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Understanding the microscopic phenomena behind vacuum arc ignition and generation is crucial
for being able to control the breakdown rate, thus improving the effectiveness of many high-voltage
applications where frequent breakdowns limit the operation. In this work, statistical properties
of various aspects of breakdown, such as the number of pulses between breakdowns, breakdown
locations and crater sizes are studied independently with almost identical Pulsed DC Systems at the
University of Helsinki and in CERN. In high-gradient experiments, copper electrodes with parallel
plate capacitor geometry, undergo thousands of breakdowns. The results support the classification
of the events into primary and secondary breakdowns, based on the distance and number of pulses
between two breakdowns. Primary events follow a power law on the log–log scale with the slope
α ≈ 1.30, while the secondaries are highly dependent on the pulsing parameters.

I. INTRODUCTION

Grasping the underlying physical processes leading to
electrical vacuum arc outbursts – breakdowns (BDs) –
is important for many applications across various fields
in modern science and technology. The phenomenon oc-
curs in devices that operate in (ultra) high vacuum and
which are subject to high electric fields. Applications
include vacuum switches and interrupters, vacuum arc
metal processing, ion beam and pulsed sources, fusion
reactors, satellites and radio-frequency (RF) particle ac-
celerators [1–4].

Investigation on the origin of BDs has been underway
for more than a century [1]. Numerous experimental, the-
oretical and, more recently, computational studies have
been performed over the decades in order to understand
the phenomenon [5–7]. Several different processes have
been suggested to explain the arc formation, but none of
them have provided adequate analytic explanation [8].

It is clear that surface electric fields below GV/m range
are not strong enough to break a metal surface in order to
initiate the plasma of the vacuum arc. The most common
explanation is that micro and nanoscale protrusions on
the surface locally increase the surface electric field and
this enhanced field results in electron field emission in-
duced evaporation of neutral atoms as well. The emitted
electrons accelerated under the electric field ionize some
of the atoms which in turn are accelerated back towards
the cathode, sputtering more neutrals into the vacuum
and starting an avalanche process [9, 10]. Leading to an
exponential growth in the number of charged particles
in the vacuum and practically short circuiting the anode
and cathode, this whole process is seen as a vacuum dis-
charge – vacuum arc – also known as a breakdown. Once
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the system is short circuited, large currents flow through
even with relatively small voltages. Origin and experi-
mental observation of these protrusions is unclear. Some
hypotheses link them to near-surface dislocations causing
deformations on the surface [11, 12].

The Compact Linear Collider (CLIC) is an example
of an application in which breakdowns play an impor-
tant role in limiting the design. The project is a high-
energy physics facility proposed to be built at CERN in
order to accelerate and collide electrons and positrons
[13]. The accelerating structures for the main beam of
CLIC operate at room temperature and use 50 MW X-
band RF pulses to accelerate electrons and positrons in
an ultra-high vacuum environment. In order to minimize
the length and construction costs of the facility, electric
fields up to 100 MV/m are used to accelerate the par-
ticles for the highest collision energy stage. These high
accelerating fields correspond to surface electric fields in
excess of 200 MV/m, a value limited by vacuum electrical
breakdowns. If a breakdown occurs during the operation
of the CLIC accelerator, the particle beam is kicked and
no e+e− collisions can occur for that pulse. Thus, the ac-
celerator’s luminosity is reduced, which is why the break-
down rate (BDR) is required to be kept below 3 × 10−7

per pulse per meter for the accelerator to operate effi-
ciently [14].

Copper has been chosen as the material of these accel-
erating structures [15]. Despite its relatively low average
breakdown field after conditioning, 170 MV/m, the other
properties of copper, such as good conductivity, machin-
ability, ductility and availability made it the best choice
for the material [16].

In order to optimize the accelerating structure design
and operation, the structures are experimentally tested
in klystron-based X-band test facilities in CERN [17–19].
These test stands allow 200 ns pulses with output up to
50 MW and repetition rate up to 400 Hz with breakdown
behaviour being one of the most important parameters
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investigated [20, 21].
Since building and operating these RF test facilities

is both expensive and time-consuming, DC pulse experi-
ments have been designed specifically to study the break-
downs with much higher repetition rates and simpler
setup. In spite of the differences between the RF and
DC systems, the DC pulsing is made as close as possible
to the RF case. This way the DC experiments are not
only useful in studying the BD resistance during CLIC-
like pulsing, but also in understanding the basic physics
behind the BD initiation general.

