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Abstract
In experiment and 2D3V PIC MCC simulations, the breakdown development in a pulsed
discharge in helium is studied for U = 3.2 kV and 10 kV and P = 100 Torr. The breakdown
process is found to have a stochastic nature, and the electron avalanche develops in different
experimental and simulation runs with time delays ranging from 0.3 to 8 μs. Nevertheless our
experiments demonstrate that the breakdown delay time distribution can be controlled with a
change of the pulse discharge frequency. The simulation results show that the breakdown
process can be distinguished in three stages with (a) the ionization by seed electrons, (b) the
ions drift to the cathode and (c) the enhanced ionization within the cathode sheath by the
electrons emitted from the cathode. The effects of variation of seed electron concentrations,
voltage rise times, voltage amplitudes and ion–electron emission coefficients on the
breakdown development in the pulsed gas discharge are reported.
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(Some figures may appear in colour only in the online journal)

Gas discharge breakdown is the process of converting a neutral
gas into a highly conductive state under the voltage, which typ-
ically takes from 10−9 s to 10−4 s. An electron avalanche can be
initiated by electrons remaining from previous voltage pulses,
emitted from electrodes or supplied by the external plasma
sources [1, 2]. The breakdown scenario in a gas discharge is
a fundamental problem considered in experimental and theo-
retical studies (see, for example, [3, 4]), but some questions
remain open. Requirements for the breakdown parameters
of plasma sources such as the times of the exponential
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discharge current rise, τ s, and breakdown delay, τ d, shown in
figure 1 are various for different applications. The record sub-
nanosecond current rise time τ s was achieved in a high-voltage
pulsed discharge with counter-propagating electron beams at
P = 5–30 Torr [5, 6]. This type of breakdown develops within
0.1–0.5 ns and governed by photoemission from the cathodes
with the resonant photons with a Doppler shifted frequency.
The breakdown delay time τ d in these gas-discharge devices
was controlled with a capillary discharge built into the main
discharge chamber [7]. The τ d ranged from 0.2 to 2 μs for a
discharge frequency up to 100 kHz and a discharge current up
to 1 kA.

In this study, our experiments on the ignition of pulsed gas
discharge at gas pressures of 100 Torr and U = 3.2 kV showed
a wide distribution of breakdown delay time. The multiple
attempts to ignite the discharge for the same initial conditions
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Figure 1. Characteristic times of exponential discharge current rise,
τ s, breakdown delay, τ d, and voltage front increase, tU .

gave a set of breakdown delays ranging from 1 to 10 μs. Nev-
ertheless, our observations showed that the breakdown delay
time is sensitive to a variation of the time of the voltage front
increase, tU , and an increase of the frequency of voltage pulses.
In this letter, we will focus on the experimental and kinetic
study of the breakdown scenario in a pulsed gas discharge in
helium at P = 100 Torr and a voltage amplitude of 3.2 kV
and 10 kV.

Experimental setup. In our experiment, the discharge
environment is generated in a vacuum chamber that is evac-
uated to medium pressures of 0.01 Torr. After evacuation, the
chamber is subsequently backfilled with UHP grade helium
using a continual helium flow rates that is set to 200 SCCM
resulting in target pressure of 100 Torr. As monitored by
the equilibrium chamber pressure prior to the introduction
of helium, it is noted that the injected flow rates far exceed
the chamber leak rate and the outgassing rates of materials
in the chamber by a factor of 100 or more. Therefore, it is
anticipated that the impurity level is less 0.01% of the total
gas environment.

The electrical breakdown occurs in the helium environ-
ment between two planar electrodes shown in figure 2(a). The
10 cm diameter cathode consists of an aluminum chuck with
a highly doped conductive silicon wafer coated with 100 nm
thick (electron beam-deposited) platinum film. We used that
to ensure there was a good electrical contact between the
electrode and the Pt film. The anode is an annular disc that
contains a 2.5 cm diameter flat central disc and is curved or
flared around the 3 cm outer diameter. The flare is introduced
to reduce electric filed strength at the edge of the discharge that
would be present had the anode possessed sharp corners. For
our study, the anode to cathode gap distance is 1.2 cm.

