RF model as well as the working mode and
two nearby modes of TE32 1,4 and TE321,5.

Face-4 is the symmetry plane.

0 45 90 (mm)

Port-1

FIG. 12. Segment RF model and definitions of the faces.

Boundary of Face-4 is perfect electric conductor
(PEC), while the boundary of face-1 is copper. The Face-
2 and Face-3 are primary and slave faces with phase ad-
vance of 2 . The two ports of the waveguide are used as
waveguide ports where the RF power goes in and leave
from. The S-parameters of this two-port device is cal-
culated and the result is shown in the Fig. 13. The un-
loaded quality factor and coupling factor of the segment
RF model can be calculated from the s21 of the segment
RF model. The method is described in [25]. The un-
loaded quality factor of the full RF model is same as the
segment RF model and the coupling factor of the full RF
model is 32 times of the coupling factor of the segment
RF model.

The segment RF model is also used to calculate the
width of the waveguide around the cavity. In this case,
the waveguide part is seen as a resonant cavity results
in a different segment RF model with a cavity based on
two coupled cells. Both of the two cells should have the
same frequency of 11.994 GHz (matching condition). The
frequency of the BOC part is 11.994 GHz as mentioned
above. The frequency of the waveguide part can be tuned
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FIG. 13. Si2 of the segment RF model.

by adjusting the width of the waveguide part. Finally,
the frequencies of the 0 mode and the pi mode are f; and
f=. The frequency of the waveguide part is calculated by
V(f2 + 2 — (11.994G H 2)?), which is also 11.994 GHz.

The segment RF model is also used to calculate the sur-
face fields of the BOC storage cavity as shown in Fig. 14.
To reduce the surface fields and the RF loss of the waveg-
uide, the height of the waveguide should be as large as
possible but still below the cut-off frequency of the next
higher order mode. 24 mm is used for the height of the
waveguide. The parameters of the surface fields with an
input power of 100 MW for the BOC storage cavity are
shown in Table IV. The maximum surface magnetic field
is the key factor when calculation the pulse heating of the
BOC storage cavity. The pulse heating is calculated by
using the method in [17] and shown in Fig. 15. The input
and output waveforms are needed for the pulse heating
calculation. All the parameters of the surface fields are
far from their limits which results in an important deci-
sion that the RF module with eight accelerating struc-
tures need only one BOC storage cavity. For comparison,
two BOC storage cavities with a standard height waveg-
uide would be needed for the same RF module.

TABLE IV. Surface fields with an input power of 100 MW
for the BOC storage cavity

Parameters and Units Values Limits
Hpmaz [KA/m] 378.59 -
Erae [MV/m] 14.0 100
Sc [MW /mm?] 0.66 2.0
Temperature rise [K] 48 50

The cavity has 128 coupling holes. Among the cou-
pling holes, 126 coupling holes have a length of 16 mm
and a width of 3.2 mm, as shown in Fig. 16. The min-
imum thickness of the wall between the cavity and the
waveguide is 2 mm.

RF model

° 1 20(mm)

g

200m)

FIG. 14. Surface fields of the BOC storage cavity for an input
power of 50 MW.
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FIG. 15. Pulse heating calculation of the BOC storage cavity
for 100 MW input power.
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FIG. 16. Parameters of the coupling holes.

A novel RF coupler was designed for BOC. It is a 4-
port device as shown in the Fig. 17 The width of the



RF coupler is same as the width of the waveguide of the
segment RF model mentioned above. The S-parameters
of the RF coupler are shown in Fig. 18. All the RF
power going into the Port-1 will leave form Port-2 and
the reflection is below -50 dB.

Port-1

Port-3

FIG. 17. Core part of the RF coupler.
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FIG. 18. S-parameters of the core part of the RF coupler.

The full RF coupler with waveguide around the cavity
is shown in Fig. 19. The S-parameters of the full RF
coupler are shown in Fig. 20. At the working frequency
of 11.994 GHz, the reflection is about -46 dB.

The final step for the RF design of the full model of
the BOC storage cavity shown in Fig .8 is to reduce the
reflection. Two special coupling holes were used, at the
entrance and exit of the RF coupler, to reduce the re-
flection, as shown in Fig. 21. They have different width
from that of the normal coupling holes. The width of the
two special coupling holes was swept as shown in Fig. 22.
The reflection at coup_bl of 4.9 mm is close to the mini-
mum value. It was chosen for the width of the two special
coupling holes.

