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Abstract
The object of this study is the investigation of spark discharges ignited by unipolar positive
rectangular high voltage (HV) pulses with 200 ps rise time and (15 ± 2) kV amplitude with
3 ns duration full width at half maximum in synthetic air in a 1.2 mm pin-to-pin gap (tungsten
electrodes) at atmospheric pressure. The discharge development was recorded by synchronised
iCCD and streak camera measurements in single-shot operation, revealing a two-stage
propagation mode. The discharge started with a fast initial breakdown across the entire gap
(∼10 mm ns−1) during the HV slope, followed by a much slower (∼0.1 mm ns−1) propagation
originating from both electrodes towards the gap centre. The combination of high-resolution
diagnostics with numerical modelling indicated that the initial breakdown phase is caused by
the rapid increase of electric field strength during the steep HV slope, which leads to the
simultaneous fast propagation of a positive and a negative streamer.

Keywords: sub-ns breakdown, spark discharge, 2D fluid modelling, fast optical diagnostics,
double streamer propagation

(Some figures may appear in colour only in the online journal)

1. Introduction

The breakdown of pulsed discharges at elevated pressures
is a crucial topic in current research on the subject of non-
thermal plasmas, because some fundamental open questions
still remain, particularly concerning the discharge inception
for steep high voltage (HV) slopes [1–3]. Since they can effi-
ciently generate reactive species, these kind of discharges are
very promising for various applications, such as air pollu-
tion control [4]. The slope steepness and the width of the HV

4 Author to whom any correspondence should be addressed.
Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

pulses driving the discharges are important parameters influ-
encing the breakdown mechanisms and efficiency of reactive
species production [5–9]. Numerous experiments have investi-
gated the breakdown process under fast HV pulses with ∼1 ns
rise time in cm-scale pin-to-plate arrangements, where the
steep HV slope leads to relatively large discharge diameters
of several mm during the initial discharge phase, e.g. in [3, 10,
11]. These mm-wide streamers have also been reproduced by
numerical modelling for sub-ns rise times [12]. The formation
of these wide diffuse discharges has been related to runaway
electrons [13, 14], which play an important role for fast pulsed
discharges, especially in longer gaps with very HV ampli-
tudes. Pulsed discharges in shorter gaps of a few mm have
mainly been investigated for the purposes of plasma-assisted
combustion [2, 15]. An overview of different discharge

0963-0252/20/085002+7$33.00 1 © 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6595/aba112
https://orcid.org/0000-0002-9224-4103
https://orcid.org/0000-0001-9324-3236
https://orcid.org/0000-0002-0434-5001
https://orcid.org/0000-0002-8450-2600
mailto:hans.hoeft@inp-greifswald.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/aba112&domain=pdf&date_stamp=2020-8-4
https://creativecommons.org/licenses/by/4.0/


Plasma Sources Sci. Technol. 29 (2020) 085002 H Höft et al

Figure 1. Photograph of pin-to-pin electrode configuration (a), and
schematic representation of the experimental set-up, including
diagnostics (b). See figure 3 for details of the actual HV connection
to the cell.

regimes, including corona, glow, and spark discharges pro-
duced by nanosecond repetitive HV pulses in pin–pin config-
uration is given in [16].

The aim of the present study is to examine the discharge
inception in a mm-sized pin-to-pin gap in atmospheric pres-
sure air using a rectangular HV pulse with sub-ns rise time
under overvoltage condition, i.e. using much higher HV ampli-
tudes than the static breakdown/inception voltage. These volt-
ages are required to ensure the ignition of the discharge during
the HV slope without inception time lags [1]. Due to the very
short voltage rise time, the electric field strength in the gap
rises at the same time scale required by a streamer to prop-
agate over 1 mm [8, 17, 18], or even faster. Consequently,
the occurrence of a fast breakdown is expected, which differs
from the streamer breakdown mechanism usually observed
under unipolar positive HV pulses [16].