II. EXPERIMENTAL SETUP

A. Equipment

The experiments were conducted using a Pulsed DC
System aimed to emulate the RF pulsing, but with a
higher repetition rate. The system includes two parallel
copper electrodes inside a vacuum chamber (Large Elec-
trode System, LES), connected to a high-voltage power
supply and a pulse generator along with an oscilloscope
and a measurement computer. Almost identical Pulsed
DC Systems in CERN and at the University of Helsinki
were used in this work. In CERN, there are also continu-
ous experiments done with the actual CLIC accelerating
structures, using 12 GHz RF pulses with repetition rates
up to 400 Hz.

LES is a compact vacuum chamber designed at CERN
for high-gradient studies (Figure 1). Inside the chamber,
there are two diamond-machined cylindrical electrodes
separated by an aluminum oxide spacer which maintains
a desired gap between the electrode surfaces. In these
studies, spacers resulting in a 60 µm gap were used, but
there are also other options for a gap from 20 µm to
100 µm. The surface roughness and dimensional precision
of the spacers as well as the electrodes is below 1 µm by
design. Together, these electrodes act as a parallel plate
capacitor. One of the electrodes is charged to a positive
voltage (anode) while the other one is grounded (cath-
ode). The small gap allows generation of electric fields of
even 100 MV/m with DC voltages of only a few kilovolts.
During measurements, the chamber is pumped down to
high-vacuum below 10−7 mbar using a turbo pump in se-
ries with a roughing pump.

High-voltage microsecond-pulses with a repetition rate
of typically 1–2 kHz are generated using a Marx Genera-
tor EPULSUS R©-FPM1-10 by Energy Pulse Systems [22].
The generator utilizes SiC MOSFET technology for am-
plifying the voltage from a power supply by a factor of
at least 10, depending on the model, and enabling pulses
with lengths from 200 ns upwards. During a pulse, the
effective capacitor inside the LES is charged with a cur-
rent spike, and a similar spike in the opposite direction
discharges the electrodes after a specified up-time (pulse
length), provided that no breakdown occurred. The rise
and fall time of the pulses are in the order of 100 ns [23].

Pumping port

Anode

Viewports

Cathode

Vacuum
feedthrough

Shoulder

Al2O3
spacer

feedthrough
Vacuum

(ground)

FIG. 1. A cross-section from a 3D model of the LES vacuum
chamber. The illustration shows the electrodes in the middle,
connected to vacuum feedthroughs and otherwise insulated by
an Al2O3 spacer. Four viewports on the sides of the chamber
allow also visual detection of a breakdown.

Pulse length and repetition rate can be varied program-
matically.

The generator is also used for detecting the electri-
cal breakdowns between the electrodes by monitoring the
current during pulsing. When a breakdown occurs, there
is a rapid current peak as the anode and cathode are
briefly short circuited. This current peak is typically at
least by a factor of 2 higher than the charging peak and
can thus be distinguished by the generator. After the
breakdown peak, the short circuit stays open and there
will be a constant 20 V burning voltage of across the
gap for around 250–400 ns [24, 25]. Examples of wave-
forms without and with a breakdown in Figures 2 and 3.
Sampling rate for these waveforms in the oscilloscope is
1 GHz.

B. Pulsing & conditioning algorithm

The ultimate aim of the experiments is to increase
the breakdown resistance of the electrodes during pulsing
with as high electric field as possible while keeping the
breakdown rate within predefined limits. The increase
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FIG. 2. A typical waveform of a 1 µs pulse generated by
Marx generator without a breakdown. The figure shows the
charging and discharging current peaks at the start and at the
end the pulse, with the voltage staying constant in between.
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FIG. 3. A typical waveform of a pulse with a breakdown,
showing the extra current peak followed by roughly 600 ns
of burning voltage. During the breakdown, the voltage drop
occurs within approximately five nanoseconds.

in the breakdown resistance is achieved by conditioning
the copper electrodes with electric pulses [16]. For cop-
per, this conditioning typically requires a great number
of pulses (typically more than 107 [19]), during which
numerous breakdowns occur (typically more than 100)
[26].

The conditioning starts with relatively low electric
fields, for example, 10 MV/m and the voltage is gradu-
ally increased in small steps after each pulsing period, of
typically 100 000 pulses. If a breakdown occurs, the puls-
ing for that period is terminated and the electric field is
either slightly decreased or not changed at all, depend-
ing on the number of pulses which took place until the
breakdown. The algorithm is similar to that used in the
RF experiments and is explained in details in [27].

During the first pulses after a breakdown, there is a
ramping period, where the field is briefly decreased to one
fifth of the value before the BD and then it is asymptoti-
cally increased back to the target value during a course of
20 voltage steps with 100 pulses in each step as demon-
strated in Figure 4. The objective of the ramping is to re-
duce the possibility of cascades of secondary breakdowns.

