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A compact X-band two-stage rf pulse compression system has been successfully designed, fabricated,
and tested at Tsinghua X-band high-power test stand. The pulse compression system consists of a
correction cavity chain, a first-stage, and a second-stage storage cavity. The correction cavity chain adopts a
new design whose transmission loss and length are reduced by half compared with the old one. A detuning
device is applied to the second-stage storage cavity so that the system can work in one-stage or alternatively
two-stage compression mode. In the one-stage compression mode, a 150-ns, 70-MW flattop output, with a
standard deviation of 1.5% in amplitude and 1° in phase, was generated with a gain factor of 3. In the two-
stage compression mode, a first two-stage pulse compression experiment with correction cavities in the X
band was performed. A peak power of 320 MW was achieved with a gain factor of 9.7 and full-width at
half-maximum pulse durations of 53 ns.
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I. INTRODUCTION

In the particle accelerator field, the rf pulse compressor is
a component that can compress a long input rf pulse to a
short one with a higher amplitude and enhance the beam
energy gain of an accelerating structure. The first and most
commonly used rf pulse compressor in particle accelerators
is SLAC Energy Doubler (SLED) [1]. SLED is a passive
component triggered by the phase reversal and has very
stable performance in a klystron-based microwave system.
In recent decades, SLED has been playing an essential role
in various accelerator facilities, such as the Large Electron-
Positron Collider (LEP) at CERN [2], LINAC Coherent
Light Source (LCLS) at SLAC [3,4], KEK B Factory
(KEKB) [5,6], Pohang Accelerator Laboratory X-ray Free
Electron Laser (PAL-XFEL) [7], and Shanghai Soft X-ray
Free-Electron Laser facility (SXFEL) at SINAP [8,9].
Over the past 50 years, rf pulse compressors with resonant

cavities have been developed.Abarrel open cavity (BOC)was
invented to realize averyhigh intrinsic quality factor [10,11]. It
uses a whispering gallery mode operating in a resonant
rotating wave regime, where a single cavity is sufficient for
pulse compression. In 2014, a very compact pulse compressor
utilizing a spherical cavity and a dual-mode polarizer was

invented [12,13], which has been applied in the X band [14],
the C band [15], and the S band [16]. Besides the spherical
cavity, other high Q cavities working with the dual-mode
polarizer have also been developed, including the corrugated
cylindrical cavity [17] and bowl-shaped cavity [18].
The aforementioned rf pulse compressors generate expo-

nentially decaying pulses owing to the energy-releasing
process of a high-Q resonant cavity. However, a flattop
output is more favorable because it can accelerate multiple
bunches and reduce the maximum transient surface field of
the structure. There are three ways to generate flattop output
with a pulse compressor. The first one is applying amplitude
modulation (AM) to the input pulse [19,20] of a cavity-base
pulse compressor. Nevertheless, it will lower the pulse
compression efficiency. The second one is using a SLED-
II [21,22], which is based on the delay line. Two 29-m X-
band delay lines to generate 400-ns output have been realized
at the NLCTA platform at SLAC [23]. However, the large
size of SLED-II makes it hard to fit in a compact platform.
The third one is inserting a correction cavity chain (CC) to
correct the declining output pulse of the cavity-based pulse
compressor, which has a high efficiency close to SLED-II
and maintains a very compact size (less than 0.5 m in the X
band). This method was proposed in 1992 [24] and has been
realized in 2019 [25,26]. In this article, we will present a
method to improve the design of theCC and reduce its length
and transmission loss by half.
The flattop output of the pulse compressor with CC

can be compressed once more to generate higher power,
which is called two-stage pulse compression. In 2019,
Tsinghua University developed an S-band two-stage pulse
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compression system for the first time [27]. In this study, we
extended this technique to the X band and developed a new
two-stage pulse compression system. The vacuum model of
this system is shown in Fig. 1. The pulse compression
system consists of a CC, a first-stage storage cavity (SC1),
and a second-stage storage cavity (SC2). The system can
switch between the one-stage and two-stage pulse com-
pression by detuning the SC2 with a detuning device. The
first two-stage pulse compression experiment with CC in
the X band is also presented in this paper.
The content of this paper is organized as follows: InSec. II,

we introduce our method to improve the CC design by
expanding thedual-modepolarizer. In Sec. III, the parametric
optimization and rf design of the system are introduced. In
Sec. IV, a tuning strategy is proposed to simplify the tuningof
the CC and two storage cavities, and themeasurement results
after fabrication are shown. High-power tests were per-
formed at Tsinghua X-band high-power test stand (TPOT-
X), including two-stage and one-stage pulse compressions,
which are presented in detail in Sec. V.

II. EXPANSION OF THE POLARIZER IN A
CORRECTION CAVITY CHAIN

Asan insertion component to correct the rf pulse shape and
improve the compression efficiency, the transmission loss of
the CC is a non-negligible factor. The primary transmission
loss comes from the polarizers, with an experimental value of
2.5% for each from the former rf measurement [26].
Therefore, reducing the number of polarizers can effectively
increase pulse compression efficiency.
The dual-mode polarizer is a three-port rf component with

two rectangularwaveguide ports and a cylindricalwaveguide
port. Two orthogonal TE11 modes are stimulated at the
cylindrical waveguide port when the signal is imported from
one of the rectangular waveguide ports. These TE11 modes
can excite correspondingpolarizedmodes inside the resonant
cavity. As a result, the dual-mode polarizer with a resonant
cavity has the same function as a 3-dB hybrid with two
identical resonant cavities [14].

