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We have developed normal-conducting accelerating single-cell cavities with a complete higher-order-
mode (HOM) heavily damped structure, into which we feed a 508.9-MHz continuous wave. During a high-
gradient test of the second production version of the cavity, we performed a breakdown study based on
direct in situ observation of the inner surfaces of the cavity. This paper presents our experimental findings
obtained from this observation.
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I. INTRODUCTION

Particle acceleration using radio-frequency (rf) electro-
magnetic waves is a widely used method in both large
and small accelerators. Normal-conducting rf accelerating
cavities (hereafter, rf cavities or cavities) are adequate and
often used for high-current storage rings with beam
currents of a few amperes or higher and high-gradient
accelerators with gradients of several tens of megavolts per
meter or higher, where high-purity copper is currently
considered to be the best material for cavity bodies based
on a comprehensive evaluation of the electric conductivity,
thermal conductivity, outgassing rate, rf breakdown field,
ease of machining, and cost. For the above-mentioned
former (high-current) and latter (high-gradient) types of
accelerators, rf cavities are required to have continuously
high stability, i.e., an extremely low cavity breakdown rate
over a long period of time, and a high gradient with a
sufficiently-low cavity breakdown rate, respectively. To
satisfy these requirements, the cavity breakdown rate
should be minimized; however, this is currently very
difficult because the real source of cavity breakdowns,
i.e., the cavity-breakdown trigger mechanism, is unknown.
After fabricating rf cavities and before using them

in accelerator operation, we perform a high-gradient test
called rf conditioning, where we first feed a low rf power
into the cavity, and gradually increase the input rf power
and the accelerating field while maintaining certain cavity-
related quantities, such as the vacuum pressure (light blue
lines in Fig. 7) and cavity breakdown rate [1], at values
lower than their corresponding reference values.

In the early stages of rf conditioning, cavity breakdowns
occur frequently with increases in vacuum pressure and/or
vacuum arcs, even when the accelerating field is low. This
process removes contaminations and microscopic defects in
the cavity surface using an rf field. Once the accelerating
gradient reaches its maximum expected value in the high-
gradient test, almost no further increases in vacuum pressure
occur, and the cavity breakdown rate usually decreases to an
acceptable level at a gradient lower than the maximum
achieved gradient unless the vacuum is broken or a long time
passes without feeding a high rf power. Here rf cavities
should be designed to ensure that the maximum expected
gradient is sufficiently higher than the accelerator design
requirement. However, the cavity breakdown rate rapidly
increases as the accelerating gradient increases. Therefore,
technology that enables a lower final cavity breakdown rate
can contribute to developments of future accelerators with
higher luminosities and/or higher energies.
Various experimental breakdown studies have been per-

formed and have provided measurements of various quan-
tities, such as the cavity breakdown rate and its dependence
on the accelerating gradient, the rf waveform when cavity
breakdown occurs, the dark current before and after cavity
breakdown occurs and its dependence on the accelerating
gradient, and partial or total vacuum pressure increases
during high-gradient tests (e.g., [2–4]). In particular, a large
amount of breakdown studies have been performed on
normal-conducting X-band accelerating structures using
traveling or standing waves in pulsed operation, leading
to the discovery of (1) a scaling law describing the cavity
breakdown rate as a function of the gradient and rf pulse
width (e.g., [5]); (2) the significant effect of the magnetic
field and pulsed surface heating on the cavity breakdown
rate [6,7]; and (3) a new local field quantity called the
modified Poynting vector, which gives the high-gradient
performance limit by cavity breakdown [5]. However, these
measured quantities provide only indirect information about
the cavity breakdown trigger, meaning it is difficult to use
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them to learn about the trigger. On another front, vacuum
arc experiments using simple electrode setups, such as
parallel plates and needle-plane electrodes, have been
performed (e.g., [8–10]). We can learn a great deal about
the breakdown characteristics of materials and surface
processes from such experiments; however, there are
significant differences between such setups and rf cavities
regarding their electromagnetic field patterns and quality
factors. In particular, rf cavities usually have a high
quality factor of the order of thousands or higher for
an accelerating field. After such high-gradient tests or
vacuum arc experiments, microscopic inspections were

often performed, in which microscopic craters, cracks,
and/or suspicious objects were observed on surfaces
exposed to high electric and/or magnetic fields (e.g.,
[10,11]). These are assumed to originate from the break-
downs; however, it is unclear if we can find any
association with the cavity breakdown trigger in any way.
To elucidate the cavity-breakdown trigger mechanism,

we propose a method based on direct in situ observation of
inner surfaces of an rf cavity through video recording of
light images during a high-gradient test. This method has
the following three features: (1) Exhaustive observation,
meaning all cavity breakdown events are captured;
(2) Multidirectional and wide-field observation to allow
the observation of the origin of the cavity breakdown; and
(3) Accompanying statistical quantitative analysis of the
data obtained from the observation. Hereafter, this method
is called the direct observation method.
In this paper, through a breakdown study of an rf

cavity developed for a positron damping ring (DR) at the
SuperKEKB accelerator [12], we present our experi-
mental findings obtained using the direct observation
method, and demonstrate the usefulness of this method.
Abbreviations used in this paper are listed in Table VII of
Appendix A.