After the electrode has reached a conditioned state –
i.e. the frequency of breakdowns is such that the algo-
rithm keeps the electric field at a steady level, thus the
field has saturated – the measurements are continued in
so-called flat mode runs. In these runs the target voltage
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FIG. 4. Asymptotic ramping period after a BD at V =
5000 V (which is E = 83 MV/m, based on E = V/d). Each
dot represents the start of a new ramping step of 100 pulses.
The ramping starts from one fifth of the target voltage. A BD
may also occur at any time during the ramping, after which
the ramping starts over again, though the target voltage stays
the same as before.

0 2 4 6
Number of pulses 108

30

40

50

60

70

80

90
E

le
ct

ric
fie

ld
[M

V
/m

]

0

1000

2000

3000

4000

5000

B
re

ak
do

w
ns

FIG. 5. Conditioning and first flat mode runs of Soft Cu
Helsinki visualized. The graph shows evolution of the electric
field and number of breakdowns as a function on pulses. The
conditioning part, as well as the different flat mode runs are
separated by red dashed lines.

is set to a constant value where the breakdown rate is rel-
atively stable. The different pulsing modes are visualized
in Figure 5.

C. Electrodes

The LES electrodes are of a cylindrical shape with the
contact area of 62 mm in diameter, while the diameter
of the bottom of the electrodes, i.e. including the ar-
eas below the spacer, is 80 mm. More technical detail on
the shape of electrodes is available elsewhere [28]. Elec-
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trode thickness is greatest below the 62 mm contact area,
30 mm. The contact surface of the electrodes is diamond
machined to have roughness below one micron, which is
also the accuracy of the shoulder height which maintains
the electrode separation via an aluminum oxide spacer.

As discussed previously, the material of interest is cop-
per. The two main types of copper being tested are
hard copper and soft copper. Hard copper is high-purity,
oxygen-free electronic copper that is machined into the
required shape. The grain diameter on the surface of
hard copper is between 10 µm and 100 µm (at least 4 on
the ASTM E112 standard [29]). Soft copper addition-
ally undergoes a treatment first at 1040 ◦C in hydrogen
atmosphere and usually afterwards at 650 ◦C in vacuum
to breath out the hydrogen. However, the electrodes of
the measurement Soft Cu CERN did not undergo the
breath-out treatment. The average grain diameter of the
Soft Cu CERN was estimated to be (1.3 ± 0.2) mm based
on the Heyn Linear Intercept Procedure described in the
ASTM E112 Standard.

D. Breakdown localization

The Pulsed DC System at CERN is additionally
equipped with cameras for localization of the break-
downs. They are installed close to two viewports of the
vacuum chamber, perpendicular to each other. Positions
of the breakdowns are determined by the light emitted
during each breakdown. If both cameras record a sin-
gle line, the positioning of breakdown on the electrode
surface can be determined. This technique allows to see
real-time spatial distribution of breakdowns without the
necessity of disassembling the vacuum chamber in order
to see the BD spots which would cause several days’ halt
with the measurements. In these experiments, smaller
electrodes with contact disk diameter of 40 mm were
used. The localization algorithm is described in detail
in Reference [30].

Collecting the data from the cameras, the high voltage
generator, the oscilloscope and post-mortem microscopy,
a wide range of parameters such as electric field, number
of pulses between previous breakdown, distance between
subsequent breakdowns and crater sizes on the anode and
cathode surfaces can be analyzed for better understand-
ing of each breakdown event.

Electrodes are also imaged both before breakdown ex-
periments and post-mortem with optical microscopes. In
these images, breakdowns can be seen as dark craters on
the surface, though it is practically impossible to con-
nect them to the pulse that caused the BD without the
cameras for localization. Examples of breakdowns on a
cathode surface of Soft Cu CERN are shown in Figure
6. Machine vision algorithm was used to detect the BD
craters from the image and estimate their sizes and lo-
cations. The detection algorithm used two-stage circular
Hough transform to identify the circular objects in an
image.

500 µm

FIG. 6. Optical microscope image of Soft Cu CERN sur-
face with several BD craters visible and detected by machine
vision.

E. Other parts of the measurements and analysis

During the pulsing and breakdown experiments, also
secondary parameters of the system were observed.
These include monitoring the vacuum pressure as well
as voltage and current waveforms. In some runs, we also
used a mass spectrometer in order to detect residual par-
ticles in the vacuum.

The waveform and pulsing data are saved for each
breakdown. This allows investigation of the breakdown
current, voltage, timing within the pulse, short circuit
width, pulse number and timing. Reference values are
also saved for some non-breakdown pulses.

Also, simple simulations were used to understand
the results. Particularly, the distribution of distances
between breakdowns was simulated with Monte Carlo
methods. That is, by repeatedly scattering series of 1000
BDs within 3 mm from the edge of the electrode and cal-
culating the distribution of distances between the sub-
sequent spots in order to compare the distribution with
the experimentally measured ones. The 3 mm annulus
was selected due to the fact that generally, especially for
hard copper, more than 90 % of the breakdowns lie within
the 3 mm from the edge. We will refer to these break-
downs as edge BDs. The increased BD density near the
edges is currently explained by locally enhanced electric
fields in the region [31, 32].

