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ABSTRACT

The temporal dynamics of atmospheric-pressure nanosecond pulsed plasma discharges in a pin-to-pin electrode configuration are studied
using streak-camera line imaging of the interelectrode gap with a time resolution as short as ~25 ps. Discharge emission initiates homoge-
neously throughout the interelectrode gap with no detectable streamer propagation and then temporally decays in two distinct phases.
Plasma emission bands attributed to various electronic transitions are tracked for single discharges in air and N,. Spectral filtering of the
excited molecular states reveals that the N,(C-B) and N,(B-A) emission bands evolve in distinct early and late phases, respectively, with a
time separation of ~15-20 ns. Furthermore, significant differences in the temporal dynamics of plasma discharges in air and N, are observed.
High levels of excited-state atomic oxygen and NO appear after the initial decay of the N,(C) state and coincide primarily with the latter
phases of plasma evolution in air environments. From temporal traces of discharge emission, the formation and relaxation timescales of
the electronically excited states of N, are quantified in pure N, and air environments with sub-nanosecond resolution. The streak-OES
(optical emission spectroscopy) technique enables quantitative time-resolved studies of key chemical species for model validation in

ultra-short-pulsed plasmas.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0073630

Atmospheric-pressure plasmas are used in a wide array of appli-
cations, including atomic layer processing, combustion and flow con-
trol, metamaterials, plasma photonic crystals, medicine, synthesis of
nanostructured  materials, and electrostatic  precipitation.'
Nanosecond repetitively pulsed (NRP) spark discharges are a class of
atmospheric pressure plasmas that generate high concentrations of
reactive excited-states and ionized species with accompanying rapid
heat release while requiring relatively low power input." Thus, NRP
spark discharges demonstrate significant potential for efficiently
altering the system level chemical kinetics and thermochemical
behavior.”

In nanosecond pulsed spark discharges, two regimes of heating
are observed: “fast” heating occurring on time scales much shorter
than the vibrational relaxation and “slow” heating due to vibrational-
translational relaxation. Several mechanisms contribute to fast gas
heating in air, including excitation and dissociation by the electron
impact, quenching of excited species, ion reactions, and recombina-
tion. Popov'” first proposed the so-called “two-step mechanism,”

where the dominant pathway for fast heating is dissociative quenching
of electronically excited N, by O,. In the last two decades, a flurry of
research activity has been performed to investigate the fast heating
phenomenon using time-resolved experimental measurements of the
plasma properties, including: (i) N,(C-B) and N,(B-A) emission pro-
files," ™" (ii) number densities of N,(C), N,(B), and N,(A) states,"*"”
(iii) number densities of atomic oxygen,18 and (iv) rotational and
vibrational temperatures from optical emission spectroscopy
(OES)."*'® Additionally, direct time-resolved imaging of the discharge
has been used to investigate nanosecond atmospheric-pressure
spark discharge time dynamics in air,'” water vapor,”’ and N,/H,O
mixtures.”’  One of the most challenging aspects of pulsed
atmospheric-pressure discharge diagnostics is resolving the intrinsi-
cally fast temporal dynamics, which requires detection systems with
sub-nanosecond time resolution. Previous time-resolved spark-
discharge diagnostics'* ' were performed predominantly using high-
speed photomultiplier tubes (PMTs) or ns-gated charged-coupled
device (CCD) detectors. However, both approaches lack the temporal
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resolution required to fully resolve the ultrafast plasma physics.
Additionally, ns-gated CCD detection requires time stitching of mea-
surements from multiple discharges to create a time history of plasma
emission. This can reduce the temporal precision because of shot-to-
shot variations in the onset and evolution of plasma dynamics. Cross-
correlation spectroscopy (CCS) is nearly jitter-free and is capable of
sub-nanosecond time-resolution.”” However, it requires several indi-
vidual discharges to statistically create a spectrally resolved probability
density function of the emission intensity.