2. Experimental set-up and HV pulse source

For the purposes of the current study, a symmetrical pin-to-pin
arrangement with a 1.2 mm gap (see figure 1(a)) was con-
structed using tungsten electrodes with ≈25 μm tip radius.
These electrodes were mounted in a Plexiglass cell (using
the same cell geometry as detailed in [19]), flushed with
dry synthetic air (Linde, purity 5.5) at a 500 sccm total gas
flow rate. The breakdown and development of the discharges
were tracked by synchronised iCCD and streak camera record-
ings (both spectrally integrated), which were simultaneously
triggered by the applied HV pulse itself (see figure 1(b)).
The iCCD camera (Stanford 4 Picos, temporal resolution
Δt � 200 ps) was connected to a long-distance microscope
(Infinity KX InfiniMax with MX-5 objective) providing a spa-
tial resolution (Δx) of 13 μm. The streak camera system
(Hamamatsu C5680, Δt � 5 ps) recorded the discharge from
the opposite side using a Questar QM100 long-distance micro-
scope (Δx = 2 μm). A temporal jitter correction was subse-
quently applied to overcome the 50 ps trigger jitter. In this way,
synchronised iCCD and streak images of the same discharge
event were obtained.

The discharge was operated by rectangular, unipolar pos-
itive HV pulses (with the system described in [21]) with a

Figure 2. Applied HV pulse with 200 ps rise time and 3 ns FWHM
duration at the pulse generator output, and the simulated HV
waveform at the powered electrode. This simulated waveform was
obtained using CST Studio Suite R©, and it is important to note that
this simulation was performed without a conducting channel.

Figure 3. Three-quarter section view of the discharge arrangement
connected to the 50-Ω HV cable of the pulse source. The cable is
first connected to a cable coupler (explained in more detail in [20]),
maintaining the 50-Ω impedance. This coupler was connected to the
discharge arrangement with copper strips, and the cable coupler was
terminated with matching resistors so as to avoid pulse reflections in
the system as much as possible.

200 ps rise time and a 3 ns duration (full width at half max-
imum (FWHM)) at a pulse repetition frequency of 1 Hz, in
order to avoid any influence of pre-ionisation on the subse-
quent discharge event. The characteristic voltage waveform at
the output of the pulse source (black line), which was mea-
sured with a D-dot sensor [22], is shown in figure 2. The actual
connection of the discharge arrangement to the pulse source is
sketched in figure 3.

Due to the stochastic nature of the spark gap switching
voltage within the pulse source (see figure 19 in [23]), the
amplitude of the HV output pulse is (15 ± 2) kV. In addi-
tion, the actual voltage applied at the powered electrode is
distorted, since the discharge arrangement is not impedance-
matched to the 50-Ω HV cable. To improve this matching and
to avoid reflections of the HV pulses between the discharge
cell and the pulse source as much as possible, resistors were
placed in parallel to the discharge cell, so as to approximate
the 50-Ω impedance of the cable more closely (see figure 3
for more details). Measuring the HV waveform over the small
electrodes is not straightforward (e.g. due to its sub-ns rise
time), and was not attempted at this time, but saved for future
experiments. Instead, the resulting HV waveform at the elec-
trodes was obtained via 3D transient EM simulations with CST
Studio Suite R©, as displayed in figure 2. Here, it is important to
note that while the actual geometry of the setup was taken into
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Figure 4. Illuminated arrangement showing the electrode shape and position overlaid with calculated electric field lines on the left side (a),
discharge emission structures during initial breakdown with 0.5 ns gate (b), (c), and 1 ns gate (d), and during secondary phase with 1 ns gate
(e), major emission phase (f) and decay phase (g) with 5 ns gate; the emission starts at t0 (see figure 5). Each single shot image (i.e. different
discharge events) is scaled to maximum intensity and displayed in pseudocolour (note the different iCCD gate widths and gains; the scaling
factor S indicates the percentage of each individual intensity with respect to the overall maximal intensity in (f)).

account (see figure 3), the discharge itself was not modelled
in CST; as such, there was no conducting channel in the gap
between the electrodes. Consequently, the simulation gives a
good approximation of the waveform during the initial slope of
the pulse, but it will show deviation from the actual waveform
after the rise of the slope, due to the influence of the discharge.

