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High electric fields are present in a rapidly growing number of applications, which include elementary particle
accelerators, vacuum interrupters, miniature x-ray sources and satellites. Many of these applications are
limited by the breakdown strength of the materials exposed to electric fields. Different methods have been
developed to improve the quality of metal electrode surfaces, aiming to increase their breakdown strength.
Not many systematical studies have been performed to provide a proper understanding of what contributes
to the correlation between the breakdown strength and the quality of the surface.

In this work, we apply a novel method for reducing vacuum arc breakdowns by cleaning the electrode
surfaces with O and Ar plasma. The method can be used to alter the surfaces of the Cu electrodes in situ,
i.e., without exposing them to air between the measurements. This plasma cleaning treatment is shown
to reduce the number of surface impurities and to speed up the conditioning process of the samples under
high-voltage pulses. Specifically, the first breakdown field was observed to increase by more than 90 % after
the plasma cleaning.

I. INTRODUCTION

Physical properties of metal surfaces may depend on
their level of chemical purity. Pure metal surfaces
are typically extremely reactive: a layer of impuri-
ties is formed within nanoseconds when such a sur-
face is exposed to air. Even in ultrahigh vacuum
(P = 1 × 10−7 Pa), a monolayer of gas residuals may
deposit on the clean surface in a matter of minutes1.

Various cleaning techniques have been developed over
the centuries in order to distinguish the effects of the
surface impurities from those caused by the underlying
material. Examples of such laboratory cleaning methods
include chemical degreasing with solvents. These may be
combined with mechanical vibrations such as ultrasonic
waves, or with blazing the unwanted material away with
lasers2–5. Some of these methods are easily accessible in
most research laboratories, while some require advanced
equipment to perform.

A common drawback of many of these methods is that
they have to be performed in a separate apparatus and,
therefore it is often impossible to transport the samples
into another research system without exposing them to
the atmosphere, thus at least partially contaminating the
surfaces in between. Avoiding the atmospheric exposure
requires specific design of the equipment in such a way
that the sample preparation can be done directly in the
same environment as the actual experiments.

Earlier research shows that one surface-sensitive phe-
nomenon is the ignition of vacuum arcs between cop-
per electrodes in vacuum6,7. Also known as breakdowns
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(BDs), these short-circuit events are a major limiting fac-
tor in various apparatuses involving high electric fields.

The variety of applications using high electric fields
ranges from elementary particle accelerators and table-
top x-ray sources to vacuum interrupters, satellites and
medical appliances8–12. High electric fields are required
in various charged particle accelerators to minimize the
apparatus size–and thus the construction and operating
costs.

The processes leading to the onset of vacuum plasma
have been studied for more than a hundred years1,13–15,
but still there is no consensus on the relative impor-
tance of surface impurities compared to processes trig-
gered within the material on the breakdown generation.
There are several indications that the breakdowns are
linked to intrinsic effects, such as dislocations in the sub-
surface region16–18. Recent studies have shown how these
mechanisms can lead to the formation of runaway pro-
cesses, eventually creating a conducting plasma channel
between the electrodes19–21. Plasma cleaning has been
shown to improve the performance of a tandem particle
accelerator functioning in the megavolt range22.

In this work, we apply oxygen and argon plasma
treatment on copper electrodes and study the resulting
changes on the surface morphology and elemental com-
position. Furthermore, the plasma treatment is com-
bined with vacuum arc breakdown experiments in order
to bring light to the extent of the effects of the surface
impurities on the BD generation and to review potential
methods for improving the breakdown resistance of cop-
per structures. The effects are investigated by studying
the surfaces modifications and by comparing the condi-
tioning curves of Cu electrode pairs with and without the
plasma treatment.
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II. EXPERIMENTAL METHODS

A. Electrodes

Hard and soft Cu electrodes are used in the exper-
iments since they are known to be conditioned differ-
ently23. Both sample types are oxygen-free high-purity
electronic copper, diamond-machined in the shape of
cylindrical electrodes. Hard Cu has a grain diameter be-
tween 10 µm to 100 µm (at least 4 by the ASTM E112
Standard24). Soft Cu samples experience an additional
heat treatment, first at 1040 °C in the hydrogen atmo-
sphere, and subsequently at 650 °C in vacuum to breathe
out hydrogen. Based on the Heyn Linear Intercept proce-
dure described in the ASTM E112 Standard, the average
grain diameter of the used soft Cu was estimated to be
(2.1 ± 0.6) mm.

