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Radio frequency breakdown is one of the fundamental phenomena that limits the operational
performance of most of high power and high gradient vacuum rf devices. We report on experimental
results of rf breakdown in an S-band photocathode gun triggered by an intensity controlled laser. Through
measurement and analysis of the time dependence of the collected current at the gun exit and the stored rf
energy in the cavity, one can gain insight into the time evolution of the rf breakdown process. Multiple
breakdowns were observed within one rf pulse due to power flow between cells after the initial emission.
Similarities of the laser-triggered breakdowns to those occurring in the course of cavity conditioning and
normal operation are found by comparing the postbreakdown signals in both cases. It is shown that an

intense laser can offer a more controllable and flexible method for rf breakdown studies.
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I. INTRODUCTION

The ultimate performance of high power and high
gradient metallic vacuum rf devices is limited primarily
by rf breakdowns, which occur on the surface of vacuum
metallic structures. Radio frequency breakdown is a very
complicated physical phenomenon that may involve
localized field emission, eddy current, plasma formation,
rf power flow, pulse heating, metal fatigue, crystallographic
defects, and so on [1-5]. Despite previous extensive
experimental and theoretical efforts, the nature of rf
breakdown appears to be largely unpredictable leading to
difficulties in conducting a systematic and conclusive
investigation. One approach to the study of rf breakdown
is to accumulate breakdown events for tens of millions of
input rf pulses so that the statistical behavior of different
structures can be compared [6—11]. Direct-current break-
down experiments provide a flexible and affordable
approach for breakdown study [12,13]; however, the
relation of the physics of dc breakdown to rf breakdown
is not clear. In this article, we present a controllable way to
study the evolution of individual rf breakdown events over
a time scale of nanoseconds using an intense laser to trigger
breakdowns in an rf structure. By this method, the spatial
and temporal occurrence of a breakdown can be precisely
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controlled by the trigger laser so that we are able to
efficiently record and examine signals of explosive electron
emission (EEE) and electric field variation as the conse-
quence of rf breakdown. This study is closely linked to rf
breakdown in high gradient particle accelerating structures,
and may also provide useful information for breakdown in
other metallic high power rf devices.

A high accelerating gradient is one of the main consid-
erations in the design of a compact linear collider [14].
Through the use of modern technologies like optimizing
the structure geometry using electromagnetic computer
aided design tools, highly accurate surface machining
and finishing, improved surface preparation, etc., the
gradient of normal conducting accelerators has been
improved dramatically in the past few decades. Recently,
a 120 MV/m gradient was reached in a The Compact
Linear Collider X-band test structure with a 252 ns pulse
length and breakdown rate (BDR) around 10~®/pulse/m
[6]. An X-band single cell structure achieved 160 MV /m
gradient with a 150 ns pulse length and BDR of
1073 /pulse/m [7]. However, at this point rf breakdown
limits the structures from achieving higher gradient oper-
ation with a reasonable pulse length (> 200 ns for X-band).

The process of laser-triggered 1f breakdown is always
accompanied with EEE [15-17]. The EEE mechanism is
the rapid eruption of a large electron current on a metallic
surface where a plasma sheath is formed. Commonly this
localized plasma is initiated by ionization of metal vapor
due to the local heating from field emission [18]. The
current density in EEE is capable of reaching 1 kA /cm? so
that it is widely used as a cathode of gigawatt class rf
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generators [19,20]. Through experimental comparison of rf
breakdown with and without the laser trigger, we confirmed
that EEE was the consequence of vacuum rf breakdown on
the metal surface. The observed duration of the electron
eruption in the experiment is around 100 ns (which may
depend on the rf frequency) with the same current density
level, but the concurrent plasma needs a much longer time
to decay for the process of the plasma expansion and
recombination to occur so that the entire rf pulse may
continue to be blocked for a period as long as microseconds
(as observed in our experiment and other experiments [21]).