The S-parameters of the Full RF design for the BOC
storage cavity are shown in Fig. 23. The maximum re-
flection around the working frequency of 11.994 GHz is
lower than -27 dB and the reflection at the working fre-
quency is -36 dB, which is small enough for the pulse
compression system.

FIG. 19. Full RF model of the RF coupler.
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FIG. 20. S-parameters of the full RF coupler.

FIG. 21. Two special coupling holes with a width of coup_bl.

B. Mechanical design and thermal analysis

Based on the RF design, the mechanical design of the
BOC storage cavity was done. It consists of the following
copper parts: the main cavity body with 128 coupling
holes, two cooling rings, and an RF coupler, as well as
two stainless steel vacuum flanges, as shown in Fig. 24.
The top and buttom openings can be used for vacuum
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FIG. 22. Reflection of the BOC storage cavity versus the
coup_bl .
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FIG. 23. S-parameters of the BOC storage cavity by using
half of the full RF model.

pumping. The body of the main cavity was machined as
one part to keep the shape accuracy as high as possible.

FIG. 24. Mechanical design of the BOC storage cavity.

Based on the mechanical model, the deformations dur-
ing the final brazing process were calculated as shown in
Fig. 25 and Fig. 26. In the y-direction, the maximum de-

formation is 4.2 um and is located in the coupling holes
far from the two special coupling holes. In the z-direction,
the maximum deformation is 8.0 um and is located in the
waveguide close to the coupling holes with the maximum
deformation. Both deformations are less than 0.01 mm,
which is negligible for such a large cavity with a diameter
of 308 mm.

 Axis - Directional Deformation - 2.5
Type: Directional Deformation(y Awis)
Unit mm .
Global Coordinate System
Tirve2

06,/05/2022 10:09

0.0041951 Max -
0003333 :
00024709
00016088
000074569 :
00001854+« -« -
000057748
0001839
00027017 :
-0.0035638 Min -

FIG. 25. Deformation calculation of the BOC storage cavity
in y direction.
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FIG. 26. Deformation calculation of the BOC storage cavity
in z direction.

Akin to the RF design, a segment mechanical model
which is cut off from the full mechanical model was used
for the thermal analysis as shown Fig.27. It consists of
three parts: a flange, a cavity, and a cooling ring. The
lost RF power in the main cavity is calculated by using
the input and output waveforms:

P dt
Pioss Boc = 100[MW] - ffp—tdt (1

fpoutdt)

; fpout_ccdt

, where P, and P, are the input and output power
of the RF pulse compression system, and P,y ¢ is the
output power after the correction cavities. The average
power of the main cavity is 2.6 kW with an input RF
power of 100 MW, an input pulse length of 2500 ns, and
a repetition rate of 50 Hz. The maximum temperature
of 39.17 °C (The water temperature for cooling is 22 °C



in the thermal calculation) is at the coupling holes, while
the maximum stress intensity of 45.1 MPa is far from
the coupling holes. However, the maximum deformation
caused by the temperature distribution is far from the
coupling holes and is only 22 um, which is also negligible.
Based on the mechanical calculations, the mechanical de-
sign of the BOC storage cavity is robust and viable.
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FIG. 27. Theraml calculation of the BOC compressor.

C. Fabrication of the BOC prototype at CERN

Based on the RF design, the mechanical design, and
the mechanical and thermal calculations, the first BOC
prototype was fabricated. The fabrication procedure is
shown in Fig. 28. The main cavity with 128 coupling
holes is the most critical part with the main parameters
related to the frequency and coupling factors. Around
the main cavity are the RF coupler, the cooling rings, and
the steel flanges. The main cavity was roughly machined
with a smaller radius. The main cavity was then brazed
with the cooling rings and steel flanges prior to the final
finish machining. After the brazing, the main cavity was
machined with the designed radius of 154.078 mm at a
temperature of 20 °C which corresponds to 154.104 mm
at the working temperature of 30 °C. The RF coupler was
machined and brazed separately before the final brazing.
In the final step, the main cavity and the RF coupler
were assembled and brazed.

Figure. 29 illustrates the components during the fabri-
cation process. The top-left image shows the main cavity
during rough machining. The top-right image features
the RF coupler, while the bottom-left image displays the
cooling ring. Finally, the bottom-right image depicts the
main cavity during the final finishing process.

