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Choke-mode accelerating structures are higher-order-mode (HOM) damped structures that are relatively
simple to fabricate and have low surface magnetic fields. C-band choke-mode accelerating structures have
been successfully applied in free electron lasers. However, studies on X-band choke-mode structures for the
main linac of the Compact Linear Collider (CLIC) currently remain at the theoretical design stage, and the
high-gradient performance of a choke remains unknown. In this study, we designed and fabricated five
different single-cell choke-mode accelerating structures and subjected them to high-gradient tests to study
related radio frequency (rf) breakdown characteristics. High electrical field and small choke gap caused
serious breakdowns in the choke, which mainly limited high-gradient performance. The choke-mode
accelerating structure reached 121 MV=m at a breakdown rate of 8.30 × 10−4 per pulse per meter and a flat
top pulse width of 250 ns. A new quantity proposed to give the high-gradient performance limitation of
choke-mode accelerating structures due to rf breakdown. The new quantity was obtained from the summary
of the high-gradient experiments and can be used as reference for high-gradient choke-mode accelerating
structure design.
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I. INTRODUCTION

The choke-mode accelerating structure was first proposed
by Tsumoru Shintake [1]. It was designed to use choke to
contain the fundamental accelerating mode inside the cavity
while allowing for parasitic higher-order-modes (HOMs) to
be propagated to rf loads where their energy is absorbed. As
HOM damping structures, choke-mode accelerating struc-
tures have a simple fabrication process and low surface
magnetic fields [1,2]. Thus, the structures have been studied
for two decades and was successfully applied in the linear
accelerator of Spring-8 [3–7]. The X-band choke-mode
accelerating structure is currently being studied as an
alternative design for the accelerating structure of the
compact linear collider (CLIC) main linac in collaboration
between CERN and Tsinghua University [2,8–27]. The
choke-mode design has several potential advantages to other
types of heavy damped structures [2,28–31]: (i) it has lower

surface magnetic field compared to waveguide damped
structures, which results in lower pulsed temperature rise;
(ii) there are no bonding joints of the disks in high magnetic
field; (iii) the choke structure is axially symmetric so can be
manufactured by turning, which potentially greatly reduces
the total manufacturing cost. The choke design does however
have certain disadvantages [1,2]: choke reduces shunt
impedance and R/Q, the larger volume and surface area
make the choke-mode cell a lower rf-beam efficiency.
Vacuum arcing in the structures, also referred to as

breakdown, will lower beam quality and damage the
structure surface [32–36]. Hence, the tendency of normal
conducting rf structures to experience breakdown at high
fields poses the main limitation on practically usable
accelerating gradient [37–46]. However, the high-gradient
performance of the X-band choke is currently unknown.
Single-cell experimental study is an important way to

study the performance of accelerating structures. It was first
conducted by V.A. Dolgashev from SLACNational Accele-
rator Laboratory (SLAC) andY.Higashi fromKEK [47–52].
Given that single-cell accelerating structures are easy to
fabricate and have short high-gradient test time, experimen-
tal studies are suitable for comparing the high-gradient
performance of different accelerating structures [53,54].
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Five different choke-mode single-cell accelerating struc-
tures and one reference structure were designed, fabricated,
assembled, and tuned in Tsinghua University [55]. We
performed high-gradients test to examine the breakdown
and high-gradient properties of X-band choke-mode struc-
tures. The tests were conducted in New X-band Test
Facility (Nextef) at KEK [56]. We compared the high-
gradient performance of different chokes to determine
how choke dimension affects breakdown in the structures.
A new quantity was proposed to give the high-gradient
performance limitation of choke-mode accelerating struc-
tures due to rf breakdown.

II. DESIGN OF CHOKE-MODE
ACCELERATING STRUCTURES

A single-cell structure consists of an input coupler cell,
high-gradient middle cell(s), and end cell [51]. Five choke-
mode single-cell structures and one reference cylinder
structure were designed, fabricated, assembled, and tuned
at Tsinghua University. One of the choke-mode structure
was based on the current prototype choke-mode accelerating
structure design for CLIC [2,13,31], whereas the reference
structure was based on the single-cell structure with the iris
aperture of 3.75 mm and the iris thickness of 2.6 mm from
SLAC [50,51]. The other choke-mode accelerating struc-
tures were designed to compare the effects of choke
dimension on high-gradient performance [57]. The HFSS
model of choke-mode accelerating structure is shown in
Fig. 1. The middle cell with the choke is the testing cell.
In the SLAC experiments two types of chokes were tested.