In these experiments we used several pairs of circular
electrodes with the diameter of the contact area either
40 mm or 60 mm depending on the setup. Similar elec-
trodes are described in more detail in Refs.23,25. In most
measurements, the anode had a smaller diameter than
the cathode to minimize the field enhancement near the
edges of the electrodes, which is seen in the BDs cluster-
ing within a few millimeters from the edge25. In the ex-
periments performed in Helsinki, the gap length between
the electrodes was 40 µm, while for the one pair, mea-
sured at CERN, both the anode and the cathode had the
same diameter of 40 mm and the gap was 60 µm. A mod-
ified geometry was required to allow BD localization at
the measurements performed at CERN26. Previous ex-
perience has shown that changing the gap size has very
little effect on the BD generation, except for the obvi-
ous difference in the electric field strength27. Since in
this study we focus on the quality of the cathode sur-
face as a prime source of field emission currents resulting
in BD events, the electrode polarity remained unchanged
throughout the study, i.e., the bottom electrode was used
as a cathode during both the plasma treatment and the
BD experiments.

The electrode types and geometries used in each mea-
surement are listed in Table I.

TABLE I: The electrode pairs used in the
measurements. The third column shows the diameters

of anode/cathode in mm.

Id Material Geometry Gap Experiments

A Hard Cu 60/60 40 µm Plasma cleaning, SWLI

B Hard Cu 40/60 40 µm Plasma cleaning, ERDA,
conditioning, recond

C Hard Cu 40/60 40 µm Conditioning (reference)

D Soft Cu 40/60 40 µm Plasma cleaning,
microscopy, conditioning

E Soft Cu 40/40 60 µm Conditioning (reference)

B. Plasma treatment

The plasma treatment is performed by inserting the
electrodes into a Large Electrode System (LES) vacuum
chamber25, which was modified to allow gas flow while
under vacuum. A schematic of the system is presented
in Fig. 1. During the plasma experiments, the Marx gen-
erator, which is used for electric pulsing (see Sec. II D)
and the constant dc voltage, is controlled directly by the
power supply.

FIG. 1: A schematic of the pulsed dc system, modified
to enable gas flow used in the measurements. Red lines
depict the HV cabling, black lines gas & vacuum piping

while the other colors portray electric data signals
between the devices.

The plasma is created by feeding the chamber with a
selected gas and applying a dc voltage across the gap
to ionize the gas molecules. Both oxygen (> 99.9999 %
purity) and argon (> 99.99 % purity) gases were used to
clean the electrode surfaces. The oxygen plasma is aimed
to clean the surface from various hydrocarbons, while
argon plasma is used for removing the excess oxygen from
the surface28.

The treatment was executed by the following proce-
dure:

1. Pump the LES chamber into high vacuum
(< 1 mPa). To remove traces of air molecules from
the system.
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2. Flush the chamber with oxygen or argon gas un-
til the target pressure is reached (1 kPa for O and
6 kPa for Ar).

3. Apply a dc voltage across the gap and increase its
value until the plasma onset, i.e., when a stable
current in the mA range is observed, indicating the
formation of a conducting plasma channel between
the electrodes. The resulting glow can also be con-
firmed visually through the chamber windows.

4. Maintain a constant target voltage and current to
preserve the plasma for 10 minutes.

5. Switch off the voltage and pump the chamber back
to high vacuum. Repeat steps 2–5 when another
gas is used.

In the experiments, the plasma current was capped to
the glow discharge region (200 mA, 160 A/m2); thus, this
was the value of the current most of the time the plasma
was on. The value of the applied voltage was determined
by the Paschen’s curve, as discussed in Sec. III A.

In some experiments, either only oxygen or only ar-
gon plasma was used to understand the effects of either
of the treatments separately. The optimal pressures for
both gases were found experimentally for maximizing the
stability of the plasma.

C. Surface analysis

To understand the effects of the plasma treatment, the
elemental composition of the electrode surfaces was stud-
ied. The surfaces were also imaged optically in both
macro and micro-scale and the topography of the sur-
faces was analyzed.

The elemental analysis of the surfaces was performed
after each plasma cleaning stage by Elastic Recoil Detec-
tion Analysis (ERDA) with 40 MeV 117I7+ ions, using a
5 MV tandem accelerator at the University of Helsinki29.
The technique averages the elemental composition over a
roughly 1 × 1 mm2 area on the surface.