The dual-mode polarizer hasmany forms [12,13,25,28,29].
We utilized the H-plane form with a cylindrical wave-
guide at the bottom of it [13,15,16] in this design for the
CC. The end of the bottom waveguide was expanded as an
additional cylindrical waveguide port (port 4), as shown in
Fig. 2. The transient E-field distribution of the expanded
polarizer with power fed from port 1 is also shown. The full
S-parameters of this component are shown in Table I. S:i:j
in the table corresponds to the jth mode in the ith port while
the serial number of ports is listed in Fig. 2.
An expanded polarizer can be attached with two resonant

cavities working at different frequencies, which can be
applied to the CC. Next, we will prove this feature by
cascading its S-parameters with the reflection spectra of two
resonant cavities. To simplify the cascade algorithm, we
expressed theS-parameters of the polarizer as a blockmatrix:

�
b

b1

�
¼

�
A B

C D

��
a

a1

�
; ð1Þ

wherea;b are input and output vectors of free ports,a1;b1 are
input and output vectors of ports to be cascaded, and

FIG. 1. Vacuum model of the X-band two-stage pulse com-
pression system.

FIG. 2. Geometry of the expanded polarizer and the transient
E-field distribution with 1-W input power fed from port 1.

TABLE I. Simulated scattering matrix of the expanded
polarizer.

dB (deg) S:1:1 S:2:1 S:3:1 S:3:2 S:4:1 S:4:2

S:1:1 −41.2 −8.2 −6.8 −6.7 −6.8 −6.7
(−82.2) (33.2) (47.2) (−42.5) (−150.0) (120.9)

S:2:1 −8.2 −41.2 −6.7 −6.8 −6.7 −6.8
(33.2) (−82.1) (−35.1) (54.9) (161.5) (−108.0)

S:3:1 −6.8 −6.7 −8.3 −35.5 −4.1 −14.5
(47.2) (−35.1) (−86.2) (18.7) (−53.1) (122.3)

S:3:2 −6.7 −6.8 −35.5 −8.2 −14.4 −4.1
(−42.5) (54.9) (18.7) (−86.9) (−49.6) (−54.2)

S:4:1 −6.8 −6.7 −4.1 −14.4 −8.3 −38.0
(−150.0) (161.5) (−53.1) (−49.6) (−85.0) (18.7)

S:4:2 −6.7 −6.8 −14.5 −4.1 −38.0 −8.2
(120.9) (−108.0) (122.3) (−54.2) (18.7) (−88.1)
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A;B;C;D are the corresponding block matrix. In this case,
ports 1 and 2 are free ports, whereas ports 3 and 4 are cascaded
ports. The relationship between input and output vectors of
cascaded ports is expressed with a relation matrix T as

a1 ¼ Tb1: ð2Þ
Substituting Eq. (2) into Eq. (1) and solving the relationship of
input and output vectors of free ports. The scattering matrix
after the cascade can be expressed as

b ¼ Sa; S ¼ AþBðT−1 −DÞ−1C: ð3Þ
Ports 3 and 4 will be attached with two different cavities. The
relation matrix is expressed as T ¼ diagfΓ1;Γ1;Γ2;Γ2g,
where Γ1 and Γ2 are reflection spectra of two cavities attached
to ports 3 and 4. Γ1 and Γ2 are repeated twice because two
polarized modes are stimulated in the cavity. The reflection
spectrum of a cavity can be obtained from its equivalent circuit
model [30]:

Γ ¼ ðβ − 1Þ − jQ0ξ

ðβ þ 1Þ þ jQ0ξ
; ð4Þ

where β is the coupling factor of the cavity, ξ ¼ f=f0 −
f0=f, f0 is the resonant frequency, and Q0 is the intrinsic
quality factor. Two cavities are used in this calculation to prove
the properties of an expandedpolarizer. Frequencies of themare
set to 11.414and11.434GHz, respectively.Bothof themhavea
Q0 ¼ 50; 000 and β ¼ 2. The transmission spectrum calcu-
latedwithEq. (3) is shown inFig. 3.A schematic diagramof the
expanded polarizer with two cavities is also shown. The
transmission spectrum of two cascaded polarizers is also
presented for comparison. Two transmission spectra are almost
identical, proving that an expanded polarizer has the same
function as two normal ones when attached to two cavities at
different frequencies.

The theory of expanding the polarizer is illustrated as
follows. When the cavity at port 3 (with an eigenfrequency
f1) is working, the cavity at port 4 (with an eigenfrequency
f2) is at a detuned status and functions as a shorting plane.
Therefore, the expanded polarizer degenerates into the
normal one. The situation is the same when the cavity at
port 4 is working. In the case of a CC, the bandwidth of a
resonant cavity (several hundreds of kHz) is much smaller
than the frequency interval (several MHz) of adjacent
modes. As a result, although two cavities are attached to
one expanded polarizer, each of them occupies the polarizer
independently at its own frequency span. This provides a
very effective method to reduce the polarizers’ number in a
CC to achieve a lower transmission loss and a more
compact size. It should be noted that the length of the
circular waveguide on the resonant cavity must be deter-
mined during simulation to satisfy the shorting condition at
the port of the polarizer.