The first one had choke gap of 1 mm. The high-gradient test
has shown that the majority of breakdowns were in the choke
and the established gradient was below 80 MV=m [50]. As a
consequence of these results, the choke gap was increased to
largest practical of 4 mm. Performance of the structure with
4 mm choke was the same as a structure without the choke.
The geometry of 4 mm choke as well as full-cell choke could
be found in Ref. [58]. Transient regime, where the rf
breakdowns were partially in the choke and partially in
the cavity (with choke gap between 1 mm and 4 mm) were
not studied in these experiments.
The maximum electrical field at the choke is related to

the choke dimension according to the basic principles of
choke-mode accelerating structures [1,2,31]. Five choke-
mode accelerating structures with different maximum
choke surface electrical field and choke gap dimensions

were designed. The width of the choke gap was maintained
at 2.5 mm for a stable mechanical design.

A. Middle cell design

The middle cell was designed first. The choke reflects
the accelerating mode, but unwanted HOMs can pass the
choke to be absorbed in the load. The external quality factor
of the testing cell, Qext, was defined as follows:

Qext ¼
ωU
Pr

; ð1Þ

FIG. 1. HFSS model of choke-mode accelerating structure.

FIG. 2. Structures to test the reflection at choke.
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where ω is angular frequency, U is the storage energy, Pr is
the power absorbed by the radial line. A new quantity for
choke optimization, Rleak, was defined as follows:

Rleak ¼ 10 log

�
Pr

Ploss

�
¼ 10 log

�
Q0

Qext

�
; ð2Þ

where Ploss is the cavity surface loss, andQ0 is the intrinsic
quality factor. Rleak should be reduced for the suppression

of the leakage of the accelerating mode to the radial line.
Rleak was kept below −30 dB in the design by taking the
limits of the power absorption of the actual load into
account [20].
The HFSS model shown in Fig. 2 was used to determine

the absorption of HOMs by the choke. The radial line with
a choke is connected to a coaxial line, which can be defined
as a waveguide port in the simulation. The outer layer of the
radial line was filled with absorber [2,31].
The results of HFSS simulation is shown in Fig. 3. The

zero absorption points in the curve indicate that modes at
these frequencies are fully reflected by the choke, which are
so called parasitic modes. Some dipole modes have high
kick factor between 15 GHz and 40 GHz from the wake-
field impedance spectrum of choke-mode accelerating
structure [2]. The parasitic modes reflected by the choke
would make a large contribution to the total transverse
wakefield potential if they are within this range. The fully
reflected frequencies were kept out of this region in the
designs.

B. Design of the full structure

The single-cell structure was tuned to work at
11.424 GHz and critical coupled by optimizing the
dimensions of the first and end cells shown in Fig. 1.
The electrical field distribution is shown in Fig. 4. The
field in the middle cell is approximately twice of that in
the first and end cells.
The electrical and magnetic fields of the middle cell of

each structure are shown in Fig. 5.

FIG. 4. Electrical field distribution of THU-CHK-#1 at input
power of 1 MW. (a) Electrical field on the cross section.
(b) Electrical field along the z-axis.

FIG. 5. Electrical and magnetic fields of the middle cells of choke-mode accelerating structures. The loss power of the whole structure
is normalized to 1 MW. (a)–(e) are the electrical fields of THU-CHK-#1 to THU-CHK-#5. (f)–(j) are the magnetic fields of THU-CHK-
#1 to THU-CHK-#5.
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The choke field ratio Rc is the maximum electrical field
in the choke and is divided by the maximum surface
electrical field of the structure. Define RE as the ratio of the
maximum surface electrical field to the accelerating field
(Eacc) in the middle cell simulation. Meanwhile, Rp is the
ratio between the maximum surface electrical field (Epeak)
and the square root of the surface power loss in the full
structure.