This paper is organized as follows: Section II presents
the experimental setup. The experimental results and the
associated simulation analysis are provided in Sec. IIL
Some experimental observation as well as advantages of the
laser trigger method for rf breakdown studies are discussed
in Sec. IV. Finally, a summary of results along with future
directions of this research are given in Sec. V.

II. EXPERIMENT SETUP

The laser-triggered rf breakdown experiment was con-
ducted at one of the S-band photocathode gun beam lines at
the Accelerator Laboratory of Tsinghua University [22].

The 1.6-cell gun operates at 2856 MHz 7z mode with an rf
pulse length of 6 us, rise time of 2 us, and fall time of 2 ys.
The cathode surface of the gun is a solid, demountable
copper plate. With 4.8 MW input power, the available rf
field on the central area of the cathode surface can be as
large as 58 MV/m. In normal operation a UV laser
(wavelength 266 nm, pulse width 1.2 ps full width at half
maximum, 1 mm? spot size on the cathode, and 2 mJ
maximum energy) is directed onto the central diamond
polished area of the cathode to generate photoelectron
emission. During the laser trigger breakdown experiment,
the laser was directed at the cathode ~0.5 us before the end
of the flat top when the cavity had been fully filled. The
mirror inside the vacuum chamber was remotely controlled
so that the breakdown location triggered by the laser could
be changed. (Up to an offset of 1.5 mm in the experiment,
the on-axis field varied less than 0.2%.)
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FIG. 1. Setup of the laser-triggered rf breakdown experiments
at Tsinghua University.

A schematic layout of the experiment is shown in
Fig. 1. Diagnostics involved in the experiment were a
bidirectional coupler to monitor the input and reflected rf
signals, a loop antenna (pickup) in the full cell to monitor
the rf signal inside the cavity, a Faraday cup outside the gun
to measure the beam current during breakdown events,
and a CCD camera to monitor and index the breakdown
locations through the viewport at the half cell. All signals
were recorded using a 50 Gs/s sampling rate, 12 GHz
bandwidth digital scope synchronized to the incoming
laser signal or to the input rf signal when the laser pulse
was absent.

III. EXPERIMENT RESULTS

A. Normal operation without breakdown

In normal operation of the photocathode gun, a laser
pulse with energy less than 5 uJ is used to generate a
~100 pC photoelectron bunch when the gun is fully filled.
Figure 2 shows the typical recorded signals including the
rectified waveforms of input and reflected rf pulses in
Fig. 2(a), the rectified rf pickup signal in Fig. 2(b), and the
Faraday cup signal excited by the emitted photoelectrons in
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FIG. 2. Typical waveforms without breakdown. (a) Envelopes
of the normalized input (blue line) and reflected (red line) rf
pulse. (b) Envelope of the normalized pickup signal. (c) The
Faraday cup signal in amperes as excited by photoelectrons.
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Fig. 2(c). The origin of the time axis (¢ = 0) has been set to
the moment when the incident laser hits the cathode.

The duration of the photoelectron current is several
picoseconds and the Faraday cup signal appears to be a
damped oscillation lasting tens of nanoseconds because of
ringing in the data acquisition system. It contains the
system transfer function of the Faraday cup which can
be extracted later to rebuild the time structure of break-
down currents. Details will be discussed in the following
subsections.

B. Radio frequency breakdown without a laser trigger

Like other high power rf devices, the rf breakdown may
occasionally occur when the photocathode gun is pushed to
its maximum operational gradient, even without the laser.
During the experiment, at the gradient of 58 MV /m, tens of
rf breakdown events were recorded over hundreds of
thousands of rf pulses. When a breakdown happened,
spikes and sequential oscillation could be observed in
the envelope of the pickup signal. Similar spikes were also
found in the refection signal. A significant current was
captured by the Faraday cup. All the recorded breakdowns
without laser triggers can be classified into two types
according to the breakdown current profile captured by the
Faraday cup. For the single-breakdown type, there was only
one current pulse; while for the multiple breakdown type,
two or more pulses could be detected within an interval
of ~200 ns. Typical recorded waveforms are shown in
Figs. 3(a) and 3(b).

