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I. Introduction

I NRECENTyears, nanosecond repetitive pulsed (NRP) discharges
have been found of great use for combustion-related applications

such as increasing flame speed [1,2], enhancing flame stabilization at
low fuel/oxidizer ratios [3–6], and mitigating combustion instability
[7–10]. In addition, NRP discharges have been applied for aerody-
namic flow controls. Surface dielectric barrier discharge plasmas
driven by NRP discharges have been explored for controlling boun-
dary layers at realistic flight conditions [11,12], as well as for shock
wave modification in supersonic flow [13,14]. NRP spark plasmas
have also been shown to be effective at inducing flow instabilities by
generating pressure waves [15–17].
Comprehensive temporally resolved measurements of the NRP

plasma properties are critical for understanding the nature of the
plasmas and practical applications. Twoof themost important param-
eters of theses discharges are the total electron number/electron
number density and rotational/vibrational temperatures. Electron
number density is a measure of the total electrons produced during
discharge, which implies the amount of reactive species produced. In
previous works, studies of the total electron numbers of the plasma
produced in a high-voltage NRP discharge in a pin-to-pin configu-
rationwere conducted at atmospheric pressure and room temperature
[18,19], where high-voltage (HV) pulses with peak value of 26 kV
and pulsewidth of 100 ns were applied to the pin electrodes at
frequency of 1 kHz. The total electron number was measured by
Rayleigh microwave scattering technique [20]. It was found that, for
the spark discharge, the amount of total electrons produced ranged
from 2.4 × 1012 to 1.2 × 1013 and the spatially averaged electron

number density ranged from 0.9 × 1014 to 1.0 × 1017 cm−3, respec-
tively, when the gap distance between the pin electrodes was changed
from 3 to 9 mm [19].
Rotational temperature is often used as a measure of the bulk gas

temperature for the NRP discharges at atmospheric pressure based on
fast rotational–translational relaxation and the predominant creation
of nitrogen N2�C� by electron-impact excitation of N2�X� [21–25].
Vibrational temperatures are typically substantially higher than the
rotational, which is indicative of the high-degree nonequilibrium
inherent to the NRP discharges. In previous work, both rotational
and vibrational temperatures of theNRP plasmasweremeasuredwith
5 ns temporal resolution [18]. However, these measurements were
limited to only the first approximately 20 ns of the discharge due to the

following reason. Rotational and vibrational temperatures were deter-
mined from the measurements of the nitrogen second positive system
with Δν � −2 based on the classical optical emission spectroscopy
(OES) approach to fit that measured spectra with the synthetic one
generated numerically. It was observed that the second positive
system of nitrogen only existed for the first 20 ns of the discharge
event; therefore, rotational and vibrational temperatures were only
determined during that initial stage of the discharge. Afterward, the
emission of the N2 second positive system disappeared due to the
decrease of the reduced fieldE∕N below the favorable range of about

10−16–10−15 V ⋅cm2 as the dense plasma channel was forming
between the discharge electrodes [26].
Therefore, measurements of the gas temperature in atmospheric

pressureNRPdischarges using theOES technique are limited to only
the initial 20 ns after the breakdown (several previous works have
evaluated OESmeasurements on later times but have not proven that
these measurements provide actual unperturbed values of the gas
temperature [24,25]). However, gas temperature data on a signifi-
cantly longer timescale than that initial time period (microseconds to
milliseconds after the breakdown) are crucial for analysis of flow-
induced effects by theNRPactuators and their further applications in
combustion systems [27]. This obvious research gap has created the
initial motivation for the current work to expand applicability of the
simple OES approach beyond the initial 20 ns after the breakdown.
This initial motivation had expanded into the broader question of
how the standard OES procedure can be used for the temporally
resolved gas thermometry in general, even if the gas under testing is
not emitting the photons required for the spectra collection.
In this work, we present a novel method of air temperature

measurements with 5 ns temporal resolution that can be used for a
great variety of applications as a thermometer, e.g., in combustion.
The method is based on the classical rotational–vibrational temper-
ature measurements using optical emission spectroscopy of the sec-
ond positive system of nitrogen in conjunction with probing
nanosecond plasma pulse. The probing pulse is used in order to excite
the emission of the second positive system at the desired moment of
time.We demonstrate that it is physically feasible to establish pulsing
probe parameters so that gas heating by the probing pulse itself is
negligible, whereas the emission of the second positive system of
nitrogen is sufficient to conduct the OES measurements. The spec-
trum is acquired during the first 5 ns after the probing pulse initiation
in order to eliminate the effect of the probing pulse gas heating on the
measured temperature. The method is further applied in this work to
conduct the gas temperature measurements in the wake of atmos-
phericNRPdischarge from themoment of discharge initiation to 5ms
after the breakdown.