Rp ¼
Epeak½MV=m�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ploss½MW�p ; ð3Þ

where Ploss is the surface power loss. Rp equals as Epeak

when the power loss is 1 MW. Then Eacc of the choke-mode
accelerating structure can be calculated by:

Eacc ¼
Rp

RE
×

ffiffiffiffiffiffiffiffiffi
Ploss

p
¼ Rp

RE
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pin − Pref

p
; ð4Þ

where Pin and Pref are the input and reflected power in the
high-gradient test, respectively. The rf parameters of the
single-cell structures are shown in Table I. The values
shown in Table I are normalized to 1 MWof lost power. D
is the choke gap size in mm.

III. FABRICATION, LOW-POWER RF TESTS,
AND PREPARATION

Each choke-mode accelerating structure consisted of six
disks, as shown in Fig. 6. All the disks were manufactured
by turning because of their symmetric designs. The disks
and the coupler parts of the choke-mode accelerating
structures were machined by Tsinghua University, as
shown in Fig. 7. The testing cell consisted of two disks.
The parts were cleaned, etched, and bonded following the
procedures based on global linear collider (GLC) fabricat-
ing technology [60,61]. The procedures were the same as
that of T24_THU_#1 [62].
In the preparation of the assembly of the choke-mode

accelerating structure, the Tsinghua equipment and fab-
rication procedures were validated by high temperature
diffusion bonding and mechanically measuring a test
assembly. The quality of the bonding was verified by

cutting the test structure after bonding and confirming that
the inner dimension change owing to the bonds below
10 μm. After the successful completion of the bonding
tests, the individual parts of the choke-mode accelerating
structures were diffusion bonded in a hydrogen furnace at
Tsinghua University [62]. The coupler parts and flanges
were gold brazed to the main cell stack. Then, tuning was
performed in nitrogen flow at 25°C. The structure was

TABLE I. Information of the choke-mode structures.

THU- D [mm] RE Rc Epeak [MV/m] Hmax [MA/m] Sc
a[MW=mm2] Stored energy [J] Q0 Shunt impedance [MΩ=m]b

REF � � � 2.05 � � � 129.9 0.212 1.511 0.125 9010 143.0
CHK-#1 1.26 2.10 0.759 108.6 0.182 1.115 0.104 7519 92.29
CHK-#2 1.26 2.05 0.923 104.3 0.172 1.037 0.100 7247 82.84
CHK-#3 1.89 2.04 0.727 110.4 0.185 1.151 0.111 8006 98.38
CHK-#4 2.21 2.06 0.687 112.1 0.187 1.186 0.114 8210 102.8
CHK-#5 1.88 2.05 0.836 103.0 0.180 1.093 0.109 7864 91.11

aSc is the maximum modified Poynting vector [59].
bShunt impedance of the middle cell.

FIG. 6. Mechanical design of THU-CHK-#1. No. 1 to 6 are the
disks of main cavity. No. 7 and No. 8 are Pearson flange [63] and
ICF70 flange.

FIG. 7. Disks of choke-mode accelerating structure.
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tuned to 11.424 GHz at the working temperature of 30°C,
which is the standard cooling water temperature at Nextef.
The tuning results are shown in Fig. 8. Vacuum baking was
performed in Tsinghua University. This step differed from
the CLIC baseline procedure because of the temperature
limitation in the vacuum furnace at Tsinghua University.
Vacuum baking was performed at 500 °C [62]. The
structures were sealed by blind flanges with metallic
gaskets, and the vacuum was pumped independently from
the furnace during baking. The structures were kept under
vacuum after baking by sealing with a valve and were
shipped to KEK under vacuum.

