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Novel open cavity design for rotating mode rf pulse compressors
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A new X-band high-power rotating mode SLAC energy doubler (SLED)-type rf pulse compressor is
proposed. It is based on a novel cavity type, a single open bowl-shaped energy storage cavity with high-
quality factor and compact size, which is coupled to the waveguide using a compact rotating mode launcher.
The novel cavity type is applied to the rf pulse compression system of the main linac rf module of the
klystron-based option of the Compact Linear Collider. Quasispherical rotating modes of TE; , 4 and TE, 5 3
are proposed for the correction cavity and storage cavity of the rf pulse compression system, respectively.
The storage cavity working at TE, ; 3 has a quality factor above 240 000 and a diameter less than 33 cm. The
design of the pulse compressor and in particular of the high-Q cavity will be presented in detail.
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I. INTRODUCTION

As an alternative to the original two beam Compact
Linear Collider (CLIC) concept, the klystron-based CLIC
option is considered for the 380 GeV initial energy stage
[1]. An X-band rf pulse compressor with a correction cavity
chain was selected as a baseline option for the klystron-
based CLIC rf module [2-4]. Rf compression obtains
high peak power in exchange for reduced rf pulse length.
Pulse compressors have been applied and operated for
many decades in many facilities, such as SLAC National
Accelerator Laboratory, Swiss Free Electron Laser, SPring-
8 Angstrom Compact free electron LAser (SACLA),
Pohang Accelerator Laboratory X-ray Free Electron
Laser (PAL-XFEL), and Shanghai soft X-ray Free-
Electron Laser facility (SXFEL) [5-13]. The first rf pulse
compressor named SLAC energy doubler (SLED) was
developed by Perry Wilson, David Farkas, Harry Hoag, and
Gregory Loew at SLAC [14]. The key components of a
SLED system include a 3 dB coupler with two 90° apart
divided power ports and two high-intrinsic quality factor
(Qg) energy storage cavities. The concept was further
developed during era of X-band linear colliders: VLEPP/
NLC/JLC [15-17]. The several ideas used in this paper
were introduced at that time. Open cavity with two rotating
modes was invented by Vladimir Balakin and realized
by Igor Syratchev of BINP as barrel open cavity [18].
Deference with the current design is that the mode launcher
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was in the form of a directional coupler. Correction cavities
were invented by Sergey Kazakov, then from KEK, to
simulate frequency response of a SLED-II delay line [2,19].
Using a polarizer is a more recent development, where a
spherical cavity fed by H-plane polarizer was invented by
Sami Tantawi and developed into a practical device by
Juwen Wang, both of SLAC [20-22]. Two such SLEDs,
each with a Q, of 9.5 x 10*, are now in use at linac
coherent light source. The version with H-plane polarizer
propagated around the world and many were built in China
and elsewhere [23-26]. An X-band corrugated cavity with a
Q, of 1.15 x 10° was also developed based on the concept
of polarizer [27-29]. Author of this paper, Alexej Grudiev
contributed into the art by inventing an E-plane polarizer,
which could substitute the H-plane polarizer in a SLED
with rotating mode cavity [30].

The parameters of the CLIC accelerating structure had
been reevaluated to improve the accelerator performance
[31]. Additionally, the pulse compressor design adopted to
the new structure parameters was optimized based on the
klystron output [32]. It has been suggested previously that a
correction cavity chain with a Q, of 6 x 10* used in
conjunction with a storage cavity with a Q, of 2.4 x 10°
could increase the achievable power gain by 7.5% com-
pared to the initial design, with the initial design having a
gain factor of 3.48 and the new scheme having a gain factor
of 3.74. The correction cavity chain is used to produce
flattop and increase the efficiency [3]. The scheme, pulse
shape, and transmission spectrum of the CLIC pulse
compression system are illustrated in Fig. 1. Phase-to-
amplitude modulation by using two klystrons could be
applied to eliminate the ripples of the output pulse in
Fig. 1(b) [3]. The correction cavities and storage cavity
with higher Q, could increase the achievable power gain.
To implement such a scheme, however, new storage cavity
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FIG. 1. (a) Scheme, (b) pulse shape, and (c) transmission spectrum of the pulse compression system of klystron-based 380 GeV CLIC