II. EXPERIMENTAL SETUP AND METHODS

A. rf cavity for the DR (DR cavity)

Figure 1(a) shows a conceptual diagram of the DR
cavity, which is a pillbox cavity of a single cell used to
excite a continuous TM010 standing wave as the accel-
erating mode. The accelerating voltage per cavity
[cavity voltage (Vc)] during DR operation is 0.70 MV
and has an equivalent accelerating gradient (Eacc) of
2.7 MV=m. This cavity voltage is comparable to actual
operating voltages of other accelerating cavities of the

TABLE I. Design parameters of the DR cavity.

rf operating frequency 508.9 MHz
Rsh=Q0

a
150 Ω

Q0 ≈30000 (97% IACSb)
Input coupling factor ≈1.3
Cavity voltage during operation Vc ¼ 0.70 MV

(Eacc ¼ 2.7 MV=m)
Cavity voltage of the specification Vc ¼ 0.80 MV

(Eacc ¼ 3.1 MV=m)
Wall loss power at Vc ¼ 0.70 MV ≈110 kW
Wall loss power at Vc ¼ 0.80 MV ≈140 kW
EðmaxÞ
s

c / Eacc 3.7
HðmaxÞ

s
d / Eacc 9.6 kAm−1ðMV=mÞ−1

aRsh and Q0 represent the shunt impedance and unloaded
quality factor of the accelerating mode, respectively.

bIACS stands for International Annealed Copper Standard.
cEðmaxÞ

s represents the maximum surface electric field.
dHðmaxÞ

s represents the maximum surface magnetic field.FIG. 1. DR cavity.
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same type (normal-conducting single cells with continuous
input waves in the ultrahigh frequency range) used in recent
high-energy accelerator operations; for example, PEP-II
(476 MHz) [13] was operated at 0.50 to 0.64 MV=cavity
[14], and the Australian Synchrotron (500 MHz) [15] has
been operated at 0.60 to 0.75 MV=cavity [16]. Typical
design parameters of the DR cavity are summarized in
Table I.
The main body of the DR cavity is made of high-purity

oxygen-free copper (C10100, ASTM F68 Class 1), and
consists of a barrel and two discoidal end plates. The inner
surfaces of the barrel and the two end plates were machined
with an accuracy of 50 μm and a surface roughness of
3S to 6S. Before the final brazing, the two end plates were

electropolished; the barrel part was not electropolished.
This process of electropolishing typically improves the
surface roughness; in this case, the arithmetic mean rough-
ness (Ra) and maximum peak roughness (Ry) were changed
from 1.5 and 8 μm to 0.2 and 1 μm (typical measurements),
respectively, as shown in Fig. 2, where the skin depth of
copper at 508.9 MHz is approximately 3 μm. We have
demonstrated definite positive results of this type of
electropolishing through high-gradient tests [17]. In the
final brazing, the barrel and two end plates were bonded to
form a pillbox cavity.
For the purpose of frequency tuning, one of the end

plates has a bump (tuning bump) with an initial height of
2.5 mm in the surface region where a high magnetic field
is applied during high-gradient operation (see Fig. 8).
Reducing the bump height by 1.0 mm decreases the
accelerating-mode frequency by 286 kHz. The end plates
with and without such tuning bump are called the tuning
end plate (TEP) and fixed end plate (FEP) in this paper,
respectively. The FEP and TEP are located upstream and
downstream of the barrel, respectively, with respect to the
positron beam direction in the DR tunnel.
Further details of the DR cavity are given in Appendix B.
Thus far, we have fabricated two production versions of

the DR cavity, the first (DR cavity No. 1) in fiscal year 2012
and the second (DR cavity No. 2) in fiscal year 2013, based
on the development results of a prototype cavity (DR cavity
No. 0) fabricated in fiscal year 2011 and tested early in
fiscal year 2012. DR cavities No. 1 and No. 2 are based
on the same electrical design, have the same mechanical
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LAN cable (CAT.6) Power Meter

Power Sensors

FIG. 3. (a) Diagram of DR cavity No. 2. (b) Photograph of the test stand used for the high-gradient test of DR cavity No. 2 in a
radiation-controlled area. The bold arrows indicate the flow of high rf power generated by a 1.2-MW continuous-wave klystron. The
klystron is not included in this photograph. The turbo-molecular pump is behind the sputter-ion pump.

FIG. 2. Photographs of the end plate (a) before and (b) after
electropolishing with approximately 40 μm of etching. The outer
diameter is approximately 500 mm. The inner diameter of the
beam port is 150 mm.
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structure, andweremade using the same fabricationmethod.
Figure 1(b) is a photograph of DR cavity No. 2 immediately
after its delivery. This paper presents results of a breakdown
study of this cavity through high-gradient testing.

