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ABSTRACT

We present an experimental study of nanosecond high-voltage discharges in a pin-to-pin electrode configuration at atmospheric conditions
operating in a single-pulse mode (no memory effects). Discharge parameters were measured using microwave Rayleigh scattering, laser
Rayleigh scattering, optical emission spectroscopy enhanced with a nanosecond probing pulse, and fast photography. Spark and corona dis-
charge regimes were studied for electrode gap sizes of 2–10 mm and a discharge pulse duration of 90 ns. The spark regime was observed for
gaps <6 mm using discharge pulse energies of 0.6–1 mJ per mm of the gap length. Higher electron number densities, total electron number
per gap length, discharge currents, and gas temperatures were observed for smaller electrode gaps and larger pulse energies, reaching
maximal values of about 7.5 × 1015 cm−3, 3.5 × 1011 electrons/mm, 22 A, and 4000 K (at 10 μs after the discharge), respectively, for a 2 mm
gap and 1mJ/mm discharge pulse energy. An initial breakdown was followed by a secondary breakdown occurring about 30–70 ns later and
was associated with ignition of a cathode spot and transition to a cathodic arc. A majority of the discharge pulse energy was deposited into
the gas before the secondary breakdown (85%–89%). The electron number density after the ns-discharge pulse decayed with a characteristic
time scale of 150 ns governed by dissociative recombination and electron attachment to oxygen mechanisms. For the corona regime,
substantially lower pulse energies (∼0.1 mJ/mm), peak conduction current (1–2 A), electron numbers (3–5 × 1010 electrons per mm), and
gas temperatures (360 K) were observed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0060252

I. INTRODUCTION

Nanosecond-scale pulsed plasma discharges (ns-discharges)
have recently been proven valuable over a wide range of applica-
tions in the fields of combustion, aerodynamics, medicine, and
many others. The nanosecond-scale rise time of the voltage pulse
up to high-kV values enables the local electric field to increase
rapidly before breakdown, energizing electrons to highly excited
energy levels and causing ionization.1 This enables production of a
variety of reactive species (ozone, NOx, OH, O, etc.). During the
relaxation of excited and ionized species, a large amount of heat
can be released, leading to the so-called fast gas heating.2,3

Additionally, fast gas heating generates strong pressure gradients,
resulting in a shock wave and induced vorticity that can be further
used to fulfill a particular aerodynamic purpose.

Ns-discharges have been widely applied in the field of
combustion for multiple purposes, including sustaining fuel-lean

combustion by providing a substantial amount of active species
(O, H, OH, etc.), providing additional gas heating to accelerate
chemical reactions,4–6 increasing the flame speed, and mitigating
flame instabilities.7–12 In the field of aerodynamics, ns-discharges
have been utilized as flow control actuators in the form of dielectric
barrier discharges (DBDs) on the surface of an airfoil. The boun-
dary layer is modified through gas heating, which leads to a delay of
the flow separation and ultimately results in a reduction of drag.13,14

Other aerodynamic applications of ns-discharges include shock
wave modification and instability-induced flow manipulation.15–17

Furthermore, ns-discharges operating at atmospheric conditions
have also found merit in a diverse range of fields such as medicine,
nanotechnology, material processing, and sterilization.18

A comprehensive study of the properties of ns-discharges is
critical for tailoring the plasma to a particular application. A logical
first step in conducting that study would be to analyze a single-pulse
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ns-discharge before investigating the more complicated regime of
nanosecond repetitively pulsed (NRP) discharges where a memory
effect between the adjacent pulses is present, i.e., when perturbations
induced by an individual HV pulse would not decay fully before the
subsequent pulse. However, the vast majority of studies on
ns-discharges in the literature were conducted using NRP discharges
with high repetition frequencies (∼10 kHz). Previous investigations
of NRP plasmas have used multiple diagnostic techniques including
optical emission spectroscopy (OES), Stark broadening, laser
Thomson/Rayleigh scattering, laser induced fluorescence (LIF),
microwave Rayleigh scattering, electrical measurements (voltage,
current, resistance of the plasma column), and so forth.19–26

A comprehensive study on single-pulse ns-discharges combin-
ing simultaneous measurements of a large number of discharge
and plasma parameters over a large period of time from initial
nanoseconds of the discharge to milliseconds after the discharge
for a broad range of gaps and discharge pulse energies is still
lacking. Specifically, Lo et al.27 studied single-pulse ns-discharges
in a pin-to-pin electrode configuration with a 3 mm interelectrode
gap energized by 25 ns and 54 mJ high-voltage pulses. The electron
number density up to 320 ns after initiation of the discharge and
the electron temperature up to 40 ns were determined using Stark
broadening, which yielded peak values of about 9.2 × 1018 cm−3

and 45 000 K, respectively. The measurements were taken at the
core of the plasma filament with a spatial resolution of approxi-
mately 10 μm and a temporal resolution of 5 ns. Additionally, a gas
temperature of up to 1200 K at 15 ns after discharge initiation was
measured using OES of the 2nd positive system of N2. In another
work by Miles et al.,28 single pulses in a 2 mm interelectrode gap
with 8 mJ pulse energy and 55 ns pulse duration were studied. The
resulting electron number density and electron temperature were
measured by laser Thomson scattering and peaked at approxi-
mately 1017 cm−3 and 3.2 eV, respectively, at 500 ns after the pulse
initiation at the midpoint of the 2 mm gap with a spatial resolution
of 150 μm.

Therefore, limited scope and testing conditions were evalu-
ated in previous studies of plasma and discharge parameters of
the single-pulse ns-discharges. In this work, a comprehensive,
multi-parametric study of single-pulse ns-discharges in the
pin-to-pin electrode configuration at atmospheric conditions
was conducted for interelectrode gap sizes in the range of
2–10 mm. Discharge voltage, current, rotational/vibrational tem-
peratures, local gas density, and electron number density were
determined and analyzed under different discharge conditions
including the gap distance between electrodes and discharge
pulse energy.