The breakdown is initiated by placing a voltage between
the anode and the cathode. The anode is connected to the high
voltage supply while the cathode is connected to ground via
a 10 Ohm current sensing resistor. For discharge initiation, a
voltage pulse is applied to the anode using a DEI high voltage
pulser. The switching of the voltage is driven by a TTL pulse
of varying frequency and fixed width of 10 μs provided by a
SRS645 digital delay generator. Voltage and current signatures
are captured with a high resolution (12 bit) high speed (1 GHz)
digitizing oscilloscope (LeCroy HDO4100). The oscilloscope

Figure 2. Photo of gas discharge operating in helium between
electrodes (a) and simulation domain with calculated electric
potential distribution in the first stage of the breakdown at
t = 40 ns (b).

is triggered by the digital delay generator that initiates the
breakdown process. The 10 Ohm resistor in combination with
a 2 mV/division scale (200 mV full scale) produces a base-
line sensitivity of 5 μA. Prior to making the measurements
reported in this study, the discharge system is conditioned by
performing over 20 000 breakdown events at a rate of 20 Hz
for 20 min. During the conditioning process, it is observed
that breakdown delays are increased with increasing opera-
tion. We determine that the system is conditioned when there
is no longer any observed change in the breakdown delay time
distribution.

Simulation details. The kinetic simulations of dynamics
of discharge plasma are performed with the 2D3V particle-in-
cell Monte Carlo collision method (PIC MCC). The kinetic
equations for the electron and ion distribution functions are
solved self-consistently with the Poisson equation for the elec-
tric potential distribution. The collision set for electrons [8, 9]
includes the elastic scattering, excitation and ionization of He
background atoms. For the ions, the resonant charge exchange
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Figure 3. Electron and ion density distributions at r = 0 in the first
stage of discharge breakdown, n0 = 103 cm−3, tU = 40 ns.

collisions with background atoms, or backward elastic scatter-
ing are taken into account.

The initial distributions of electron and ions densities at
t = 0 when the voltage starts to increase are calculated with
solving the kinetic equations and Poisson equation at U = 0.
First we took an uniform initial profile of quasineutral plasma
and let the system to relax to different maximum of n0.

For accurate calculations of electron dynamics we choose
the electron time step Δte � 1/ωp, 1/ωs,Δr/ve,Δz/ve,
where ωp is the plasma frequency, ωs is the electron scatter-
ing frequency with the background atoms, Δr, Δz are steps
of calculation grid over axes r and z, and ve is the maximum
electron velocity [6, 15–17]. Prior to the breakdown study in
simulations, we performed test runs, checking the effects of
time and grid step variation on the accuracy of the results. For
our experimental conditions, the plasma frequencyωp is about
2 × 1010 s−1, the frequency of electron scatterings with the
background atoms ωs = 2 × 1011 and Δz/ve < 5 × 10−12 s.
In simulations, the electron time step Δte is (0.5–5) × 10−14 s.
The calculation grid is nonuniform over z-direction condens-
ing within the cathode sheath. Over axis r the calculation
grid is uniform over r < 1.5 cm and become a more disperse
with r. The total number of pseudo particles being chosen so
that there is an average of approximately 100 positive and neg-
ative particles per Debye sphere. In simulations, the number
of pseudo particles is renormalized to limit the exponential
growth of the number of particles during the breakdown.

The experimental and model discharge chambers are shown
in figure 2. In simulations, the cylindrical chamber has the
height H = 2.2 cm and the radius R = 3.5 cm, and is solved in
axisymmetric coordinates. The cathode radius is 2 cm (5 cm
in the experiment) and the anode radius is 1.5 cm (1.5 cm in
the experiment) and the distance from the cathode to the anode
is 1.2 cm (1.2 cm in the experiment). In simulations, a guide
ring is placed around the anode to avoid an enhancement of the
electric field on the sharp edge.