3. Results and discussion

Due to the relatively short gap width, the low pulse-repetition
frequency, and the high applied HV amplitude, the discharges
produced by the setup described above were expected to be
in the spark regime, in accordance with the discharge regime
maps reported in [16]. However, the spark discharge generated
by the HV pulses with sub-ns rise time in this study features
two distinct breakdown (or propagation) phases, which could
be distinguished as an initial discharge inception during the
HV slope, and a subsequent main discharge phase after the HV
pulse had reached its maximum. These two discharge phases
were investigated by means of iCCD and streak camera record-
ings. Note that the uncertainty in the synchronisation between
the electrical and optical signals has so far failed to reach
values below 1 ns, i.e. it cannot be stated precisely at which
instant during HV slope the discharge inception occurred.

3.1. Experimental results

Firstly, the 2D discharge emission structure was observed by
iCCD single shots with shifted gate positions with respect to
the applied HV pulse. The results are displayed in figure 4 for
gate widths of 0.5, 1, and 5 ns. The back-illuminated electrodes
are shown in figure 4(a), indicating their positions, overlaid
with the static electric field lines (i.e. without discharge) cal-
culated by COMSOL Multiphysics R© using the actual electrode
geometry. The initial discharge phase lasts about 1 ns, and fea-
tures a spot on the cathode tip (at the grounded side at the top).
with the discharge emission as an elliptical shape in the vol-
ume, with a maximum diameter of ≈400 μm in the gap centre
(see figures 4(b) and (c)). It appears that the envelope of the
emission approximately maps the electric field lines around

the gap axis (see figure 4(a)); i.e. there is no spherical incep-
tion cloud formation as observed in [24], and no wide ionising
front formation as reported in [3, 8] for ns-pulsed discharges.
This indicates an immediate breakdown, which is caused by
the almost instantly applied high electric field strength across
the gap generated by the sub-ns rising HV pulse slope. After
the initial phase, the emission becomes stronger around the
electrode tips (figure 4(d)), and expands slowly towards the
gap centre (figures 4(e) and (f)), a process accompanied by a
constriction of the channel to about 100 μm diameter in front
of both electrodes. In addition, the emission intensity signif-
icantly increases until about 3.5 ns after the first emission.
Since the initial phase is much weaker in terms of emission
intensity, it had to be recorded with higher multi-channel plate
gain, as compared to the main discharge phase. The afterglow
starts from t0 + 9 ns, with a slight increase in the discharge
diameter in front of the electrodes. In contrast to the initial
breakdown, there is no homogeneous emission over the entire
gap during the secondary discharge phase.

For a better understanding of these two phases, streak cam-
era recordings along the discharge channel were subsequently
analysed. It is important to note that the streak images only
show a 10 μm strip along the axis, i.e. the streak camera slit
was positioned exactly on both electrode tips, and only sin-
gle shots where the discharge directly attached to the electrode
tips were accumulated. This could only be achieved by com-
paring individual discharge events obtained by the simultane-
ous iCCD and streak camera recordings. The entire discharge
development for both phases is shown in figure 5 in a 15 ns
window, which can be directly compared to the iCCD images
in figure 4. The linearly-scaled streak image (figure 5(a))
clearly indicates that the major part of the emission occurs
during the secondary breakdown phase, lasting about 10 ns.
Furthermore, the intensity is higher in front of the cathode than
in front of the anode. The strong intensity difference between
the initial and the secondary breakdown phase is revealed by
the logarithmically-scaled image (see figure 5(b)). About 3 ns
after the start of the initial phase, there is also a weaker emis-
sion in the gap centre, which decays to 10% of the maximum
after 40 ns (not shown, measured in a 50 ns time window),