The ERDA was performed for the hard Cu (pair B)
samples at five stages:

#1 Pristine electrodes

#2 After oxygen and argon plasma treatment, and a
subsequent weekend in vacuum

#3 Immediately after oxygen and argon plasma treat-
ment

#4 Immediately after oxygen plasma treatment

#5 Immediately after argon plasma treatment

Pristine refers to unused electrodes in the state they
were taken from the storage in N2 atmosphere. The sam-
ples had to be removed from the LES chamber and ex-
posed to air for at least half an hour between the plasma
treatment and the ERDA.

In addition, the samples were optically imaged. Pic-
tures were taken both from the entire electrode surfaces
and from the specific microscopic spots after each stage.
The soft Cu electrodes (pair D) were imaged in the fol-
lowing order

a) Pristine electrodes

b) After argon plasma treatment

c) After oxygen plasma treatment

d) After oxygen and argon plasma treatment and sub-
sequent conditioning

The plasma-cleaned electrode surfaces of pair A were
also imaged with a Scanning White Light Interferom-
eter (SWLI), which can image nanometer-scale height
changes in the surface topology, covering a large surface
area in a single image30.

D. Breakdown measurements with a Pulsed DC System

In this study, the main application of the plasma treat-
ment was to study the effect on the BD resistance of the
electrodes. The LES setup allowed to perform the plasma
cleaning and a subsequent switch to BD generation with
dc pulses without exposing the electrodes to vacuum in
between.

The BD experiments were carried out with nearly iden-
tical Pulsed DC Systems at the University of Helsinki and
at CERN. In addition to the LES vacuum chamber, the
system includes a power supply, a Marx generator31, an
oscilloscope and an ion gauge for vacuum pressure mea-
surement.25,26. A schematic of the full system can be
seen in Fig. 1.

In the experiments, two pairs of pristine hard Cu and
two pairs of pristine soft Cu electrodes (pairs B–E, re-
spectively) were conditioned using electric pulses and
BDs. Prior to exposure to any HV pulses, one pair of
each type underwent the plasma treatment process (first
with O, then with Ar), and a reference pair was condi-
tioned without the treatment.

Additionally, the plasma cleaned hard Cu pair was ex-
posed to additional reconditioning experiments both with
and without a preceding plasma cleaning. This was done
to understand the long-term effects of the plasma clean-
ing after extended idle time in vacuum and in air.

In the measurements, the Marx generator was used
for producing square dc pulses with voltages up to 6 kV
(150 MV/m with a 40 µm gap), with a frequency of 2 kHz
and with a pulse width of 1 µs. Also the detection of the
BD events was performed by the Marx generator: when
the maximum value of the measured current during a
voltage pulse was greater than the displacement current
required to charge the electrodes, a BD event was reg-
istered and the pulsing was immediately stopped. More
details of the system and BD detection are discussed in
Ref.25.
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Differing from the other measurement geometries, a
60 µm gap and 40 mm cathode against 40 mm anode was
used with the soft Cu pair E that was conditioned with-
out plasma cleaning. The electric field strength E across
the different gap sizes d was estimated simply from the
voltage V by assuming E = V/d, as argued by Ref.23. It
has been shown that an exact comparison between differ-
ent gap sizes should take into account other effects than
only the increasing electric field strength27. This matter
is discussed in the Appendix.

The pulsing voltage was determined by the feedback
algorithm, in which the voltage is increased after every
pulsing period of 100 000 pulses with no BD. If a BD
occurred during the pulsing period, the voltage was either
kept constant or decreased based on the number of pulses
in the period. The algorithm is described in more detail
in Refs.25,26.

III. RESULTS

A. Plasma characteristics

Since the gas discharge glows evenly only within a spe-
cific range of gas pressure and voltage, we studied the on-
set voltage between the two electrodes (pair B in Table I)
as a function of gas pressure for both oxygen and argon
gases. The results are shown in Fig. 2. However, while
the Paschen characteristics were used as a baseline for
the most optimal pressure, the pressures used during the
plasma treatments were chosen by finding the pressure
with the most stable current plasma glow.

For oxygen, the trend follows the Paschen curve32 and
there is a clear minimum in the onset voltage near the
pressure of 10 kPa or pd of 0.5 Pa m, which is similar
to the values seen in other experiments with dc oxygen
plasma, also in a micro-gap33. At higher pressures, the
onset voltage increases rapidly.

For argon, no clear minimum was found. Instead, the
onset voltage steadily decreases as the pressure increases,
which in line with theoretical predictions 34. We observe
a significant slowdown in the decrease rate above 30 kPa
but, unfortunately, the upper pressure limit of the ex-
perimental setup (70 kPa) did not allow us to identify
the global minimum near this pressure, as suggested in
Ref.35.