The voltage applied to the anode increases linearly from
zero to a maximum value of 3.2 kV or 10 kV during

tU = 20, 40 or 200 ns in different calculation runs. The elec-
tron emission from the cathode due to the ion bombardment
is included in consideration, and the ion–electron emission
coefficient γ = 0.01–0.05. The probability of ion–electron
emission from the cathode surface is calculated with a random
number, when an ion collides the surface. For our experimen-
tal conditions the plasma is optically dense for resonant pho-
tons (He 21P → 21S resonance radiation). The cross section
of reabsorption of resonant photons with a wavelength of
λ = 58.4334 nm is about 10−13 cm2, and the lifetime in the
excited state is 0.56 ns [10]. The estimated time for the photons
to reach the surface is much longer than 10 μs. The line broad-
ening due to the finite lifetime of the excited states, interaction
of the radiating atom with the surrounding atoms, Stark-effect,
Doppler mechanism [11, 12] is negligible for our discharge
parameters. For a different range of discharge parameters the
photoemission contribution in the electron avalanche can be
more important. In PIC MICC simulations, Donkó et al [13]
studied the plasma and resonant photon transport in helium
microdischarges with nanosecond kV voltage pulse using the
approach of Fierro et al [14]. The results of PIC MICC sim-
ulations reported in reference [13] showed that the discharge
current increased by a factor of two with accounting for the
photoemission. Nevertheless the strong trapping of resonant
photons was observed, and the photon flux to the cathode
was delayed and smaller compared to the ion flux. The dis-
charge current increased during 10–15 ns with and without
accounting for UV photons. The dominant role of photoe-
mission was reported in references [5, 6] in the pulsed open
discharge with the voltage of 20 kV and the gas pressure of
6 Torr. The high densities of fast atoms and fast ions pro-
vided an essential Doppler shift in the frequencies of the reso-
nant photons allowing them to propagate with a speed of light
as in the vacuum. These Doppler shifted photons provided a
subnanosecond breakdown time [6].

In the experiments, the pulse discharges ignition is regis-
tered for the operation frequency of 1–40 Hz. In figure 1, the
schematic voltage–current behavior is shown. In the exper-
iment, the voltage pulse duration is more than 100 μs. In
simulations, the voltage increases from zero to the maximum
value U0 during time τU and then U = U0. Various initial
plasma densities, n0, were taken to mimic the afterglow plasma
between voltage pulses at different frequencies, and n0 ranges
from 102 to 104 cm−3. In most calculations, the voltage rise
time tU is 40 ns and U = 3.2 kV, unless otherwise specified.

First stage of the breakdown. Initially, with increas-
ing voltage, the potential distribution is almost linear (see
figure 2(b)) since n0 is low over the interelectrode gap. The
seed electrons are accelerated to the anode direction gaining
the energy in the electric field and ionizing the background
helium gas. In figure 3, the profiles of electron and ion den-
sities, ne, ni, at the axis of symmetry are shown for different
times for n0 = 103 cm−3 and tU = 40 ns. During the first 25 ns
of voltage rise, the plasma density n increases by two orders
of magnitude, and at t = 45 ns the n reaches a maximum of
1010 cm−3. After 100–300 ns almost all electrons escape from
the discharge volume to the anode and the ionization stops.
Note that the plasma is practically quasineutral at t = 45 ns, but
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Figure 4. Spatial distribution of electron density for t = 45 ns (a) and 60 ns (b), n0 = 103 cm−3.

Figure 5. Electron energy profiles at r = 0 for different times.

at t � 300 ns only the positive ions remain in the discharge gap,
with the exception of a thin layer of cold electrons captured by
the potential dip near the anode surface (see figure 3).

The spatial distributions of the electron density for this case
shown in figure 4 at t = 45 ns and 60 ns illustrate the electron
dynamics. The volume ionization ν i varies within a range of
(1–5) × 1016 cm−3 s−1 and is provided by the electrons with
the mean energy εe of 10–12 eV.