In addition, post-mortem analysis is performed to the
surfaces for example to measure the electrode tilt and
roughness with a profilometer or to investigate the BD
craters with a Scanning White Light Interferometry mi-
croscope [33].

A breakdown event concentrates tens millijoules of en-
ergy within a small area [2, 10], which results in creation
of the BD craters. It has been observed that a cathode
crater, generated by a BD in LES with a 60 µm gap, usu-
ally contains a pit that has a typical depth of 1 µm and a
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TABLE I. The four DC data sets and one RF run used for
comparing the statistics on pulses between breakdowns.

Name Pulse length Electric field RepRate
Hard Cu CERN 1 µs 83 MV/m 2000 Hz
Soft Cu CERN 1 µs 85 MV/m 2000 Hz
Hard Cu Helsinki 3 µs 83 MV/m 2000 Hz
Soft Cu Helsinki 1 µs 83 MV/m 4000 Hz
RF Run CERN 83 ps 108 MV/m 50 Hz

Name BDs Pulses BDR
Hard Cu CERN 2383 3.15 × 107 7.55 × 10−5

Soft Cu CERN 1489 2.03 × 107 7.34 × 10−5

Hard Cu Helsinki 414 9.69 × 107 4.27 × 10−6

Soft Cu Helsinki 1830 1.98 × 108 9.24 × 10−6

RF run CERN 93 3.44 × 107 2.70 × 10−6

radius of 50 µm. At the edges of the pit, there is typically
a 50 µm thick annulus of molten and recrystallized ma-
terial, which has numerous sharp edges and protrusions
that serve as sites for additional BDs [34].

III. RESULTS

All the data presented below are the results of the flat
mode runs with conditioned electrodes. The conditions of
the experiment were kept constant as long as possible in
order to collect enough data for statistical analysis. Most
importantly, the pulsing voltage was kept constant except
immediately after each breakdown, when the asymptotic
ramping described earlier was used to ramp up the elec-
tric field from one fifth to the target voltage in 2000 pulses
(2100 for the setup in CERN).

A. Pulses between breakdowns

Number of pulses between two consecutive breakdowns
were analyzed for four flat mode runs with different elec-
trodes – two sets in CERN and two in Helsinki. The
key numbers of the runs are shown in Table I. Hard Cu
CERN and Soft Cu CERN had a contact surface diam-
eter of 40 mm in order to enable BD localization. For
reference, the same analysis was also conducted for an
RF run conducted with the X-band test stand at CERN
[35].

A probability distribution function of the number of
pulses between two subsequent breakdowns was gener-
ated by collecting the events of a given number of pulses
into logarithmically spaced bins in the pulse range. The
results are shown in Figure 7. The graphs show that the
probability for a breakdown to occur within the ramp-
ing period is remarkably higher than after the ramping,
but the values vary significantly within this period, cor-
relating with the ramping steps. Comparison shows that
the points within the each step follow the linear part of
Poisson distribution, except for the latest points of each
step.
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FIG. 7. Probability distribution of pulses between break-
downs on doubly logarithmic scale. The black dotted line
shows probability distribution function of a Poisson distri-
bution for the comparison. A semilogarithmic inset shows a
zoom-in of the distribution during the ramping when the volt-
age is between 50 % and 90 % (200–1000 pulses) of the target
voltage. The red dashed line indicates the end of the ramp-
ing phase. The uncertainties are obtained from the standard
deviations of the slope values.

After the ramping has ended, the probability decreases
linearly on the log–log scale. There are no big differences
in the trends between the PDFs for different runs, except
for the Hard Cu Helsinki, which has a jump in the prob-
ability at around 105 pulses, but continues with almost
the same slope even after the jump. The linear decay
of the probabilities follow the power law P (S) = kS−α,
with α ≈ 1.30, which was similar for all the runs. The
RF run does not have comparable steps in the ramping
algorithm, though the results still nicely follow the power
law with only slightly smaller slope.