B. Plasma cleaning effect on electrode surfaces

To verify the cleaning effect of the plasma treatment,
the Cu surfaces of electrode pair B (Table I) were ana-
lyzed by measuring the concentrations of impurity ele-
ments. The surfaces were also analyzed visually and the
height profile was measured with an SWLI profilometer.

The ERDA results of the surface concentrations on the
pristine hard Cu electrodes are presented in Table II.
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FIG. 2: Onset voltages for oxygen and argon plasma
forming between the electrodes (pair B) as a function of

pressure. Each point is a mean value over four
measurements. The uncertainties are estimated from
the standard error of the mean. The top x-axis scale

presents the pressure (p) multiplied by the distance (d)
of 40 µm across the gap while the bottom x-axis

indicates the corresponding pressure. The vertical lines
indicate the chosen pressures for the plasma treatment

with each gas.

Relative changes to these initial concentrations are visu-
alized in Fig. 3. The surfaces were analyzed in the order
described in Sec. II C. The detected impurity elements
were hydrogen, carbon, nitrogen, oxygen, and sulphur.

TABLE II: Surface concentrations of the detected
elements on the pristine Hard Cu electrodes (pair B)

measured with ERDA. †The values for N are from the
measurement #3, i.e., after the first O+Ar plasma

cleaning, since no nitrogen was detected on the pristine
electrodes. The uncertainties are given as standard

deviations.

Surface concentration [1015 atoms cm−2]
H C N† O S

Cathode 1.9±0.4 1.8±0.3 0.5±0.1 7.9±0.5 1.2±0.2
Anode 1.4±0.4 1.4±0.2 0.3±0.1 6.9±0.4 0.8±0.1

In Table II and Fig. 3, we observe that initially (see the
blue bars marked in the legend of Fig. 3 as ”ERDA #1”)
the surface concentrations are very similar on the cath-
ode and the anode. After the first plasma cleaning with
oxygen and argon, the second ERDA measurements (the
orange bars ”ERDA #2” in Fig. 3) did not reveal sig-
nificant changes in the impurity concentrations on the
surfaces of either the cathode or the anode. Since the
ERDA measurement was carried out with a delay of 3
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FIG. 3: Relative changes in the hard Cu (pair B)
surface concentrations detected by ERDA on a) cathode
and b) anode of the hard Cu electrode pair. The ERDA

measurements were performed in the following order:
#1: Pristine electrodes, #2: After O+Ar plasma and a

weekend in vacuum, #3: Immediately after O+Ar
plasma, #4: Immediately after O plasma #5:

Immediately after Ar plasma. The values are grouped
by elements and are relative to the concentrations

measured on the pristine electrodes (blue bars), which
are presented in Table II. The uncertainties are given as

standard deviations.

days after the plasma cleaning, we concluded that the
surface cleaning may have been degraded due to possi-
ble residual molecules in the vacuum. Hence, in the next
experiment shown in the yellow bars (”ERDA #3”) in
Fig. 3, the electrodes were analyzed immediately after
the plasma treatment. Here we see a decrease in the
concentrations for all the elements.

The next surface analysis was performed immediately
after a plasma cleaning with only oxygen (the violet bars
”ERDA #4” in Fig. 3). We see that this was detrimental
for the surface, as it did not only substantially increase
the amount of oxygen, but also the amount of all other
elements except nitrogen. Presumably, the reactive resid-

ual oxygen molecules actively attracted impurities from
the air between the plasma treatment and the ERDA
measurement.

The last measurement (the green bars ”ERDA #5”in
Fig. 3) was done immediately after the treatment only
with argon plasma. The results show that the treatment
decreased the concentrations of all the elements except S
as compared to the oxygen-treated surface. Whereas the
composition of the contamination on the anode surface
remained mainly intact or even worsened compared to
the values after the oxygen treatment. This suggests that
the plasma cleaning strongly affected the cathode surface.
Since the effect of argon plasma cleaning on the anode
surface was negligible, this surface (still oxygen-rich after
the oxygen plasma cleaning) was naturally exposed to air
for approximately twice as long as the cathode surface.
The time between the O plasma and ERDA #4 and be-
tween Ar plasma and ERDA #5 were approximately the
same. This could explain the lower purity of the anode
surface in the last measurement. Additionally, the atoms
sputtered from the cathode due to the plasma, may land
on the anode, introducing additional impurities and ir-
regularities.