To address the aforementioned limitations, we performed direct
line imaging of nanosecond pulsed spark discharges in a pin-to-pin
electrode configuration using a streak camera with ~25 ps resolution
to capture the time evolution from the onset of excited-state emission
to subsequent energy transfer processes. The current measurement
technique enables time-resolved imaging of single discharges at more
than two orders of magnitude higher temporal resolution as compared
with PMTs or gated CCD detector-based techniques. Because the
entire plasma evolution is acquired as individual streak images, shot-
to-shot experimental jitter is eliminated. By spectrally filtering the dis-
charge emission into fixed spectral bands corresponding to N,(C-B),
N,(B-A), and O('D), it is possible to evaluate the individual contribu-
tions of major species in the overall plasma emission.

A schematic of the experimental setup is shown in Fig. 1(a). A
high-voltage pulser (Eagle Harbor NSP-3300-20-F) with ~60 ns out-
put voltage pulse width and ~25KkV peak voltage was used to generate
single spark discharges (interelectrode distance ~2mm, tip radius
~10 um, 2% ceriated tungsten electrodes) in atmospheric-pressure
quiescent air and N,. A single nanosecond voltage pulse was used to
create the spark discharge at every 4s (to ensure no memory effect
from one pulse to the next). Two high voltage probes (Tektronix

(a) |

CCD ST

= =

18T

— NRP

(b)

2 mm

FIG. 1. (a) Schematic of the experimental system. CCD, charged-coupled device
detector; IP, image plane; RO, relay optics; ST, streak tube; |0, input optics; SF,
spectral filter; VIP, virtual image plane; OAP, off-axis parabolic mirror; CP, current
probe; TE, tungsten electrode; VP, voltage probe; OP, object plane; OSC, oscillo-
scope; TDG, time-delay generator; NRP, nanosecond repetitive pulsed power
source. (b) Focused electrode tips in the streak live mode. Highlighted yellow rect-
angle depicts the ~2 mm wide x ~30 um thick streak sweep zone.
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P6015A, rise time ~4 ns) were used in a differential configuration to
measure the discharge breakdown voltage, and the total current across
the electrodes was measured using a current transformer (Magnelab
CT-D1.0, rise time ~0.7 ns).

The light emitted along the centerline of the spark discharge was
collected, collimated, and focused on a streak camera (Hamamatsu
C13410-01A, Orca-R2 CCD) entrance slit (virtual image plane) using
two 90° off-axis parabolic mirrors with back reflected focal lengths of
4 in. (OAPI1) and 6 in. (OAP2). The virtual image was relayed onto
the streak camera CCD (image plane), forming a final image of the
interelectrode distance (~2mm) spanning over ~250 pixels.
Throughout this Letter, the location of time zero corresponds to the
10% rise in the streak signal. An image of the electrodes on the CCD,
with the streak-slit open, is shown in Fig. 1(b). Once the image focus
was optimized, the entrance slit of the streak camera was closed down
to ~30 um to detect the signal from the core of the plasma.

Figures 2(a)-2(d) depict individually normalized single-streak
sweeps of atmospheric-pressure air spark discharges acquired with no
spectral filter over sweep times of 100, 50, 20, and 5 ns, respectively.
These sweep times correspond to a temporal resolution of ~500,
~250, ~100, and ~25 ps, respectively.