II. METHODOLOGY AND EXPERIMENTAL SETUP

A detailed schematic of the experimental setup is shown in
Fig. 1. The electrodes, HV power supply, and voltage/current
probes are shown in blue. The nanosecond HV pulse was produced
by an Eagle Harbor NSP-3300-20-F pulser, where the peak voltage
was set to be approximately 25 kV and the pulse width to about
90 ns. A conventional pin-to-pin geometry of discharge electrodes
was utilized in this work.20,24–26,29 Two leads representing the posi-
tive and negative polarity outputs are each connected to tungsten
pin electrodes with a tip radius of curvature of approximately
100 μm. Since the pulser generates a floating output signal, the
actual voltage applied to the electrode assembly was measured by
two HV probes. The voltage probe model Tektronix P6015A
(maximum rating of 30 kV and a bandwidth of 60MHz) was uti-
lized in this experiment. The central lead of each HV probe was
connected correspondingly to the positive/negative discharge elec-
trode shown in Fig. 1, while ground leads of the probes were con-
nected together. The current was recorded by a high-frequency
current transformer (Bergoz FCT-028-0.5-WB) with a bandwidth
of 1.2 GHz connected on the positive lead of the pulser near the
electrodes. All signals were recorded by high bandwidth oscillo-
scopes (Lecroy HDO3904, 3 GHz bandwidth, 40 GS/s sampling

FIG. 1. Schematic of the experimental setup. (Blue) Pulse generator and voltage/current diagnostics. (Green) Laser Rayleigh scattering equipment. (Red/orange) OES
equipment. (Yellow) Microwave Rayleigh scattering equipment.
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rate and Lecroy WavePro 735Zi, 3.5 GHz bandwidth, 40 GS/s sam-
pling rate). The HV pulses were sent to the electrodes at a
maximum pulsing frequency of 1 Hz to ensure no memory effects
from the previous discharge pulses. To improve the pulser imped-
ance matching with the discharge assembly, a standard Eagle
Harbor matching resistor stage (comprised of a 5 kΩ resistor con-
nected in parallel and two 260Ω resistors connected in series) was
utilized. The gap distance between the electrodes was adjusted in
the range of 2–10 mm and measured by a caliper. To adjust energy
deposition into the discharge, additional resistors R of 200 and
400Ω were added in series with each discharge electrode as shown
in Fig. 1. Experiments were conducted in an ambient air with rela-
tive humidity around 50% (controlled by a central building-wide
air-conditioning system). The data for this work were acquired
during approximately the same time of the day, and no significant
day-to-day variations in the discharge and plasma parameters
behavior were observed.

The OES temperature measurement portion of the experi-
mental setup is shown in Fig. 1 and highlighted in red and
orange. In this measurement, emission of the 2nd positive system
(SPS) of nitrogen with Δν ¼ ν0 � ν00 ¼ �2 (corresponding to the
relaxation of electronically excited nitrogen molecules from the C
to B state) was recorded and fitted in SPECAIR to evaluate the
rotational, Trot, and vibrational, Tvib, temperatures of the gas.30,31

Error of temperature determination associated with accuracy of
SPECAIR fitting was accounted via the uncertainty bars in the
description below (typically 10%–20%). OES of the SPS of N2 has
been widely used previously for the determination of temperatures
of air and N2 plasmas.27,32–35 Tgas was taken to be equal to Trot in
these measurements based on fast rotational–translational relaxa-
tion and the predominant creation of nitrogen N2(C) by the
electron-impact excitation of N2(X).

36 It has to be noted that the
Tvib measured and presented in this work is the vibrational tem-
perature for N2 in the C state rather than the X ground state.
From the recorded spectrum, one can estimate Tvib(X) from
Tvib(C) through the Franck–Condon coefficients, assuming that
the majority of N2(C) is created by the electron-impact excitation
of N2(X).

37 The plasma emission at the midpoint of the gap
between the electrodes was captured by a dual-parabolic-mirror
system creating a 1:1 image of the plasma channel on a 200 μm
slit of a spectrometer (Princeton Instruments SP-2750i) and then
recorded by an intensified charge-coupled device (ICCD) camera
(Princeton Instruments PI-MAX4). Therefore, the probing volume in
the OES measurements was a 200 μm-long segment of the plasma
channel located in the middle of the gap. For measurements
during the ns-discharge, an ICCD gate width of 5 ns and a time
step of 5 ns were used. For the measurement of gas temperature
after the discharge, OES enhanced with a probing ns-pulse was
utilized.36 The idea of the method is based on using the probing
pulse to excite the emission of the SPS of N2 at the desired
moment of time while ensuring that heating by the probing pulse
itself is negligible. Note that probing pulse energy was not addi-
tionally controlled at the pulser; however, emission spectra were
acquired only during the first 5 ns after the probing pulse initia-
tion in order to eliminate the effect of the probing pulse gas
heating on the determined temperature values. For all OES
spectra, 50–200 accumulations were taken to enhance the

signal-to-noise ratio. A detailed description of the method can be
found elsewhere.36

For the visualization of the plasma discharge, the ICCD
camera was placed directly in front of the discharge to record the
broadband light emission. The diameters of the plasma channels
(D) were estimated from the recorded images.

For the evaluation of the local bulk gas density ng, incoherent
Laser Rayleigh scattering (LRS) was utilized. LRS is a widely used
technique for the determination of gas densities with notable
prominence in the fields of aerodynamics and combustion.38–42

After applying a laser beam into a gaseous object of interest, the
scattered signal of gas particles was collected (in the direction per-
pendicular to the incident laser beam) for the measurement of
local gas density. Due to significant phase randomization (e.g.,
thermal motion, Doppler broadening) between the detected signals
scattered off different gas particles, the signal intensity is propor-
tional to the amount of gas particles within the probe volume and
scattering refers to as incoherent.38 The intensity of the LRS signal
is also a function of local gas temperature. However, the depen-
dence between the signal intensity and the temperature is relatively
weak (∼1% per 1000 K).43 As the bulk gas temperature measured
in this study will be shown to be no more than 5000 K, it is
assumed that the LRS signal is solely a linear function of local gas
density.