III. DESIGN OF THE PULSE
COMPRESSION SYSTEM

The two-stage rf pulse compression system consists of
the CC, SC1, and SC2, as shown in Fig. 1. The SC2 can be
detuned to switch the system to the one-stage pulse
compressor to generate flattop output. In this section, we
use a time-domain method to calculate the output wave-
form of the pulse compressor system and optimize the
system as a two-variables problem. The rf design of each
component is also introduced in detail.

A. Parameter design of the rf pulse
compression system

The output waveform for a cavity-based rf pulse com-
pression system can be calculated by Fourier transforma-
tion [25]. Alternatively, we can calculate the output signals
by successively solving the time-domain equation of a
detuned SLED numerically, which is described in
Appendix A. Because the time-domain equation only
involves the complex envelope information of the signal,
its calculation is faster than the frequency-domain one,
which can save time in the parameter design process.
The performance of the rf pulse compression system is

dependent on the frequency (f), unloaded quality factor
(Q0), and coupling factor (β) of working modes in all
cavities [25]. In this design, we adopted the spherical cavity
design in Refs. [14,25] and determined the Q0 of each
mode. Specifically, correction cavities work in the TE112

modewith an unloaded quality factor ofQc ≈ 4.5 × 104, and
storage cavities work in the TE114 mode with an unloaded
quality factor of Qs ≈ 9.2 × 104. The number of cavities in
the CC was set to 8, considering the total size of the system
and the amplitude of ripples of the one-stage output [25]. The
frequencies of SC1 and SC2 were determined by the power
source, 11.424GHz. Frequencies of the CCwere determined

FIG. 3. Transmission spectra of the expanded polarizer with
two cavities at different frequencies compared with two cascaded
normal polarizers with the same cavities.
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by the one-stage output pulse width, which is set to 230 ns.
Therefore, the frequency interval of the CC spectrum
is Δf ¼ 1=Δt ¼ 4.4 MHz.
A compression ratio (Cr) of 6 was used in the first-stage

pulse compression because the flat part of the klystron
output is approximately 1.5 μs. A Cr of 5 is used for the
second-stage compression. The β of each cavity was free to
be optimized. According to Ref. [30], the one-stage pulse
compression system generates an approximate flattop out-
put when the external quality factor of the CC is close to
that of the SC1. As a result, only β of the SC1 and SC2 were
left to be optimized to get a higher power gain, which
simplified the optimization process to a two-variables
problem.
Power gains as a function of coupling factors are shown

in Figs. 4(a) and 4(c) for the one-stage and two-stage pulse
compression, respectively. A 10% transmission loss was
taken into account during the calculation, corresponding to
four dual-mode polarizers in the system. The amplitude
modulation (AM) was applied to the input signal to
eliminate ripples in the one-stage pulse compression.
The β of the SC1 and SC2 were selected as βs1 ¼ 4.0,
βs2 ¼ 30, as shown in the red circle in Fig. 4. The
calculated waveforms of one-stage and two-stage pulse
compression after optimization are shown in Figs. 4(b) and
4(d). The flattop power gain of the one-stage compression
and peak power gain of the two-stage compression are 2.87
and 13.2, respectively.

B. rf design of the pulse compression system

The CC adopted the coupled two-cell scheme as the
resonant cavity, which can reduce the number of polarizers
by half [25]. The polarizer of it adopted the expanded
design. Only two polarizers are needed in this eight-cavity
CC, as shown in Fig. 5. The CC consists of four units. The
two cells of each unit were coupled via a small cylindrical
cell instead of a coupling hole. This converts the unit to a
three-cell system and allows tuning the frequency interval
of the two working modes after fabrication. However, the
existence of the cylindrical cell also results in a 17%
difference in Q0 of the two modes [25]. The field intensity
in the middle cell should be decreased when working in the
zero mode to reduce the difference in Q0. According to the
properties of a coupled three-cell system described in
Appendix B, this can be accomplished by enlarging the
coupling factor between the spherical cavity and cylindrical
cell. The radius of the cylindrical cell is decreased to
maintain the frequency interval of the two modes. After
optimization, the difference in Q0 of the two modes was
reduced to 12%. This value was not further lowered due to
dimension restrictions and tuning considerations.
Simulated results for the working modes in all CCs are

listed in Table II. The vacuum model and its transmission

3 3.5 4 4.5

s1

2.76

2.78

2.8

2.82

2.84

2.86

2.88

o
n

e
-s

ta
g

e
 p

o
w

e
r 

g
a

in

0 500 1000 1500

T (ns)

0

1

2

3

4

N
o

rm
a

liz
e

d
 P

o
w

e
r

P
in

 w/o AM

P
in

 w/ AM

P
out

 w/o AM

P
out

 w/ AM

two-stage power gain

12.3183

12.5477

12.5477

1
2
.7

7
7
1

12.7771

13.0065

3 3.5 4 4.5

s1

20

25

30

35

s
2

0 500 1000 1500

T (ns)