The inset of Figure 7 reveals that the probability of
BDs shows a sawtooth-pattern with peaks at every 100
pulses – exactly at the beginning of each ramping step.
The sawtooth-pattern confirms an earlier qualitative ob-
servation that the breakdown probability increases when-
ever the pulsing is paused and the conditions are changed.
In this case, the pause was a few seconds, which was re-
quired for the power supply to adjust to the new voltage
for each ramping step. Due to the asymptotic ramping,
the relative changes in the electric field are the largest in
the first ramping steps (below 800 pulses), where the rela-
tive increase per step is more than 3 %. Above 800 pulses
in the ramping, the voltage is already above 90 % of the
target value. This explains why the clearest sawtooth-
pattern is seen between 200 and 800 pulses, where both
the relative change and the absolute voltage are large
enough. It is important to note that by bypassing the
ramping and starting directly at the target voltage, there
would be even more breakdowns during the first pulses
after the previous BD.
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FIG. 8. Distribution of distances between breakdowns for
Hard and Soft Cu, grouped by pulses between breakdowns
with error bars showing the standard deviation. a) and c)
show the distributions for ramping pulses where the only fea-
tures in the distributions are visible within the first 300 µm. b)
and d) show the distributions for all the BDs at all distances
for BDs after the ramping period. In addition, b) shows the
distribution distances between simulated uncorrelated edge
BDs. The integral of each distribution equals to the fraction
of breakdowns that fall within each pulse and distance range,
so that both ranges combined equal 100 %.

B. Distances between breakdowns

Distances between consecutive breakdowns were mea-
sured using the localization technique described in Sec-
tion II. Figure 8 shows the probability for a breakdown to
occur at a certain distance from the previous one (center
to center) for Hard and Soft Cu. The left panel (Fig-
ures 8a and 8c) in the graph shows the distributions
for breakdowns that occurred during ramping. They are
mainly localized within the distance of 300 µm, especially
on Hard Cu surface, while almost no breakdowns are seen
at the larger distances. The right panels (Figures 8b
and 8d) show the distributions of distances between the
breakdowns registered after the ramping mode was com-
pleted. There we see that the probabilities are almost
equal for all the distances. especially on Hard Cu, where
the distribution is very similar to simulated, uncorrelated
BD locations within 3 mm from the edge of the electrode.

In the subfigures 8a) and 8c), we see that there is
an increased probability to have a breakdown at around
100 µm, which happens to be close to the average radius
of a BD crater on cathode, as seen in Figure. 9. This
behaviour is very similar for both Hard and Soft Cu.

In the subfigures 8b) and 8d), however, we see large
differences between the copper types. While the distri-
bution for Hard Cu is more or less uniform, the Soft Cu
still has an increased amount of BDs close to the pre-
vious one. At first, this seems to contradict the earlier
observation reported in [27], which showed intense spatial
clustering of BDs on Hard Cu, while on Soft Cu, the spa-

FIG. 9. Distributions of distances between ramping break-
downs near the previous breakdown spot (same as Figure 8a))
and the radii of cathode breakdown craters compared, both
from Hard Cu CERN.

tial BD distribution was much more uniform across the
whole surface. However, a closer look at the locations of
consecutive BDs reveals that in Soft Cu, it is common to
have several consequent BDs within a close distance (less
than a millimeter) from each other, after which the next
breakdown can be anywhere. On Hard Cu, the BDs are
more clustered, but it is rare to have more than one con-
secutive BD in the same cluster – the next BD is more
likely to occur in another cluster anywhere on the surface.
The clustering effect is visualized in Figure 10, where we
see that the BD density on Hard Cu exceeds 500 BDs per
million pulses per mm2 in several spots, whereas on Soft
Cu there are only less prominent clusters and the BDs
are more widespread outside of clusters.

In Figure 9, the distances between consecutive ramp-
ing breakdowns are shown again for the Hard Cu CERN.
This time the distances are compared with the size dis-
tribution of the cathode spots. The distributions show
similar trends, with peaks around 100 µm. Gaussian fits
for the distributions yield medians of (104 ± 4) µm and
(110 ± 1) µm, for the distances and radii, respectively.

Figure 11 shows that a large part (32 %) of non-
ramping breakdowns occur within the first 1.5 mm from
each other, after which the distribution is flat and close
to zero for the rest of the 38.5 mm of the surface. The
1.5 mm mm cut-off value is close to the average grain
diameter of (1.3 ± 0.2) mm

IV. DISCUSSION

The results show that the probability for a breakdown
to occur is the highest within the next few hundred pulses
after the previous one – and within 300 µm from the cen-
ter of the previous BD spot. That is why the ramping
has been introduced to keep the breakdown rate approxi-
mately stable. During the ramping period, the BD prob-
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FIG. 10. Density graph of the breakdown positions on Hard
Cu CERN and Soft Cu CERN. The plots show that on Hard
Cu, the BDs tend to appear in distinct sites, whereas on Soft
Cu, the clusters are not as strong and the distribution is more
widely spread (leading to lower BD density). It is also impor-
tant to note that on both electrodes, majority of the BDs lie
on within a few millimeters from the edge.

ability strongly follows the ramping steps so that it is the
highest at the beginning of each step. The lowest proba-
bility within each ramping step is always the latest data
point of the step. This value is higher when the electric
field is higher at the corresponding ramping step. This is
seen in overall ascending trend in the sawtooth function
shown in the inset of Figure 7.