option. The blue, green, and red curves in (b) are the input power, power after the correction cavity chain, and output power, respectively.
The inset of (b) is given to show an enlarged view of output power. The Q, of storage cavity and coupling factor are 2.4 x 10° and 6. The
Q, of correction cavity and coupling factor are 6.0 x 10* and 1.48. Phase-to-amplitude modulation by using two klystrons could be applied
to eliminate the ripples of the output pulse [3]. The blue and red curves in (c) are the transmission spectra of the correction cavity chain and
the whole system. The frequency difference between two nearby peaks is 2.9 MHz, which corresponds to the pulse length of 344 ns.

and correction cavity chain which meet these criteria must
be designed. A novel compact open bowl-shaped energy
storage cavity with high Q, is proposed to meet the
requirements for both the correction cavity chain and the
storage cavity of CLIC. This novel cavity type with rotating
mode could also be applied to other pulse compression
systems. This paper describes its principle, design, and
technical advances.

II. BOWL-SHAPED OPEN CAVITY

The novel open cavity has a bowl shape, as shown in
Fig. 2. The electrical field of the working mode in the top
area of the cavity is very small. Thus the top of the cavity
can be kept open. The cavity works in a quasispherical
rotating mode of TE, , ; which is a dipole mode. The radial

E Field [v/n] g

100000000 . @
. 46415924.0
21544354.0

19000000 . @
4641589. 5
2154435.5
1600000, 0

464159.9
215443.5
100000, 0
46415.9
21544.3
10000. 0
4641.6
2154. 4
1000.9

stainless steel

1

-m:

chav

copper

FIG. 2. Electrical field of the bowl-shaped open cavity operat-
ing at TE, 5 3 at 11.994 GHz. One quarter model of the cavity
with a storage energy of 1 J was simulated by the eigenmode
solver of high-frequency structure simulator (HFSS) [33]. The
electrical field is in logarithmic scale.

index i is dominated by the cavity radius (R, ). The working
mode shown in Fig. 2 is TE, ;3. The Q, of TE,,;; at
11.994 GHz is around 2.4 x 10°. Principally, a larger R,
contributes to a higher radial index which results in a higher
Qy. However, more parasitic modes will appear in the
larger cavity. The parasitic modes may have high field on
the top area which results in high loss in the open boundary.
The coupling from parasitic modes to working modes
will impact the performance of the pulse compressor. The
frequency separation between working mode and parasitic
modes should be kept as large as possible. Otherwise
absorption materials such as silicon carbide need to be
added to damp such modes. DZ,, and R, are used to
optimize the Q, of the working mode and the mode
separation between working mode and parasitic modes.
The open boundary will also help us to suppress many
parasitic modes. The cavity can be easily machined by lathe
due to its symmetric and open shape. No brazing is needed
for the cavity body manufacturing. This can reduce the cost
of the fabrication and increase the fabrication accuracy. The
top of the cavity is connected to the stainless steel flange
with pumping port which will make it easy to pump.

III. CORRECTION CAVITY DESIGN
A. Cavity design

The Q, of the correction cavity chain is suggested to
be 6 x 10* from Ref. [32]. TE, ;4 mode is selected for
the bowl-shaped open cavity design with the R_,, around
50 mm. The Q, is around 75 000 which is larger than the
requirement. As mentioned in the previous chapter, cou-
pling to the parasitic modes is one of the critical issues in
the design. A single cavity model was created to calculate

the stainless steel quality factor (Q.) and the mode
2nfW

PSS ’
where f is the resonant frequency, W is the stored energy,
and P is the power loss in the stainless steel. To reduce the

spectrum, as shown in Fig. 3. Q. is defined as
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FIG. 3. The azimuthal slice of the cavity with a geometric angle
of a degrees used in HFSS for mode spectrum calculation. The top
of the model was set as stainless steel boundary while the rf phase
advance (0,,) between planes A and B was set to be the same as the
geometric angle (). a was set to 8 degrees in the simulation.

simulation time, an azimuthal slice of the cavity with a
geometric angle of @ degrees was used in HFSS simulation,
as shown in Fig. 3. A periodic boundary was then set at
each side of the slice, and the azimuthal rf phase advance
between them, 6, was set to the geometric angle (a
degrees). The phase advance between the boundary walls
determines the azimuthal index of the modes which will be
simulated, and relates the geometric angle, a, to the
azimuthal index, m, as

m = Oy /a.

