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Visual and Electrical Evidence Supporting a
Two-Plasma Mechanism of Vacuum

Breakdown Initiation
Carlos H. Castano, Maro Aghazarian, John B. O. Caughman, II, and David N. Ruzic

Abstract—The energy available during vacuum breakdown be-
tween copper electrodes at high vacuum was limited using resistors
in series with the vacuum gap and arresting diodes. Surviving
features observed with SEM in postmortem samples were ten-
tatively correlated with electrical signals captured during break-
down using a Rogowski coil and a high-voltage probe. The visual
and electrical evidence is consistent with the qualitative model of
vacuum breakdown by unipolar arc formation by Schwirzke [1, 2].
The evidence paints a picture of two plasmas of different composi-
tion and scale being created during vacuum breakdown: an initial
plasma made of degassed material from the metal surface, ignites
a plasma made up of the electrode material.

Index Terms—Breakdown model, plasma material interactions,
unipolar arc, vacuum breakdown.

I. INTRODUCTION

VACUUM BREAKDOWN has been studied for more than
a century [3], and some of the details are still not un-

derstood [4], [5]. Part of the reason is that at the moment
of a breakdown, the four states of matter coexist for a very
short period of time in a microscopic volume of space with
catastrophic destruction of the location. It is challenging to
devise diagnostics that provide in situ information and the
analysis and interpretation of the postmortem breakdown sites
are far from trivial [6]. A better engineering understanding
of the preliminary steps causing breakdown can help pre-
vent unintended breakdown and usher a new era of vacuum
engineering applications with significantly improved vacuum
dielectric strength. Vacuum breakdown is of great technological
importance in a variety of applications including space propul-
sion [7], direct nuclear to electrical energy conversion [8], high
power RF antennas [9], [10], particle accelerators [11], novel
X-ray sources [12], and many others.
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It has been suggested that vacuum breakdown occurs by
way of unipolar arc formation with a clear sequence of stages
[1], [2], [13]. We present here evidence that on high vac-
uum (10−8–10−6 Torr) breakdown proceeds in two separate
phases. The first stage includes the formation of a relatively
large plasma (∼100 μm diameter) arguably formed from gas
molecules degassed from the surface and ionized by field
emitted electrons. The second stage initiates at a localized spot
(∼ few μm diameter) and corresponds to plasma of vaporized
electrode material (metal). This second stage is mostly respon-
sible for the destruction of the electrode in uncontrolled vacuum
arcs. While there are other more mathematically intensive 3-D
models of vacuum breakdown [14], as well as quantitative
analysis of assumed nonequilibrium plasma conditions during
breakdown [15], the 1-D Schwirzke model is simple and ele-
gant enough to illustrate and explain the experimental results
presented here. More detailed models, which have to assume
multiple conditions, should wait until better diagnostics are
available to study microscopic plasmas in situ with enough time
resolution during breakdown events.

II. EXPERIMENTAL PROCEDURE

The experimental setup consist of two copper (99.999%)
parallel plate electrodes with polished Rogowski profiles [16]
inside a vacuum chamber evacuated using a turbomolecular
pump. The chamber achieved ultimate pressures down to
4.1 × 10−8 Torr measured with a glass Alpert-Ballard ioniza-
tion gauge.

The high voltage is provided by a 50-kV capacitor-charging
power supply General Atomics CCS (previously Maxwell
Labs) model CCS-08-050-P-1-0000-C. This power supply re-
quires a capacitive load present at all times to work properly
which is provided by a 52 μF capacitor. Polarity inversion
prevention during breakdown experiments is required for the
power supply and is provided by a diode network of 22 −
1 kV diodes, varistors, and resistors (see Fig. 1) connected
to the output of the power supply. In series with the vacuum
gap, there is a current limiting resistor (Rseries), which can be
changed as needed for each experiment. The emission current
is measured using a 1 kΩ thick-film noninductive precision
resistor on the ground side of the gap (Rshunt) as shown in
Fig. 1, allowing reproducible measurements down to 1 nA
currents. Rshunt is redundantly protected from overcurrent by
a Zener diode, a varistor, and three neon NE-2 lights connected
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Fig. 1. High voltage breakdown experimental setup. Rseries limits energy
going to the arc. Rshunt (noninductive, 1 kΩ) is used to measure emission
current. R1 = R2 (225 Ω, 150 W) provide current limitation and load balance
for the CCS HV power supply. 22-kV Polarity inversion protection for the
CCS HV power supply is provided by the diode assembly consisting of 22
RURG80100 (80-A, 1000-V Ultrafast Diodes), 1 MΩ resistors and 1-kV
Varistors.