This, linked to the high localization of the consequent
ramping BDs, shows that there is a correlation between
the events. Since these breakdowns appear as follow-up
events, we call them secondary breakdowns. The break-
downs, which take place after a large number of pulses
and do not exhibit any spatial or temporal correlation
with the preceding one, are called primary BD.

After the ramping, the BD probability decays linearly
on the log–log scale, as a function of the number of pulses,
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FIG. 11. Distribution of distances between non-ramping
breakdowns within 4 mm from the previous breakdown spot
on Soft Cu CERN, i.e. a zoom to the first three bars (dis-
tances 0–4.5 mm) of Figure 8d) compared with the average
grain diameter distribution (solid line) and its standard devi-
ation (dashed line).

with the slope being α ≈ 1.33. The value is really close
to the slope obtained with the previous system, reported
in [36] and also relatively close to the RF experiments in
CERN. The observed jump at around 105 pulses in Hard
Cu Helsinki plot is most probably an artifact from the
changing of measurement period, which also happens ev-
ery 105 pulses, granted that there was no BD. This kind
of power law behaviour is seen in various seemingly unre-
lated phenomena, such as avalanche size distribution and
earthquake frequency – and also the behaviour of dislo-
cations in metals [37, 38]. Observed α in the references
is typically 1.5, so relatively close to the measured val-
ues. Important feature of this kind of behaviour is the
universality across several magnitudes of scales.

These events that happen during the linear part of the
Figure 7 can be seen as primary breakdowns as they are
mostly independent from one another and typically fol-
lowed by secondary, highly dependent, BDs. Their initi-
ation requires some local changes in the material, making
that particular spot ”hot”. To understand the BD igni-
tion, it is really important to understand what makes this
particular spot more favourable for a BD than any other
on the surface with an area larger than 10 cm2. Earlier
work have hypothesized linking this to dislocations pil-
ing up near the surface, causing formation of protrusions,
which, in turn, enhance the electric field locally [12].
The power law behaviour can be explained by dislocation
avalanches.The relation between localized pre-breakdown
field emission currents, hot spots and breakdown initia-
tion was found in References [39, 40]. The phenomenon
of hot, breakdown-apt regions have also been observed
in the cells of RF structures [41–43] and been previously
connected to surface contamination [44].

The third main observation is the most probable dis-
tance between two consecutive breakdowns. If the BD
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would not fully destroy the underlying material, it would
be natural that the next breakdown is likely to hit in the
same crater again. Even more interesting is the finding of
increased probability for a BD to occur at around 100 µm
from the previous spot. This happens to be very close to
the average radius of a breakdown crater. This suggests
that the molten areas near the edges of the crater form
ideal conditions for next breakdowns to happen as al-
ready observed in [34]. The phenomenon can actually be
seen in the post-mortem surface images, showing chains
of breakdowns exactly one crater radius apart from each
other as seen in Figures 6 and 12. The small difference
in the mean values could be explained by systematic un-
certainties in the BD crater recognition algorithm and its
definition of BD crater ”edge”.

FIG. 12. Optical microscope image of a series of 13 con-
secutive soft copper BDs in a cluster on, bounded by a grain
on a soft copper surface. . and � indicate the first and last
BDs, respectively. The circle edges and centers were identi-
fied manually as the machine vision algorithm was not usable
due to lack of contrast. The order of the BD sequence was
obtained from the BD localization information.

The subfigures 8b) and 8d) show clear differences be-
tween Hard and Soft Cu. The Hard distribution pretty
much follows the shape of random, uncorrelated edge
BDs, as the simulation result shows in the same figure,
suggesting that BDs on hard Cu surfaces after the ramp-
ing period are mostly uncorrelated, stochastic events.
Soft Cu BDs however, show correlation even after the
ramping period, as most of the BDs fall within a few
millimeters from the previous one. This can also be ob-
served when studying series of consecutive non-ramping
BDs that are located within 1 mm from each other. In
Hard Cu, less than 2 % of the BDs fall into this category,
while in Soft Cu, the fraction is around 10 % of the events
(counting the series with at least two BDs).

Also previous research suggests that the breakdowns

5 mm

FIG. 13. Optical microscope image of the full surface of
the Hard Cu CERN cathode. On the surface, a series of 19
consecutive BDs is shown, each in a separate site randomly
distributed near the edge of the cathode. . and � indicate
the first and last BDs, respectively.

can be classified as either primary or secondary events
[36, 44]. These are defined based on the physical dis-
tance and pulses between the events. The primary BDs
initiate when some features, such as dislocations congest
near surface in a particular hot grain. With hard copper,
the grain diameter is in the order of 10 µm, so one break-
down does diminish the whole area of the grain and it
becomes inactive for a large number of pulses. This can
be understood in terms of dislocation activities. A new
set of dislocations needs to be activated before the grain
becomes active again. Thus, it takes a large number of
pulses before that spot can recover and a new primary
breakdown can occur there. During this recovery time,
it is more probable that the dislocations are mobilized in
some other grain, leading to a breakdown in this spot.
Figure 13 shows an example of this kind of a series of
19 consecutive primary BDs randomly scattered on the
electrode surface (though nearly all of them are near the
edge).