Thus, by setting the phase advance to «, only modes with
an azimuthal index of one, TEIM, modes, are simulated.
No other mode will be excited in case of perfect rotational
symmetric coupling. The top of the model was set as a
stainless steel boundary.

The mode spectrum for different R, is shown in Fig. 4.
The middle line with high Q is the working mode of
TE,,4 while the other lower Qg points represent the
parasitic modes. R, = 300 mm is selected for the correc-
tion cavity design as it has a large mode separation from the
nearest two parasitic modes and has a high Q value.

B. Coupler design

Though the optimized cavity shape has a large frequency
separation between working mode and parasitic modes, the
coupling to the parasitic modes may still increase the field
at the open area of the cavity after adding the coupling iris.
Therefore, the loss in the open boundary area needs to be
checked. The coupling iris model is presented in Fig. 5. The
top of the cavity model with coupling iris and circular
waveguide is set to stainless steel boundary. TE; rotating
mode propagates in the circular waveguide and excites
TE, ;4 mode in the open cavity via the coupling iris. Note
that the coupler will only excite modes with an azimuthal
index of one in case of perfect rotational symmetry. A
quantity named R, is defined as the ratio between the loss
in the stainless steel and that in the copper of the model.
The coupling iris is optimized to get the required Q.,, and
minimum R),. The minimum R, of 0.05% is obtained
when R;; is 4.44 mm.
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FIG.4. Mode spectrum of TE, ; 4 mode cavity. DZ,, is 94.8 mm. R,, is 49.1 mm. Color bar represents the value of Q. The electrical
fields of the working mode and the parasitic modes are presented in logarithmic scales.
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FIG. 5. Coupling iris model. The electrical field is in loga-
rithmic scale.

The frequencies and Q, of the working mode and the
nearest two parasitic modes are summarized in Table I. The
two parasitic modes are around 248.4 and 308.4 MHz away
from the working frequency, respectively.

The electrical fields of the working mode and the
parasitic modes are shown in Fig. 6.

C. Frequency domain results

The correction cavity model with coupling iris and
circular waveguide was then simulated in the frequency
domain solver of HFSS. The field distribution and S
frequency sweep are presented in Fig. 7.

The coupling iris between the circular waveguide and
correction cavity was carefully studied and optimized to
reduce the rf pulse heating [34,35]. To minimize the
breakdown rate during operation, the dimensions were
optimized to reduce the surface electromagnetic field and
ensure R, was lower than 1.0% [36-50]. The final
coupling iris has an iris thickness (D;;,) of 4 mm and a
rounding radius of 1.95 mm. As shown in Fig. 1(c), there is
a frequency difference between the correction cavity and
the rf signal. The resonant frequency, maximum surface
electrical field, maximum surface magnetic field, and
maximum modified poynting factor (S.) [51] at the
coupling iris of the six correction cavities are presented
in Table II. The six correction cavities have different

TABLE I. Modes of the correction cavity.

Frequency [GHz] )
Working mode 11.9940 74659
Parasitic mode 1 11.7456 16063
Parasitic mode 2 12.3024 14700

(a) Working mode (b) Parasitic model (c) Parasitic mode2

E Field [v/n]

sssss

FIG. 6. Electrical fields of the working mode and the parasitic
modes in the correction cavity. 8 degree slice model of the cavity
with a storage energy of 1 J was simulated by the eigenmode
solver of HFSS. The electrical fields are in logarithmic scale.
(a) is the working mode at 11.994 GHz. (b) and (c) are the
parasitic modes.

resonant frequencies. The fields in the table are calculated
at the input power of 50 MW at steady state in 11.994 GHz.