IV. HIGH-GRADIENT TEST

A high-gradient test was conducted after the struc-
ture was installed in Shield-B [55,64] of Nextef at KEK.
Shield-B is driven by an X-band klystron working at
11.424 GHz with the repetition rate of 50 Hz and peak
power of 50 MW. Shield-B is aiming at basic high-gradient
study by testing single-cell structures [53,54].
The setup of Shield-B is shown in Fig. 9. Two Faraday

cups were placed at the power feed end and power cut end

to collect the field emission current. The incident wave and
reflected wave were monitored by the directional couplers
shown in Fig. 9. These signals were monitored pulse for
breakdown detection [38,56,65–69].
The filling time of the single-cell structures is around

100 ns. Therefore, Eacc excited in the structure is not flat
when the pulse width of the rectangular input is several
hundreds of nanoseconds, as shown in Fig. 10.
Step-pulse input was used in the high-gradient test to

obtain stable Eacc in the structure. Flat top of electrical field
can be achieved in the second step by adjusting the
amplitude of the two steps, as shown in Fig. 11. The pulse
width of the first step was set to 100 ns. The total pulse
width was increased by expanding the second step. The flat
top pulse width in this paper is the width of the second step,
unless explicitly stated otherwise.
Conditioning is the process of gradually improving the

structure surface and gradient holding capability through
the application of rf [32]. The conditioning strategy of the
single-cell structure is similar to that of T24_THU_#1
[62,70]. Conditioning operation was started with the rf
power of the order of hundreds of kilowatts and 100 ns
rectangular pulse, which were progressively increased to
the nominal peak power and pulse width. The pulse width
was kept constant for extended periods, and the power was
ramped by a step, which ranged from 0.02 to 0.05 MW,
until it exceeded the nominal maximum unloaded accel-
erating gradient of 100 MV=m. The pulse width of the
second step was lengthened after 50 ns or 100 ns steps.
Then, input rf power was ramped from a few hundred
kilowatts again for the new pulse width.
The interlock system inhibited the subsequent pulse

when any jump in the reflected rf signal or field emission
current signal was detected. Then, the system was stopped
for 30 seconds before the subsequent rf pulse, which is
sufficiently long to allow for both the reduction of gas
pressure and archiving the waveforms. These interlock
events might indicate a breakdown event and were checked
during offline data analysis [64]. The system reduced the rf
power by approximately 5% after breakdown detection and
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FIG. 8. Lower-power rf measurement result of THU-CHK-#3
after tuning.

FIG. 9. Shield-B experimental setup.
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ramped the power up again by increasing 0.02 MW over a
period of 10 s. The breakdown rate (BDR) was kept around
or below 2 × 10−5 per pulse during the conditioning.

V. BREAKDOWN PHENOMENON STUDY

Normal rf pulse signal and typical breakdown signal are
shown in Fig. 12 and Fig. 13. An increasing of reflected
signal and current flash were observed in the typical
breakdown events.
1267 rf breakdown events were collected in the high-

gradient test of THU-REF. Approximately 98.6% of the
events were accompanied with current flash in the Faraday
cup signals. It indicated that the Faraday cups in Shield-B
have a good capture of the field emission current. The
events without current flash might be occurred in the
waveguide or in the mode launcher.
Breakdown events without current flash were observed

in the experiment of choke-mode accelerating structures, as
shown in Fig. 14, along with the signals shown in Fig. 12
and Fig. 13. The electrons emitted from choke were
difficult to be collected by the Faraday cups, which were
located at the power feed end and power cut end. The choke
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FIG. 10. 200 ns rectangular input pulse and the Eacc excited in
the structure (THU-CHK-#1).

0 100 200 300 400

Time [ns]

0

20

40

60

80

100

FIG. 11. 200 ns step-pulse input pulse and the Eacc excited in
the structure (THU-CHK-#1).
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FIG. 12. Pulse waveform of normal event at flat top pulse width
of 250 ns. (a) Directional coupler signals. Red curve is the
incident microwave signal and blue curve is the reflected
microwave signal. (b) Faraday cup signals. The red curve is
the signal of the power feed end and the blue curve is the signal of
the power cut end.
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FIG. 13. Pulse waveform of typical breakdown event with
current flash at flat top pulse width of 250 ns. (a) Directional
coupler signals. The red curve is the incident microwave signal
and the blue curve is the reflected microwave signal. (b) Faraday
cup signals. The red curve is the signal of the power feed end and
blue curve is the signal of the power cut end.
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FIG. 14. Pulse waveform of breakdown event without current
flash at flat top pulse width of 250 ns. (a) Directional coupler
signals. The red curve is the incident microwave signal and the
blue curve is the reflected microwave signal. (b) Faraday cup
signals. The red curve is the signal of the power feed end and the
blue curve is the signal of the power cut end.
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was far from the axis. The breakdown events with current
flash (CF-BD) shown in Fig. 13 were speculated to be
located in the cylinder cavity or the iris area.