3
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Figure 5. Spatio-temporal development of the discharge emission
along the gap axis obtained by the streak camera in a 15 ns time
window in a linear (a) and a logarithmic (b) intensity scale
(accumulation of 100 jitter-corrected streak camera single shots),
t = 0 equals t0 in figure 4.

corresponding to an effective lifetime of the spectrally inte-
grated emission of about 5.6 ns. It should be considered that
the radiation and quenching loss processes after the end of the
HV pulse are partially compensated by processes leading to a
further population of the emitting species in the afterglow. This
leads to a relatively long lifetime, as compared to the effective
lifetime of N2(C) in atmospheric pressure air [25].

Since the initial breakdown phase has to be resolved in
order to further analyse the discharge inception, this phase was
recorded with the highest resolution in a 0.5 ns window (see
figure 6(a)). The discharge emission starts about 20 ps earlier
at the cathode than at the anode, and the propagation veloc-
ity is much higher from the cathode towards the gap centre,
compared to the propagation starting from the anode, as indi-
cated by the white arrows in figure 6(a). The maximal velocity
was found in front of the cathode with about 26 mm ns−1;
for a cm-sized gap in atmospheric pressure air, similar val-
ues were reported for sub-ns rising HV pulses [26]. A slight
axial asymmetry is evident, but within about 100 ps, there is
significant emission within the entire gap, corresponding to the
iCCD image shown in figure 4(b). The analysis of the emission
profiles during the initial phase at different gap positions
reveals that the emission intensity increases faster in front of
the electrodes than in the gap centre (see figure 7(a)). In addi-
tion, it is worth noting that the rise of the emission signals in
front of both electrodes is about the same as the rise time of
the applied HV pulse (≈200 ps), while it is a little slower in
the gap centre (≈300 ps).

Figure 6. Detail of initial and secondary breakdown phase, with
indicated propagation velocities in a 0.5 ns window for the initial
phase (a) and in a 4 ns window for the secondary phase (b);
logarithmical scale with respect to the maximum intensity in each
window, i.e. intensities not directly comparable (jitter-corrected
accumulation of 300 streak camera single shots).

Just after the end of the initial breakdown phase in the
volume, simultaneous (nearly symmetrical) propagations start
from the anode and cathode towards the gap centre (see
figure 6(b)). These propagations, indicated by white arrows
in figure 6(b), are much slower than the ‘regular’ streamer
velocities in air (∼1 mm ns−1), which could be an indica-
tion of propagation in a highly ionised volume generated by
the initial breakdown phase. Similar propagation velocities
have been found in single-filament dielectric barrier discharges
for high pre-ionisation [7]. However, it is currently unclear
whether these propagationsare streamers in the classical sense,
since the channel formed by the initial phase is usually highly
conducting, i.e. there is no need for charge carrier genera-
tion by the streamer mechanism. Furthermore, this secondary
breakdown phase seems to be similar to the well-known sec-
ondary streamer [27], but with different temporal and spatial
characteristics.

As shown in figure 6(b), the initial breakdown phase has
a duration of about 0.8 ns, which is in accordance with the
iCCD recordings. Interestingly, there is a weaker emission in
the volume after the end of the initial phase (see figure 6(b)),
featuring a slight emission hump from 1.25 to 2.0 ns in the
emission profile in the gap centre (see figure 7(b)). This could
be related to the dip in the actual applied HV at the elec-
trodes (see figure 2). Moreover, the secondary breakdown
phase starts earlier at the cathode, more precisely at the cath-
ode spot (see figure 4(b)), during the initial breakdown phase.
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Figure 7. Discharge emission profiles at three gap positions for the
first emission in linear scale (a), and the complete initial phase in
logarithmical intensity scale (b), (extracted from figures 6(a) and
(b), respectively).