Figure 2(a) shows the duration of the spark discharge from the
onset of bright emission to a dimmer long-duration afterglow. There
appear to be two distinct phases of emission from ~0 to 15ns and
from ~15 to 100ns, denoted as phase 1 and phase 2, respectively.
Figure 2(b) shows that although the peak intensities in phases 1 and 2
are similar, they have differing emission decay times and interelectrode
spatial distributions. Figure 2(c) shows a 20 ns sweep that reveals more
details of phase 1 time dynamics, including strong concentrated emis-
sion within the first ~2 ns and then dimmer trailing emission between
~2 and 13ns. This time evolution is consistent with our previous
work, where we extracted the decay lifetime of N,(C-B) at atmo-
spheric pressure and reported a bi-exponential decay of N,(C) arising
due to collisional dynamics with O,. Figure 2(d) focuses on the first
few nanoseconds of the plasma breakdown process with a temporal
resolution of ~25 ps. This temporal resolution is comparable to the
time that light would take to transverse the interelectrode gap of
~2mm, leading to the conclusion that the spark emerges spontane-
ously between the electrodes with no apparent streamer propagation
at the initiation of the spark discharge. Interestingly, a similar type of
uniform streamer-free discharge emission was also observed in the
repetitively pulsed discharge mode. In this case, there was a high initial
electron number density, and the streamer-free discharge was attrib-
uted to multiplication of these electrons under the intense electric field,
leading to an avalanche ionization in the volume.'” This pre-ionization
high electron number density is due to residual charges from the previ-
ous pulses (memory effect). Furthermore, it was suggested that the
memory effect strongly influences the initial electric field distribution.””
In this work, only single discharges were investigated, so residual
charges play no role in discharge breakdown initiation. Pre-ionization
can also occur due to high energy electrons emitted from the electrode
under high overvoltage conditions, where the local electric field exceeds
the critical ionization field.”**” This overvoltage condition is typically
achieved using a short duration high-voltage pulse with a steep, typi-
cally sub-nanosecond rise time to prevent field screening effects. The
current results are unique, because streamer-free spontaneous plasma
emission was observed with a relatively moderate pulse rise time on

Appl. Phys. Lett. 120, 014101 (2022); doi: 10.1063/5.0073630
Published under an exclusive license by AIP Publishing

120, 014101-2

25:98:81 €202 18n6ny 62


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

0 0
20 4
)
£ 40 8
(0]
=
= 60 12
80 16}
93 46
%5 0 1515 0 1595 o

Interelectrode Distance (mm)

scitation.org/journal/apl

1 0 :
10F - ]
20} .
—A
B
30Fr—¢
40t ]
1 . 0 50 L
16 15 0 15 0 0.5 1

Norm. Intensity

FIG. 2. (a)—(d) Individually normalized single-streak images of atmospheric-pressure air-plasma spark discharges for sweep times of 100-5ns with corresponding temporal
resolutions of ~500-25 ps, respectively. The initial ~0-15ns is denoted as phase 1 and the later ~15-100 ns as phase 2. () Line plot of time-resolved discharge emission
with streak emission horizontally binned over three different spatial widths, as shown in (a); A, ~2 mm (entire interelectrode gap), B, ~1mm, and C, ~0.5 mm.

the order of ~10 ns. The sharp electrode tip radius (~10 um) used in
this work plays a key role in aiding an electric field enhancement.
Time-resolved reduced electric field measurements are required to fully
understand the discharge breakdown mechanism involved in the cur-
rent work. Additionally, x-ray detection may also prove helpful in con-
firming the presence of runaway electron bremsstrahlung at the
anode.”"** We hypothesize that the initial broad spatial distribution
trailing off into a narrower intensity profile in phase 1 is related to the
time evolution of the electron energy distribution function (EEDF),
which may be investigated in the future work using Thomson
scattering.

Figure 2(e) shows line plots of time-resolved discharge emission,
created by spatially binning the streak emissions over a central span of
~2 (entire interelectrode gap), ~1, and ~0.5 mm, denoted as regions
A, B, and C, respectively, in Fig. 2(a). Due to variations in emission
from the center of the spark to the electrode tips, the streak line plots
for B and C differ slightly from that of A, but the overall trends remain
consistent.