Fig. 2. Breakdown marks on the cathode of parallel copper electrodes ob-
tained by limiting the current going into the arc with a 1 MΩ resistor in series.
V b = 5–20 kV.

in parallel. Rshunt can be short-circuited and Rseries bypassed
to perform high current experiments, or plasma conditioning of
the electrodes using the same power supply.

The gap between the electrodes is measured and controlled
using a linear motion feedthrough with a stroke of 5.08 cm
(2′′) and reproducible gap control of ±1 μm in the horizontal
direction. During long horizontal displacements, we found that
the feedthrough wobbles. Wobbling is as much as 1 mm in
the vertical direction for 1 cm of horizontal displacement.
Nonetheless, its performance is adequate in the scale of our
experiments (gap changes smaller than 100 μm) since at that
scale the electrode faces remain parallel.

Fig. 3. Typical breakdown marks (a) with and (b) without central crater.
Breakdown events with current limited by Rseries = 1 MΩ(Rshunt = 1 kΩ).

The voltage of the high-voltage electrode is recorded using
a PHV 4002-3 0.6 ppm/V 1000X High Voltage Probe in the
range of 2–20 kV DC (minimum accuracy = 0.083%). The
output of the probe is matched to a 1 MΩ impedance. Capture
of breakdown events is performed using both a Lecroy 9304A
Quad 200 MHz 100 MS/s Digital Storage Oscilloscope with a
computer interface, and a Tektronix TDS 2014 100 MHz 1 GS/s
digital oscilloscope.

The breakdown current was measured using a series resistor
(Rshunt) for small emission current (1 nA-mA’s), and a Ro-
gowski coil current transducer for large breakdown currents
(few to 100’s of Amps). Using an unprotected series resistor
poses some risk to the oscilloscope, since at the moment of
a breakdown, the current is unpredictable and the signal is
not DC (it consists of several MHz pulses lasting a few μs
followed by a ms pulse of lower frequency). Careful design of
the Rogowski current transducer coil was required [17], [18],
including consideration of the frequency of the measured signal
[19] to protect it. Details of the equation derivation and behavior
of the different types of integrators can be seen elsewhere [20].

III. RESULTS

Using a limiting resistor (Rseries) of 1 MΩ allowed the
isolation of separate incidents of breakdown so that multiple
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Fig. 4. Oscilloscope traces illustrating the timescale of the current signal dur-
ing two typical 14-kV breakdown experiments (Rseries = 1 MΩ, Rshunt =
10 Ω). Notice the short (∼2–3 μs) intense oscillatory current in (a), followed
by a longer lived low frequency component (∼100 μs) more clearly seen in a
millisecond scale in (b).

breakdowns can occur at slightly different places without com-
plete destruction of the breakdown spot. The breakdowns occur
in different places as expected from theory since arc initiation
destroys the micro-emitter that originates them [10]. Typical
breakdown marks are shown in Fig. 2. While these marks
come in different sizes (48–238 μm), some present a crater-like
central feature [see Fig. 3(a)], and some do not [see Fig. 3(b)].
We think that this difference can be related to difference in
the electrical signals detected during the breakdown events.
The current detected during individual arcs is variable, and this
likely accounts for the different size of the observed features.
The outward pointing features in the rims of Fig. 3(a) and (b)
are likely formed by electric field stretching of molten metal in
contact with a plasma [5]. Further analysis of those patterns is
presented in the discussion section.

Fig. 5. Rogowski coil measurements of currents of hundreds of amperes
during the initial 3 μs of an isolated breakdown event (Rseries = 1 MΩ,
Rshunt

∼= 0).

Two oscilloscope traces of breakdown events captured by
a Lecroy 9304A oscilloscope are shown in Fig. 4. Due to
the parallel plate electrode configuration and the small gap,
the exact position of each breakdown was not possible to
determine with parallel electrodes, such that a definitative
correlation between breakdown images with electrical signals
was not possible. Nevertheless, both the photographic features
and the oscilloscope traces were consistently obtained over
many experiments. We used these typical results to explain the
features observed. An experimental effort, presented elsewhere
[20], was conducted to correlate individual breakdown events
with features in sharp tips prepared by electropolishing, and it
supports our current correlation.