0

5

10

15

N
o

rm
a

liz
e

d
 P

o
w

e
r

P
in

P
in1

P
out2

(a) (b)

(c) (d)

FIG. 4. Calculated power gains with different coupling factors
and waveforms of one-stage and two-stage pulse compression.
(a) Power gain of one-stage pulse compression versus coupling
factor of the first storage cavity. (b) Input and output waveforms
of the one-stage pulse compression with βs1 ¼ 4.0 in the case
with and without amplitude modification. (c) Power gain of the
two-stage pulse compression versus coupling factor of the first
and second storage cavities. (d) Input and output waveforms of
the two-stage pulse compression with βs1 ¼ 4.0, βs2 ¼ 30. Red
circles in (a) and (c) indicate the optimized coupling factor.

FIG. 5. Vacuum model and simulated transmission spectrum of
CC. The dotted boxes show the correspondence between cavity
pairs and resonant peaks.

TABLE II. Q-factor and coupling factor of each mode in
correction cavities.

f (MHz) Q0 Qe β

11406.4 4.39 × 104 2.31 × 104 1.90
11410.8 4.88 × 104 2.41 × 104 2.02
11415.2 4.39 × 104 2.34 × 104 1.88
11419.6 4.88 × 104 2.44 × 104 2.00
11428.4 4.41 × 104 2.22 × 104 1.98
11432.8 4.87 × 104 2.31 × 104 2.11
11437.2 4.43 × 104 2.20 × 104 2.01
11441.6 4.87 × 104 2.29 × 104 2.11
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spectrum are shown in Fig. 5. The boxes in the figure show
the corresponding relation between cavity pairs and reso-
nant peaks.
Storage cavities work in TE114 mode, with radii of

58.3 mm, and dual-mode polarizers of them adopted the
shape without the bottom cylindrical waveguide [17].
Parameters of the SC1 and SC2 are listed in Table III
while their surface field distributions are shown in Fig. 6.
The maximum surface electric field Epeak and modified
Poynting vector Sc [31] of SC1 are located at the coupling
hole while the maximum surface magnetic field Hpeak is
located at the equator of the spherical cavity. Unlike SC1,
the peak surface field of SC2 is located at the dual-mode
polarizer because most of the input power is reflected by
the cavity owing to its large coupling factor.
To switch the pulse compression system from the two-

stage compression mode to the one-stage mode during
operation, we designed a detuning rod to detune SC2,
similar to the one introduced in Ref. [32]. Simulation shows
that a stainless-steel rod with a diameter of 4 mm and length

of 60 mm stretched from the top of the spherical cavity can
detune it with 30 MHz, which is sufficient for operation.

IV. FABRICATION, TUNING, AND RF
MEASUREMENT

Mechanical designs of the CC and storage cavities are
shown in Fig. 7. The flange-to-flange distance of the CC is

TABLE III. Parameters of storage cavities.

SC1 SC2

f 11.424 GHz 11.424 GHz
Q0 9.37 × 104 9.26 × 104

Qe 2.34 × 104 3.09 × 103

β 4.0 30
Epeak@1-W input 8.0 kV=m 7.5 kV/m
Hpeak@1-W input 45 A/m 23 A/m
Sc@1-W input 172 kW=m2 38 kW=m2

FIG. 6. Surface field of storage cavities. (a)–(c) are surface
electric field, magnetic field, andmodified Poynting vector of SC1.
(d)–(f) are surface electric field, magnetic field, and modified
Poynting vector of SC2. Arrows point to maximum locations.

FIG. 7. Mechanical design of the correction cavity chain and
storage cavities.

FIG. 8. Microwave measurement of the correction cavity chain
during tuning.
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only 230 mm. Two storage cavities adopted a similar
design, with a flange-to-flange distance of 130 mm. CF 35
flanges were equipped in the CC and each storage cavity
for pumping or application of detuning device.
The CC was measured and tuned after brazing, as

shown in Fig. 8. Three coupled cavities were regarded
as a tuning unit, and four units can be tuned independently.
The tuning process was guided and monitored by the
measured S-parameters. To simplify the tuning process, we
proposed a tuning strategy based on priority, as shown in

Table IV. Tuning should follow this priority order because
accomplishing tasks with higher priorities ensures the
validity of criteria at the lower priority. For example, when
there exist roundness errors of a cavity (priority 1), the
reflection will be significant, and the transmission curve in
the polar plot will be distorted from the circle shape (see
Appendix C). This will cause difficulty in the measurement
of coupling factor (priority 2) and resonant frequencies
(priority 3) from S21. In task 4, tuning was uniformly
applied to each tuner of cavities a and b in a unit to ensure
the criteria of tasks 1 and 2.
S-parameters before and after tuning are shown in Fig. 9.

After tuning, the resonant frequencies of each working
mode were corrected to the designed values, and the

TABLE IV. Tuning strategy of a unit in the correction cavity chain.