D. RF measurement of the BOC prototype

The prototype was measured in four configurations
with labels of Full-Open, Open-Front, Full-Close, and
Open-Back as shown in Fig. 30. The S-parameters with
a span of 5 MHz for the four cases are shown in Fig. 31.
RF parameters of the BOC storage cavity were calculated
from these S-parameters and shown in Table V. All four
cases have the same frequencies that are 1 MHz smaller
than the nominal RF design frequency at the nominal
operating temperature of 30 °C. In order to correct this
fabrication error and maintain operation at nominal Rf
frequency of 11.994 GHz, an increase of 5.2 °C in the
operating temperature is required. This results in the
new operating temperature of 35.2 °C for this first BOC
storage cavity prototype.

The unloaded quality factors of the four cases are dif-
ferent from each other which means that some RF power
is radiated from the top and bottom of the cavity. This
is probably due to fabrication errors in the shape of the
cavity. The Full-Closed has the highest unloaded qual-
ity which is still smaller than the unloaded qualify of the
RF design. Two reasons may cause this reduction in un-
loaded quality. The first reason is that as some power
reach the top and bottom of the cavity closed by the
stainless steel flange with larger ohmic loses and small
gaps between the cavity and the flanges. The second
reason may be that the roughness of the internal surface
of the cavity is not good enough. The measured Ra is
0.49 pm. The external quality is 20 % higher than the de-
signed one. This is most probably due to the fabrication
error in the wall thickness.

The S-parameters of the Full-Open and Full-Close with
a span of 500 MHz are shown in Fig. 32 and Fig. 33. Both
of the two cases have the same frequencies of the working
mode and nearby modes. The mode separation is larger
than 100 MHz from the measurements. It agrees with
the RF simulation very well.

Finally, since the frequency of the prototype is accept-
able, high-power tests of this first BOC storage cavity
prototype are planned at Xbox2 at CERN.

IV. CORRECTION CAVITY PROTOTYPES:
BOWL AND SPHERICAL

In this section, the works of the bowl and spherical
correction cavities are presented including the RF de-
sign, mechanical design, fabrication and RF measure-
ments. The original bowl correction cavity is based on
a E-Rotator[17]. However, in this paper an H-rotator
for the correction cavity is presented. In practice, the
H-Rotator is easier in fabrication than the E-Rotator.
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FIG. 28. BOC storage cavity fabrication procedure.

TABLE V. RF parameters of the BOC storage cavity for four cases

Parameters and Units RF design Full-Open Open-Left Open-Right Full-Closed
Measured Frequency [GHz] 11.994 11.9933 11.9933 11.9933 11.9933
Measured Temperature [°C] 30.0 23.0 23.0 23.0 23.0
Working temp. in vacuum [°C] 30.0 35.2 35.2 35.2 35.2
Unloaded quality 2.35 x 10° 1.89 x 10° 1.83 x 10° 1.80 x 10° 2.06 x 10°
External quality 3.56 x 10* 4.37 x 10* 4.27 x 10* 4.29 x 10* 4.27 x 10*
Coupling factor 6.6 4.3 4.3 4.3 4.8

s

FIG. 29. Components of the BOC prototype under machin-
ing.

A. H-rotator

The H-rotator is used to transfer the RF power from
the rectangular input waveguide to the circularly polar-
ized rotating mode of the output circular waveguide. The

RF design of the H-rotator is shown in Fig. 34. The
original H-Rotator has a height of 10.16 mm, which is
the height of the WR90 waveguide and was used for the
first correction cavity chain [12].To minimize the surface
fields, the height of the H-Rotator was increased from
10.16 to 12 mm. The S-parameters of the optimized H-
Rotator are shown in Fig. 35. They are the same as the
S-parameters of a standard 3-dB hybrid. The 30 dB pass-
band of the H-Rotator is 80 MHz, which is sufficient for
the correction cavities.

Two H-rotator prototypes were fabricated and mea-
sured before using them for the correction cavity proto-
types as shown in Fig .36 and Fig .37. The results of RF
measurements and the corresponding RF simulations are
shown in Fig .38. The measured results have good agree-
ments with the simulated ones which makes a conclusion
that the two H-rotator prototypes are good enough for
the bowl and spherical cavities.