B. Test stand

The setup of the high-gradient test for DR cavity No. 2
is shown in Fig. 3. We used a 1.2-MW continuous-wave
klystron as a high-power source together with a four-port
circulator to protect this klystron. High rf power was
fed into the cavity through a coaxial-type high-power
input coupler. The input coupler has fine grooves on the
outer conductor of the coaxial line to suppress multi-
pactoring [18]. The coupling factor of the input coupler
was set to 1.3 at low rf power by adjusting its coupling
loop angle.
A vacuum evacuation system was directly attached to

the main body of the cavity; this system consists of two
vacuum pumps located near the cavity: a turbo-molecular
pump (300 L=s) and a sputter-ion pump (400 L=s).
The flow rate and temperature of the cooling water for the

main body of the cavity were approximately 130 L=min and
30 °C, respectively.
To implement the direct observation method, we fab-

ricated two vacuum chambers containing mirrors (mirror
chambers) and used them in this high-gradient test, as
shown in Fig. 4. Near the beam axis, the radiation level is
high during high-gradient operation; therefore, a mirror is
located inside the mirror chamber to allow the observation
of the inside of the cavity through the beam port. We
attached a television (TV) camera with a charge-coupled
device sensor to the view port of the mirror chamber far
from the beam axis, as shown in Fig. 4(c). For DR cavity
No. 1, we attached only one mirror chamber, which
contained a circular mirror, to the upstream beam port
[17], whereas for DR cavity No. 2, we attached two mirror
chambers, each of which contained an elliptical mirror, to
the upstream and downstream beam ports to obtain a wider

view. In total, we used three TV cameras for the multidi-
rectional and wide-field observation of the inside of the
cavity, as shown in Fig. 5. TV camera 1 was attached to the
viewport of the vacuum evacuation system on the side

(b)

(a)

FIG. 6. Waveforms of the oscilloscope displayed for a time
span of 20 μs (¼2 μs=div) when the interlock system was
activated. The red dashed curves show the envelope of the
508.9-MHz pickup signal from DR cavity No. 2, and the red
solid lines show the zero level. (a) Waveforms when the rf switch
was turned off for a reason related to the klystron. (b) Example of
cavity breakdown events.

(a) (b)

FIG. 5. (a) Schematic of the experimental devices. Red cylinders
and yellow regions represent the three TV cameras and their fields
of view, respectively. During the high-gradient test, the inside of
the cavity (blue) was a vacuum, and the mirrors (green) were
contained in the mirror chambers, as shown in Fig. 4. (b) Cross
section along the horizontal plane including the center of the cavity.

TV Camera 2

(c)

(a)

(b)

ICF203 Blank Flange 
used to mount the mirror

View Port

Mirror ChamberMirror (Al)

FIG. 4. Mirror chamber used for the high-gradient test of DR
cavity No. 2. (a) Aluminum elliptical mirror mounted on an
ICF203 blank flange. The surface was finished by lapping,
yielding Ra ≈ 1 nm. (b) Stainless steel vacuum chamber con-
taining the mirror. The inner surface of this chamber was
electropolished. (c) Mirror chamber attached to DR cavity No. 2.
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opposite the input coupler. TV camera 2 was attached to the
upstream beam port and aimed toward the downstream end
plate (the TEP). TV camera 3 was attached to the down-
stream beam port and aimed toward the upstream end plate
(the FEP). Note that we use the words “upstream” and
“downstream” for convenience; no beam was injected into
the cavity during this high-gradient test.
Videos obtained using the TV cameras were automati-

cally recorded on high-capacity storage devices using skip
back recorders during the time period from 5 s before the
rf switch of the low-level control system was changed
from ON to OFF, which is the recording trigger signal,
until 1 s after this change. Additionally, we recorded the
nonbreakdown status manually as needed. The videos
were obtained and recorded with a frame rate of approx-
imately 30 frames per second (fps) (more accurately,
29.97 fps) and an image resolution of 704 × 480 pixels,
and videos with different trigger timings were stored in
different electronic files, each of which had a file size of
approximately 13 MB in MOV format. This exhaustive

observation enables the statistical quantitative data analy-
sis performed in this study.

C. Detection of cavity breakdown

In this study, cavity breakdown was detected when the
interlock system was activated by an rf power reflected
from the cavity exceeding a specified threshold, and in
addition, the signal through the pickup antenna from the
cavity (pickup signal) decayed much more rapidly than the
decay time constant (approximately 8 μs) determined by
the loaded quality factor (approximately 13000) and
frequency. Here, such threshold was in the range of 16
to 28 kW depending on the actual reflected rf power
(≲3 kW for Vc ≤ 0.95 MV). Figure 6(a) shows an exam-
ple of events that occurred when the interlock system was
activated for a reason unrelated to the cavity, where such
decay time constant was observed in the pickup signal.
Conversely, Fig. 6(b) shows an example of the cavity
breakdown events in which the pickup signal dropped
in less than 1 μs.
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FIG. 7. Conditioning histories until Vc reached (a) 0.90 MV for DR cavity No. 1 and (b) 0.95 MV for DR cavity No. 2 with data
points recorded every 10 s. Data with no input rf power, data while the input rf power was kept constant, and data used to tune the
control system or klystron are excluded here. The light blue lines indicate the reference vacuum pressure specified in the automatic
conditioning by computer control. If the vacuum pressure is higher than the reference pressure, the rf power is stepped down until the
vacuum pressure becomes lower than the reference pressure, and then the power is gradually stepped up as long as the vacuum
pressure is lower than the reference pressure. The step-up slope is proportional to the difference between the reference and vacuum
pressures.
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After detecting cavity breakdown, the rf switch was
automatically turned off, and the acquired data, including
the rf waveforms and vacuum pressure, were then manually
reviewed over a period typically spanning 30–60 s. The

automatic conditioning by computer control was then
manually restarted from zero rf power if no abnormality
was found. The algorithm of the automatic conditioning is
described in the caption of Fig. 7.