Priority Mechanical errorsa Judgment Criteria

1 ○a;○b S11 S11 as small as possible
2 ⊘a ≠ ⊘b S21 βm;1 ≈ βm;2

c

3 ⊘c jfm;1 − fm;2jb jfm;1 − fm;2j ¼ jf1 − f2jd
4 ⊘a;⊘b fm;1; fm;2 fm;1 ¼ f1; fm;2 ¼ f2

a
○:roundness, ⊘:diameter, a, b, and c are the three cells of a unit, as shown in Fig. 8.
bfm;1; fm;2 are local minimum points in S21 curve.
cβm;1; βm;2 are measured coupling factor from S21 at fm;1; fm;2.df1, f2 is the designed resonant frequencies of the unit.
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FIG. 9. S-parameters of the correction cavity chain (a) before
and (b) after tuning. The transmission loss after tuning
is −0.24 dB.

FIG. 10. Microwave measurement of the storage cavity during
tuning with the correction cavity chain measured simultaneously.
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reflection was much smaller. Compared with the one in
Ref. [25], the transmission loss is about half, achieved by
the expanded polarizer. The unloaded quality factor and
coupling factor of each mode measured from the S21
parameter vary from 4.2 to 4.8 × 104 and 1.7 to 2.0,
respectively, which are very close to the designed values.

Tuning of the storage cavities is more straightforward
than the CC component. Parameters of each polarized
mode of the storage cavities can be derived from the S-
parameters with Eq. (C7) in Appendix C. Nonetheless, a
more direct tuning strategy was utilized, similar to that in
Table IV, but only involves tasks 1 and 4 for a single cavity.
To eliminate the environmental influence, we measured the
CC simultaneously when tuning the storage cavity to
confirm the relative frequency, as shown in Fig. 10.
S-parameters after tuning are shown in Fig. 11. In the

transmission spectrum of SC2, there is a tiny resonant peak
at 11.443 GHz, which is the TE014 mode. Reflections of the
SC1 and SC2 at 11.424 GHz are less than −25 dB. Q0 of
the SC1 and SC2 measured from the S21 spectrum are 8.8 ×
104 and 8.2 × 104, while β are 3.2 and 28, respectively. The
β of SC1 is 20% less than the designed value because of
poor machining precision, which causes a 4% and 8%
degradation in power gain of the one-stage and two-stage
output, respectively.

V. HIGH-POWER TEST

The two-stage rf pulse compression system was high-
power tested at the Tsinghua X-band high-power test stand
(TPOT-X) [33], powered by a 50-MW klystron with a
maximum repetition rate of 40 Hz. A schematic diagram of
TPOT-X after installing the rf pulse compression system is
shown in Fig. 12. TPOT-X is divided into a power source
room and a shielded room. The klystron, high-voltage
modulator, and low-level rf system are placed in the power
source room, while the rf structures under test are installed
in the shielded room. The low-level rf system includes a
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FIG. 11. Transmission (a) and reflection spectrum (b) of the
storage cavities after tuning.

FIG. 12. System diagram of Tsinghua high-power test stand (TPOT-X) with the two-stage pulse compression system installed.
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signal generator, phase inverter, and solid-state amplifier
(SSA), as shown in Fig. 12. The phase inverter can perform
multiple phase reversals as well as AM to the signal from
the generator for the pulse compression experiment. An
adjustable power divider [34] was installed at the platform
and split the microwave into a standing-wave branch and a
traveling-wave one. The two-stage pulse compression
system was tested at the traveling-wave branch in this
experiment.
The two-stage pulse compression experiment was

expected to output a peak power larger than 300 MW.
Therefore, four X-band stainless-steel rf loads scaled from
the S-band one [35] were installed at the exit of the pulse
compression system to ensure absorption of the output
microwave, as shown in Fig. 13. Directional couplers were
placed in front of the CC, behind the SC1 and SC2, to
extract the corresponding signals. An oscilloscope mea-
sured extracted signals from the directional couplers with
coaxial attenuators and crystal detectors.
The pulse compression system was first conditioned in

the two-stage mode. The system reached a power level of
320 MW after conditioning with 4.5 × 106 pulses at a
repetition rate of 40 Hz. The conditioning ceased because
power from the klystron was reaching its limit. The
conditioning history is shown in Fig. 14. After condition-
ing, the pulse compression system was operated with an
output power of 260 MW for 3 h without a breakdown
(breakdown rate <2.3 × 10−6=pulse), verifying the fea-
sibility of the system to handle this power level.
Waveforms of the two-stage pulse compression during

the high-power test are shown in Fig. 15(a), and the
calculated output waveforms (using the measured input
waveform and transmission spectrum) are shown in
Fig. 15(b). In this experiment, the flattop part of the output
pulse from the klystron is approximately 1.2 μs, which is
less than 1.5 μs measured before designing the system.

Therefore, a Cr of 5 instead of 6 was selected for the first-
stage pulse compression with a total input pulse width of
1150 ns. The Cr of the second-stage pulse compression was
5 as designed. The peak value of the output waveform in
Fig. 15(a) is 260 MW, with an average input power of
26.8 MW. Therefore, the peak power gain is 9.7, which has
exceeded the theoretical limit of a single-stage pulse
compression of 9. The measured power gain was less than

FIG. 13. Photograph of the pulse compression system with four
stainless steel loads after installation.