The LRS portion of the experimental setup is depicted in
Fig. 1 and highlighted in green. A broadly tunable Nd:YAG laser
with a Pellin–Broca spectral cleaning filter (EKSPLA NT342) was
used to produce a 5 ns, 1 ± 0.1 mJ laser pulse at 532 ± 0.5 nm. The
linearly polarized beam was then focused in the center of the elec-
trode gap perpendicular to the electrodes’ axis using a lens with a
focal length of 175 mm, and the scattered signal was captured by
an ICCD camera. The spatial resolution of the system was limited
to the beam waist size of 320 μm. A 532 ± 10 nm bandpass filter
and a film polarizer were installed at an angle perpendicular to the
laser beam/plasma filament for improved LRS signal isolation. Even
though the LRS signal overlaps with Thomson and Raman scatter-
ing, the contribution of Rayleigh scattering was dominant for the
experimental conditions in this work when ne < 10

16 cm−3, as
described in Ref. 44. Scattered laser signals were recorded for a
range of times (100 ns–1 ms) after the discharge. Accumulations of
ten events were taken to improve the signal-to-noise ratio and miti-
gate laser variance. The measurement of ng through LRS was
further applied to Eq. (2) for the evaluation of collisional frequency
ν and ultimately for the evaluation of ne by microwave Rayleigh
scattering, which will be discussed in detail in the following
paragraphs.

For microwave Rayleigh scattering (MRS) measurements of
total electron number Ne and electron number density ne, a homo-
dyne microwave scattering system at 10.5 GHz was constructed.
The output signal Uout of the MRS signal was calculated from the
outputs of the I/Q mixer utilized in the detection circuit:
Uout ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δI2 þ δQ2

p
, where δI and δQ are two output voltages of

the I/Q mixer corresponding to the transient portion of the signal
associated with scattering from plasma (or from a dielectric scat-
terer) following methodology established previously.45–47 The MRS
system is shown in Fig. 1 and highlighted in yellow. MRS is a non-
intrusive diagnostic technique, first proposed by M. N. Shneider
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and R. B. Miles for the measurement of electron number density of
microplasmas at atmospheric conditions.48 The technique is prin-
cipally based on elastic microwave-plasma scattering in the
quasi-Rayleigh regime, referring to utilization of elongated
plasma channels with diameter � microwave wavelength and
collision-dominated electron motion. This regime is equivalent
to classical Rayleigh scattering if incident microwave radiation is
linearly polarized along the plasma channel. The scattered
microwave intensity from the collisional-bound electrons can,
therefore, be a measure of the total number of electrons inside
the plasma body as the scattered E-field is proportional to the
electron count (coherent scattering). This method has been suc-
cessfully applied to a variety of microplasmas including laser
induced plasmas, helium plasma jets, and pin-to-pin NRP dis-
charges.26,35,46,47,49 The expressions for output signals of the
MRS system are as follows:48

Uout ¼ A
e2

mv
Ne ¼ A

e2

mv
neV for plasma,

AVε0(ε� 1)ω for dielectric bullet scatterer,

8<
:

(1)

where e is the electron charge, m the electron mass, ε0 the
dielectric permittivity of vacuum, ε the relative permittivity of
the dielectric bullet, ω the microwave frequency, ν the collisional
frequency, A the proportionality factor, V the volume of the
plasma/dielectric scatterer, Uout the signal detected by the MRS
system, Ne the total number of electrons, and ne the electron
number density.

For a ns-discharge in air with a relatively low degree of ioniza-
tion, the collisional frequency ν can be calculated as50

ν (s�1) ¼ ngσvTe ¼ 1:95� 10�10 � ng(cm
�3)�

ffiffiffiffiffiffiffiffiffiffiffi
Te (K

p
): (2)

For the evaluation of collisional frequency, Te was assumed to
decay from 10000 down to 2000 K within the first 1 μs and then
stay constant for the remainder of the plasma lifetime.28,51 For the
duration of the ns-pulse, ng can be assumed constant throughout
the discharge. However, it has been demonstrated that the
pin-to-pin nanosecond discharges considered in this study have
energy depositions on the order of ∼5 mJ, and a corresponding gas
temperature rise of multiple thousands of Kelvins is expected.36 It
is, therefore, necessary to treat ng as a variable after the
ns-discharge when calculating ne; hence, the temporal measure-
ment of gas density is required and was accomplished using the
LRS technique. More details about the necessity to account for ng
variation from the unperturbed atmospheric level due to the
ns-discharge and validation of combined MRS-LRS diagnostics can
be found elsewhere.44

A calibration of the MRS system was conducted with a Teflon
cylinder (1/800 diameter, 1 cm length) to determine the coefficient
A based on the bottom expression in Eq. (1). The calibration coeffi-
cient A was then applied to the ns-discharge plasma using the top
expression in Eq. (1). The corresponding Uout signal was utilized
along with collisional frequency ν derived from the LRS measure-
ment, and finally, Ne was calculated. With the estimated diameter

of the plasma based on ICCD images, the spatially averaged elec-
tron number density ne was calculated as ne ¼ Ne

π
4D

2d, where d is the

gap distance between electrodes and D is the diameter of the
plasma channel.

It should be noted that certain limitations apply for the MRS
technique. First, the plasma object must be placed far enough from
the radiating horn antenna to ensure flat wave front of the incident
radiation (and uniform instantaneous electric field) along the
length of plasma. Second, the receiving horn must be placed at
least 2λ away from the plasma object to ensure far field radiation
(∼6 cm). In this study, both radiating and receiving horn antennas
were placed 10 cm away from the plasma sample to meet the
requirements above. Furthermore, the plasma diameter needs to be
smaller than the skin layer depth to prevent shielding and ensure a
uniform E-field distribution across the plasma channel.50 For the
conditions of this experiment (plasma channel with ∼300 μm
diameter), the upper limit of the ne that a 10 GHz RMS system can
measure is around 1016 cm−3.50 Finally, the elongated shape of the
plasma channel eliminates depolarization effects and allows for
considering the E-field inside the plasma channel to be equal to
that in the incident wave.47

III. RESULTS AND DISCUSSION

A. Discharge regimes

Similar to previous works,19,25 two distinct discharge regimes
were observed in this work: spark and corona. The experiments
were conducted in ambient air at p = 1 atm, and the transition
between the spark and corona regime was observed by adjusting
the gap distance between the electrodes d. Smaller discharge gaps
(d < 6 mm) were associated with the spark regime, while larger
gaps (d > 8mm) were associated with the corona regime. Discharges
with a gap distance of 7 mm were not repeatable, occurring either as
spark or corona; therefore, experimental data for d = 7mm were
excluded from the analysis.