II. Methods and Equipment

The nanosecond plasma pulses were generated between two pin
tungsten electrodes. Each tungsten electrode had a tip diameter of
approximately 200 μm and was connected to one output arm of an
Eagle Harbor nanosecond pulse generator (NSP-3300-20-F) where
the gap distance between the electrodes d was kept at 5 mm. A pulse
with a peak voltagevalue of 26 kVand awidth of 120 nswas used. The
pulse generator was operating in the differential mode such that each
output arm of the pulser generated a nanosecond pulse of the same
amplitude but opposite polaritywith respect to theground. Thevoltage
was measured by two 30 kV rated high-voltage probes (Tektronix
P6015A) connected to each electrode, and the actual voltage applied to
the electrodes was calculated as the difference between two probe
readings. The current was measured by a current transformer probe
(Bergoz FCT-028-0.5-WB) hooked on the positive arm of the pulse
generator.
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An optical emission spectroscopy system was implemented as
shown in Fig. 1. A light emission signal was first collected by a
parabolic mirror system (with focal length of 4 in.), projected 1:1
onto the input plane of an optic fiber, and then transferred to a
spectrometer (Princeton Instrument Acton SpectraPro SP-2750).
The converted spectrumdatawere recorded by an IntensifiedCharged
Coupled Device (ICCD) camera (Princeton Instrument PI-MAX
1024i) mounted onto the spectrometer. A nitrogen second positive
system (C → B) with a spectral band of Δν � ν 0 − ν 0 0 � −2 was
captured for further fitting with the synthetic spectra simulated in
SPECAIR.
For the temperature measurements in the initial 20 ns of the

discharge, the procedure was the same as in previous work [18].
Specifically, the gate width of the ICCD camera was set at 5 ns and a
time step at 5 ns. Approximately 50–200 samples were accumulated
to achieve an adequate signal-to-noise ratio for further spectrum
fitting, depending on the intensity of the emission. For the temper-
ature measurements after the NRP discharge, a second HV probing
pulse was applied to the electrodes with the controlled delay in order
to initiate additional breakdown and reignite the emission of the
second positive system of N2. The spectrum at the very first 5 ns of
the probing pulse was recorded in order to eliminate the effect of gas
heating due to the probing pulse on the measured temperature (see
details in the following). Five-hundred spectrum samples were accu-
mulated on the ICCD chip to improve the signal-to-noise ratio of
the spectrum. The time intervals between the NRP discharge and the
probing pulse were chosen to be 20, 50, 100, 200, 500, 1000, 2000,
and 5000 μs (20 μs was the earliest time at which we were able
to create the probing breakdown with the currently available HV
pulse generator). The sample waveform illustrating the NRP dis-
charge pulse and subsequent probing pulse is shown in Fig. 2 with a
delay of Δt � 20 μs. The NRP discharges operated at the repetition
frequency of 1 Hz to ensure the temperature relaxation to the room
temperature before each next NRP pulse.

III. Results and Discussion

First, the temporal evolution of V, I, Trot and Tvib for the initial
20 ns of the NRP discharge has been measured as shown in Fig. 3.
One can see the breakdown voltage (approximately 17 kV) was
reached at t � 35 ns and followed by the discharge current peak of
22 A. Rotational and vibrational temperatures were measured within
the time interval of t � 35–55 nswith 5 ns temporal resolution using
the OES technique. Within this time interval, Trot increases from
300 to 600K, andTvib increases from3900 to 5020K. Itwas observed
that the second positive system of N2 presented in the emitted
spectrum during only the first 20 ns after the breakdown and
disappeared thereafter. The examples of the spectra obtained in the
first 20 ns after the breakdown (t � 35–55 ns) and subsequent 20 ns
(t � 55–75 ns) are shown in Fig. 4. One can see thatmultiple spectral
bands including the second positive system are clearly detectable
only in the spectrum acquired in the first 20 ns. Therefore, Trot and
Tvib were determined by the OES during the time interval
t � 35–55 ns only. Vanishing of the N2 second positive system in
the emission spectrum can be explained by the quenching of the
corresponding excited vibrational and rotational levels and absence of
the new excitations. Indeed, according to Raizer, the reduced electric

field E∕N ≥ 10−15 V ⋅ cm−2 is required for the efficient pumping of
the electronic excitations, vibrations, and ionization of O2 and N2,
whereas efficiency of these transitions decreases for the lower
reduced fields [26]. Rough estimations of the reduced electric field
based on the discharge voltage experimental data shown in Fig. 3

confirm that the reduced electric field was about 10−15 V ⋅ cm−2 for
the initial 20 ns after the breakdown and then dropped significantly
due to the creation of a highly conductive spark channel between the
electrodes and the associated decrease of the discharge voltage.
Figure 5 shows typical voltage/current waveforms of the probing

pulse applied with a delay of Δt � 20 μs after the NRP discharge.
Application of the probing pulse caused additional breakdown of
the gas and “reillumination” of the second positive system in the
spectrum. The shaded area represents the time window (5 ns) when
the spectrum was acquired by the spectrometer. Note that V∕I wave-
forms look very different from that of the NRP pulse shown in Fig. 3
due to the better impedance matching with the pulser caused by
the presence of decaying the plasma and heated gas in the gap. As
the delay time Δt was increased to several milliseconds, the shape
of the V∕I waveforms became similar to that shown in Fig. 3 due to
the completion of the plasma decay.
The gas temperature evolution after the NRP discharge was deter-