With soft copper, the grain diameter can be up to a
few millimeters, allowing multiple primary breakdowns
to occur close to each other before the grain is quenched.
Secondary breakdowns are those that occur within the
same breakdown crater, also typically close in terms of
pulses in between. Figure 12 shows an example of a se-
ries of 13 consecutive BDs (including some ramping BDs)
within one grain.

The different behaviour between surfaces with differ-
ent grain sizes fits the dislocation hypothesis suggested
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in References [11, 12], which is linked to the grain size:
the dislocations are known to get pinned or annihilated
at the grain boundaries [45]. With hard copper, presum-
ably only some of the grains have mobile dislocations at
a time, and once a BD has occurred on one, the source
of protrusions – a hot spot – is at least temporarily de-
activated.

The small size of grains allows for fewer mobile dislo-
cations, since they have higher probability to be stopped
(pinned) at the grain boundaries. The large grains of
well-annealed Cu offer freer movement of dislocations,
which can arrive at the surface participating, for instance,
in growth of surface asperities [46].

With soft copper again, most grains are so large that
they are prone to having at least some mobile disloca-
tions. When a BD occurs in this kind of a hot grain,
one event is not enough to quench the whole surface of
the grain and some other BDs are likely to occur due
to nearby dislocations. The dislocation hypothesis is
also supported by the temperature dependence of cop-
per breakdown susceptibility [47].

V. CONCLUSIONS

Vacuum arc breakdowns between two Cu electrodes
were generated by DC pulses in order to understand
their generation processes and how to limit the frequency
of the BD events. In the analysis, the pulses between
breakdowns, breakdown locations and their correlation
to cathode crater size were compared over various flat
mode measurement runs and two Cu types, both at the
Accelerator Laboratory of the University of Helsinki and
in CERN.

The results support the previous observation of in-
dependent primary and correlated secondary follow-up
breakdowns. The BD locations show differences between
hard and soft copper, which can be explained by grain
size difference and dislocations. The dislocation hypoth-
esis is also supported by the power law trend on pulses
between breakdowns of the primary events.

For future work, it will be important to analytically un-
derstand the differences in the behaviour between Hard
Cu and Soft Cu and to investigate the ramping algorithm
so that it minimizes the breakdown rate without affect-
ing the pulsing efficiency too much. Also, understanding
the contaminants on electrode surfaces can play impor-
tant role in understanding the full span of the breakdown
processes [48].
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Leong-Höı, Paul Montgomery, and Edward Hæggström,
“3D super-resolution optical profiling using microsphere
enhanced Mirau interferometry,” Scientific reports 7,
3683 (2017).

[34] J W Wang and G A Loew, “Rf breakdown studies in
copper electron linac structures,” in Proceedings of the
1989 IEEE Particle Accelerator Conference,.’Accelerator
Science and Technology (1989) pp. 1137–1139.

[35] Riccardo Zennaro, Terence Garvey, Theodoros Argy-
ropoulos, Rolf Wegner, Alexej Grudiev, Walter Wuensch,
Daniel Esperante Pereira, Gerard McMonagle, Benjamin
Woolley, and Thomas Lucas, “High power tests of a pro-
totype X-band accelerating structure for CLIC,” CLIC
Note 1134 (2017).

[36] Walter Wuensch, Alberto Degiovanni, Sergio Calatroni,
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and Jorge Giner Navarro, “Statistics of vacuum break-
down in the high-gradient and low-rate regime,” Physical
Review Accelerators and Beams 20, 11007 (2017).

[37] Stefanos Papanikolaou, Felipe Bohn, Rubem Luis Som-
mer, Gianfranco Durin, Stefano Zapperi, and James P
Sethna, “Universality beyond power laws and the average
avalanche shape,” Nature Physics 7, 316 (2011).

[38] D C Chrzan and M J Mills, “Criticality in the plastic
deformation of L 1 2 intermetallic compounds,” Physical
Review B 50, 30 (1994).

[39] D. Kenneth Davies, “The initiation of electrical break-
down in vacuuma review,” Journal of Vacuum Science
and Technology 10, 115–121 (1973).

[40] D. Kenneth Davies and Manfred A. Biondi, “Vac-
uum electrical breakdown between plane-parallel copper

electrodes,” Journal of Applied Physics 37, 2969–2977
(1966).