The plasma-treated soft Cu electrodes (pair D in Ta-
ble I) were imaged after each cleaning stage, as listed in
Sec. II C. Images of the cathode after each of those stages
are shown in Fig. 4. Optical microscopy images from a
spot near the center of the cathode are shown in Fig. 5.

FIG. 4: 50 mm diameter area in the center of the
cathode surface of the soft Cu electrode (pair D) a)

before plasma treatment, b) after Ar plasma treatment,
c) after O plasma treatment and d) after O+Ar plasma

treatment and subsequent conditioning.

A clear difference between the quality of the cathode
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FIG. 5: The same spot on the soft Cu (pair D) cathode
imaged a) before plasma treatment, b) after Ar plasma
treatment, c) after O plasma treatment, and d) after

O+Ar plasma treatment and subsequent conditioning.

surface before and after plasma cleaning is seen in the
comparison of Figs. 4a and 4b. Here, the 40 mm diam-
eter circle centered on the cathode surface, which was
separated from the anode by 40 µm gap, was exposed
to the Ar plasma cleaning. From this comparison, we
conclude that the Ar plasma is able to improve the re-
flectivity of the Cu surface. In Fig. 4c, the hue of this
circular area changes again toward the red shade after
the O plasma cleaning, which indicates of an increase in
oxidation on the surface. Also in this image, some highly
reflective spots appear on the surface. In Fig. 4d, we
see the white-colored BD spots, which appear uniformly,
without clustering, across the whole 40 mm contact area.

High-resolution optical image of the cathode (pair D
in Table I) surface shown in Fig. 5 does not reveal any
visible changes after the Ar plasma cleaning (compare
Figs. 5a and 5b that show the cathode surface before
and after Ar plasma cleaning, respectively). However,
after O plasma cleaning, several white spot areas (one
shown in Fig. 5c) appear on the surface. These are the
same reflective spots that are seen in the full surface im-
age in Fig. 4c. In Fig. 5d, we show the same spot after
the conditioning experiment. Although the Ar plasma
has preceded the conditioning experiment, the white spot
did not shrink. On the contrary, it grew in size, filling
up the entire surface of the grain, which it was covering
initially only partially. A few breakdown spots are visible
in the middle of this expanded white spot area. We note
the irregular shape of these white spot area, resembling
the random walk pattern observed for arc plasma36, and
hence suggesting the origin of the white spot to be from
the plasma surface interaction.

Additionally, the height profile of a hard Cu (pair A
in Table I) cathode surface was scanned with the optical
and SWLI microscopes. The measurement was made af-

ter the various plasma treatments with argon and, most
recently, with oxygen. The resulting height profile of one
area of the surface is shown in Fig. 6. The profile shows a
typical cathode BD crater with a somewhat elevated ring
area in its immediate vicinity and a more irregular surface
further away from the crater. Two patches of elevated is-
lands are visible in the top-right corner of Figs. 6a and 6b,
which are similar in reflectivity to those seen on the soft
Cu surface after the oxygen plasma treatment, presented
in Fig. 5c. More close inspection of Fig. 6c shows that
the elevated ring area around the crater keeps the shape
of the groves remaining from the diamond machine treat-
ment of the surface. Moreover, the height of the ridges
between the groves is very similar to the height of the tall
ridges on the pristine surface. This indicates that the sur-
face around the crater was also strongly heated, but only
slightly affected by the plasma itself. The plasma bom-
bardment could have caused the grooves on the surface
to become shallower, as seen in the figure.

C. Effects on BD generation

As the main purpose of the plasma cleaning was to
study its effect on the BD probability, we performed con-
ditioning of the plasma-treated hard and soft Cu elec-
trodes (pairs B and D in Table I) with high-voltage dc
pulses while controlling the breakdown rates. The re-
sulting conditioning curves from these experiments are
compared to the untreated hard and soft Cu samples
(pairs C and E in Table I). If the electrodes were not
yet exposed to high-voltage pulses and did not experi-
ence BDs, we specify the conditioning of such surfaces
as initial to distinguish it from the reconditioning pro-
cess, i.e. the conditioning of the previously conditioned
electrodes that were exposed to air after the initial condi-
tioning. The initial conditioning results are presented in
Fig. 7a. Since one of the conditioning experiments was
performed with the gap of a different size, it is impor-
tant to take into account the scaling of the electric field
in the gap with the gap size d as 1

d0.7 rather than as 1
d

(E = V/d, where E stands for the electric field and V for
the electric bias between the electrodes) as it was shown
in Refs.27,37. We have analyzed the possible difference,
but found that within the small gap sizes used in our
experiments, the accurate scaling does not significantly
affect the shape of the curves in Fig. 7a (see Fig. 9 in the
Appendix). Thus, the simpler scaling is used here so that
the units are comparable with the other measurements.