These spikes are caused by the excitation of higher order
modes (HOM) of the gun. The breakdown current serves as
another source other than the original input rf power from
klystron. The current lasts for tens of nanoseconds and
contains a bunch train of captured electrons separated by
one t1f cycle of the fundamental mode. Each bunchlet of
electrons comes into phase with the rf wave after the initial
acceleration in the half cell and the duration is tens of
picoseconds (from simulation using the PARMELA code
[23]). Thus HOMs of the cavity can be excited by the short
bunchlets. In particular, HOMs whose frequency is close to
a harmonic of the fundamental mode can be coherently
reinforced by the bunch train.

In order to study the evolution of the fundamental mode
and HOMs during rf breakdown events, a short time fast
Fourier transformation (FFT) is applied along the recorded
pickup signal with a 10 ns window moving at 0.5 ns per
step. Results in Figs. 3(c) and 3(d) clearly show the
excitation of a 8.6 GHz HOM (close to the third harmonic
of 2.856 GHz) associated with the collapse of the funda-
mental mode. Simulation by CST Microwave Studio [24]
confirms this HOM to be the TM,;, mode of the gun.
Multiple azimuthal variations of the EM pattern of the
HOM are caused by the large divergence of emitted
electrons. The onset of a breakdown can then be defined
at the moment of excitation of the 8.6 GHz HOM. Among
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FIG. 3. Radio frequency breakdown without laser trigger of

single-breakdown event (left) and multiple-breakdown event
(right). (a),(b) The Faraday cup signal in Amperes. (c),(d) Nor-
malized FFT amplitude of the pickup signal in different frequency
bands as a function of time, including the fundamental mode
without breakdown (black line), the fundamental mode with
breakdown (blue line), and the 8.6 GHz HOM with breakdown
(red line). (e),(f) Same signals in (c),(d) with a zoom-in view
around O ns. (g),(h) Normalized FFT amplitude of the reflection
signal, including the fundamental mode without breakdown
(blue line) and with breakdown (red line).

the recorded data, the onset of a breakdown is located
randomly within the entire rf pulse (including the rise and
fall times). We also observed a 40-140 ns time delay
between the start of the collapse of the fundamental mode
and the excitation of the HOM [shown in Figs. 3(e) and
3(f)]. The FFT method is also applied to the reflection
signal. Results in Figs. 3(g) and 3(h) show the increased
reflected power during breakdown events.

The time delay is because the breakdown location is in
the half cell and away from the axis. Under this condition,
only the field in the half cell collapses immediately after the
onset of breakdown and it takes a certain period of time for
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the full cell to respond to the energy imbalance between
two cells. As the breakdown spot does not recover from the
first emission (caused surface plasma, surface damage, etc.)
in such a short time, another breakdown can be triggered in
the half cell when the power from the full cell flows in. For
multiple-breakdown events, the excitation of the HOM
caused by the second breakdown is always near the end
of the fundamental mode collapse, as shown in Fig. 3(f).
This observation also confirms the second breakdown is
triggered by the rf power flow.

C. Radio frequency breakdown with a laser trigger
1. Experiment observation

During the laser trigger breakdown experiment, the
gradient on the cathode was limited to 48 MV /m. Under
this condition, when the laser intensity was very low
(< 5 ul), the normal photoemission process occurred with-
out breakdown. When the laser energy was increased, the
breakdown rate also increased. At laser energies greater
than 100 wJ, breakdowns occurred at every rf pulse. In
order to determine the damage caused by the laser on the
cathode, a parallel test was carried out in which the same
laser was transported to another copper sample. This
sample was subsequently inspected using white light
interferometry [25]. For 100 uJ laser energy, the average
intensity is 10 mJ/cm? which is an order of magnitude
below the ablation threshold [26,27]. However, two abla-
tion points were found within the laser induced melting
area because of the nonuniform energy distribution.

The same FFT method was also applied to the pickup
signal of laser-triggered breakdown events and the result
also shows the excitation of the 8.6 GHz HOM. The
collapse time of the fundamental mode was ~80 ns, in
agreement with the duration of the Faraday cup signal. The
onset of the fundamental mode collapse, the appearance of
the HOM, and the starting time of the captured breakdown
current agree well with each other.