A. High-gradient test history of THU-CHK-#1

The summary of the conditioning history of THU-CHK-
#1 is shown in Fig. 15. The blue, red, and cyan points
represent Eacc, the accumulated number of total break-
downs, and the accumulated number of CF-BDs, respec-
tively, as a function of the number of pulses. The
accelerating gradient reached 83.9 MV=m at a flat top
pulse width of 250 ns and a breakdown rate of 1.80 × 10−4

per pulse per meter during the conditioning. Current flash

signals were only seen in the breakdown events at the early
stage of high-gradient tests. Most of the breakdown events
were not accompanied with current flash after 1.0 × 107

pulses. Eacc didn’t increase efficiently when the break-
downs without current flash dominated the conditioning,
as shown in Fig. 15(b). The severe breakdowns in the choke
were speculated to limit the accelerating gradient of the
structure.

B. High-gradient test history of THU-CHK-#2

A large number of breakdown events without current
flash were also observed in the experiment of THU-CHK-
#2, as shown in Fig. 16. Current flash signals were not seen
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FIG. 15. Summary of the conditioning history of THU-CHK-#1. (a) Full history. The blue dots denote Eacc [MV/m], the green dots
denote flat top pulse width [ns] divided by 10, the red dots denote total breakdown number divided by 100, and the cyan dots denote
number of CF-BDs divided by 100. (b) History of the first 1.5 × 107 pulses. The blue dots denote Eacc [MV/m], the red dots denote total
breakdown number divided by 10, and the cyan dots denote number of CF-BDs divided by 10.

0 2 4 6 8 10

107

0

20

40

60

80

0 5 10 15

106

0

20

40

60

80

(a) (b)

FIG. 16. Summary of the conditioning history of THU-CHK-#2. (a) Full history. The blue dots denote Eacc [MV/m], the green dots
denote flat top pulse width [ns] divided by 10, the red dots denote total breakdown number divided by 100, and the cyan dots denote
number of CF-BDs divided by 100. (b) History of the first 1.5 × 107 pulses. The blue dots denote Eacc [MV/m], the red dots denote total
breakdown number divided by 10, and the cyan dots denote number of CF-BDs divided by 10.
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in most of the rf breakdown events after 0.6 × 107 pulses.
The maximum accelerating gradient was 70.2 MV=m at a
flat top pulse width of 200 ns and a breakdown rate of
4.85 × 10−4 per pulse per meter during the conditioning.

C. High-gradient test history of THU-CHK-#3

Breakdown events without current flash were also
observed in THU-CHK-#3, THU-CHK-#4, and THU-
CHK-#5. The summary of the conditioning history of
THU-CHK-#3 is shown in Fig. 17. The accelerating
gradient reached 109 MV=m at a flat top pulse width of

250 ns and a breakdown rate of 4.70 × 10−4 per pulse per
meter during the conditioning. However, CF-BDs were
observed throughout the high-gradient test. This result was
different from the results of the first two chokes. Both of the
two types of breakdowns occurred in the late stage of the
experiment when the Eacc got saturated. It indicated that
choke breakdown was not the only factor that limited the
structure to achieve a higher Eacc. Breakdown in the
cylindrical cavity and iris area also limited the improve-
ment of the high-gradient performance.

D. High-gradient test history of THU-CHK-#4

The summary of the conditioning history of THU-CHK-
#4 is shown in Fig. 18. The accelerating gradient reached
123 MV=m at a flat top pulse width of 100 ns and a
breakdown rate of 5.25 × 10−4 per pulse per meter during
the conditioning.

E. High-gradient test history of THU-CHK-#5

The summary of the conditioning history of THU-CHK-
#5 is shown in Fig. 19. The accelerating gradient reached
104 MV=m at a flat top pulse width of 200 ns and a
breakdown rate of 6.79 × 10−4 per pulse per meter during
the conditioning.