The oscilloscope traces in Fig. 4 show a breakdown event
split in two main parts. An initial intense current pulse lasting
∼2–3 μs, followed by a longer lived current component of
less than 100 μs which accounts for currents between 40 and
775 mA (measured with the series resistor). To determine the
current of the initial 2–3 μs component, a Rogowski transducer
coil method was used indicating currents on the order of 100’s
of Amps (RMS ∼ 114.6 A, see Fig. 5). The Rogowski coil was
calibrated using signals from 0.25 to 14 A, and a linear behavior
through seven points (R = 0.9994) was obtained (Rogowski
coils are well known to tolerate extrapolation because their
behavior is highly linear [19]). Because the insulator used to
wind the Rogowski coil (rubber silicone) has an unknown di-
electric constant, the cutoff frequency for linear behavior is only
estimated. To make sure we were observing a real signal and
not a resonance on the coil above the cutoff frequency, another
Rogowski coil with different size and electrical parameters
was employed. The cutoff frequency of the second coil was
estimated to be 400% higher than the original coil, yet the
frequency of the signal detected was only 3% different, thus
we concluded that our measurement were indeed correct, and
the coil was operating within the frequency range that exhibit
constant gain [19].

One final important observation in our experiments is that
a breakdown event will sometimes not produce the long-lived
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Fig. 6. Breakdown event in which only the initial short current pulse (2–3 μs)
is present, without a long-lived current component. The voltage drop is the clear
indication of a breakdown occurrence.

current component, such that only the initial short (∼ μs) cur-
rent pulse is present. The lack of current long-lived component
shown in Fig. 6 suggests a difference in different breakdown
events. We propose that these signals correspond to breakdown
marks such as those shown in Fig. 3(b) without the central crater
as explained in the next section.

IV. DISCUSSION

A. Schwirzke Model

We interpret Figs. 3–6 in light of the Schwirzke unipolar arc
qualitative model [1]. Schwirzke’s model has also been used
successfully to explain or correlate data from breakdown in
other applications [21]–[26]. The diameter of features and the
currents measured correlate well according to this model. The
stretched molten metal features pointing outwards in the circu-
lar external rims of Fig. 3(a) and (b) suggest the presence of a
plasma, which is not surprising since during breakdown events
arcs are observed and expected. Such features are explained
by electric-field stretching of molten metal in contact with a
plasma [6].

Following Schwirzke’s qualitative model (which will suffice
to explain the experiment), the electric field (Es) due to the
plasma sheath can be approximated by the plasma floating
potential (Vf) divided by the Debye length (λD). Vf of a metal
in contact with a plasma, can be calculated from the electric
field needed to balance the ion and electron flux [27], as

Vf =
kTe

2e
ln

(
mi

2πme

)
(1)

where Te is the electron temperature, k is the Boltzmann
constant, e is the elementary charge, mi, and me are the ion

and electron mass, respectively. Dividing by the Debye length,
we obtain

Es =
Vf

λD
=

√
nekTe

4ε0
ln

(
mi

2πme

)
. (2)

A no value is suggested in [2] by assuming that at the
beginning of the process the surface suddenly releases about a
monolayer’s worth of gas, ∼ 2 × 1015 molecules/cm2, a figure
supported in our experiments by the pressure change measured
during a single breakdown event [28]. Schwirzke assumes that
the gas released expands at the speed of sound (υ ≈ 3.3 ×
104 cm/s, pressure independent in an ideal gas) and reaches the
zone of maximum ionization (100 eV) after 3 ns, the density
of the gas in front of the emitter, where the plasma is formed
would be n0 ≈ 2 × 1015 cm−2/υt ≈ 2 × 1019 cm−3 (614 Torr,
but in a very small volume). Assuming conservatively that the
ionization fraction is only ∼ 10−4, gives an estimated electron
density, ne = 2 × 1021 m−3.

Taken Te to be 18 eV, a typical value of other plasmas known
to produce unipolar arcing [29], (2) gives Es = 3.5 GV/m. This
electric field combined with moderate heating of surface by ion
bombardment (> 0.3 Tm) is sufficient to cause atom migration
at the metal surface [30] arguably causing further electric field
enhancement. Finally, since Es ∝ n

1/2
e , the plasma density is

the main factor on enhancing the electric field.
In summary, the point where the plasma originated (due to

local field enhancement) has now even more enhancement due
to the presence of the plasma, causing higher currents that
modify the emitter such that a very localized (∼ μm) hot metal
vapor can be ionized and produce a second plasma. This second
plasma is different from the original plasma in that it is made up
of metal atoms (not degassed material). In the current research,
this second plasma is the one that is quenched by limiting
the current available through Rseries. Otherwise, the current
would be only limited by how much energy the power supply
can provide, causing a continuous arc and massive damage
to the electrode (ordinary arcs) and destroying in the process
all features of interest relevant to the early stages of vacuum
breakdown.