The pulse heating of the correction cavities are calcu-
lated at S0 MW, 2250 ns input pulse. The temperature rise
of one point on surface can be calculated as

RyH({)

AT () = 2\/t___

ﬁkp_c A “ar (2)

where k = 391 W/(mK) is the thermal conductivity, p =
8.95 x 10° kg/m? is the density, and ¢, = 385 J/(kgK)
is the specific heat capacity. R, = \/7uofpres and pres =
1.7 x 1078 Qm are the electric resistivities [34]. The square
of the maximum surface magnetic field |H . (1)*> is
proportional to the stored energy W(7) in a resonant cavity.
The stored energy in the bowl-shaped open cavity can be
derived from the input and output power according to

E62+2Q0EC dEe
p wofp dt’

E’ = (E. + Ex)* + (3)

where E, is the incident electrical field from the rf source,
E. is the eletrcical field emitted from the resonant cavity,
and the loaded field is E} = Ey + E.. @, is the angular
resonant frequency and /3 is the coupling factor [14]. Thus,
the maximum surface magnetic field can be expressed as

[ Honax (1)]? = CoW (1), (4)

WD) = o0 (/P

N-VPa®). )
where f is the resonant frequency, P, is the output power,
P;, is the input power, and C was calculated by HFSS. The
maximum temperature rise of the correction cavity chain at
50 MW, 2250 ns input pulse is less than 20 K.
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(a) Electrical field of one quarter model of the correction cavity. One quarter model was simulated by the frequency domain

solver of HFSS. The electrical field is in logarithmic scale. (b) Sy, frequency sweep of the correction cavity.

D. Tolerance study

The frequencies of the working mode and the parasitic
modes are mostly determined by the geometric parameters.
Micrometer mechanical tolerances have been achieved
using ultraprecision diamond machining [52,53]. The
analysis of the frequency sensitivity of the working mode
and the nearest two parasitic modes were performed in
HESS, as summarized in Table III. It can be concluded that
the most critical geometric parameter to the resonant
frequency of the working mode is R, so that the geo-
metric tolerances are dominated by R_,,. Geometric error of
0.001 mm which could be achieved with modern ultra high
precision turning machines results in the frequency error of

TABLE II. Rf parameters of the correction cavities.
Frequency E H .« S.
[GHz] [MV/m] [kA/m] [MW/mm?]
11.9853 11.1 82.43 0.041
11.9882 10.4 78.01 0.037
11.9911 8.26 65.89 0.027
11.9969 17.8 125.8 0.095
11.9998 15.0 107.0 0.069
12.0027 14.1 101.4 0.062
TABLEIII.  Frequency sensitivity to different geometric param-

eters of the working mode and the parasitic modes of the
correction cavity.

Af/Ax [MHz/mm]

Work Parasitic Parasitic
Dimension x mode mode 1 mode 2
R —238.45 -50.64 —119.48
DZ.,, < +1.00 -96.90 —58.06
R -1.39 < +1.00 -3.43
Ry -3.38 -2.82 -3.50

0.24 MHz. The frequency changes of the parasitic modes
caused by the machining errors on the geometry is
negligible as the two parasitic modes are more than
200 MHz away from the working mode. The whole
assembly is designed to be tuning-free because the fre-
quency error of the working mode could be compensated
by the cooling water temperature with a separate chiller.

E. Model with E-rotator

The so-called E-rotator is used as 3 dB coupler for the
SLED system of the bowl-shaped open cavity. It is an rf
device with two rectangular and one circular waveguide
ports, as shown in Fig. 8. If the input signal comes to the
rectangular port 1, the output mode is a right-circularly
polarized TE;; mode, as shown in Fig. 8(a). If the input
signal comes to port 2, a left-circularly polarized TE;;
mode is formed, as shown in Fig. 8(b) [30,54]. A similar
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FIG. 8. E-rotator geometry and electric field distribution for
1 W of input power into port 1 (a) and port 2 (b). The polarization
of the circular TE;; mode in the output port is indicated using
black arrows [54].

112001-5



XIAOWEI WU and ALEXEJ GRUDIEV

PHYS. REV. ACCEL. BEAMS 24, 112001 (2021)

<+—98.2 mm=—>

e

o

H ol
Lo L P

P

FIG. 9. Electrical field distribution of the correction cavity with
the E-rotator. The electrical field is in logarithmic scale.
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FIG. 10. S,; frequency sweep of the correction cavity system.

device with the same functionality but different design
concept, an rf polarizer, is described in Ref. [21].