(a) (b)

(c) (d)

FIG. 8. Surface field of the accelerating mode at Vc ¼ 0.90 MV (Eacc ¼ 3.5 MV=m). The region inside the white dashed ellipse on
the FEP was observable with TV camera 3, and the observable region on the TEP was almost the same. The maximum strengths of the
electric and magnetic fields are 13 MV=m on the nose cone and 34 kA=m at the aperture for the HOM waveguide, respectively.
(a) Electric field on the FEP. (b) Electric field on the TEP with a vertical cut plane. (c) Magnetic field on the FEP. (d) Magnetic field on
the TEP with a vertical cut plane.

TABLE II. Classification and number of cavity trip
events.

Period Vaca BDb Others

rf conditioning 2 180 1
Stability test (total) 0 25 0
Stability test (Vc ¼ 0.90 MV) 0 11 0

aVac means cavity vacuum events.
bBD means cavity breakdown events.

TABLE III. Number of cavity breakdown events with an
abnormality observed by at least one of the three TV cameras.
Numbers enclosed in square brackets are percentages of the total
numbers of cavity breakdown events with binomial errors for a 1σ
confidence interval.

Period
Events with an

abnormality observed

rf conditioning 143 ½79� 3%�
Stability test (total) 20 ½80þ8

−11%�
Stability test (Vc ¼ 0.90 MV) 9 ½82þ12

−19%�
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D. Calculation of cavity voltage Vc

In this study, Vc was calculated from the rf power input
to the cavity (Pinp), the rf power reflected from the cavity
(Prefl), and the quantities given in Table I, according to the
formulae described in [12,17]. Both of these rf powers
(Pinp and Prefl) were measured using a power meter and

sensors connected directly to the directional coupler near
the cavity, as shown in Fig. 3(b).

III. HIGH-GRADIENT TEST

We first gradually increased the rf power input to DR
cavity No. 2 using an automatic computer control to a

TABLE IV. Classification of the cavity breakdown events according to the phenomenon observed by the TV
cameras at the moment of cavity breakdown. Numbers enclosed in square brackets are percentages of the total
numbers of cavity breakdown events with binomial errors for a 1σ confidence interval. Examples of cavity
breakdown events classified as the “spot-type explosion of a stable bright spot”, “spot-type explosion not originating
from a stable bright spot”, “non-spot-type flash”, and “non-spot-type lightning only” columns are shown in Figs. 9,
12, 16(b), and 16(c) and (d), respectively. Detailed definitions of these event types are given in Sec. IVA.

Period

Spot-type explosion
of a stable
bright spot

Spot-type explosion
not originating from a
stable bright spot

Non-spot-type
flash

Non-spot-type
lightning only Others

rf conditioning 44 72 4 14 9
½24� 3%� ½40� 4%� ½2� 1%� ½8� 2%� ½5� 2%�

Stability test (total) 7 9 3 1 0
½28þ12

−10%� ½36þ12
−11%� ½12þ10

−6 %� ½4þ7
−3%� ½0þ7

−0%�
Stability test 5 2 1 1 0
(Vc ¼ 0.90 MV) ½45þ19

−18%� ½18þ19
−12%� ½9þ16

−8 %� ½9þ16
−8 %� ½0þ15

−0 %�
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FIG. 9. Example of spot-type explosion events with a stable bright spot. (a), (b), and (c) are snapshots, in chronological order,
of the FEP recorded with TV camera 3 during the rf conditioning. The insets are magnified views of the region outlined by a red
square. The bright spot at 3 o’clock [inside the red square in (a)] exploded at Vc ¼ 0.95 MV, as shown in (b), and then
disappeared, as shown in (c). A clear spike was observed in the intensity of the region outlined by a red square at the moment of
this cavity breakdown, as shown in (d).
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cavity voltage of Vc ¼ 0.95 MV, which is the highest
voltage permitted by the radiation regulation for this test
stand, while maintaining the vacuum pressure at a value
lower than the specified value, i.e., the reference vacuum
pressure indicated by light blue lines in Fig. 7. Then,

after reaching Vc ¼ 0.95 MV, we performed a stability
test at a constant cavity voltage of Vc ¼ 0.90 MV. The
former step is hereafter referred to as rf conditioning
(performed May 12 to June 6, 2014, during the day-
time on weekdays), and the latter is referred to as the
stability test (performed June 10 to July 4, 2014, during
the daytime on weekdays, excluding some maintenance
days).