The delay of about 0.6 ns between the emission occurrences at
the cathode and at the anode can be better distinguished in the
emission profiles displayed in figure 7(b) (from t ≈ 0.5 ns to
t ≈ 1.1 ns). A possible explanation for this difference could be
the accumulation of electrons in front of the anode, leading to
a reduction of the electric field strength under the influence of
space charges. The excitation of emitting nitrogen molecules
by means of electron-neutral collisions requires both a high
electron density and high electric field, and is therefore typi-
cally predominant in front of the cathode [28]. Furthermore,
it is interesting to note that no cathode layer was observed
from the streak images, although the spatial resolution is about
2 μm. The most probable reason for the absence of a cathode
layer is the continuous production of free electrons due to pho-
toionisation, which plays an important role in air discharges
[29].

3.2. Numerical modelling of the initial propagation phase

In order to address the issue of which mechanisms are pri-
marily responsible for the fast discharge emission occurrence
over the entire gap within about 100 ps, numerical mod-
elling of this initial breakdown phase was conducted. The spa-
tially 2D axisymmetric fluid-Poisson model employed here
was adopted from the verified streamer code described in [30]
(group name DE). It was extended by including individual bal-
ance equations for electrons, negative ions, and the relevant
positive ions, in accordance with the reaction kinetic model of
Pancheshnyi and Starikovskii [31] for streamer discharges in

Figure 8. Results of the 2D fluid-Poisson model for the initial
breakdown phase, using the applied HV pulse (a) obtained by CST
simulations as input, for the electric field strength (b) and the
electron density (c) in logarithmic scale along the central axis of the
gap. The white dashed line indicates the commencement of
propagation at t = 160 ps.

air. The local field approximation for the determination of elec-
tron transport and rate coefficients was replaced by the local
mean energy approximation, in order to prevent the occur-
rence of erroneous electron transport coefficients at high elec-
tric fields, particularly in the gas-electrode interface regions
[32]. The HV pulse waveform5 obtained by CST simulations
(see figure 2) and the electrode geometry were used as inputs
for the model. Model calculations were carried out using a
sub-ps time step, automatically adapted according to physical
and numerical requirements. A non-uniform mesh with about
250 000 elements, concentrated in front of the electrode tips,
was used to resolve the thin plasma-electrode interface. The
modelling results represented in figure 8 show that, with the
increase of the applied voltage (see figure 8(a)), a strongly
inhomogeneous electric field distribution occurs between the
pin electrodes, which is caused by the small curvature of the
electrode tips (see figure 8(b)). In the time range from t = 0 to
160 ps, the electric field uniformly increases to values of about
1000 kV cm−1 at the electrode tips, and 20 kV cm−1 in the cen-
tre of the gap. Until this instant, the electric field is not distorted
by space charges. The high electric field strength at both elec-
trode tips leads to a significant increase in the electron density,
enabling the almost simultaneous inception of a positive and
a negative streamer from the electrode tips (see figure 8(b)).

5 Note that the instant t = 0 corresponding to the start of the HV pulse (see
figure 8(a)) cannot be directly related to the instants of the iCCD and streak
camera recordings due to the aforementioned synchronisation uncertainty.
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Figure 9. Results of the 2D fluid-Poisson model for the electric field
strength along the central axis of the gap (a), and the axial distance
of the electric field maximum at the streamer head from the
respective pin electrode (b) during the initial streamer propagation
phase; corresponding velocities are indicated by black solid lines.

Direct electron-collision ionisation of nitrogen molecules is
the main electron source at both the cathode and the anode.
The moderate increase of the electron density in the volume
is caused by photoionisation. The electrons generated here are
assumed to be responsible for the excitation of light emitting
species during the pre-propagation phase (see figure 6(a)).