FIG. 14. Condition history of the two-stage pulse compression
system at TPOT-X.
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FIG. 15. Waveforms of the two-stage pulse compression high-
power test. (a) Measured waveforms of the input, first-stage
output, and second-stage output. (b) Measured waveforms of the
input and calculated waveforms of the first- and second-stage
output.
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the designed value of 13.2, mainly due to the reduction in
Cr and β of SC1. The pulse width, defined as full width at
half maximum (FWHM) of the voltage (or square root of
power), was 53 ns. The pulse compression efficiency of the
two-stage pulse compression system is 34.3%.
Peak surface parameters of storage cavities were also

analyzed when reaching the highest output power,
320 MW. Peak surface fields of SC1 were located inside
the cavity. Therefore, they are proportional to the square
root of stored energy, which can be calculated from input
and output pulse [17]. Peak surface fields of SC2 were
located on the polarizer. The surface fields of the polarizer
were simulated by setting the driving power at one of the
rectangular ports as input power and the driving power at
the circular port as output power. Values of input power and
output power were obtained from the experiment. Peak
surface parameters are shown in Table V, and their locations
can refer to Fig. 6. The temperature rise at the maximum
point of the magnetic field (pulse heating) was calculated as
introduced in Ref. [36]. Comparing with results in high-
gradient structures [31,37], Sc in SC2 may be a significant
problem in further increasing the output power.
After the two-stage pulse compression test, the SC2 was

detuned by stretching the stainless-steel rod into the cavity
to convert the system to the one-stage pulse compression.
After conditioning with 4.3 × 105 pulses, the system can
operate in the one-stage mode with a peak output power of
80 MW, and the flattop power after amplitude modification
was 70 MW. After conditioning, the system was tested with
a flattop output of 60 MW. Waveforms during the test are
shown in Fig. 16(a). The pulse width of the input signal is
1150 ns, with a Cr of 5. The output waveforms after the
first-stage and second-stage compression are nearly the
same, except for a slight difference in amplitude, which
verifies the feasibility of the detuning device. Amplitude
modification was applied by the phase inverter to eliminate
ripples of the output waveform. Owing to the nonlinearity
in the amplification process of the SSA and klystron, the
AM function is difficult to calculate in advance. Therefore,
we adjust the AM function manually by monitoring the
output signal. The output signal after modification is shown
in Fig. 16(b). The flattop power gain is 3.0. Because the
first ripple before AM is much lower than the others, it has
been modified as the rising edge. As a result, the rise time
(width from 0.1 to 0.9 maximum) of the output signal after

modification is 35 ns. This also explains that the measured
gain factor is higher than the designed value, 2.87. The
flattop width (full width at 0.9 maximum) is 181 ns. Inside
the flattop part, there is a 150-ns part with a standard
deviation of only 1.5% in power amplitude. The falling
time (width from 0.9 to 0.1 maximum) of the output pulse
is 42 ns, which is caused by the ripples introduced by the
CC. The pulse compression efficiency of the one-stage
compression is 42.4%.
The one-stage pulse compression experiment shows that

the AM effectively eliminates ripples of the output pulse.
When applying this system to accelerating structures, the
compensation of beam loading requires that the input pulse
should have a ramp-up during the filling time [25], which
the AM can also accomplish. However, the AM requires
that the input signal of the klystron is not saturated, which
introduces instability from the klystron. A better scheme is
applying phase-to-amplitude modification in a two-klys-
tron unit [19], which has a more stable output than the AM
in the single-klystron unit.
Another concern of the output pulse is its phase stability.

We used an oscilloscope with a sampling rate of 80 GHz to
measure the input and output signal phases. The measured
results are shown in Fig. 17. The phases of the input pulse
have a standard deviation of 2° after phase reversal, which
is likely to be brought by the klystron’s response to the
phase reversal. After compression, the standard deviation of
the phase is less than 1°, in both cases with and without
AM. The fluctuation after compression is smaller than the
input because the output field is composed of the emitted
field and reflected field, while the former comes from the

TABLE V. Peak surface parameters of storage cavities during
the high-power test.

SC1 SC2

Epeak 23.9 MV/m 107.5 MV/m
Hpeak 134 kA/m 303 kA/m
Sc 1.5 MW=mm2 6.6 MW=mm2

Pulse heating 11 K 17 K
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FIG. 16. Waveforms of the pulse compression system (a) with
and (b) without amplitude modification when the second-stage
storage cavity was detuned.
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storage cavity and has a stable phase. This high-power test
demonstrates that a one-stage pulse compression with a CC
can realize stability both in the amplitude and phase which
is suitable for the multibunch acceleration in structures.