One can distinguish between the two regimes using several dif-
ferent discharge characteristics, including the discharge voltage (V),
current (I), energy deposition, total electron production, and plasma
images. Figure 2 shows an example of the V–I waveforms for corona,
spark, and no-discharge cases. The V–I waveforms for the corona dis-
charge are very similar to those where no discharge occurs. This is
due to the fact that the electron number density of the plasma is rela-
tively low in the corona regime; thus, the conductivity of the gas
between the electrodes is fairly small. This results in a current (<2A)
comparable to the displacement current flowing through the capacitor
formed by the discharge electrodes without any discharge. Whereas
for a spark discharge, a highly conductive plasma channel is estab-
lished, resulting in a sudden drop of the voltage between electrodes
and a very high level of discharge current (>10 A).

Visual observation of the discharge reveals significant differ-
ences between the corona and spark regimes. It was observed that
the corona regime (d > 8 mm) consists of multiple transient stream-
ers that are constantly igniting, dying out, and randomly moving
between the electrodes. The ICCD images during the first few
nanoseconds after breakdown show a cathode-directed streamer
initiated from the anode with the ionization front propagating at a
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speed of about 1 mm/ns. Note that for a corona discharge of stron-
ger intensity (observed at smaller gaps ∼8 mm), one may observe
with a naked eye (or with long exposure time if photographed) a
discharge appearance similar to that of the glow discharge.19

Temporally resolved photography shows that the plasma volume is
still comprised of a large number of temporally and spatially evolv-
ing streamers. In contrast, in the spark regime (d < 6mm), the
ICCD image in Fig. 2(c) shows that the plasma channel in the
spark regime was a single, thin, and highly luminous (about six
times more intense than corona) filament connecting the elec-
trodes. The breakdown with d < 6mm gaps was occurring almost
instantly, bridging the entire gap with a bright filament on the time
scale faster than 3 ns (maximal temporal resolution of the ICCD
camera used in this work). This suggests involvement of a very fast
breakdown mechanism (substantially faster than a streamer break-
down observed at larger gaps d > 8mm). Note that, for the parallel-
plate geometry, the range of p ⋅ d < 200 Torr cm is associated with
the Townsend breakdown mechanism of avalanche multiplication,
while p ⋅ d > 4000 Torr cm corresponds to the streamer breakdown
mechanism.50 In this work, the streamer breakdown was observed
for the gap distance above ∼7 mm (p ⋅ d≥ 500 Torr cm), while
smaller p ⋅ d values were associated with an even faster breakdown
mechanism than the streamer or Townsend breakdown. The
mechanisms of such extremely fast breakdown events are
described in more detail in Refs. 50, 52, and 53. Table I summarizes

the main discharge properties of the two regimes observed in
this work. More details on each discharge regime are given in
Secs. III B and III C.

B. Spark regime

1. Typical discharge parameters

Figure 3 is an example of the temporal evolution of voltage V,
current I, ne, Trot, and Tvib for a spark discharge with d = 5 mm.
One can see that the spark breakdown occurred at a voltage of
around 19 kV and t≈ 26 ns as indicated by a steep drop of the
interelectrode voltage to the 5–10 kV range, a peak current of
approximately 17 A, and creation of electrons in the gap with an
average number density of about ne = 1.5 × 1015 cm−3. Additionally,
one can observe a second breakdown event (BD2) occurring at
t≈ 70 ns. It is indicated by a further steep drop of the voltage to
less than 1000 V, a second current peak of about 17 A, and an addi-
tional increase of ne about 5 × 1015 cm−3. BD2 is likely triggered by
the increase of the electric field in the cathode vicinity, which is
expected due to constant removal of electrons from the plasma
channel to the anode to support the discharge current conduction
and the corresponding buildup of a positive ion charge on the
cathode-facing side of the plasma column. Thus, BD2 is potentially
associated with a cathode sheath breakdown, ignition of a cathode
spot, and transition of the discharge to cathodic arc regime.50,54

FIG. 2. V–I waveform of a single ns-pulse: (a) without breakdown (with a dielectric material placed between the electrodes), (b) in the corona regime (d = 10 mm), and
(c) in the spark regime (d = 2 mm). ICCD images for corona and spark regimes are also shown to the right of the V–I curves for each regime.

TABLE I. Summary of the discharge properties in the two regimes observed in this work: spark (d≤ 6 mm) and corona (d≥ 8 mm).

Regime

Gap
distance
d (mm)

Breakdown
voltage Vbr (kV)

Peak
current
Ipeak (A)

Energy
deposition

(mJ)

Total electron
production
(Ne)max

Gas
temperature
Tgas (K) Light emission

Spark 2–6 <22 >10 >2 >1 × 1012 >1000 Single thin plasma
channel; intense light

emission
Corona ≥8 ∼25 <2 <1.5 <3 × 1011 <360 Multiple streamers;

weak light emission
(6× weaker than spark)
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This stage of the discharge is expected to be destructive for the
electrode assembly due to erosion of cathode materials from the
cathode spots.

Figure 3 also shows the temporal evolution of Trot (=Tgas) and
Tvib. One can see that Tgas increased from room temperature to
around 1750 K at 80 ns. Tvib increased from 4000 to 10 000 K within
the same time frame. The temperatures cannot be measured by the
OES technique beyond t = 80 ns due to the lack of SPS emission at
these times. This can be explained by the reduction of the local
reduced field E/ng, where E is the electric field strength and ng is the
gas number density. Specifically, reduced fields E/ng > 10

−15 V cm−2

are required for efficient pumping of electronically and vibrationally
excited states of O2 and N2, whereas efficiency of these transitions
decreases for lower reduced fields.50 A quick estimation of the
reduced field in the current experiment indicates that E/ng drops
below 10−15 V cm−2 (neglecting a voltage drop in the cathode
sheath) at 20 ns after the discharge initiation.

The temporal evolution of the gas temperature after the
ns-discharge was measured by implementing the probing pulse
method36 and is presented in Fig. 4. Note that there exists a void
between the two portions of Tgas measurement. This is due to the
fact that Tgas measured within the ns-pulse extends to only
t∼ 90 ns due to the decay of SPS emission. On the other hand, the
earliest post-discharge measurement of Tgas with an assisted
probing pulse was conducted at t = 10 μs, which is limited by the
highest repetition frequency of 100 kHz that the pulser can
produce. The gas temperature measured at t = 10 μs is significantly
higher than the maximum temperature during the pulse (3500 vs
1750 K as shown in Fig. 3), indicating that the gas underwent

FIG. 3. Temporal measurement of discharge parameters within the pulse at
d = 5 mm. Moments of two breakdown (BD) events are also labeled. (a) voltage
(V), current (I), and electron number density (ne) and (b) gas temperature (Tgas)
and vibrational temperature (Tvib). The region within the dashed line indicates
the period with detectable SPS emission.