The electrical field distribution of the correction cavity
with the E-rotator is shown in Fig. 9. The S,; frequency

Working mode
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FIG. 11. Mode spectrum of TE;, ;3 mode cavity. DZ,, is

169.7 mm. R, is 163.1 mm. Color bar represents the value
of Q.

TABLE IV. Modes of the storage cavity.

Frequency [GHz] Qo
Working mode 11.9940 244542
Parasitic mode 1 11.9635 51431
Parasitic mode 2 12.0399 61012

sweep of the correction cavity system with a resonant
frequency of 11.994 GHz is shown in Fig. 10. The E-rotator
has a bandwidth more than 50 MHz which covers all the
resonant frequencies of the correction cavity chain [30].

IV. STORAGE CAVITY DESIGN

A. Cavity design

The Q, of the storage cavity is suggested to be 2.4 x 103
from Ref. [32]. TE,, ;3 mode is selected for the bowl-
shaped open cavity design with a R_,, around 163 mm. The
Qo is around 240 000. The mode spectrum of the storage
cavity for different R,..s is shown in Fig. 11. The middle
line with high Q; is the working mode of TE, , ;3 while the
other lower Q,, points represent the parasitic modes. R, =
460 mm is selected for the storage cavity design as it has a
high Qg value and a large mode separation from the nearest
two parasitic modes. As with the design of the correction
cavity, the loss in the open boundary area is checked in
the coupling iris design. The minimum R, of 1.4% is
obtained when R;;, is 5.21 mm. However, the frequency
separation between working mode and parasitic modes is
smaller than that of the correction cavity, as shown in
Table IV. The nearest two parasitic modes are 30.5 and
45.9 MHz away from the working frequency, respectively.
The electrical fields of the working mode and the parasitic
modes are shown in Fig. 12.

B. Frequency domain results

The field distribution and S;; frequency sweep are
presented in Fig. 13. Compared with the S;; frequency
sweep of the correction cavity, the storage cavity has
smaller mode separation. The transmission spectrum of

E Field [v/n]

(a) Working mode  (b) Parasitic model (c) Parasitic mode2

1000000000.2
292864800. 0 e — P — ———
7¢ ; 'Yy - Y
25118898.0 i \ A
73seu20. 3 \
2154435, 5 \
7

FIG. 12. Electrical field of the working mode and the parasitic
modes in the storage cavity. 8 degree slice model of the cavity
with a storage energy of 1 J was simulated by the eigenmode
solver of HFSS. The electrical fields are in logarithmic scale.
(a) is the working mode at 11.994 GHz. (b) and (c) are the
parasitic modes.
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(a) Electrical field of one quarter model of storage cavity. One quarter model was simulated by frequency domain solver of

HESS. The electrical field is in logarithmic scale. (b) S;; frequency sweep of the storage cavity.
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FIG. 14. Transmission spectrum of the pulse compression
system based on the bowl-shape open cavities.
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FIG. 15. Pulse shape of the pulse compression system based on
the bowl-shape open cavities. The blue, green, and red curves are
the input power, power after the correction cavity chain, and
output power, respectively. The inset is given to show an enlarged
view of output power. The Qg of storage cavity and coupling
factor are 2.45 x 10° and 6.11. The Q, of correction cavity and
coupling factor are 7.47 x 10* and 1.84.

the CLIC rf pulse compression system based on the bowl-
shape open cavities is shown in Fig. 14. The pulse shape is
shown in Fig. 15. Effect of the parasitic modes on the pulse
shape is negligible.

The coupling iris between the circular waveguide and
storage cavity was carefully studied and optimized to
reduce the rf pulse heating. The final coupling iris has a
D;;s of 3 mm and a rounding radius of 1.485 mm. The
resonant frequency, maximum surface electrical field,
maximum surface magnetic field, and maximum S, at
the coupling iris of the storage cavity are presented in
Table V. The field in the table are calculated at an input
power of 50 MW at steady state.