In figure 5, the electron energy profiles are shown for differ-
ent times. The electron energy quickly decreases for t > 80 ns
and drops to 0.6 eV for t = 200 ns.

The first stage of the breakdown development ends with a
drop of the electron energy. This stage is associated with the
ionization process by seed electrons and lasts for 100–300 ns.

Second stage of the breakdown. At this stage, the ions
drift toward the cathode with an almost constant average
velocity (1–2) × 105 cm s−1, as shown in figure 6. At t =
6 μs the flux of ions to the cathode surface is still small, but
the spikes of the electron density in figure 6 indicate that a
few electrons were emitted by ions hitting the cathode. The
absence of electron avalanche can be explained with a com-
parison of the electron ionization mean free path λi and the
inter-electrode gap length. The cross section for ionization

Figure 6. Ion and electron density distribution at r = 0 in the
second stage for n0 = 103 cm−3.

of He atoms by electron impact is very small for an elec-
tron mean energy of 10 eV, σi < 10−19 cm2. This means that
λi > 3 cm, whereas the inter-electrode gap is 1 cm. For an
electron, the mean free path between collisions is a stochas-
tic value, and a significant number of emitted electrons is
needed for the coupling of the emitted electrons and the ion
flux within a narrowing cathode sheath. This coupling provides
an exponential rise of the discharge current.

Third stage of the breakdown. This final stage of the
breakdown is related to an enhancement of the current of elec-
trons emitted from the cathode. The ions delivered during the
second stage sweep the cathode surface, the cathode sheath
becomes narrower and the electric field increases. In figure 7,
the distributions of the electric field Ez and the discharge cur-
rent density are shown at t = 7 μs for the case of the break-
down delay time τ d = 7.3 μs. The mean energy of electrons
after the crossing the cathode sheath is 100 eV at t = 7 μs.
With an increase of electron energy, the ionization mean free
path λi diminishes and the ionization rate within the cathode
sheath quickly increases. For an example, for the electron with
εe = 50 eV, λi = 0.0126 cm and for εe = 100 eV,
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Figure 7. Spatial distributions of (a) electric field, Ez (V cm−1) and (b) discharge current density (A cm−2) at t = 7 μs for the case of the
breakdown delay time τ d = 7.3 μs, tU = 40 ns, n0 = 102 cm−3.

Figure 8. Measured breakdown delay time for different voltage
frequencies. The data were obtained over 100 shots at each
frequency.

λi = 0.0086 cm. The ionization within the cathode sheath
enlarges the ion flux to the cathode and enhances the current
of emitted electrons, which starts to grow exponentially.

PIC MCC method allows us to track all groups of elec-
trons with different energies without special modification of
algorithm. At our gas pressure of 100 Torr, the electron mean
free path λi is less than 0.1 cm for εe = 100–10 000 eV, since
σi � 3 × 10−18 cm2 for εe � 10 keV. Therefore we did not see

runaway electrons in our simulations even in the third stage of
the breakdown.

Breakdown delay. In the experiment, the time of the break-
down delay, τ d, measured in different runs exhibits a wide
distribution. An increase of the voltage pulse frequency leads
to a narrowing of the distribution of τ d. Figure 8 shows the
experimental data on the breakdown delay time distribution
for the voltage frequencies f ranged from 1 Hz to 32 Hz.
For f = 1 and 2 Hz, no discharge breakdown was observed
on the time scales considered here. In the experiment, we reg-
istered the following breakdown delay times: for f = 4 Hz,
6.2 μs < τd < 8 μs, for f = 8 Hz, 6.1 μs < τd < 7 μs and for
f = 32 Hz, 6 μs < τd < 6.4 μs. Thus a spread of τ d