[41] C. Adolphsen, W Baumgartner, K Jobe, F Le Pim-
pec, R Loewen, Doug McCormick, M Ross, T Smith,
J W Wang, and Toshiyasu Higo, “Processing studies of
X-band accelerator structures at the NLCTA,” in Pro-
ceeding of the 2001 Particle Accelerator Conference, 1
(Chicago, Illinois, 2001) pp. 478–480.

[42] Massimo Dal Forno, Valery A. Dolgashev, Gordon Bow-
den, Christine Clarke, Mark Hogan, Doug McCormick,
Alexander Novokhatski, Bruno Spataro, Stephen Weath-
ersby, and Sami G. Tantawi, “rf breakdown tests of mm-
wave metallic accelerating structures,” Physical Review
Accelerators and Beams 19 (2016), 10.1103/PhysRevAc-
celBeams.19.011301.

[43] Alberto Degiovanni, Walter Wuensch, and Jorge Giner
Navarro, “Comparison of the conditioning of high gra-
dient accelerating structures,” Physical Review Accel-
erators and Beams (2016), 10.1103/PhysRevAccel-
Beams.19.032001.

[44] Gennady A. Mesyats, “Ecton mechanism of the cathode
spot phenomena in a vacuum Arc,” IEEE Transactions
on Plasma Science 41, 676–694 (2013).

[45] Derek Hull and David J Bacon, Introduction to disloca-
tions (Butterworth-Heinemann, 2011).

[46] Aarne S. Pohjonen, Flyura Djurabekova, Antti Kuro-
nen, Steven P. Fitzgerald, and Kai Nordlund, “Ana-
lytical model of dislocation nucleation on a near-surface
void under tensile surface stress,” Philosophical Maga-
zine (2012), 10.1080/14786435.2012.700415.

[47] A. D. Cahill, J. B. Rosenzweig, Valery A. Dolgashev,
Sami G. Tantawi, and Stephen Weathersby, “High gra-
dient experiments with X -band cryogenic copper acceler-
ating cavities,” Physical Review Accelerators and Beams
21, 102002 (2018).

[48] Tetsuo Abe, Tatsuya Kageyama, Hiroshi Sakai, Yasunao
Takeuchi, and Kazuo Yoshino, “Direct observation of
breakdown trigger seeds in a normal-conducting rf accel-
erating cavity,” Physical Review Accelerators and Beams
21 (2018), 10.1103/PhysRevAccelBeams.21.122002.

http://dx.doi.org/10.1016/j.nima.2019.163079
http://dx.doi.org/10.1016/j.nima.2019.163079
http://dx.doi.org/10.1119/1.1463738
http://dx.doi.org/10.1119/1.1463738
http://dx.doi.org/10.24084/repqj07.451
http://dx.doi.org/10.24084/repqj07.451
http://dx.doi.org/10.1103/PhysRevAccelBeams.20.011007
http://dx.doi.org/10.1103/PhysRevAccelBeams.20.011007
http://dx.doi.org/10.1063/1.1703148
http://dx.doi.org/10.1063/1.1703148
http://dx.doi.org/10.1109/pac.2001.987546
http://dx.doi.org/10.1109/pac.2001.987546
http://dx.doi.org/ 10.1103/PhysRevAccelBeams.19.011301
http://dx.doi.org/ 10.1103/PhysRevAccelBeams.19.011301
http://dx.doi.org/ 10.1103/PhysRevAccelBeams.19.011301
http://dx.doi.org/10.1103/PhysRevAccelBeams.19.032001
http://dx.doi.org/10.1103/PhysRevAccelBeams.19.032001
http://dx.doi.org/10.1103/PhysRevAccelBeams.19.032001
http://dx.doi.org/10.1109/TPS.2013.2247064
http://dx.doi.org/10.1109/TPS.2013.2247064
http://dx.doi.org/10.1080/14786435.2012.700415
http://dx.doi.org/10.1080/14786435.2012.700415
http://dx.doi.org/10.1103/PhysRevAccelBeams.21.102002
http://dx.doi.org/10.1103/PhysRevAccelBeams.21.102002
http://dx.doi.org/ 10.1103/PhysRevAccelBeams.21.122002
http://dx.doi.org/ 10.1103/PhysRevAccelBeams.21.122002

	Classification of vacuum arc breakdowns in a Pulsed DC System
	Abstract
	I Introduction
	II Experimental setup
	A Equipment
	B Pulsing & conditioning algorithm
	C Electrodes
	D Breakdown localization
	E Other parts of the measurements and analysis

	III Results
	A Pulses between breakdowns
	B Distances between breakdowns

	IV Discussion
	V Conclusions
	VI Acknowledgements
	 References