FIG. 4. Temporal evolution of gas temperature Tgas within the pulse and post-discharge: (a) linear scale and (b) log scale.
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further heating after t > 100 ns. This additional heating is mainly
due to the vibrational relaxation of excited species (mainly N2),
which lasts for several microseconds.3 Tgas reduces to the room
temperature at about 1 ms after the ns-discharge.

Temporal evolution of relative gas density ng/ng0 measured at
the center of the electrode gap (where ng0≈ 2.5 × 1019 cm−3 is the
gas density at standard atmospheric conditions) is plotted in
Fig. 5(a). Figures 5(b) and 5(c) show ng/ng0 profiles measured by
LRS in the radial direction at the midpoint between electrodes
(1–5 μs and up to 1 ms post-discharge, respectively). It can be seen
that ng drops to 30% of the ambient level within the initial 1 μs
post-discharge, stays constant for about 50 μs, and recovers to an
ambient level in the next 1 ms. Additionally, one can observe a
pressure wave propagating outward at a speed of approximately
500 m/s in Fig. 5(b).

Interpretation of the measured scattered signal may be affected
by dissociation of oxygen.55–58 Considering an extreme case of
complete oxygen dissociation, one may expect an LRS measure-
ment error of about 15%,44 and, in this work, we have accounted
for the possibility of oxygen dissociation via corresponding error
bars. One should expect a substantially lower dissociation degree
under the conditions of our experiments given that only 30% disso-
ciation was reported for ns-discharges at a significantly larger dis-
charge pulse energy of 20 mJ.29 Additionally, Rayleigh scattering
thermometry measurements were not pursued in this work as it
requires a precise knowledge of moment of time when pressure
equilibrates with the atmospheric pressure.43

The temporal evolution of the plasma diameter/volume was
estimated visually from line-of-sight ICCD images, and the results
are shown in Fig. 6. The diameter of the plasma channel increases
from about 250 μm to 0.9 mm within the first 10 μs after the pulse
and then stays approximately constant until the plasma fully
decays. Curves smoothly connecting measured data points for ng
and plasma diameters were used as an input for evaluating Ne and
ne using Eq. (1). Abel inversion was also performed for multiple
raw ICCD images (after background subtraction and application of
a built-in noise reduction filter in LightField software by Princeton

Instruments), and the estimated plasma diameter using the inverted
images was within 5% of the diameter estimated from the raw
images. Thus, the plasma diameter was evaluated from raw
line-of-sight ICCD images in this study, and potential error was
accounted via the uncertainty bars shown in Fig. 6(a).

The temporal evolution of Ne and ne is presented in Fig. 7.
The results are calculated using Eq. (1) with the input data of
Uout, ν, and V obtained using the procedure described in Ref. 44.
The collisional frequency ν was determined via local gas density ng
measured by LRS. As one can see in Fig. 7, the characteristic decay
time of ne was about 150 ns. This corresponds to a decay rate of
approximately 0.67 × 107 s−1, which is about one order of magni-
tude smaller than that reported for atmospheric pressure conditions
in an earlier study (0.76 × 108 s−1).50,59

To understand this discrepancy, we will analyze the decay using
a simple model considering only dissociative recombination and
three-body attachment to oxygen reactions: @ne@t ¼ �βn2e � νne. This
equation was modeled numerically using the measured ng evolution,
dissociative recombination of oxygen ions (eþOþ

2 ! OþO),
and three-body attachment to oxygen (eþO2 þO2 ! O�

2 þ O2

and eþ O2 þ N2 ! O�
2 þN2) reactions with the following rate

coefficients: β ¼ 2� 10�7 � 300
Te
(cm3 s�1), k1¼1:4�10�29

�300
Te
�exp � 600

Tgas

� �
�exp 700�(Te�Tgas)

Te�Tgas

� �
(cm6 s�1), k2¼1:07�10�31

� 300
Te

� �2
�exp � 70

Tgas

� �
�exp 1500�(Te�Tgas)

Te�Tgas

� �
(cm6 s�1), and ν¼k1n2O2

þ k2nO2nN2 .
60 A very important parameter of this modeling is elec-

tron temperature (Te). The electron temperature is expected to be
close to the vibrational temperature of nitrogen in the afterglow
phase, suggesting that Te is approximately several thousand Kelvins
during first few microseconds right after the discharge pulse.29 At
the same time, a reasonable agreement between the model and mea-
surements for the initial portion of the electron decay (t < 500 ns)
requires assuming higher values of Te (a gas temperature in the
range Tgas¼2000�4000K was utilized based on the measurements).
Specifically, Te = 1 and 3 eV yield decay times of 30 and 80 ns,
respectively. The observed discrepancy in the electron decay time

FIG. 5. (a) Temporal evolution of ng measured by LRS. The radial profile of the relative density perpendicular to the plasma filament for (b) t = 1–5 μs after discharge and
(c) 5–1000 μs after discharge. Reproduced with permission from Wang et al., J. Appl. Phys. 129, 183302 (2021). Copyright 2021 AIP Publishing LLC.
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can be potentially attributed to inaccuracies in rate coefficient
approximations (note that the above approximations for the reaction
rate coefficients were proposed for cold vibrationally unexcited gas
Tgas < 500 K)60 and inability to spatially resolve the decay of the
dense spark core by the MRS technique. It is also worth noting that
recent measurements conducted using a laser Thomson scattering
technique indicate anomalously slow Te decay from ∼3 eV right after
the discharge pulse to ∼1 eV at 1 μs after the discharge pulse for

55 ns FWHM and an 8mJ discharge pulse.28 Additionally, the
obtained results indicate that the initial stage of the decay (up to
t∼ 1–2 μs) is likely to be governed by comparable contributions of
both dissociative recombination and attachment to oxygen mecha-
nisms, while the later stage of the decay is expected to be dominated
by the attachment to oxygen.

To summarize, the reduction of local gas number density at
the spark location right after the ns-discharge pulse is an important
factor contributing to the anomalously slow electron decay
observed in the experiments (∼150 ns). A precise knowledge of
electron temperature dynamics along with exact reaction rate coef-
ficients is also required for correct decay interpretation.