decreases from 1.8 μs to 0.4 μs with f decrease from 4 Hz to
32 Hz. In figure 9, the calculated discharge current with time
is shown for the initial plasma densities n0 = 102 cm−3 and
104 cm−3. Note, that jd is shown with the same time scale of
2.2 μs for both cases. The results of modeling the evolution
of the discharge current for various initial plasma densities
demonstrate the same tendency as in the experiment, the lower
the initial density, the wider distribution of the breakdown time
delay. The spread of τ d decreases from 0.9 μs to 0.5 μs when
n0 increases from 102 cm−3 and 104 cm−3. The delay time of
the breakdown, τ d, is defined as a time when the discharge cur-
rent jd = 0.06 A, that is less than 30% of the maximum value
of jd.

Effect of the voltage rise time for different voltages. In
simulations, we found that a decrease of the voltage rise time,
tU , and an increase of the discharge frequency similarly affect
the τ d distribution. Both provide a higher plasma density in the
first stage of the breakdown, which narrows the τ d distribu-
tion. Let us consider the influence of tU on the plasma density
profile in the end of the first stage for t = 230 ns, when the
ionization by seed electrons stops. Four cases with the volt-
age rise time, tU = 200 ns and 20 ns and U = 3.2 kV and
10 kV were analyzed. The ne, ni distributions and the poten-
tial profiles for these cases are shown in figure 10 for t ≈
230 ns. It is seen in figure 10(a), that for U = 3.2 kV and
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Figure 9. Calculated discharge current evolution, tU = 40 ns, for n0 = 102 cm−3 (top) and 104 cm−3 (bottom).

tU = 200 ns, the plasma density is low, n < 4 × 107 cm−3

since the seed electrons escape from the discharge volume
during the first 80 ns. For the case of tU = 20 ns, the n is
considerable larger, n < 1.6 × 1010 cm−3. For tU = 200 ns
the electric potential has a linear distribution and for
tU = 20 ns a thin quasineutral plasma layer forms near the
anode (see figure 10(b)). For a higher voltage of U = 10 kV and
tU = 200 ns, the plasma distribution is similar to the case of
U = 3.2 kV, tU = 20 ns, but E/N is larger and a more narrow
τ d distribution can be expected. For 10 kV and tU = 20 ns,
the plasma density is n ≈ 4 × 1011 cm−3, and an extended
plateau in the potential profile shows a zone of quasineutral
plasma near the anode (figures 10(b) and (c)). For this case, the
cathode sheath l is of 0.4 cm and this l is smaller in comparison

with the cathode sheathes in the other three cases. Therefore
the electric field, the ion concentration and mean velocity are
larger and τ d < 300–400 ns.

The effect of tU on the n in the first stage of the breakdown
can be explained with a comparison of the ionization frequency
ν i and the frequency of the electron escape from the discharge
volume, νes = ve/d, where ve is the mean electron velocity
in given E/P and d is the anode to cathode gap. For U =
(3.2–10) kV, ν i/νes = σiNd ≈ 1–50, whereσi is the ionization
cross section and N is the gas density. The characteristic time
of the electron departure from the discharge volume is ≈20 ns
for U = 3.2 kV and 6 ns for 10 kV. Therefore with increasing
tU to 200 ns a large portion of electrons escape from the
discharge gap before the E/N reaches the threshold for the
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Figure 10. Profiles of electron and ion densities (a), (c) and electric potential (b), (d) for tU = 20 ns and 200 ns at t = 230 ns for U = 3.2 kV
(a), (b) and U = 10 kV (c), (d), n0 = 104 cm−3.

ionization. Thus, the ionization is limited by the escape of
seed electrons during the rise of the voltage front. It is seen
in figures 10(c) and (d), that for U = 10 kV and tU = 20 ns,
the quasineutral plasma forms faster than the electrons depart
from the discharge, since ν i � νes.