mined using this method for probing pulse delays of 20, 50, 100, 200,
500, 1000, 2000, and 5000 μs as shown in Fig. 6. The error bars
correspond to the temperature range required to keep the SPECAIR-
simulated spectra within the limits of the experimental data spread.
Time zero implies the NRP discharge event (same as in Fig. 3). One
can see from Fig. 6 that the gas temperature was measured to be
approximately 2600K at 20 μs after the NRP discharge, decreased to
around 650 K at 500 μs, and finally reached 300 K at 5 ms after the
discharge.
It is critical for the method considered here to confirm that gas

heating due to the probing pulse itself is negligible as long as the
spectrum of theN2 second positive system is acquired during the first
5 ns of the probing pulse only. Several previous works have assumed
that heating by the probing pulse during the first several nanoseconds

Fig 1. Schematics of the OES measurement system.

Fig 2. Sample waveform illustrating NRP discharge pulse and sub-
sequent probing pulse applied with delay of Δt � 20 μs.
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after its onset is negligible [24,25].However, this is not a universal fact
and requires further proof because the temperature rise is clearly
depending on the probing pulse parameters (amplitude; dV∕dt); the
substantial rise of the rotational temperature can be observed even
during the first 5 ns period of the pulse [25]. Therefore, probing pulse
parameters should be customized for each specific experiment tomake
sure that the heating by the probing pulse is negligible, whereas the
emission of the second positive system of nitrogen is sufficient to
conduct the OES measurements. In this work, the temperatures mea-
sured at the first 5 ns of the NRP discharge and at 5 ms after it agree
with the true unperturbed room temperature of 300 K. Thus, it can be
concluded that gas heating by the specific probing pulse used in this
work is negligible on the timescale of 5 ns. Note that the total electrical
energy deposition during the first 5 ns of the probing pulse was about
four to five times smaller if the probing pulsewas applied with a 20 μs
delay rather than one applied with a 5 ms delay (see V∕I waveforms
shown in Figs. 3 and 5): specifically, 0.06 mJ for Δt � 20 μs
and 2.6 mJ for Δt � 5 ms. And, therefore, the gas heating by the
probing pulse applied with a 20 μs delay is expected to be even less
pronounced.
The approach proposed here can be used for the temporally

resolved gas thermometry in various applications. Specifically, it
can be used for combustion thermometry in various gas mixtures

Fig 3. Temporal evolution of V, I, Trot, and Tvib for NRP discharge.

Fig 4. Full spectrum from 200 to 800 nm of the light emission of the discharge: a) initial 20 ns after the breakdown, and b) 20–40 ns after the
breakdown (A.U. = arbitrary units).

Fig 5. Voltage/current waveform of probing pulse with Δt � 20 μs.
Shaded are represents duration when ICCD camera gate was open.

Waveform of probing pulse was different from that of NRP discharge
pulse in Fig. 3 due to impedance change between electrodes in wake of
NRP discharge.
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and pressure ranges in case Boltzmann distribution of rotational

levels inN2�C� state can be experimentally confirmed. The proposed

method is particularly fitted for the temperature measurements

in plasma-assisted ignition/combustion systems, which are already

equipped with electrodes that can be used for application of the

probing pulses. The full spectra of other applications, the impact,

and the potential limitations of the current approach are subjects of

future works. In comparison with traditional means of temperature

measurement, such as the thermocouple, the proposed method is

characterized by better temporal resolution (about 5 ns). Spatial

resolution of the temperature measurements (down to about 1 mm)

can be achieved by appropriate positioning of the electrodes and

choosing the gap size. In addition, nonelectrode systems using laser-

induced plasma as a probing pulse can be potentially used if insertion

of the physical pin electrodes is not possible. The current approach

is associated with a similar degree of complexity as spontaneous

Raman scattering diagnostics while possessing significantly easier

implementation in comparison with the Coherent anti-Stokes Raman

Spectroscopy (CARS) technique [28–31].
The proposed method can be further developed as follows. Tem-

perature measurements right after the NRP pulse can be accom-

plished by choosing higher pulse repetition frequency or by using

of a separate HV pulser for creation of the probing pulses along with

appropriate synchronization. Measurements of the gas temperature

profiles across the spark channel can be conducted by means of

imaging the discharge directly onto the slit of the spectrometer.

Additionally, this method is to be tested with different gas mixtures

at various pressures as a thermometer.

IV. Conclusions

In this work, the novel method of gas temperature measurement

using optical emission spectroscopy enhanced with a probing nano-

second plasma pulse is proposed. Themethodwas applied tomeasure

gas temperature evolution up to 5 ms after the NRP discharge.

Specifically, for the NRP discharge in a pin-to-pin configuration,

the temperature of gas peaked at a value of 2600 K about 20 μs after
the discharge and cooled down to about 650Kat 500 μs after theNRP
discharge. The proposed method can also be applied for spatially

(controlled by the interelectrode gap size) and temporally (down to

5 ns) resolved gas thermometry in various kinds of gasmixtures, e.g.,

in combustion.
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