A. rf conditioning

Figure 7(b) shows the rf conditioning history of DR
cavity No. 2, where Vc reached 0.90 MV (0.95 MV) in
95 (107) h without any problem, exceeding the cavity
voltage of 0.80 MV given in the specifications.
Figure 7(a) shows the rf conditioning history of DR

cavity No. 1, which was obtained in the same manner as
that for DR cavity No. 2. In this case, Vc reached 0.90 MV
in 83 h. Only data with Vc ≤ 0.90 MV are plotted
in Fig. 7(a) because data with Vc > 0.90 MV are included
in the stability test period for DR cavity No. 1. The

TABLE V. Number of spot-type explosion events with a stable
bright spot in which the bright spot disappeared after the
explosion. Numbers enclosed in square brackets are percentages
of the total numbers of cavity breakdown events with binomial
errors for a 1σ confidence interval.

Period BSa disappeared

rf conditioning 36
½20� 3%�

Stability test (total) 7
½28þ12

−10%�
Stability test (Vc ¼ 0.90 MV) 5

½45þ19
−18%�

aBS indicates bright spot.

FIG. 10. Snapshots of the FEP recorded with TV camera 3 at Vc ¼ 0.90 MV.

FIG. 11. Snapshots of the TEP recorded with TV camera 2 at Vc ¼ 0.90 MV.
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conditioning speed of DR cavity No. 2 is comparable to
that of DR cavity No. 1.

B. Stability test

After the rf conditioning, we performed a stability
test on DR cavity No. 2 for 16 days according to the
following daily sequential procedure. (1) The devices
were turned on, and the cavity voltage was increased to
0.94 or 0.95 MV in the morning. (2) This cavity voltage
was maintained for 30 min. (3) The cavity voltage was
decreased to Vc ¼ 0.90 MV. (4) The cavity voltage was
maintained at Vc ¼ 0.90 MV until 17:00 that evening.
Finally, we maintained a cavity voltage of Vc ¼ 0.90 MV
for a total of 80 h. Throughout this time, 11 cavity
breakdowns occurred. This number of cavity breakdowns
is equivalent to a cavity breakdown rate of 3.3þ1.3

−1.0
breakdowns per day for DR cavity No. 2, where the
statistical error for a 1σ (68%) confidence interval is given
according to Poisson statistics. This cavity breakdown rate
at Vc ¼ 0.90 MV is statistically equivalent to that of DR
cavity No. 1: 5.0þ4.8

−2.7 breakdowns per day, which was
obtained in the same manner [17].

C. Bright spots during high-gradient operation

As shown in Figs. 10 and 11, clear bright spots were
observed on the end plates during high-gradient operation
[19]. These bright spots maintained their intensity for hours
or longer, and had no significant effects on the high-
gradient operation as long as they remained stable. As
shown in Figs. 12(c) and 14(f), any bright spot did not
continue without rf power for more than a few tens of
milliseconds. Currently, the origin of the bright spots is
unknown; however, it is presumed that they could be
caused by microscopic protrusions on the copper surface
or small particles from outside of the cavity adhering to the
copper surface. To reveal their origin, more information is
required, including the spectra of the bright spots. It is also
noteworthy that neither the density nor the intensity of the
bright spots was found to have any clear correlation with
the surface field strength (Fig. 8).

IV. DATA ANALYSIS

DR cavities No. 1 and No. 2 do not significantly differ in
the following respects: (i) Unloaded quality factor [20],
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FIG. 12. Example of spot-type explosion events without a stable bright spot. (a), (b), and (c) are snapshots, in chronological order, of
the FEP recorded with TV camera 3 during the rf conditioning. The insets are magnified views of the region outlined by a red square.
A spot-type explosion occurred at 11 o’clock [inside the red square in (b)] at Vc ¼ 0.65 MV; however, no bright spot was present in this
region until one frame before this cavity breakdown, as indicated by the red square in (a). A clear spike was observed in the intensity of
the region outlined by a red square at the moment of this cavity breakdown, as shown in (d).
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(ii) rf conditioning speed (Fig. 7), (iii) Vacuum perfor-
mance (Fig. 7 and Appendix B), (iv) High-gradient
performance (Fig. 7) and cavity breakdown rate
(Sec. III B), and (v) Radiation dose rate or dark current
[Fig. 19(a)]. Thus, DR cavity No. 2 has no particular
problems or unusual characteristics. This means that
performing a breakdown study on only DR cavity No. 2
does not result in a loss of generality.

A. Classification and statistics of cavity
breakdown events

In this paper, a cavity trip is defined as an event
during high-gradient operation when the interlock system
is activated for a reason related to the cavity. Cavity trip
events are classified into three types: (1) Cavity vacuum
events, which are defined as events accompanied by a
vacuum-pressure rise beyond a given threshold (4.1 × 10−5

to 1.0 × 10−4 Pa), (2) Cavity breakdown events (defined in
Sec. II C), and (3) Others. It should be noted that cavity
breakdown events accompanied by an increase in the
vacuum pressure beyond the threshold are not defined as
cavity vacuum events but as cavity breakdown events.
Table II shows the classification and number of cavity trip

events; almost all of these events were cavity breakdown
events.
Table III gives the number of cavity breakdown