The electron density increases in front of both electrodes
before the propagations begin (see figure 8(c)), but features
a pronounced axial extension of about 50 μm in the volume
near the cathode. This can be related to the observed emission
occurring first in front of the cathode, since the very first part of
the recorded emission during the initial breakdown phase is not
a direct measure of the electric field. However, the initiation
of the streamers into the volume is instantly visible from the
electric field strength calculated by the fluid-Poisson model.

Figure 9(a) shows the electric field strength along the cen-
tral axis of the gap during the initial streamer propagation
phase. Here, it can be seen that at t = 160 ps the electric field
is already distorted by the accumulated space charge at the
anode side (z =−0.6 mm), and the positive (cathode-directed)
streamer propagation is initiated. In contrast, at the cathode
side (z = 0.6 mm), the electric field strength is not influenced

by space charges at this instant, reaching a value of about
1850 kV cm−1 (cut-off in figure 9(a)) at the tip of the electrode
pin. Approximately 15 ps later, the negative (anode-directed)
streamer starts to form in front of the anode. The deferred start
of the negative streamer can be seen more clearly from the
spatial position of the maximum electric field in the streamer
head, depicted in figure 9(b). This figure shows that the nega-
tive streamer bridges a gap of almost 0.6 mm in less than 0.1 ns,
while the positive streamer travels about 0.4 mm in 0.1 ns.
After a short phase of similar velocities (about 3 mm ns−1),
the negative streamer accelerates faster, but finally reaches a
similar final velocity to the positive streamer of up to about
10 mm ns−1, as indicated in figure 9(b). Due to the faster
acceleration of the negative streamer, the counter-propagating
streamers do not merge in the centre, but closer to the anode
side at about t = 260 ps. Note that the streamer veloci-
ties obtained from the fluid-Poisson model are in fair agree-
ment with the propagation velocities deduced from the streak
camera images (see figure 6(a)).

Both positive and negative streamers exhibit similar elec-
tric field strengths in the streamer head of about 400 to
700 kV cm−1 (see figure 9(a)). These values are signifi-
cantly higher than the electric field strength of streamers in
air reported elsewhere (about 200 kV cm−1, see, e.g. [33, 34]).
This could be a consequence of the fast rising applied volt-
age during streamer propagation enhancing the electric field
strength in the streamer head.

In summary, the modelling results indicate the formation
of the initial discharge channel by two counter-propagating
streamers. Subsequent to the merging of the positive and neg-
ative streamers, the ionisation degree within the conducting
channel strongly increases, and fast gas heating is likely to
occur [35]. Under these circumstances, the validity of the
model breaks down, since the corresponding processes have
so far not been included. Therefore, the results for later times,
showing a high ionisation degree of more than 10% were not
analysed further. The inception of glow and spark discharges
in air by two counter-propagating streamers was also predicted
by computer simulations [36, 37]. However, these simulations
reported propagations approximately one order of magnitude
slower than those found in the current study, which is likely
to be due to their low HV pulse amplitude and 2 ns rise time
(leading to lower electric field strengths, especially in combi-
nation with longer gaps).

4. Conclusions

The investigation of spark discharges generated by HV pulses
with sub-ns rise time revealed a breakdown regime consisting
of two phases, both featuring a propagation from the electrodes
towards the gap centre, but with different axial and radial char-
acteristics. The combination of fast diagnostics and numeri-
cal 2D modelling has provided a greater understanding of the
extremely fast discharge inception as two counter-propagation
streamers. Experimental and modelling results demonstrate
the peculiarity of fast pulsed spark discharges, since the
breakdown regime occurring during these steep HV pulses
differs significantly from the common streamer breakdown.
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However, several open questions arising from these results
remain, which should be addressed in future work: e.g. the
electrical characterisation of the breakdown phases and the dis-
charge in general, the impact of the gas mixture and electrode
geometry, and the extension of the 2D model to reproduce the
entire discharge development.
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