Similarly to those breakdowns occurring without a laser
trigger, a laser-triggered breakdown can also be classified
into two types according to the breakdown current pulses.
However, multiple-breakdown events were quite rare and
less than 10 of them were recorded of a total of 1000 rf
breakdown events. This is because the breakdown position
is at the central area of the cathode and the emitted electrons
can pass through two cells and lower the field in them
simultaneously. Then less power will flow into the half cell
from the full cell; therefore, the possibility of triggering
another breakdown is much lower than that without the
laser trigger. Figure 4 shows typical waveforms of the
two types.

Formation of the laser induced prebreakdown conditions
including melting and ablation of copper occurring on the
scale of tens of picoseconds [27,28] and the moment of
breakdown occurrence varies with the rf phase at which the
laser is injected. However, the physical evolution of EEE is
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FIG. 4. Radio frequency breakdown with a laser trigger of a
single-breakdown event (left) and multiple-breakdown event
(right). (a),(b) The Faraday cup signal in amperes. (c),(d) Nor-
malized FFT amplitude of the pickup signal in different frequency
bands as a function of time, including the fundamental mode
without breakdown (black line), the fundamental mode with
breakdown (blue line), and the 8.6 GHz HOM with breakdown
(red line). (e),(f) Normalized FFT amplitude of the reflection
signal, including the fundamental mode without breakdown
(blue line) and with breakdown (red line).

around a hundred nanoseconds [18] so that the average
gradient inside the cavity plays a more important role in the
breakdown strength (represented by the charge collected at
the exit of the cavity). Figure 5 shows its dependence upon
the accelerating gradient.

At a gradient of 48 MV /m, the stored energy in the full
cell is 0.9 J and the average energy gain of a captured
electron in the full cell is ~1 MeV (simulation results using
PARMELA code [23]). From Fig. 4(c), the pickup signal
fell to 0.4 times its original level after the emission
occurred. Thus ~0.76 J is lost during the emission period.
Assuming all the lost energy is absorbed by the captured
electrons, the upper limit on the emitted charge is 760 nC.
This estimate ignores the loss of energy gain due to the
collapse of the field of the fundamental mode, otherwise
the upper limit would be even higher. The captured charge
and its upper limit are 2—4 orders of magnitude higher than
that of the normal photoelectron (~100 pC).

When a breakdown was triggered by laser, a bright spot
could be observed by the CCD camera through the view-
port at the half cell, as shown in Fig. 6(a). This bright spot
was not observed when only photoelectrons were emitted
without rf breakdown. The bright spot position followed
the tilting of the UV laser mirror. Figure 6(b) shows the
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FIG. 5. Captured charge measured at the exit of the rf gun as a

function of electric field at the cathode center for two different
average laser input energy intensities.

image taken when the light was on; the dark mark at the
same place also confirmed the breakdown location. This
bright spot together with the high charge indicate the
presence of a local plasma during the EEE process near
the breakdown spot.

Apart from the 10 ns window FFT method to study
the evolution of fundamental mode and HOMs, another
FFT method with a longer window (2000 ns) and thus
higher frequency domain resolution (0.5 MHz) was also
applied to study the frequency shift of the gun after
the onset of rf breakdown. Results show a 1.5 MHz
frequency downshift in signal-breakdown events and no
frequency shift in multiple-breakdown events. The former
case is easy to understand as plasma propagating along the
axis (high E-field region) detunes two cells to a lower
frequency. But the latter case has yet to be understood.
It seems that the second breakdown detunes the cells
to a higher frequency and hence cancels the frequency
downshift by the first breakdown.

2. Analysis method

Because of the outer circuit of the Faraday cup, the
observed signal is a mixture of a real emission current
signal and the oscillations from its intrinsic circuit response

FIG. 6. Cathode images. (a) During a breakdown when light
was of.f (b) After breakdown when light was on.