VI. CONCLUSION

The design and test of a compact X-band two-stage rf
pulse compression system were described. Improvement of
the correction cavity chain was proposed and verified. The
rf pulse compression system can switch between the two-
stage and one-stage pulse compression modes. In the two-
stage mode, a 53-ns and up to 320-MW pulse is outputted,
which can be applied to short-pulse high-gradient struc-
tures or high-power microwave devices. In the one-stage
mode, a flattop output is realized, demonstrating the
correction cavity chain as a high-efficient and compact
insertion device to assist the existing pulse compressors in
generating flattop outputs.
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APPENDIX A: TIME-DOMAIN EQUATION
OF A DETUNED SLED

Time-domain equation of the SLED is derived by
analyzing the power equivalence of a storage cavity [1].
However, this does not work when the cavity is detuned
(the cavity’s resonant frequency is not equal to the
frequency of the input power). Such a case can be analyzed
with the circuit model [38], as shown in Fig. 18.
According to Ref. [38], the voltage of the resonant cavity

can be shown to follow the differential equation:

α
dvg
dt

¼ τ

2

d2vc
dt

þ dvc
dt

þ ω2
0τ

2
vc; ðA1Þ

where α ¼ 2β
1þβ, τ ¼ 2Q0

ω0ð1þβÞ. vg and vc are shown in Fig. 18.
Designating the complex amplitude values with upper-

case letters

vg ¼ ℜfVgejωtg;
vc ¼ ℜfVcejωtg: ðA2Þ

Unlike Ref. [38], ω instead of ω0 is used as the generator’s
frequency to express a more general case. Insert Eq. (A2)
into Eq. (A1), we can get

α

�
1

jω

dVg

dt
þ Vg

�
¼ τ

2

�
1

jω
d2Vc

dt
þ 2

dVc

dt
þ jωVc

�

þ
�

1

jω
dVc

dt
þ Vc

�
þ ω2

0τ

j2ω
Vc: ðA3Þ

According to Ref. [38], for a high Q-values cavity and a
smoothly varied Vg, all terms in Eq. (A3) with ω in the
denominator, except for the last term, can be neglected.
This leads to

αVg ¼ τ
dVc

dt
þ Vc

�
1þ τ

2

ω2
0 − ω2

jω

�
; ðA4Þ

which could be further simplified as

α̃Vg ¼ τ̃
dVc

dt
þ Vc; ðA5Þ

where

α̃ ¼ α

1þ τ
2

ω2
0
−ω2

jω

¼ 2β

1þ β þ jQ0ξ
;

τ̃ ¼ τ

1þ τ
2

ω2
0
−ω2

jω

¼ 2Q0

ω0ð1þ β þ jQ0ξÞ
;

ξ ¼ ω

ω0

−
ω0

ω
: ðA6Þ

FIG. 18. Equivalent circuit of a storage cavity feed by a
generator through a transmission line.
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The time-domain equation of a SLED can still adopt the
form in Ref. [38], while an imaginary term jQ0ξ related to
frequency detuning amount is added to α and τ.
Furthermore, Eq. (A5) is equivalent to

τ̃c
dEe

dt
þ Ee ¼ α̃Ei: ðA7Þ

where Ee is the emitted signal from the cavity, and Ei is the
input signal. They are proportional to Vc and Vi, respec-
tively. The output signal of the SLED is given by [1],

Eout ¼ Ee − Ei: ðA8Þ

Therefore, the response of a detuned SLED can be
calculated by solving Eq. (A7) numerically with a given
input signal.

APPENDIX B: PROPERTIES OF A SYMMETRIC
COUPLED THREE-CELL SYSTEM

According to the coupled resonator model [39], the
equivalent circuits equation of a symmetric coupled three-
cell system is

2
6664
1 − ω2

1

ω2 − k
2

− k
2

1 − ω2
2

ω2 − k
2

− k
2

1 − ω2
1

ω2

3
7775
2
64
X1

X2

X3

3
75 ¼ 0; ðB1Þ

where ω1 is the resonant frequency of cavities 1 and 3, ω2 is
the resonant frequency of cavity 2, k is the coupling
coefficient between cavities 1 and 2 (or 2 and 3), and Xi
represents the field in the cavity. The coupling between
cavities 1 and 3 is neglected. This equation has a solution if
and only if the determinant of the matrix is zero, which
leads to

aðab − k2=2Þ ¼ 0; ðB2Þ

where a ¼ 1 − ω2
1=ω

2; b ¼ 1 − ω2
2=ω

2. In Eq. (B2), a ¼ 0

give the solution of π=2 mode:

ωπ=2 ¼ ω1; ½X1X2X3�⊤ ¼ ½1; 0;−1�⊤: ðB3Þ

By solving ðab − k2=2Þ ¼ 0, the solution of 0 mode and π
mode can be obtained further. For the coupled three-cell
system in this article, it satisfies jω1 − ω0j ≪ jω2 − ω1j,
where ω0 is the frequency of zero mode. Therefore,
the solution of zero mode can be approximated and
simplified as

ω0 ≈ ω1ð1 − k1Þ; k1 ¼
k2=4

ω2
2=ω

2
1 − 1

;

½X1X2X3�⊤ ¼ ½1; 2ð1 − ω2
1=ω

2
0Þ=k; 1�⊤: ðB4Þ

Zero mode and π=2 mode were used in a coupled three-cell
unit in the CC. TheQ0 of the zero mode is smaller than π=2
mode, because the field in cavity 2 is not zero (X2 ≠ 0),
which results in more surface loss. According to Eq. (B4),
the amplitude of X2 can be reduced by increasing k to
improve the Q0 of zero mode. To maintain the frequency
interval (make k1 unchanged), ω2 should be increased.