events with an abnormality observed by at least one of
the three TV cameras at the moment when the interlock
system was activated, and the percentages in all the cavity
breakdown events. These numbers and percentages were
obtained by carefully reviewing every frame of every video.
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FIG. 13. Example of spot-type explosion events without a stable bright spot, accompanied by the sudden appearance of a new bright
spot. (a), (b), and (c) are snapshots, in chronological order, of the FEP recorded with TV camera 3 during the rf conditioning. The insets
are magnified views of the region outlined by a red square. There was an explosion at 1 o’clock [inside the red squares in (b) and (c)] at
Vc ¼ 0.56 MV; however, no bright spot was present in this region until 2 frames (2=30 s) before this cavity breakdown, as indicated by
the red square in (a). A clear spike was observed in the intensity of the region outlined by a red square at the moment of this cavity
breakdown for two frames, as shown in (d).

TABLE VI. Number of cavity breakdown events accompanied
by the sudden appearance of a new bright spot immediately
before the cavity breakdown. Numbers enclosed in square
brackets are percentages of the total numbers of cavity break-
down events with binomial errors for a 1σ confidence interval.

Period Sudden BSa appearance

rf conditioning 6
½3� 1%�

Stability test (total) 0
½0þ7

−0%�
Stability test (Vc ¼ 0.90 MV) 0

½0þ15
−0 %�

aBS indicates bright spot.
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Approximately 80% of all cavity breakdown events were
accompanied by an abnormality during both the rf con-
ditioning and the stability test; this large percentage means
that most of the cavity breakdown events emit a signal that
is observable by at least one of the TV cameras.
Table IV gives the classification of the cavity break-

down events, where an event classified as the “spot-type
explosion of a stable bright spot” column (hereafter, a

spot-type explosion event with a stable bright spot) is
defined as a cavity breakdown event accompanied by a
rapid increase in the intensity of a stable bright spot at
the moment of the cavity breakdown. Figure 9 shows an
example of such type of events, in which one of the
stable bright spots on the FEP exploded and then
disappeared.
Table V gives the number of cavity breakdown events

accompanied by a bright spot explosion followed by the
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FIG. 14. Example of spot-type explosion events without a stable bright spot, accompanied by the sudden appearance of a new bright
spot. (a)–(f) are snapshots, in chronological order, of the TEP recorded with TV camera 2 during the rf conditioning. The insets are
magnified views of the region outlined by a red square. There was an explosion at 3 o’clock [indicated by the red square in (b)–(e)] at
Vc ¼ 0.80 MV; however, no clear bright spot was present in this region until 4 frames (4=30 s) before this cavity breakdown, as
indicated by the red square in (a). A new small bright spot appeared in this region 3 frames (0.1 s) before this cavity breakdown, as
indicated by the red square in (b). A clear spike was observed in the intensity of the region outlined by a red square at the moment of this
cavity breakdown for four frames, as shown in (g).
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disappearance of the bright spot, demonstrating that almost
all the bright spots disappeared after an explosion occurred.
This decrease in the number of explosion seeds (stable
bright spots) is a significant component of rf condi-
tioning, occurring in 20% or more of all cavity breakdown
events. Figures 10 and 11 show snapshots of the FEP
and TEP, respectively, taken in chronological order at
Vc ¼ 0.90 MV. The number of stable bright spots
decreased over time, although some bright spots became
brighter and some new bright spots appeared.

In Table IV, an event classified as the “spot-type
explosion not originating from a stable bright spot”
column (hereafter, a spot-type explosion event without
a stable bright spot) is defined as a cavity breakdown
event accompanied by a spot-type explosion at the
position where no stable bright spot was observed until
2 s before the cavity breakdown. Spot-type explosion
events with and without a stable bright spot are hereafter
collectively called spot-type explosion events. Figure 12
shows an example of spot-type explosion events without
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FIG. 15. Example of spot-type explosion events without a stable bright spot, accompanied by the sudden appearance of a new bright
spot. (a)–(f) are snapshots, in chronological order, of the FEP recorded with TV camera 3 during the rf conditioning. The insets are
magnified views of the region outlined by a red square. In this case, a new bright spot appeared at 11 o’clock 45 frames (1.5 s) before this
cavity breakdown at Vc ¼ 0.54 MV. A clear enhancement was observed in the intensity of the region outlined by a red square over the
46 frames, starting at the moment when the new bright spot appeared, as shown in (g).
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a stable bright spot. It should be noted that, in a number
of such events (on the order of several percentage points),
a new bright spot suddenly appeared at the position of
the explosion within 2 s before the cavity breakdown
(Table VI). Figure 13 shows an example of such events,
in which a new bright spot appeared one frame (1=30 s)
before the cavity breakdown. Figure 14 shows another
example of such events, in which a tiny new bright spot
appeared three frames (0.1 s) before the cavity break-
down, then increased in intensity until the cavity break-
down occurred. Figure 15 shows a third example of such
events, in which a new bright spot appeared 45 frames
(1.5 s) before the cavity breakdown, then gradually
increased in intensity until the cavity breakdown
occurred. In these events, relevant microscopic dynamics
(the generation, growth, and explosion of a bright spot,
followed by cavity breakdown) occurred on a time scale

of 1 s or less. It could be hypothesized that there is a
mechanism underlying these dynamics that is common
among all spot-type explosion events, regardless of
whether a stable bright spot is present. This mechanism,
if it exists, may be a hint to the cavity-breakdown trigger
mechanism because spot-type explosion events are 60%
or more of all cavity breakdown events.
Figure 16 shows examples of non-spot-type events,

which are statistically insignificant. It is difficult to find
any spots of abnormalities in such events because abnor-
malities are not localized.