We see that after the plasma treatment, there are fewer
BDs during the initial pulses, compared to the measure-
ments without the treatment. For hard Cu, the con-
ditioning curves overlap at above 1 × 108 pulses, which
corresponds to approximately 1000 BDs. Because of the
feedback algorithm (Sec. II D), this leads to a steeper rise
in the electric field during the first 108 pulses. For the
soft Cu experiments, the overlap occurs much later, at
around 5 × 108 pulses (5000 BDs). Crucially, the first
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(a)

(b)

(c)

FIG. 6: a) An optical microscope image of an area on a
hard Cu cathode (pair A) surface after plasma

treatment with oxygen. b) Topography map of the
same area. The color coding shows the surface height
profile obtained by an SWLI microscope, with the red

features being the highest and the blue ones the lowest.
c) Height profile along the line shown in b). The profile

depicts a BD crater and the area around it.

BD occurred at almost double the electric field strength
(60 MV/m for hard Cu and 23 MV/m for soft Cu after
the treatment compared to 31 MV/m for hard Cu and
12 MV/m for soft Cu without the treatment). In general,
the average values for the first BD fields measured in the
LES setups in Helsinki and CERN for numerous Cu sur-
faces (without plasma treatment) are (35 ± 5) MV/m for
hard Cu (six pairs) and (15 ± 3) MV/m for soft Cu (seven
pairs), uncertainties are given as standard deviations.

In Fig. 7a we observe that after the initial steep growth
of the voltage, the curve of the plasma-cleaned hard Cu
starts decreasing. The decrease goes from the peak field
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FIG. 7: a) Electric field strength against the number of
pulses (solid lines) of the initial conditioning

experiments for electrode pairs with and without
plasma cleaning (pairs B–E, respectively). The dashed

lines show the pulse number and the electric field
strength of the first BD in each measurement. b)

Comparison of the initial conditioning of the
plasma-treated hard Cu sample (pair B) against

subsequent reconditioning measurements described in
Table III. The dashed lines indicate the number of BDs

as a function of the number of pulses.

of 120 MV/m down to 80 MV/m, which is also the field
achieved by the later reconditioning runs, as seen in
Fig. 7b. This type of de-conditioning is not typically
seen during the initial conditioning process and could
result from surface activation due to the plasma treat-
ment38. Also the vacuum level in the gap was almost by
an order of magnitude poorer due to the modifications in
the system, which were necessary to allow the gas flow
for the plasma cleaning: 5 × 10−5 Pa compared to the
usual ∼7 × 10−6 Pa. This decreasing trend is not seen in
the initial conditioning curve of the plasma cleaned soft
Cu. As the soft Cu conditioning happens slower23, this
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TABLE III: Conditioning and reconditioning
measurements in the order they were performed with

the plasma-treated hard Cu sample (pair B). The table
shows the sequences of vacuum and air exposure as well

as the plasma cleaning procedures in between the
pulsing runs.

Measurement Exposure before conditioning

I Initial conditioning O+Ar plasma, 12 h vacuum
II After plasma O+Ar plasma, 24 h vacuum
III After vacuum 21 h vacuum
IV After air & plasma 20 h air, O+Ar plasma, 19 h vacuum
V After air 20 h air, 19 h vacuum

de-conditioning effect might be just seen as even slower
conditioning. Regardless, the final electric field strength
after 5 × 108 pulses is very similar for both the plasma-
treated samples.

Figure 7b shows the reconditioning curves for the
plasma-treated hard Cu electrodes compared to the ini-
tial conditioning after the plasma treatment. The order
of the experiments is presented in Table III. The figure
shows that, after the initial conditioning, which ended
with a final electric field strength near 80 MV/m, all the
subsequent reconditioning runs end up in a similar sat-
uration field regardless of the treatment prior to the re-
conditioning. All of the curves quickly saturate close to
the final electric field strength after the BDs start regu-
larly occurring above 60 MV/m. The saturation field is
reached at around 5 × 107 pulses in each of the runs.

There are slight differences in when the BDs start oc-
curring regularly. For measurement V of Table III (after
exposure air without consequent plasma cleaning), the
regular BDs begin on the lowest number of pulses, while
the highest value is achieved in measurement III (recon-
ditioning preceded by 21 h idle time in vacuum after the
previous reconditioning ended).