B. Correlation of Current and Features

The size of the features observed in Fig. 2 can then be
explained as follows. The electron return current (i−s ) from a
unipolar arc is determined by the electron density (ne) and the
electron thermal velocity (υe), and is equal to [31]

i−s =
1
4
eneυeA. (3)

A is the area on the surface of the electrode where current is
flowing. The measured current during the arcs can be used to
estimate the area needed for the electron return current. These
values should be consistent with the feature sizes shown in the
arcs of our system in Fig. 3. The mean random thermal electron
velocity (υe) is

υe =
(

8kTe

πme

)1/2

. (4)
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From the current measurements shown in Fig. 4, there are
two different currents and time scales in the arcs. In the first
part, the current is oscillating with ∼11 MHz frequency in the
order of several hundred amps and last only 2–3 μs. Taking
the RMS value of the oscillating current which is 114.6 A, as the
characteristic value and using the equation for i−s , the expected
diameter for circular marks of the electrode would be 142 μm,
which given the experimental setup and approximated model
is in reasonable agreement with the overall size of the features
presented in Figs. 2 (48–238 μm), and 3(a) and (b) (∼88 and
97 μm, respectively).

The second stage of breakdown (second plasma) lasts
∼100 μs and exhibits much smaller currents ranging from
40 mA to 780 mA. For this current range, the expected feature
diameter [using (3)] would be between 2.7 and 12.8 μm,
which is in good agreement with the central feature present
on Fig. 2(a) which is approximately 8 μm. The central hole
∼0.4 μm in size observed probably corresponds to the place
where the emission current vaporized the original emitter
whose nature is still unresolved, but clearly corresponds to
a submicrometer feature (e.g., size grain boundary, impurity,
oxide, or other insulator material located at the spot [4], [32]).
These submicrometer holes are characteristic of unipolar arcs
and have been observed in other studies [2].

Note that the initial plasma (∼2–3 μs) is extinguished when
it exhausts its source of ionizable material (gas desorbed form
the surface). Assuming most of the gas is released during the
ignition of the first plasma by the time the plasma reaches a
size of a semisphere of ∼100 μm (size of typical marks of
Fig. 2) the density is only 7.6 × 1019 m−3 ≈ 2 mTorr. Which
is not enough pressure to sustain continuous ionization, and the
plasma simply extinguishes without further damage to the elec-
trode [Fig. 3(b)]. This phenomenon contributes to the principle
of conditioning of electrodes. Conditioning seems to remove
or modify the initial emitters, but also removes the source of
ionization for the triggering plasma (stage 1). If the first plasma
is arrested either way, full breakdown will not proceed as long
as not enough energy is provided to the second plasma to ionize
the metal atoms.

V. CONCLUSION

Individual breakdown initiation spots were isolated by lim-
iting the energy available during breakdown events. This was
possible because breakdown events destroy the emitter origi-
nating them, making subsequent breakdowns occur at slightly
different locations. The preservation of breakdown spots allows
postmortem studies of breakdown initiation sites.

Postmortem breakdown features observed on copper elec-
trodes at high vacuum suggest breakdown initiation in two
plasma stages. During the first stage oscillating currents up to
several hundred amperes lasting only 2–3 μs were observed.
The second stage exhibit currents of less than 1 A lasting
100’s of microseconds. In some cases, the second stage was
not observed.

The features observed with scanning electron microscopy
can be explained by plasma material interaction between the
electrode material and the two plasmas inferred. The stage

one plasma is created from gasses released from the surface,
followed by a second plasma formed from electrode material
and ignited by the first plasma.

The correlation between breakdown currents measured and
the size of the electrode marks (following Schwirzke’s likely
plasma parameters) suggests that vacuum breakdown at high
vacuum proceed on two plasma stages. The initial intense cur-
rent packet (2–3 μs, I > 100’s A) is responsible for the creation
of the ∼100 μm outer rim in Fig. 3(a) and (b). While the
central crater feature of Fig. 3(a) is produced by the longer-lived
second current packet (∼100 μs, I < 1 A). This second energy
packet also marks the beginning of metal ionization, such that
in cases where the current is not controlled it would cause the
destruction of the metal electrode and a full-fledged arc.

The presence of breakdown marks without a crater-like cen-
tral feature [Fig. 3(b)] corresponds to cases where the second
plasma stage was not ignited. Never the less the stage one
plasma destroys the original emitter “conditioning” the elec-
trode such that breakdown is less likely.
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