[Fig. 2(c)]. We use a deconvolution method to rebuild the
time structure of the breakdown current. The Faraday cup
and its outer circuit can be treated as a linear time-invariant
system and the detected current can be written as

¥(1) = / ™ A(@h(t - 7). (1)

o8]

where x(z) is the real emission current and h(z) is the
impulse response of the system. Because the length of the
photoelectron current was only several picoseconds and
even shorter than the 20 ps sampling interval of the scope,
the detected photoelectron current shown in Fig. 2(c) can
serve as the impulse response. Equation (1) can be solved
by a deconvolution method [29]. Figure 7 shows the
Faraday cup signals before and after deconvolution for
both single-breakdown and multiple-breakdown events
with laser triggers.

The deconvoluted time structures are slightly different in
both events. The formation of a plasma during the EEE
process depends on several parameters, such as surface
condition, laser intensity, rf field, etc. These conditions
fluctuated between every tf pulse. Thus this difference in
time structure originates from variation of different pulses
rather than different types. They share a few common
features. A significant impulse function (the deconvoluted
photoelectron current) can be found at the start of the
breakdown current. The deconvoluted signals also indicate
three stages after the onset of rf breakdown: increas-
ing electron emission (20-50 ns); steady state emission
(2040 ns); and decreasing emission (20-30 ns).

An equivalent circuit model (Fig. 8), where the photo-
cathode gun cavity is modeled as two coupled RLC
resonators excited by external rf power [30] is developed
to study the evolution of the fundamental mode after the
onset of rf breakdowns. The main parameters of the circuit
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FIG. 7. The Faraday cup signal in amperes of a single-

breakdown event (left) and a multiple-breakdown event (right).
(a),(b) Before deconvolution. (c),(d) After deconvolution.
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FIG. 8. Equivalent circuit model of the gun.

model under 4.8 MW input power are listed in Table I.
Simulation results agreed well with the experimental
observation in normal operation, as Fig. 9 shows.

For rf breakdown events, two current sources /; and I,
are introduced to the circuit to simulate the explosive
emission current, as Fig. 10 shows. The time structure of
these currents is the same as the deconvoluted result and
their phases are opposite to the corresponding cell voltages.

Based on the FFT results with 2000 ns window,
frequency detuning of the two cells is also introduced to
the model. The actual plasma proportion and corresponding
influence on frequency are complex. In the model, the onset
of frequency detuning is chosen based on the speed of
plasma movement and best match with the observed rf
signal during the breakdown. As the breakdown occurred
on the cathode, the half cell is set to be detuned by a certain
value immediately after the EEE. In a previous experiment,
the highest ion speed v, in the cold explosions was obtained
by fitting the data to be 2 x 10* m/s [31]. Theoretical work
analyzed the arrival time spectra of the ions and showed
that ions can reach even higher speeds when the thermal
energy is increased [32]. So the full cell is set to start
detuning 200 ns after the onset of the breakdown and
linearly shifted lower to a certain value. When the magni-
tude of the two currents is 18 A and the frequency shifts are
3.2 MHz and 0.9 MHz for the half cell and full cell,
respectively, the simulation agrees well with the single-
breakdown experiment result, as shown in Figs. 11(a) and
11(c). The frequency of the # mode is then downshifted by
1.7 MHz, which also agrees with the FFT result. The stored
energy in the full cell and half cell before the onset of
breakdown is 0.91 J and 0.40 J, respectively. The calculated
energy absorbed by the explosive emission current is 0.78 J

TABLE 1. Parameters of the circuit model.
Parameter Value
1, (A) 5.93
k (%) 0.22
R, () 1.09 x 10°

full cell half cell
f (MHz) 2855.36 2854.39
R (Q) 1.81 x 10° 435 % 10°
C (pF) 3.39 x 107! 5.00 x 107!

1 (a) 1 ()

0.5 0.5

0 2000 4000 6000 0
Time (ns)

2000 4000 6000
Time (ns)

FIG. 9. Comparison of simulation (red line) and experimental
results (blue line) without breakdown. (a) Normalized pickup
signal. (b) Normalized reflection signal.