IV. DISCUSSION

The surface contamination measurements show that
the two-step plasma treatment with oxygen and argon
removes impurities from the surfaces of both electrodes,
albeit the effect is nullified within a few days even if the
surface remains in high vacuum (∼5 × 10−5 Pa). Plasma
treatment with O and without the subsequent Ar treat-
ment was detrimental for the surface. Hence the two-step
plasma cleaning was selected: first, the O ions were used
to break hydrocarbon bonds on the surfaces and then,
the Ar ions were used to remove the oxide layer28. The
additional oxidation during the O plasma cleaning is also
known to be highly reactive, thus prone to attract other
impurities, especially when the surface is exposed to air
at the standard pressure39.

In Fig. 3, the measurement ERDA #3 showed that the

combined O+Ar treatment indeed cleaned the surfaces
most effectively. Treatment with only Ar plasma was
able to remove some of the impurities on the cathode, but
seemingly none on the anode. However, in our study, the
primary focus was on cleaning of the cathode surface,
since it is known to be more strongly associated with
triggering of BDs40,41.

The optical images before and after plasma cleaning
(compare Figs. 4a and 4b, respectively) reveal the mod-
ifications on the cathode surface caused by the plasma
treatment. The brighter circular area on the cathode
surface has the same size as the anode area, which has
a diameter of 40 mm, while the diameter of the whole
cathode surface is 60 mm. Hence, we conclude that the
change in the brightness is due to exposure to the plasma,
since the rest of the cathode surface (dark ring around
the central spot in Fig. 4b) was also exposed to the cor-
responding neutral gas and, hence, escaped the cleaning
effect of the plasma. The lighter color indicates higher re-
flectivity and, hence indirectly, the removal of impurities
(most probably cupric oxide) from the surface. The slight
reddening of the same area between Figs. 4b and 4c again
points out re-oxidation of the surface after the plasma
treatment solely with O plasma.

The O plasma cleaning led to the appearance of yet
lighter localized spots (see Fig. 5). In Fig. 8, we highlight
the most prominent spots on the whole cathode surface.
We found the same spots on the cathode surface after the
conditioning (surface experienced BDs), see Fig. 5b. It is
noteworthy to see that there is at least one BD crater in
each of the spots after the conditioning. Some of them
have multiple BD craters overlapping each other. Thus,
there is a positive correlation between the location of BDs
and the reflective spots, however, the former are vastly
more in number compared to the latter, hence the ap-
pearance of the spots cannot solely explain the triggering
of the BDs.

FIG. 8: Soft Cu (pair D) cathode c) after O plasma
cleaning, d) after subsequent conditioning and BDs as

seen in Fig. 4, but with the 18 most prominent
reflective spots highlighted.

We note that these spots are somewhat similar in size
and reflectivity to the two islands seen in the top-right
corner of Fig. 6a. The islands are slightly elevated from
the rest of the surface and appear after plasma treatment
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with O, which suggests that they are small islands of
highly reflective oxidized Cu. Such thin layers of surface
impurities could affect the local electric field strength,
thus inducing BDs. However, the optical microscopy is
not enough to confirm the composition of these spots, so
further investigation is required to conclude their origin.

The initial conditioning curves shown in Fig. 7a follow
the previously established trend23, where the hard Cu is
conditioned much faster than the soft Cu. What is re-
markable is the electric field strength at which the first
BDs occur. The first BD fields at the plasma-treated
surfaces are almost twice as high as those of the corre-
sponding non-treated surfaces and more than 50 % higher
when comparing to all the pairs measured earlier that
are comparable to these measurements. However, the
conditioning slows down or even reverses after around
108 pulses, which amounts to 500–1000 BDs depending
on the measurement.

The de-conditioning of the plasma-treated hard Cu
(pair B) could be related to the poorer vacuum compared
to the measurement without the treatment7. The Cu sur-
faces are also known to become activated by the plasma
treatment38, which possibly makes them more reactive to
the impurities from the vacuum and sputtering of atom
clusters from the BD craters. In addition to the sput-
tered material from these craters, the reactive surface of
the crater spot itself is exposed to the vacuum residu-
als. The de-conditioning trend is not seen with soft Cu.
However, the overall conditioning speed of the soft Cu is
lower, so the same effect could be observed simply as a
more gradual slope. Further experiments with additional
electrodes are needed to confirm the exact mechanism be-
hind the de-conditioning.