2. Effect of pulse energy on discharge parameters

Next, we investigate how the ns-pulse energy affects the dis-
charge parameters in the spark regime (d = 5mm). In this study,
the amount of energy deposition to the discharge was controlled by
adding current-limiting resistors in series with each discharge elec-
trode. The energy per pulse was calculated by integrating the
product of voltage measured across the interelectrode gap and
current over the entire pulse time. By adjusting the current-limiting
resistors between RCL = 0, 200, and 400Ω, the total discharge pulse
energy was measured to be Etot = 5.04 (±0.14), 3.76 (±0.10), and
3.07 (±0.08) mJ, respectively. Temporal evolution of discharge
parameters including voltage, reduced electric field (neglecting
voltage in cathode sheath), current, discharge energy (from the
beginning of the ns-pulse until the current moment of time), tem-
peratures (gas/rotational, vibrational), Ne, and ne is presented in
Fig. 8 for the duration of the ns-pulse.

Figure 8(a) shows that the initial breakdown voltage is approx-
imately the same for all three discharge energies at around 18 kV.

FIG. 7. Temporal evolution of Ne (top) and ne (bottom). The inset images show
the first 300 ns of the discharge in greater detail. The gray area represents the
duration of the ns-pulse.

FIG. 6. (a) Temporal evolution of the plasma diameter and volume. Black: diameter and blue: volume. (b) ICCD images of the plasma after the ns-discharge pulse.
Reproduced with permission from Wang et al., J. Appl. Phys. 129, 183302 (2021). Copyright 2021 AIP Publishing LLC.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 103303 (2021); doi: 10.1063/5.0060252 130, 103303-8

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


This is due to the fact that prior to breakdown, the capacitive
impedance of the air gap between the electrodes is substantially
larger (∼τ /C = 2.5 kΩ, where τ≈ 10 ns is the characteristic time of
the voltage rise and C≈ 4 pF is the capacitance of the electrodes)
than the resistance of the current-limiting resistors used. Thus,
before breakdown, the impedance seen by the pulser does not
change significantly by introducing different current-limiting resis-
tors. Therefore, similar voltage rise times (within 10%) are pro-
duced by the pulser regardless of the RCL value, and the voltage is
applied almost entirely to the interelectrode gap. Correspondingly,
energy stored in the capacitor formed by the electrode assembly
prior to the breakdown (until t∼ 26–30 ns) is very similar for all
three RCL values used, ∼0.64 ± 0.03 mJ, as seen in Fig. 8(d).

Unlike the breakdown voltage, the shape of the voltage pulse
differs more substantially after breakdown (at t∼ 26–30 ns) for the
different discharge pulse energies used. This is caused by the more
comparable range of impedances of the plasma to the
current-limiting resistors. Indeed, after the breakdown, a highly
conductive/low-resistance plasma channel is formed, bridging the
gap between the electrodes [∼600–1000Ω after the initial break-
down and then dropping to <120Ω after the second breakdown
based on the waveforms shown in Figs. 8(a) and 8(c)]. Clearly,
comparable range of utilized RCL to that of the plasma channel is

achieved after the breakdown. The comparable impedances of the
plasma and resistors make adjustment of RCL, an efficient way to
redistribute the ns-pulse energy between the discharge and the
current-limiting resistors. Specifically, utilization of larger RCL
causes a larger fraction of the energy to be deposited in the
current-limiting resistor and less in the discharge.

One can also observe in Figs. 8(a)–8(c) a substantially delayed
BD2 time for lower pulse energies, while the interelectrode voltage
just prior to BD2 was very similar (∼6 kV) regardless of the dis-
charge pulse energy. Specifically, BD2 occurred at 65, 75, and 82 ns
for the pulse energies 3.07, 3.76, and 5.04 mJ, respectively. This can
be explained by larger discharge currents generated at higher pulse
energies and, therefore, faster removal of electron charges from the
plasma column. This, in turn, causes a corresponding faster
buildup of ion charges on the cathode-facing side of the plasma
column and the growth of electric fields to a level sufficient for
breakdown of the cathode sheath. Figures 8(e) and 8(f ) show the
temporal evolution of Tgas (=Trot) during the pulse. It can be seen
that gas heating is more rapid and more substantial with increasing
discharge pulse energy. Indeed, Tgas reached 1000 K in 70, 95, and
100 ns for the pulse energies 5.04, 3.76, and 3.07 mJ, respectively.
The maximum temperature measured during the pulse is also
higher for higher discharge pulse energy. Note that the time

FIG. 8. Temporal measurement for different energy depositions. (a) Voltage, (b) reduced field, (c) current, (d) energy, (e) gas temperature, (f ) vibrational temperature,
(g) total electron number, and (h) electron number density.
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window of detectable SPS emission was longer for lower discharge
pulse energy (since high E/ng was preserved for longer time at
lower discharge pulse energy), which allowed extending Tgas mea-
surements to longer times.

Temporal evolutions of Ne and ne during the ns-pulse are
presented in Figs. 8(g) and 8(h). One can see that the number of
electrons created in the gap after the initial breakdown BD1
(at t∼ 26–30 ns) increased with discharge pulse energy. Specifically,
deposition of approximately 1.5 mJ after BD1 (observed for the

case with Etot = 3.07 and 3.76 mJ) led to establishment of
quasi-steady-state electron number Ne = 1.9 × 1011 and electron
number density ne = 1 × 1015 cm−3 (at t∼ 40–60 ns), while energy
deposition of ∼2 mJ (Etot = 5.04 mJ) yielded Ne = 3.0 × 1011 and
ne = 1.6 × 1015 cm−3. This quasi-steady-state period of the discharge
(t∼ 40–60 ns) is likely associated with a balance between the elec-
tron production in the discharge volume (αVdrNe, where α is the
ionization coefficient and Vdr is the electron drift velocity)
and electron removal to the anode ensuring conduction of the
discharge current (I/|e|; I∼ 10 A at t∼ 50 ns). This balance yields
α/ng∼ 10−18–10−19 cm2 and a reduced electric field on the order of
E/ng∼ 100–150 Td, which is fairly consistent with the estimation
based on the measured discharge voltage.61 Later, breakdown of the
cathode sheath (BD2) results in a significant (about five to ten
times) drop in the voltage (from about 6 kV before BD2 to about
500–1000 V after BD2). The corresponding substantial decrease of
E/ng nearly stops the electron production inside the plasma volume
due to the sharp reduction of the ionization coefficient with the
decrease in E/ng (e.g., ionization coefficient drops 100 times when
E/ng reduces from 100 to 60 Td).61 Alternatively, electron number
and electron number density in the gap are governed by the pro-
duction of electrons in the cathode spot vicinity and their transport
through the gap and collection at the anode. This stage of discharge
largely resembles a conventional cathodic arc and would be con-
verted into a DC cathodic arc if the discharge-driving voltage is
maintained at the electrodes.