F. High-gradient test history of THU-REF

The summary of the conditioning history of THU-REF is
shown in Fig. 20. The accelerating gradient reached
145 MV=m at a flat top pulse width of 200 ns and a
breakdown rate of 2.60 × 10−4 per pulse per meter. Current
flash signals were observed in the entire conditioning of
the structure.
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FIG. 17. Summary of the conditioning history of THU-CHK-
#3. The blue dots denote Eacc [MV/m], the green dots denote flat
top pulse width [ns] divided by 10, the red dots denote total
breakdown number divided by 20, and the cyan dots denote
number of CF-BDs divided by 20.
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FIG. 18. Summary of the conditioning history of THU-CHK-
#4. The blue dots denote Eacc [MV/m], the green dots denote flat
top pulse width [ns] divided by 10, the red dots denote total
breakdown number divided by 20, and the cyan dots denote
number of CF-BDs divided by 20.
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FIG. 19. Summary of the conditioning history of THU-CHK-
#5. The blue dots denote Eacc [MV/m], the green dots denote flat
top pulse width [ns] divided by 10, the red dots denote total
breakdown number divided by 50, and the cyan dots denote
number of CF-BDs divided by 50.
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VI. POST-MORTEM OF CHOKE-MODE
ACCELERATING STRUCTURES

Inner surface observations were conducted for THU-
CHK-#1 and THU-CHK-#3 as different conditioning
histories were observed in the high-gradient tests.

A. Observing results of THU-CHK-#1

THU-CHK-#1 was cut twice along the B1 and B2 line,
as shown in Fig. 21(a). The two parts of the structure were
observed after the first cut along the B1 line. The results are
shown in Fig. 22. The choke slot area in view a and the
outer side of the structure in view b were rough. The iris
area and cylinder cavity area were smooth.
The two parts after cutting along the B2 line were shown

in Fig. 23. The end portion is extremely smooth, maintains a
mirrored state, while the inner diameter area is rough.
KEYENCE VE-8800 electron microscope was applied to
observed the inner surface. The results are shown in Fig. 23.
Severe breakdowns occurred in the choke but not in the

iris or cylinder cavity area. The damages in the choke were
evenly distributed along the circumference. It indicated that
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FIG. 20. Summary of the conditioning history of THU-REF.
The blue dots denote Eacc [MV/m], the green dots denote flat top
pulse width [ns] divided by 10, the red dots denote total
breakdown number divided by 20, and the cyan dots denote
number of CF-BDs divided by 20.

FIG. 21. Cut and observation view of THU-CHK-#1. (a) Cut-
ting scheme. (b) Observation view after the first cut. (c) Obser-
vation view after the second cut.

FIG. 22. THU-CHK-#1 after the cut along B1 line. (a) Obser-
vation results of the view a of Fig. 21(b) Observation results of
the view b of Fig. 21.

FIG. 23. THU-CHK-#1 after the cut along B2 line. Left is the
ring part after cutting along the B1 and B2 line. Observing from
view c shown in Fig. 21. Right is the SEM observing results of
point a of the ring. Viewing point a head-on when tilted at an
angle of 50°.

FIG. 24. Surface observation spots of THU-CHK-#1. Twelve
spots were selected counterclockwise. The background of the
structure was the electrical field distribution.
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breakdowns in the choke are the main limitation to increase
the accelerating gradient of the structure.
Twelve spots were selected for SEM observation and

study the breakdown in the choke-mode accelerating struc-
ture, as shown in Fig. 24. Observation results were shown
in Fig. 25.
Severe breakdowns occurred at B, C, and J points from

the observation results. Similar sputtering characteristic
were observed at A, F, G, H, I, and K points while no
breakdown was seen at E point which was located at the iris.
It indicated that breakdown events were mainly occurred in
the B and J point of the choke. This area was far from the
cavity axis. Field emission current emitted from the choke
could not be collected by the Faraday cups at the power feed
end and power cut end. Therefore, rf breakdown events
without field emission current flash were observed in the
high-gradient test.

FIG. 25. SEM observation results of the inner surface of THU-CHK-#1 after the high-gradient test. (A-L) are the selected spots shown
in Fig. 24.