The fact that the plasma cleaning has a large effect in
the beginning of the initial conditioning, but a minimal
effect in the reconditioning of the same electrode pair, as
seen in Fig. 7b, strengthens the hypothesis of two condi-
tioning processes: extrinsic and intrinsic. As we saw the.
plasma treatment was modifying the surface unevenly,
mainly affecting the spots on the surface contaminated
by impurities that are responsive to the specific plasma
cleaning. It is also likely that the energetic plasma ions
striking the surface might make some surface features
blunter than they would be on an untreated surface.It is
clear that, without cleaning, these surface features, in-
cluding the contaminated spots, act as nucleation sites
for the very first BDs registered when the applied volt-
age is still low since these are strongly reduced after the
plasma cleaning. However, the fact that the saturated
value of the conditioning curve returns to the same value
as for the electrodes without plasma cleaning supports
the hypothesis that material properties below the surface
contribute to the BD generation as well. Thus, our re-
sults indicate that even if the electrode surface is cleaned
to a high degree of purity and smoothness, changes in the
subsurface material such as dislocation movement still
contribute to the formation of the BD spots, as supported
by the models in Refs.16–18,42. Such intrinsic condition-

ing state is achieved after the initial conditioning and
does not deteriorate even after a prolonged exposure to
air. This memory effect is seen in the saturation electric
field strength being unchanged during the reconditioning
runs. This saturation field, and the number of pulses
required to reach it, is mostly unchanged regardless of
the electrode exposure and cleaning prior to the recondi-
tioning, thus suggesting that the underlying intrinsic BD
generation mechanism does not depend on the state of
the surface.

V. CONCLUSIONS

Plasma cleaning of Cu electrode surfaces was exam-
ined with a vacuum microgap dc system. The resulting
effects were studied by measuring the elemental, optical
and topographical changes on the surfaces. In addition,
the surfaces were exposed to high-voltage dc pulses in
order to study the breakdown generation on the plasma
cleaned electrodes.

The results show that the plasma cleaning was able to
decrease the amount of surface impurities. The plasma
cleaning also increased the breakdown resistance of the
non-conditioned electrodes by increasing the electric field
strength achieved before the first BD event by more than
90 % on both hard and soft Cu electrodes. However, the
effect was seen to be short term and to be significant only
with pristine electrodes.

Additional studies with changing voltage bias would be
needed to understand the differences in the plasma clean-
ing effects between the anode and the cathode. Further-
more, the impact on reconditioning could be studied by
filling the chamber, for example with an inert gas instead
of air, between the reconditioning runs. Moreover, high-
resolution elemental analysis can help in understanding
the nature of the optically observed microscopic features
on the electrode surfaces due to the plasma cleaning and
hence, clarify their relation to increased probability of
vacuum breakdowns.

ACKNOWLEDGEMENTS

Optical scanning microscope imaging related to the re-
sults was performed by Eric Brücken at the Detector Lab-
oratory of the Helsinki Institute of Physics.

AIP PUBLISHING DATA SHARING POLICY

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.



10

APPENDIX: NORMALIZED CONDITIONING CURVES

Comparing conditioning curves measured with differ-
ent electrode gaps is not simple. It has been shown in
Refs. 27,37 that the conditioning electric field strength
does not scale with the gap size as V/d, as one would
expect based on the strength of the surface electric field.

Instead, the gap distance should be scaled by
(
1
d

)0.7
to

precisely match the measurements.
Thus, the values shown in Fig. 7a were scaled accord-

ing to Eq. (A1) to normalize the conditioning curves by
maximum voltage and gap size. The results are shown in
Fig. 9,

Enorm =

(
V

Vmax

)(
dmax

d

)0.7

(A1)

Values of Vmax = 5249 V and dmax = 60 µm were used
in the scaling.
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FIG. 9: Data of Fig. 7a normalized by the gap
distances and maximum voltages according to Eq. (A1).

The normalized fields and pulse numbers of the first
BDs are presented in dashed lines.

In the case of the measurements of this work, the scal-
ing changes the outcome very marginally. Figure 9 shows
that even with the scaling, the pristine samples reach the
final field much slower compared to the plasma cleaned
ones. Additionally, the soft Cu samples are shown to
condition slower than the hard Cu ones, as was seen also
without the scaling. However, the final field strength is
very similar in each of the measurements, as one would
expect due to the scaling. This means that even if the val-
ues in Fig. 7a were based on a more simplified approach,
the conclusions based on the figure are still justified.
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