B. Nonuniformity of explosion spots

Figure 17 shows the locations of the explosion spots on
the end plates for the spot-type explosion events (132
points in total, sum of the numbers in the “spot-type
explosion of a stable bright spot” and “spot-type explosion

FIG. 16. Examples of non-spot-type breakdown events. (a) and (b) Cavity breakdown event at Vc ¼ 0.76 MV accompanied by a flash.
This event is included in the “Non-spot-type flash” column in Table IV. (c) and (d) Snapshots 2=30 s before a cavity breakdown at
Vc ¼ 0.90 MV accompanied only by lightning. No other phenomena were observed. This event is included in the “Non-spot-type
lightning only” column in Table IV.
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not originating from a stable bright spot” columns in
Table IV). Here, the information obtained by TV camera 1
was often used to distinguish on which end plate (the FEP or
TEP) the explosion occurred by detecting the brighter
side when a cavity breakdown occurred. The fraction of
the bright spot explosions that occurred on the FEP was
76=132 ¼ 0.576þ0.046

−0.047 , where the binomial error is given
with a 1σ confidence interval. The statistical significance of
the deviation from perfect uniformity (fraction of 0.5) is
1.65σ (within the 90% confidence interval); therefore, the
difference between the numbers of events occurring on the
FEP and TEP (76 − 56 ¼ 20) is not statistically significant.
However, nonuniformity can be seen in the azimuthal
direction for both the FEP and TEP. Figure 18 quantitatively
shows the nonuniformity; the maximum significance for the
FEP is 2.66σ at Q1 (outside the 99.2% confidence interval),
which is not clearly significant. In contrast, the maximum
significance for the TEP is 4.17σ at Q1 (outside the
99.996% confidence interval), which is clearly significant.
We demonstrated that this significant nonuniformity is
correlated with the leakage of the brazing filler metal into
the cavity frombetween the TEPand the barrel (AppendixB).
No other causes of this nonuniformity were found in the
production process of DR cavity No. 2. Therefore, we

observed the effect of such leakage, which is not clearly
seen in any other quantities, including the unloaded quality
factor, rf conditioning speed, partial or total vacuum pressure,
cavity breakdown rate, and radiation dose rate (or dark
current).

C. Field emission

Field emission from the inner surfaces of the end plates
leads to the generation of x-rays when field-emitted
electrons accelerate and impact inner surfaces. Therefore,
the field emission can be estimated by measuring the
radiation dose rate near the cavity. Figure 19(a) shows
the radiation dose rates measured near DR cavities No. 0,
No. 1, and No. 2. The radiation dose rates of DR cavities
No. 1 and No. 2 for cavity voltages Vc ranging from 0.825
to 0.850 MV are approximately one fifth that of DR
cavity No. 0; this reduction in radiation dose rate is one
of the results of electropolishing the end plates. The
radiation dose rate of DR cavity No. 2 at cavity voltages
Vc ranging from 0.7 to 0.9 MV is comparable to that of
DR cavity No. 1. Figure 19(b) shows the radiation dose
rate at Vc ¼ 0.90 MV for each day of the high-gradient
test. The field emission level decreased during the rf

FIG. 17. Distribution of explosion spots for spot-type explosion events, shown as circles. The plot colors of blue, green, yellow,
and red indicate cavity voltage ranges of Vc ≤ 0.40 MV, 0.40 MV < Vc ≤ 0.60 MV, 0.60 MV < Vc ≤ 0.80 MV, and
0.80 MV < Vc ≤ 0.95 MV, respectively, at the moment of cavity breakdown. The small holes, two each for the FEP and TEP,
are monitor ports for pickup antennas. The horizontal and vertical dashed lines define the quadrants used in Fig. 18. This partitioning
yields the smallest possible sections having the same geometry. Quadrant Q1 of the TEP, shown in red, is where the brazing filler metal
leaked (Appendix B), and the effect of the leakage was at a visual maximum.
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conditioning then remained almost constant during the
stability test. This is consistent with the data shown in
Fig. 19(a), which demonstrates that the field emission level
reached a minimum at the end of the rf conditioning. This
means that the stable bright spots, which exploded when
the cavity breakdown occurred, were not dominant con-
tinuous field emitters during the stability test before the
explosion.