FIG. 26. Cut and observation view of THU-CHK-#3. (a) Cut-
ting scheme. (b) Observation view after the first cut. (c) Obser-
vation view after the second cut.

FIG. 27. THU-CHK-#3 after the cut along the B1 line.
(a) Observation results of the view a of Fig. 21. (b) Observation
results of the view b of Fig. 21. (c) Zoom of the breakdowns at
point a. (d) Zoom of the breakdowns at point b. (e) Zoom of the
iris region at point c.

FIG. 28. THU-CHK-#3 after the cut along the B2 line.
(a) Observation results of the view c in Fig. 21. (b) Observation
results of the view d in Fig. 21. (c) Zoom of the choke slot and
inner area in point c. (d) Zoom of the inner part of the ring in
point d.
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High electrical field may have caused severe breakdowns
in the choke. High field emission current melted the copper
on the choke surface and formed a plasma when breakdown

occurred. The melted copper was sputtered to the area
adjacent to choke and caused the sputtering characteristics
shown in Fig. 25. The severe rf breakdowns in the choke
limited the further increase of the accelerating gradient and
kept the cylinder cavity to be operate at a low power level.
Thus no concentrated breakdown spots were observed in
the iris area.

B. Observing results of THU-CHK-#3

THU-CHK-#3 was cut twice for the inner surface obser-
vation by following the same procedures of THU-CHK-#1,
as shown in Fig. 26. The two parts after cutting along the B1
line were observed from the view shown in Fig. 26(b). The
results of the observation are shown in Fig. 27. The inner
surface of THU-CHK-#3 appeared more smooth than THU-
CHK-#1. Slight breakdown spots were seen in the choke,
indicating that choke was still the main area for breakdowns.
Another region was observed to have concentrated break-
down spots, as shown by point a and point b in the figure (the
two points a and b are corresponding points in the original
structure). Scratches were observed at point a which were
speculated to be created in the machining process. The
uneven surface led to a high field enhancement factor in the
region, which became a hot spot in high-gradient test. It
might be the reason for more rf breakdowns in this region.
The numerous breakdown spots in the iris area indicated that
breakdown occurred in the cylindrical cavity and choke. The
post-mortem result is consistent with the high-gradient test

FIG. 29. Surface observation spots of THU-CHK-#3. Twelve
spots were selected counterclockwise. The background of the
structure was the electrical field distribution.

FIG. 30. SEM observation results of the inner surface of THU-CHK-#3 after the high-gradient test. (A-L) are the selected spots shown
in Fig. 29.

DESIGN, FABRICATION, AND HIGH-GRADIENT … PHYS. REV. ACCEL. BEAMS 22, 031001 (2019)

031001-11



result that the breakdown with and without current flash
were accompanied with each other.
The two parts after cutting along the B2 line are shown in

Fig. 28. Breakdowns were occurred at the inner part of
choke from the view c. The zoom was shown in Fig. 28(c).
The side part of the ring in view d was smooth, but the

inner radius was rough. Severe breakdowns were seen in
the zoomed image of the inner radius part, as shown in
Fig. 28(d).
Twelve spots were selected for SEM observation and for

exploring the breakdown characteristics, as shown in
Fig. 29. The observation results were shown in Fig. 30.
Breakdown spots were observed at B, C, and J points and

sputtering characters at F, G, H, and I points from the
observation results of THU-CHK-#3. Breakdown spots were
also observed at E point which was the iris area. It indicated
that the iris and choke breakdowns limited the gradient
together. It kept consistent with the high-gradient exper-
imental results.