As the maximum surface magnetic field of storage cavity
is higher than that of correction cavities shown in Table II,
the temperature rise of storage cavity was calculated at the
nominal input pulse. The pulse after the correction cavity
chain, compressed pulse with an 2250 ns, 50 MW input
pulse, the temperature rise, and the stored energy are shown
in Fig. 16.

The maximum temperature rise of the storage cavity is
93.8 K at 50 MW, 2250 ns input pulse, as shown in
Fig. 16. The temperature rise is higher than that of CLIC
accelerating structures at nominal power. A compact
X-band pulse compressor described in Ref. [27] consists
of a corrugated cylindrical cavity for energy storage and
an rf polarizer which has same functionality as E-rotator to
direct the power flow. Similar to the bowl-shaped open
cavity, high-surface field is located in the iris region.
The high-power tests indicated that a breakdown rate of
8.34 x 107 1/pulse was observed at the pulse heating

TABLE V. Rf parameters of the storage cavity.

Frequency E . H . S.
[GHz] [MV/m] [KA/m] [MW/mm?]
11.9940 97.79 577.00 2.46
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FIG. 16. Temperature rise of the storage cavity at 50 MW,
2250 ns input pulse. The blue, green, red, and pink are the input
power, power after the correction cavity chain, output power, and
temperature rise, respectively.

of 658 K. It is speculated that bowl-shaped open cavity
can work at low-breakdown rate regime because the pulse
heating at iris is less than 100 K based on the reported
experimental data.

C. Tolerance study

The analysis of the frequency sensitivity of the work-
ing mode and the nearest two parasitic modes were
performed in HFSS, as summarized in Table VI. It can
be concluded that the most critical geometric parameter to
the resonant frequency of the working mode is the R,,,
so that the geometric tolerances are dominated by the
R..,. Geometric error of 0.001 mm which could be
achieved with modern ultra high precision turning
machines results in the frequency error less than
0.1 MHz. This frequency error is smaller than the
frequency separation between the working mode and
parasitic modes. This gives us strong confidence that the
mode separation will not be significantly affected by
geometric errors. The whole assembly is designed to be
tuning-free because the frequency error of the working
mode could be easily compensated by the cooling water
temperature with a separate chiller.

TABLE VI. Frequency sensitivity to different geometric param-
eters of the working mode and the parasitic modes of the storage
cavity.

Af/Ax [MHz/mm]

Work Parasitic Parasitic
Dimension x mode mode 1 mode 2
R, —72.66 —-24.41 -34.07
DZ.,, < 41.00 —45.50 —37.64
Ry < £+1.00 < +1.00 < +1.00
Ry < +1.00 —2.44 < +1.00

326.2 mm —m—m—m——————>

1 mm

FIG. 17. Electrical field distribution of the storage cavity with
the E-rotator. The electrical field is in logarithmic scale.

0.00

-1.00

= ]

~ J

= -2.00-

s ]
3.00 [m : 3
354+

11.9920 11.9930 11.9940 11.9950 11.9960
Freq [GHz]
FIG. 18. S,; frequency sweep of the storage cavity system.

D. Model with E-rotator

The electrical field distribution of the storage cavity with
the E-rotator is shown in Fig. 17. The S, frequency sweep
of the storage cavity system is shown in Fig. 18.

V. CONCLUSION

A new X-band high-power rotating mode SLED-type
rf pulse compressor is proposed. It is based on a single
open bowl-shaped energy storage cavity working at
quasispherical rotating mode. It has high Q, and compact
size. The cavity can be fabricated by lathe with high
accuracy due to its symmetric shape. Tolerance study
indicates that the frequency shift caused by the machining
error can be easily compensated by the water temperature.
The cavity is coupled to a circular waveguide with a
compact rotating mode launcher. An open cavity working
at TE,,4 mode is proposed for the correction cavity
design of CLIC rf pulse compression system. It has a Q
of 74 659 and a diameter less than 5 cm. TE, ; ;3 mode is
proposed for the storage cavity design of CLIC rf pulse
compression system. It has a high Q, of 244 542 and a
diameter less than 33 cm.
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