Effect of ion–electron emission. A value of electron
yield from the cathode surface is one of the key parameters
which determines the breakdown process. The coefficient of
ion–electron emission γ can be influenced by choosing the
material of the cathode, processing or environment. For a small
γ the electron avalanche does not develop for our experimental
conditions. The ion current to the cathode with time is shown
in figure 11 for γ = 0.05 and γ = 0.01. In the former case,
the breakdown happens at t = 6 μs, and in the latter case, no
breakdown was observed.

In this study, we used the simplified model of the electron
emission from the cathode surface. Only ion–electron emis-
sion was taken into account. For our experimental conditions,
the breakdown delay time is determined by the first and sec-
ond stages of breakdown development. At the first stage of the

Figure 11. Discharge current for γ = 0.01 and 0.05 for
n0 = 103 cm−3.

breakdown, the ionization and excitation rates by seed elec-
trons are comparably low and during the second stage there is
no ionization. In the third stage of the breakdown, when the
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ionization quickly increases near the cathode surface the flux
of resonant photons can contribute to the exponential growth of
the emission current, but it does not affect the breakdown delay
time. The resonant photons generated during the third stage
of the breakdown do not participate in the electron avalanche
of the next voltage pulse since the time gap between voltage
pulses in our experiment is 0.1 s and all photons escape from
the plasma volume.

In conclusion, the breakdown development in the pulsed
discharge in helium with U = 3.2 kV and P = 100 Torr has
been studied in the experiment and in 2D3V PIC MCC simu-
lations. In the experiment, the time delay of the breakdown
has been measured for 100 experimental trials at each shot
frequency ranged from 1 Hz to 32 Hz. These measurements
exhibited a wide distribution of the time delay of discharge
ignition τ d. An increase of pulse discharge frequency from
1 Hz to 32 Hz reduced a spread of τ d. In 2D3V PIC MCC
simulations, the dynamics of the discharge was studied for
the experimental conditions and the geometry of the plasma
chamber with the different (a) initial plasma densities, (b) volt-
age rise times, (c) voltage amplitudes and (d) ion–electron
emission coefficients.

The simulation results showed that the discharge break-
down process undergoes three different stages. In the first
stage, with increasing voltage from U = 0 to the maximum
amplitude, the seed electrons from a previous pulse are accel-
erated in the electric field to the anode direction. The ionization
by the seed electrons essentially enlarges the plasma density.
The first stage finishes when the electrons either escape from
the discharge volume or thermalize and are trapped in the
plasma quasineutral zone. During the second stage, the ions
drift to the cathode direction, and the ionization is absent.
This stage lasts about 5–8 μs for U = 3.2 kV both in the
experiment and simulations. The third stage is related to a
quick rise of the current of emitted electron current due to an
increase of ion flux to the cathode. The ionization by emit-
ted electrons takes place within the cathode sheath which
becomes narrower with the coupling of the fluxes of ions and
emitted electrons. In experiments and in simulations, the dis-
charge current increases to 0.1–0.4 A. The breakdown delay
time has a wide distribution over time since it is set by a
probability processes such as an electron emission due to the
ion bombardment and an electron stochastic ionization free
path.

The breakdown process have been shown to have a stochas-
tic nature with the time delay τ d of 0.3–10 μs for U = 3.2 and
10 kV. A spread of τ d was found to decrease with enlarging
the applied voltage or the voltage frequency, lowering the time
of voltage front rise, or choosing the cathode material with a
higher electron yield. Our general findings from experimen-
tal and simulation results presented in the letter are (a) the
occurrence of a wide distribution of the breakdown delay time
because of a stochastic nature of electron kinetic processes
and (b) possible ways to control the breakdown delay time.
We have described the scenario of discharge breakdown pro-
cess and the calculated distribution of breakdown delay time
agreed with the experimental one. In PIC MCC simulations,

it was shown that a steeper front of voltage rise, an increase
of the voltage amplitude or frequency give the same effect
of narrowing the τ d spread. Thus, in pulsed gas discharges
with parameters close to ours discussed above, one should
expect a breakdown delay which can vary within microsec-
onds. However, this breakdown delay time distribution can be
controlled.
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