VII. HIGH-GRADIENT PERFORMANCE

The summary of the conditioning history of the single-
cell structures is shown in Fig. 31. The green, red, blue,
cyan, magenta, and black points represent the accelerating
gradient of THU-REF, THU-CHK-#1, THU-K-#2, THU-
CHK-#3, THU-CHK-#4, and THU-CHK-#5. THU-REF
reached the highest accelerating gradient of 145 MV=m,
which validated the Tsinghua X-band single-cell structure
manufacturing technology. The last three choke-mode
accelerating structures reached over 100 MV=m, which
was higher than the structures with the choke gap of
1.26 mm (THU-CHK-#1 and THU-CHK-#2). This
revealed that BDR can be reduced by increasing the choke
gap size and decreasing the electrical field in the choke.
BDRmeasurements were conducted in the final stages of

high-gradient testing for each structure. Input power was

kept constant in the BDR runs, during the period of
operation time when BDR was being evaluated. By
counting the breakdown events that occurred in the given
period of rf-on time, the BDR was calculated as the number
of breakdowns per pulse per metre in the structure [62]. The
results are shown in Table II.
BDR is strongly dependent on Eacc and rf pulse width.

The dependencies that have been observed in many CLIC
prototype structures are reported in Refs. [59,62] and can
be approximated with the following relation:

BDR
Eacc

30 · τ5
¼ constant; ð5Þ

where τ is the pulse width. We can normalize the Eacc to a
flat top pulse width of 250 ns and a breakdown rate of
2 × 10−5 per pulse, which is a typical status during the high-
gradient test, to make comparison among the structures. The
maximum electrical field in the choke (Echoke

max) can be
calculated based on this quantity. The normalized accelerat-
ing gradient (Eacc

�) and Echoke
max are shown in Table III.

Many rf breakdowns occurred in the chokes of THU-CHK-
#1 and THU-CHK-#2 from the inner surface observations in
post-mortem. The first two choke achieved the similar
Echoke

max, which was about 128 MV=m. The Echoke
max

was increased by expanding the choke gap. Then we can
define the scaled accelerating gradient (G) as below [37]:

G ¼ Eacc · τ1=6

BDR1=30 ; ð6Þ

where G represents the high-gradient performance of the
accelerating structure during the stable operation stage. G
depends on both Rc and choke dimension from previous
analysis. The information is shown in Table III.

TABLE II. BDR measurements of the single-cell structures.

THU-
CHK

Eacc
[MV/m]

Number of
pulses

Number of
breakdowns

Flat top pulse
width [ns]

#1 77.3 8.93 × 105 2 200
#2 67.1 4.19 × 106 16 200
#3 105 6.14 × 105 3 250
#4 121 2.17 × 106 15 250
#5 92.2 2.01 × 107 11 200
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FIG. 31. High-gradient testing history of single-cell structures.
The green, red, blue, cyan, magenta, and balck points represent
the Eacc of THU-REF, THU-CHK-#1, THU-CHK-#2, THU-
CHK-#3, THU-CHK-#4, and THU-CHK-#5 with respect to
the numbe of pulses.

TABLE III. Choke high-gradient performance comparison.

THU-CHK Eacc
� [MV/m] Echoke

max [MV/m] G [MV/m]

#1 80.1 128 250
#2 68.3 129 213
#3 110 163 343
#4 125 177 391
#5 100 172 312
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A new quantity named CHK was proposed for the
evaluation of the high-gradient performance of choke, as
shown below:

CHK ¼ ðRcÞα ×Dβ × γ: ð7Þ

Meanwhile, α, β, and γ in Eq. (7) can be regulated by
applying the high-gradient test results. Fitting results
indicated that α ¼ −0.707, β ¼ 0.711, γ ¼ 173:

CHK ¼ ðRcÞ−0.707 ×D0.711 × 173: ð8Þ

Fitting results are shown in Fig. 32. The new quantity
CHK can be useful in guiding high-gradient choke-mode
accelerating structure design.

VIII. SUMMARY

Five different single-cell choke-mode accelerating struc-
tures and one reference structure were designed, fabricated,
and subjected to high-gradient tests to study related rf
breakdown characteristics. High electrical field and small
choke dimension caused serious breakdowns in the choke.
It was the main limitation of the high-gradient performance.
THU-CHK-#4 reached 121 MV=m at a breakdown rate of
8.30 × 10−4 per pulse per meter and a flat top pulse length
of 250 ns by decreasing the electrical field and increasing
the choke gap size. A new quantity was proposed to give
the high-gradient performance limitation of choke-mode
accelerating structures owing to rf breakdown. It could be
used to guide high-gradient choke-mode accelerating
structure design.
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