For all the discharge pulse energies considered, the major-
ity of the energy was deposited into the interelectrode gas near
and right after the time of initial breakdown BD1, while only
incremental further energy deposition is associated with the
second breakdown (and transition to a cathodic arc). Specifically,
85%–89% of the pulse energy was deposited into the gas before

FIG. 9. Temporal evolution of Tgas for different energy depositions during and
after the HV pulse.

FIG. 10. (a) Temporal evolution of the relative gas density for different energy depositions during and after the HV pulse. (b) Temporal evolution of the gas density and the
plasma diameter for different energy depositions within the first 5 μs post-discharge. Solid line + square: relative gas density and dashed line + triangle: plasma diameter.
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BD2, while only 11%–15% was deposited after BD2. This shows
that the fast ns-discharge is a substantially more efficient way to
deposit energy into the interelectrode gas in comparison with a
cathodic arc.

The complete temporal evolution of the gas temperatures,
measured by OES and OES enhanced with a probing pulse, for
three discharge energy levels is presented in Fig. 9. At t ¼ 10ms, a
peak temperature of 3500 K was measured for 5.04 mJ pulse energy
in comparison with 3000 K for 3.07 mJ. In addition, Tgas after the
ns-pulse decreased at a faster rate for higher pulse energies until
about 100 μs, when the temperature decay curves collapsed to for a
single curve for all discharge pulse energies. The gas temperature
recovered back to room temperature by about 1 ms for all three dis-
charge energies.36 This faster initial temperature decay for higher
Etot is potentially due to generation of stronger vortex rings; thus, a
more intensive air mixing/cooling process when higher energy is
deposited in the gas.62–64

The temporal evolution of the relative gas density (ng/ng0)
during and after the HV pulse measured by LRS for different
discharge pulse energies is presented in Fig. 10(a). A more
detailed plot of the initial dynamics of ng/ng0 ( for t < 5 μs) along
with the temporal evolution of the plasma diameter estimated
from ICCD images is shown in Fig. 10(b). Similar behavior of
ng/ng0 for all three discharge pulse energies was observed, start-
ing with a fast initial drop within a 1 μs post-discharge. The rela-
tive gas density then remained nearly constant for tens of μs
followed by recovery to the ambient level in the next 1 ms. More
significant reduction of gas density was found for higher dis-
charge pulse energy; specifically, air density dropped to 55%,
50%, and 30% of an ambient air density level for discharge pulse
energies of 3.07, 3.76, and 5.04 mJ, respectively. It can also be

seen that the plasma channels had very similar diameters regard-
less of the pulse energy level during and immediately after the
pulse (t < 500 ns) but then expanded to larger diameters over the
next 5 μs for higher pulse energy (650 μm for 3.07 mJ and
900 μm for 5.04 mJ).

Finally, the complete temporal evolution of Ne and ne is
plotted in Fig. 11. It can be observed that the temporal decay of ne
is elongated with an increase of the pulse energy. This is due to
achieving higher Te and a more substantial ng drop with higher
pulse energy as described in Sec. III B 1.

3. Effect of the gap distance on discharge parameters

Finally, we investigate the effect of the interelectrode gap dis-
tance d on the discharge properties in the spark regime. It is worth
noting that the effect of the gap distance should be ideally investi-
gated when the parameter of Etot/d is kept constant. Even though it
is not feasible to precisely preset the discharge pulse energy, the
results of the experiments shown below will demonstrate that
parameter Etot/d was nearly constant.

Temporal evolution of the discharge properties for d = 2, 4,
and 6 mm is presented in Fig. 12 including voltage, reduced electric
field E/ng (neglecting voltage in cathode sheath), current, discharge
pulse energy per unit gap E/d, Tgas, Tvib, Ne, and ne. As one can see
from Figs. 12(a) and 12(b), the initial breakdown (BD1) of smaller
gaps occurred at a lower voltage but a higher reduced electric field.
Indeed, as shown in Fig. 12(b), E/ng at the moment of breakdown
was 140, 160, and 260 Td for d = 6, 4, and 2 mm, respectively.
Additionally, the breakdown in smaller gaps occurred more
abruptly (as indicated by a more rapid voltage drop rate), generat-
ing higher discharge current peaks as shown in Fig. 12(c). This

FIG. 11. Temporal evolution of (a) Ne and (b) ne for differ-
ent energy depositions during and after the HV pulse.
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correspondingly led to faster energy deposition per unit gap dis-
tance (E/d) as shown in Fig. 12(d) and caused faster gas heating,
which is confirmed by the Tgas measurements in Fig. 12(e). Higher
discharge currents in smaller gaps led to earlier second breakdown
BD2 associated with ignition of the cathodic spot, which is consis-
tent with the results reported in Sec. III B 2. The total energy input
per gap Etot/d was rather consistent (∼1 mJ/mm) for all gap sizes.
Larger E/ng observed in the smaller gaps is expected to shift the
balance between electron production in the discharge volume and
electron removal to the anode to support current conduction
toward production of higher electron number density and higher
discharge current, and this is consistent with the experimental find-
ings. The effect of the gap distance on Vbr, (E/ng)br, Ipeak, Etot,
Etot/d, ne, and Ne (quasi-steady-state values after BD1) is sum-
marized in Fig. 13.