B. Design of the bowl correction cavity

The new bowl correction cavity was designed taking
into account fabrication considerations. The bowl cor-
rection cavity consists of a bowl cavity and a H-Rotator
as shown in Fig. 39. The S-parameters of the RF de-
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FIG. 31. Measured S-parameters of the BOC storage cavity
for four cases.

sign are shown in Fig. 40. The unloaded quality factor is
7.5 x 10* and the coupling factor is 1.97, which are close
to those used in Sec.Il. The frequency is 11.9941 GHz
which is close to the working frequency of 11.994 GHz,
rather than the frequencies of the correction cavities in
Table III. The goal of this design is to verify the fab-
rication process and the high-power performance of this
type of cavity. The RF parameters are not necessarily
to be the same as those of the final correction cavities.
The frequencies of the final correction cavities will be the

the BOC.
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FIG. 34. RF design of the H-Ratotor with a height of 12 mm.

ones in Table III.
Based on the RF design, a mechanical model was de-
signed as shown in Fig. 41. A small straight part is
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used for the tuning. Cutting and measuring method was C. Measurement of the bowl prototype
proposed for the tuning procedure. A smaller length of
the small straight part is used for the initial fabrication. A prototype was fabricated as shown in Fig. 42. The

Then increase the length by machining the bottom face bowl correction cavity was measured before and after fi-
and measure the frequency of the bowl cavity until the nal brazing, which results in four cases with labels of
frequency is close to the expected frequency. Closed-BEF, Closed-AFT, Open-BEF, and Open-AFT.
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FIG. 41. Mechanical design of the bowl correction cavity.

The measured results are shown in Fig. 43. The RF pa-
rameters of the four cases are in Table VI.

FIG. 42. First prototype of the bowl correction cavity with
open top and closed top.

As mentioned above, in principle, there is no field at
the top of the bowl cavity. The cover on the top of the
bowl cavity should not change any RF parameters of the
bowl cavity. However, the unloaded quality factors of
the Closed-BEF and Closed-AFT are larger than those of
the Open-BEF and Open-AFT, which means that some
RF power is radiated from the top of the bowl cavity.
The reason of the RF radiation from top of the bowl
cavity should be the imperfect shape of the bowl cavity
from the fabrication procedure. Another reason for the
smaller unloaded quality factor of the bowl prototype
is the roughness of the surface. The bowl cavity was
machined from the top of the cavity. In this case, the
good roughness is difficult to achieve.
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FIG. 43. Measured S-parameters of the bowl correction cav-
ity. Open-BEF: open top before final brazing; Closed-BEF:
closed top before final brazing; Open-AFT: open top after fi-
nal brazing; Closed-AFT: closed top after final brazing

The external quality factors of the bowl prototype are
about 30% smaller than that of the RF design. The rea-
son is that a wrong and smaller value was used for the
thickness of the coupling hole when the coupling hole was
machining.

The working temperatures of the bowl prototype be-
fore and final brazing are close to each other. However,
they are about 10 °C smaller than that of the RF design.
The reason is that a wrong value was used for the small
straight part for the tuning on the basis of the cutting
and measuring method.

The biggest difference between the measured results
before and after the final brazing is the reflections, which
are calculated from the S1; of the bowl prototype. The
reflections are about -22 dB before the final brazing,
while they are about -9.6 dB after the final brazing. The
reason for the larger reflection is the frequency difference
between the eigen frequencies of the two polarizations
caused by the shape change of the bowl cavity during
the final brazing. The reason for this deformation is not
understood. Finally, that is the main reason why this
prototype is not suitable for the high-power testing.

D. Design of the spherical correction cavity

The spherical pulse compressors were widely used in
many laboratories, such as SLAC, CERN , KEK, SARI,
Tsinghua University, IHEP, Elettra Laboratory and so
on[12, 18, 26-30]. The experience and measured results of
the existing spherical pulse compressor benefit the design
work of the spherical correction cavity. In this section,
the work of the spherical correction cavity is presented.

In this paper a spherical cavity with a mode of TE; ;3
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TABLE VI. Designed and measured RF parameters of the bowl correction cavity

Parameters and Units RF design Closed-BEF Closed-AFT Open-BEF Open-AFT
Measured Frequency [GHz| 11.994 11.9897 11.9908 11.9897 11.9908
Measured Temperature [°C] - 24.7 21.6 24.7 21.6
Working temp. in vacuum [°C] 30.0 20.0 20.8 20.0 20.8
Unloaded quality factor 7.5 x 10* 6.9 x 10* 6.9 x 10* 6.1 x 10* 6.4 x 10*
External quality factor 3.81 x 10* 2.71 x 10* 2.67 x 10* 2.74 x 10* 2.71 x 10*
Coupling factor 1.97 2.55 2.58 2.23 2.36
Reflection @ Working frequency [dB] -59.7 -22.6 -9.4 -22.0 -9.6

is designed for the CCs. Based on the H-rotator men-
tioned above, the spherical correction cavity was designed
as shown in Fig. 44. The feature of the cavity is the new
coupling hole with a flat part, which compensates for the
distortion of the field distribution. The S-parameters of
the full RF design are shown in Fig. 45. The reflection
of the spherical correction cavity is below -46 dB, which
benefits from the central symmetry of the spherical cav-
ity. The unloaded quality factor and the coupling factor
were calculated from S12. The unloaded quality factor is
7.1e4 and the coupling factor is 1.95.