RF source

full-cell Kk half-cell
[ o~

FIG. 10. Equivalent circuit model of the gun with two explosive
emission current sources.

in the full cell and 0.39 J in the half cell. The simulation of
multiple-breakdown events is more complex and a second
detuning to the half cell after the onset of the second EEE is
introduced as discussed before. The upper shift is set to
1.3 MHz and the simulation shows reasonable agreement
with experiment, as shown in Figs. 11(b) and 11(d).

In the circuit model, the time delay between the onset of
collapse of the fundamental mode and the excitation of

0.5 0.5
0 0
0 1000 2000 0 1000 2000
Time (ns) Time (ns)
1 (c) 1 (d)
0.5 0.5
0 == 0
0 1000 2000 0 1000 2000
Time (ns) Time (ns)
FIG. 11. Comparison of simulation (red line) and experimental

results (blue line) of single-breakdown event (left) and multiple-
breakdown event (right). (a),(b) Normalized pickup signal. (c),
(d) Normalized reflection signal.
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HOM without the laser trigger can be simulated with an
assumption that /; is zero for certain time interval.

IV. DISCUSSION

Similarities in many aspects have been found between rf
breakdowns with and without laser triggers, such as
excitation of HOMs, frequency shift of the gun cavity
after the onset of breakdown events, two types of break-
down events according to the detected charge pulses, etc.

Meanwhile, there exist some noticeable differences
between rf breakdowns with and without the laser trigger.
For breakdowns without the laser trigger, the shape of the
current is spiky and the captured charge is 2 orders of
magnitude lower than that with the laser trigger. Besides,
the captured charge with the laser trigger shown in Fig. 5
has a small variance at a certain field and laser intensity.
While for the data without the laser trigger, the variance is
too large to give any statistically significant results on the
properties of breakdown. These phenomena are consistent
with our analysis of breakdown locations.

We understand that in the experiment the intense laser
assisted the plasma formation on the cathode surface at a
time and location corresponding to the presence of a large
electric field which caused the breakdown to occur. It
suggests for rf breakdowns that the limit in high gradient
operation in this photocathode gun may occur predomi-
nately in a high electric field region at the surface. In future
experiments, the laser could also be directed to a high
magnetic field or high power rf flow region in other
photoinjectors to study additional rf breakdown phenomena
in a more controllable way.

Laser triggering is also a more flexible method as the
breakdown rate can be very high with high laser intensities.
Thus much time can be saved in obtaining a large amount
of breakdown data and some quick experiments will be able
to be carried out then.

Generally speaking, when a breakdown occurs in a
traveling wave structure, the power flow will be absorbed
inside the structure, which causes severe damage. While for
standing wave structures, the input power will be reflected
and thus will cause less damage. Previous studies have
found that standing wave structures operating at z mode
have a lower breakdown rate at a given gradient compared
with traveling wave structures [33]. In the experiment, we
observed multiple breakdowns within one rf pulse caused
by the power flow from another cell into the cell where the
first breakdown occurred. This observation implies in
multiple-cell standing wave structures, subsequent break-
downs within one rf pulse can be triggered after the first one
even when the input power is reflected. To avoid this
phenomenon and its damage, the cells need to be separated
from each other. Using an individually rf feeding method
[33,34], it is possible to design such a standing wave
structure with zero coupling between cells.

V. SUMMARY

In summary, it is demonstrated that rf breakdown in
the photocathode gun can be triggered by an intense
laser pulse at predictable positions and times. The time
evolution of catastrophic electron emission at the nano-
second scale after the onset of breakdown has been
observed and analyzed. Comparison between rf break-
downs with and without laser triggering shows that the
laser trigger can serve as a more controllable and
flexible method for breakdown study. The experiment
reveals that multiple breakdowns can be triggered by the
power flow between cells after the initial EEE and
implies standing wave structures with separated cells
may be favorable for high gradient accelerators.
Subsequent experiments are planned at the Argonne
Wakefield Accelerator facility.
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