APPENDIX C: S-PARAMETERS OF A
POLARIZER WITH AN ELLIPTICAL CAVITY

Because of the machining error in practice, a circular
symmetric cavity after fabrication can be regarded as an
elliptical one. An essential commission of tuning the
compact rf pulse compressor is to compensate for the
roundness of the cavity. Therefore, the S-parameters of a
dual-mode polarizer with an elliptical cavity need to be
studied to evaluate the resonant cavity after fabrication and
guide the tuning process.
The scheme of a pulse compressor with an elliptical

cavity is shown in Fig. 19. Directions of two polarized
modes of the cylindrical waveguide are also shown.
First, the rotation transformation of an orthogonally

stimulated device needs to be figured out. The elliptical
cavity with a cylindrical waveguide working at the polar-
ized degenerate mode is a two-port device in the microwave
network scope, as shown in Fig. 20. When choosing a1 and
a2 as the input wave, the output wave can be expressed as
b ¼ Sa, where b ¼ ðb1; b2Þ⊤, a ¼ ða1; a2Þ⊤. S is a 2 × 2
scattering matrix, which depends on the choice of input

FIG. 19. Scheme of the pulse compressor with an elliptical
cavity. Mode Pi denotes the port modes of the waveguide, and
mode Ci denotes the polarized eigenmodes of the cavity.

X-BAND TWO-STAGE RF PULSE COMPRESSION … PHYS. REV. ACCEL. BEAMS 25, 120401 (2022)

120401-11



waves. When choosing a01 and a02 as the input wave, we
have b0 ¼ S0a0, where a0 ¼ ða01; a02Þ⊤, b0 ¼ ðb01; b02Þ⊤. a is
not only a combination of input signals but also a vector to
notate a polarized mode at an arbitrary angle with a specific
orthogonal basis. When a and a0 are used to notate the same
vector, their relationship can be expressed with a rotation
matrix Rθ:

a0 ¼ Rθa; Rθ ¼
�

cos θ sin θ

− sin θ cos θ

�
: ðC1Þ

Or equivalently, a ¼ R−θa0, whereR−θ is a rotation matrix
with angle −θ. This conversion can also be applied to b and
b0. Therefore,

b ¼ Sa ⇒ R−θb0 ¼ SR−θa ⇒ b0 ¼ RθSR−θa: ðC2Þ

As a result, the relationship between S and S0 is

S0 ¼ RθSR−θ: ðC3Þ

Second, the scattering matrix of the polarizer as an ideal
3-dB coupler can be expressed as [30]:

M3 dB ¼
�

0 T3 dB

T3 dB 0

�
; T3 dB ¼ 1ffiffiffi

2
p

�
1 j

j 1

�
: ðC4Þ

Assuming the reflection spectra of mode C1 and C2 in the
elliptical cavity are Γ1 and Γ2, respectively, S-parameters of
the whole pulse compressor can be calculated with Eq. (3).
When the direction of mode C1 and P3 coincide, the
relationship matrix in Eq. (3) is T ¼ diagfΓ1;Γ2g.
Therefore, S-parameters after cascading is

T3 dBTT3 dB ¼ 1

2

� Γ1 − Γ2 jðΓ1 þ Γ2Þ
jðΓ1 þ Γ2Þ Γ2 − Γ1

�
: ðC5Þ

As shown in Eq. (C5), a difference between Γ1 and Γ2 will
cause a non-negligible reflection in the rectangular ports
and distortion of the transmission spectrum. If we rotate the
cavity so that directions of mode C1 and P3 have an angle

of θ, the relation matrix T goes through a rotation trans-
formation before being cascaded. The scattering matrix
after cascaded in this situation is

T3 dBðRθTR−θÞT3 dB

¼ 1

2

� ðΓ1 − Γ2Þe−j2θ jðΓ1 þ Γ2Þ
jðΓ1 þ Γ2Þ ðΓ2 − Γ1Þej2θ

�
; ðC6Þ

where Rθ is the rotation transformation matrix. There is
only a phase shift in the reflection coefficient compared
with Eq. (C5). According to Eq. (C6), Γ1, Γ2, and θ can
be reconstructed from S-parameters of the whole pulse
compressor:

�
Γ1;Γ2 ¼ S12=j�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−S11S22

p
;

θ ¼ arg f−S22=S11g=4
ðC7Þ

where Γ1 and Γ2 are reflection spectra of two modes in an
elliptical cavity, Sij is the elements of the scattering matrix
of a pulse compressor, and θ is the angle between the
modes of the cavity and the polarizer. We simulated a
polarizer with an elliptical cavity and reconstructed the
reflection spectrum of each polarized mode using Eq. (C7),
as shown in Fig. 21. The resonant frequency, Q0, and β
derived from the reconstructed reflection spectrum are in
accordance with the results from the eigenmode solver.

FIG. 20. Schematic diagram of a cavity with a cylinder wave-
guide working at the polarized degenerate mode.
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FIG. 21. Simulation of a pulse compressor with an elliptical
cavity and reconstruction of reflection spectrum for each polar-
ized mode. (a) Simulated transmission and reflection spectra of a
pulse compressor with the elliptical cavity. (b) Polar plot of (a).
(c) Reconstructed reflection spectra of two eigenmodes in the
elliptical cavity. (d) Polar plot of (c).
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Therefore, the measurement of S-parameters of a pulse
compressor after fabrication can provide information of
each polarized mode inside the cavity and guide the tuning.
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