Traditional
coupling hole

New coupling hole
with flat part

70 (mm)

FIG. 44. Full RF design and the TE; 1,3 modes of the spher-
ical cavities with different coupling holes.
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FIG. 45. Designed S-parameters of the spherical correction
cavity.

Based on the RF design of the spherical correction
cavity, the mechanical model was designed as shown in
Fig. 46. The spherical cavity was split into two parts,
which facilitates the machining procedure and the sur-
face roughness. Two cooling rings were designed for the
up and down half cavities. A tuning feature is designed
on the top of the cavity for frequency tuning by means of
plastic deformation in case of the frequency error due to
fabrication. Mechanical models were calculated to assess
the influence of the vacuum pressure on the tuning fea-
ture as shown in Fig. 47. The deformation in the region
of the hole is 0.23 um, which is negligible.

Upper cooling ring

Upper and lower halves of the cavity

RF rotator

\ Lower cooling ring

FIG. 46. Mechanical design of the spherical correction cavity.

E. Measurement of the spherical prototype

A prototype of the spherical correction cavity was fab-
ricated, as shown in Fig. 48. The S-parameters of the
spherical correction cavity before and after final brazing
were measured. The RF parameters of the RF design
and different measurements are calculated based on the
measured Sio as shown in Tab. VII. The unloaded qual-
ity factors and reflections before and after final brazing
are close with each other while the frequency difference
is about 1 MHz. The designed operating temperature is
30 °C. The calculated from the measurements operating
temperatures before and after final brazing are 26.0 °C
and 20.5 °C respectively which means that the volume
of the spherical cavity was changed slightly during the
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FIG. 47. Deformation of the tuning feature due to vacuum
pressure.

brazing procedure. Moreover, the unloaded quality fac-
tor and the coupling factor agree very well with those of
the RF design.

s
s12

S

522

522

“51 After final brazing

&
5

Before final brazing

8
S-parameters [dB]

S-parameters [dB]

s

3
&
&

-50 -45
11988 11989 11.99 11991 11992 11993 11994 11988 11.989 1199 11.991 11992 11993 11994
Frequency [GHz] Frequency [GHz]

FIG. 48. Prototype of the spherical correction cavity and it’s
measured S-parameters before and after final brazing.

Since the frequencies of the correction cavities should
be specific values, tuning the correction cavity is neces-
sary. The cavity was tuned by using the tuning feature
at the top of the cavity. The tuning process is shown in
Fig. 49. The final frequency is 11.994 GHz at a nom-
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inal operating temperature of 30 °C. After tuning the
unloaded quality factor is 6.9 x 10 and the coupling fac-
tor is 2.3. The coupling factor is changed as the tuning
change the field pattern which results in the enhancement
of field at the coupling hole. Finally, the spherical cav-
ity prototype is suitable for the high-power testing which
will be the next step in the prototype validation.
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FIG. 49. Tuning process illustrated in terms of the operating
frequency at vacuum and 30 °C.

V. CONCLUSIONS

A new RF pulse compression system was studied for
klystron-based CLIC. The shape of the input waveform
and the RF loss of the pulse compression system were
taken into account for the system design. A new BOC
storage cavity works as SC while bowl cavities or spher-
ical cavities work as CCs. Compared with the current
pulse compression system at Xbox-2, the power gain is
increased by 7 percent and the numbers of the SC and
CCs are reduced by a factor of 2. Three prototypes were
fabricated and the results are presented and discussed.

For the next step toward the finalization of the pulse
compression system, some modifications of the current
designs are needed. The roughness of the BOC storage
cavity and the bowl correction cavity needs to be im-
proved to achieve a higher unloaded quality factor. A
tighter tolerance of the coupling holes of the BOC stor-
age cavity is needed to improve the coupling factor. A
smaller Rp of the BOC storage cavity is helpful to elim-
inate the RF radiation form the top and bottom of the
BOC storage cavity. The tuning of the two polarizations
of the bowl correction needs to be studied to reduce the
reflection.
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