V. CONCLUSIONS

Through the breakdown study of the normal-
conducting 508.9-MHz continuous-wave single-cell cav-
ity based on the direct observation method and statistical
data analysis, we experimentally demonstrated the fol-
lowing conclusions. Clear bright spots were present on
the end plates during high-gradient operation, most of
which maintained their intensity with no significant effects
on the high-gradient operation as long as they remained
stable. Even after rf conditioning, such stable bright spots
were observed during the stability test while a cavity voltage
of Vc ¼ 0.90 MV was maintained. In 60% or more of the
cavity breakdown events, a spot-type explosion occurred
at the moment of cavity breakdown. That is, spot-type
explosion events are the most frequently occurring type of
cavity breakdown events. In 20% or more of the cavity

breakdown events, a stable bright spot exploded and then
disappeared. It has been verified that such bright spots were
not dominant continuous field emitters before the explosion
during the stability test. In approximately 3% of the cavity
breakdown events, the sudden appearance of a new bright
spot was observed within 2 s before the cavity breakdown,
followed by the explosion of this bright spot when the cavity
breakdown occurred. There was significant and unexpected
nonuniformity in the distribution of the explosion spots on
the TEP.
We also experimentally demonstrated that a decrease in

the number of stable bright spots after an explosion is a
significant component of rf conditioning. The observation
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FIG. 18. (a) Fraction of spot-type explosion events with an
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TEP (magenta circles), where the binomial errors are shown with
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shown by the dashed line. (b) Statistical significance of the
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of the sudden appearance of new bright spots shortly before
cavity breakdowns (on the order of 1 s or less before cavity
breakdowns) has stimulated our interest in the microscopic
dynamics of the generation, growth, and explosion of bright
spots and their correlation with rf conditioning effects
and cavity breakdown rates because a possible mechanism
underlying these dynamics may provide insight into the
cavity-breakdown trigger mechanism. The direct observa-
tion method employed in this study may be a useful tool to
quantitatively evaluate rf cavities, as demonstrated by the
nonuniformity of the explosion spots.
This direct observation method can be extensively

applied to more advanced breakdown studies using higher-
specification cameras or detectors with higher speeds,
higher resolution, and/or broader spectra. Such studies
may illuminate the cavity-breakdown trigger mechanism.

APPENDIX A: LIST OF ABBREVIATIONS

The abbreviations used in this paper are listed in
Table VII.

APPENDIX B: DETAILS OF THE DR CAVITY

Because the rf operating frequency of 508.9 MHz is the
same as that used for the normal-conducting rf cavity
system ARES [21] (hereafter, simply referred to as ARES)
used for the main rings of SuperKEKB, the basic structure
of the DR cavity is the same as that of the accelerating
cavity in ARES, where ARES is a three-cavity system
stabilized with π=2-mode operation, and consists of
accelerating and energy-storage cavities with a coupling
cavity between them. In particular, the DR cavity has a
complete heavily HOM-damped structure with four
HOM waveguides and two grooved beam pipes [22].
This HOM-damped structure is based on ARES, where
the 32 sets of cavities of ARES had been successfully
operated at the KEKB accelerator [23,24] with extremely
low cavity breakdown rates (less than one breakdown
per cavity during 3 months of continuous operation at

Vc ≈ 0.5 MV). We have adopted such HOM-damped
structure because highly stable operation is required for
the DR. Regarding the cavity voltage, we have chosen
Vc ¼ 0.80 MV (Eacc ¼ 3.1 MV=m) as the specification
voltage (gradient) of the cavity; this cavity voltage is
significantly higher than that of ARES (Vc ¼ 0.50 MV).
Therefore, stable operation had to be demonstrated at such
a high gradient.
The DR cavity has 12 ports in addition to the beam ports:

two ICF203 ports in the horizontal direction (one is used
as an input coupler, and the other is used for vacuum
evacuation), one ICF203 port for a movable tuner (tuner
port), one ICF70 port to view the tuner plunger, four ICF34
ports on the end plates for pickup antennas (monitor ports),
and four HOM rectangular waveguides. With the exception
of the tuner and monitor ports, the geometry of the vacuum
region is symmetric with respect to both the horizontal and
vertical planes including the beam axis. Additionally, with
the exception of the monitor ports, HOM waveguides,
and tuning bump on the TEP, it is also symmetric with
respect to the vertical plane including the cavity center
perpendicular to the beam axis (i.e., symmetric between the
upstream and downstream halves).
In the final brazing of DR cavity No. 2, some of

the brazing filler metal (BAg-8V) leaked from between
the barrel and the TEP into the cavity, and sputtered on the
TEP. Furthermore, some of the brazing filler metal that
leaked into the cavity sputtered on the FEP. This did not
occur during the fabrication of DR cavity No. 1. Therefore,
before it was delivered, DR cavity No. 2 was vacuum baked
for 15 h while maintaining a ribbon heater temperature of
100 °C with the ribbon heaters wrapped around the joints
between the barrel and end plates. This temperature of
100 °C is higher than the maximum outer surface temper-
ature of the copper body of the cavity during high-gradient
operation (60 °C). Before, after, and during the baking, it
was confirmed using a Q mass spectrometer that no gas
components were present other than those observed for DR
cavity No. 1, and that no spikes or abnormal increases in the
vacuum pressure occurred while the vacuum pressure in the
cavity was kept below 3.5 × 10−5 Pa. Finally, DR cavity
No. 2 passed a typical vacuum leak test with a background
level lower than 1.3 × 10−10 Pam3=s.
Other details of the DR cavity are given in [12].
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