The complete temporal evolution of Tgas for d = 2, 4, and 6mm
is presented in Fig. 14. One can see that the cooling rate of Tgas at
smaller gaps was faster than for the larger gaps. This can be poten-
tially explained by a faster removal of hot gas between the electrodes
when stronger vortex rings are formed in smaller gaps.62–64

Summarizing the measurements of plasma parameters after a
ns-discharge pulse for tested pulse energies (0.6–1 mJ/mm) and
gap sizes (2–6 mm), we conclude that complete recovery of the
parameters to their unperturbed pre-discharge values occurs at

∼1 ms after the discharge pulse for all cases (see Figs. 4, 5, 9, 10,
and 14). This is also consistent with previous flow field measure-
ments, indicating decay of the vortex ring circulation on the
similar time scale.65 One can, therefore, expect memory effects
to occur at a pulse repetition frequency >1 kHz. Note that the
“cut-off” frequency indicating onset of memory effects and tran-
sition from the single-pulse ns-discharge regime to the NRP
operational regime depends on many factors, including ambient
temperature, pressure, pulse energy and shape, gas composition,
and electrode geometry. Investigation of the NRP regime using
the multi-diagnostics system developed in this work will be
subject of future studies.

C. Corona regime and comparison with spark

The corona regime was investigated for gap distances of 8, 9,
and 10 mm. Voltage and current waveforms for d = 8 mm are
shown in Fig. 15. In comparison to the V–I waveforms for the
spark regime (e.g., Fig. 3), it is noticeable that corona ignition was
not associated with substantial voltage drops. On the contrary, the
voltage waveform was similar to those observed when no break-
down occurs (see Fig. 2) with a longer pulse duration than that set
on the pulser (90 ns) and with significant voltage oscillations. This
indicates that corona does not substantially affect the impedance of

FIG. 12. Temporal evolution of (a) voltage, (b) reduced field, (c) current, (d) energy, (e) gas temperature, (f ) vibrational temperature, (g) total electron number, and (h) elec-
tron number density for d = 2, 4, and 6 mm.
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the interelectrode gap; thus, the pulser is operating the entire time
in the mismatched conditions being loaded with a 5 kΩ) active
resistor of the matching resistor stage shown in Fig. 1. The total
measured current (I) consists of two components—displacement
and conduction currents. Displacement current can be calculated
from Idisp ¼ C � dVdt using the known capacitance of interelectrode
assembly C = 3.9 pF (determined from the experiments without
breakdown). Finally, the conduction current can be determined as
Icond ¼ I � Idisp, and the results are shown in Fig. 15(b). One can
see that the corona discharge current reached a peak value of
approximately 1.7 A at t∼ 50–70 ns.

The peak numbers of electrons (Ne,max) for d = 8–10 mm are
plotted in Fig. 16 along with the corresponding peak values of
Icond. One can see that as d increases, the peak conduction current
decreases, while the number of electrons produced increases. Both
trends can be explained by the longer associated streamer length
for larger d and the correspondingly larger resistance and the
number of electrons. Note that due to the generation of multiple
streamers between the electrodes and the random path of each
individual streamer, confirmed using ICCD photography as shown
in Fig. 2(b), it was impossible to quantify the exact volume of the
plasma channel; therefore, the value of ne was not calculated. The
values of Tgas and Tvib temporally averaged over the discharge pulse
duration were also measured using OES, and the results were
360 ± 20 and 3700 ± 100 K, respectively, for all three gap distances.

A comparison of the discharge parameters for the two dis-
charge regimes (corona and spark) is shown in Fig. 17, including
breakdown voltage, peak conduction current, discharge pulse
energy, and the maximum number of electrons produced (during
BD1 for the spark regime). While spark discharges were accompa-
nied with abrupt and loud breakdown events, corona discharge

FIG. 13. (a) Voltage and reduced electric field at breakdown, (b) peak current,
(c) energy input and energy input per unit gap length, (d) Ne after BD1, and (e)
ne after BD1 vs interelectrode gap distance.

FIG. 14. Temporal evolution of Tgas during and after the HV pulse for d = 2, 4,
and 6 mm.

FIG. 15. Temporal evolution of (a) voltage and (b) current for the corona regime
at d = 8 mm.
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was associated with milder and quieter operation. As shown in
Fig. 17(a), Vbr increased monotonically with an electrode gap dis-
tance, increasing from near 2.5 kV for the spark regime in a 2 mm
gap up to nearly 25 kV for the corona regime in 8–10 mm. The
corona regime was associated with a substantially lower peak of
conduction current and discharge pulse energies vs the spark
regime as shown in Figs. 17(b) and 17(c). The discharge pulse
energy per unit gap distance was an order of magnitude higher for
spark discharges and was relatively constant within each regime:
∼1 mJ/mm for spark and ∼0.1 mJ/mm for corona. Figure 17(d)
shows that electron production increased for smaller interelectrode
gaps, indicating a higher degree of ionization for shorter gap dis-
tances (measured using combined MRS–LRS diagnostics).

IV. CONCLUSION

Single-pulse nanosecond high-voltage discharges in a
pin-to-pin electrode configuration at atmospheric pressure can
operate in spark and corona regimes. The spark regime was associ-
ated with shorter interelectrode gap sizes (< 6 mm) and larger dis-
charge pulse energy per mm of gap length (0.6–1 mJ/mm) in
comparison with the corona regime observed at larger gaps
(>8 mm) and lower discharge pulse energy (∼0.1 mJ/mm). Highest
electron number density, maximal gas temperature, and peak dis-
charge current are achieved in the spark regime using smaller elec-
trode gaps and higher pulse energy. The characteristics of the spark
discharge after breakdown are consistent with the balance between
electron production in the discharge volume and electron removal
to the anode ensuring conduction of the discharge current and cor-
respond to reduced electric fields in the range of ∼100–150 Td.
Limitation of the discharge pulse duration to 30–70 ns is necessary
in order to prevent transition to the cathodic arc regime. A com-
parison of experimentally measured and numerically simulated
electron decay rates indicates that the initial decay (up to t∼ 1–2 μs
after the discharge pulse) is governed by comparable contributions
of dissociative recombination and electron attachment to oxygen,
while in later stages, the decay is expected to be dominated by
attachment to oxygen. Based on the measured temporal evolution
and recovery of gas number density and temperature, the onset of
memory effects and the associated transition to the nanosecond
repetitively pulsed (NRP) regime can be expected for pulse repeti-
tion frequencies greater than 1 kHz.
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FIG. 16. Dependence of conduction current and peak Ne on gap distance d for
the corona regime.

FIG. 17. Discharge parameters in both discharge regimes vs d: (a) breakdown
voltage, (b) peak current, (c) total energy input and energy input per gap dis-
tance, and (d) total electron and electron per gap distance. Spark and corona
regimes are indicated by red and green backgrounds, respectively.
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