To probe the underlying excited-state dynamics from the streak
images, spectral filters were employed to estimate the relative contribu-
tions of various species to the total plasma emission. The overlapping
emission bands of N,(C-B), N, (B-X), and NO* were detected from
320 to 430 nm using a bandpass filter (BPF) with a central wavelength
of 375nm and a bandwidth of ~110nm. The N,(B-A) band was
detected from 700 to 950 nm using a 700 nm long-pass filter (LPF),
and the O('D) transition was detected using a BPF with a central
wavelength of 628 nm and a bandwidth of ~32 nm. Figure 3(a) shows
sample numerical simulation of normalized emission intensities for
various species at fixed T,or = Tyip, = 2000K to illustrate the spectral
distribution of various species. Figures 3(b)-3(f) compare the ensem-
ble (total) and spectrally filtered emission signals obtained from typical
single sweeps of the streak camera with the repeatability of the sweeps
presented in the supplementary material. The data shown in Figs.
3(b)-3(e) were corrected for camera background and the transmission

efficiency of the spectral filters. The transmission data of the spectral
filters are provided in the supplementary material. The quantum effi-
ciency (QE) response curve of the streak camera photocathode is also
shown in Fig. 3(a). We did not divide the emission data by the QE
curve since that correction requires knowledge of the temporally and
spectrally resolved emission power spectrum. Since the emission
power spectrum depends on temperature and pressure, any assump-
tions of those quantities can skew the results significantly. We note
that modelers can use the QE trace to account for the photocathode
response in their simulations in order to compare their modeling
results to the data presented here.

It is apparent from Fig. 3 that emission during early times from
~0 to 5ns in phase 1 is dominated by signals from 320 to 430 nm,
which are attributable to N,(C-B) and N, (B-X). The source of this
emission at early times was confirmed for a sweep-time of 5ns in N,
(provided in the supplementary material), during which the signal
from 320 to 430 nm was very similar to the image of ensemble dis-
charge emission in Fig. 2(d). The data in Fig. 2(d), thus, provide a
good quantitative estimate of the short emission lifetime of the
N,(C-B) and N, *(B-X) transitions during phase 1. In contrast, emis-
sions from N,(B-A) in Fig. 3(d) and the O atom in Fig. 3(e) fill the
interelectrode gap by ~20 ns and persist past ~35 ns.

For the signal from phase 2 (~15-100 ns), it was observed that
the aggregate contributions of Figs. 3(c)-3(e) do not equal the ensem-
ble emission from 200 to 950 nm shown in Fig. 3(b). The difference
image, Fig. 3(b) — [Figs. 3(c) 4 3(d) + 3(e)], is analytically created as
shown in Fig. 3(f). We hypothesize that residual emission in the signal
of Fig. 3(f) is predominantly from quenching of excited electronic
states of N, by O,, creating NO* emission in the range of 200-320 nm
[see Fig. 3(a)]. However, the difference signal shown in Fig. 3(f) may
also come from N,(C-B) and N, (B-X) bands that lie outside of the
320-430 bandpass filter. To gain further insight into the emission
dynamics of NO”, direct imaging of spark discharges in N, was
performed at room temperature and at atmospheric pressure.
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FIG. 3. (a) Photocathode quantum efficiency (QE) overlapped with simulated normalized spectra of N,(C-B), N»(B-A), O('D), N,*(B-X), and NO* [NO(A-X), NO(B-X),
NO(C-X), and NO(D-X)] from Specair’’ and LIFBASE* at fixed T, = 2000K. Shaded regions show the bandwidths of the spectral filters used for (b)—(f). (b)~(f) Single-
streak images in air over a sweep-time of 50 ns with a temporal resolution of ~250 ps. The ensemble streak (no spectral filter) is shown in (b) along with spectrally filtered
streaks in (c)—(e). Streak (f) is reconstructed analytically to show the approximate signal from 200 to 320 nm by taking the signals from (b) — [(c) + (d) + (€)]. The streak color

code represents signal counts (a.u.).
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FIG. 4. Single-streak images in N, over a sweep-time of 50 ns, corresponding to a
temporal resolution of ~250 ps. The ensemble streak (no spectral filter) is shown
in (a) along with spectrally filtered streaks in (b) and (c). The streak color code rep-
resents signal counts (a.u.).

Figures 4(a)-4(c) show the resulting emission without a spectral filter
with the 320-430 nm BPF and with the LPF for 700-950 nm, respec-
tively. In contrast to the streak images from discharges in air, the data
in N, show a significant drop in phase 2 signal in the range of
320-430 nm, strengthening the hypothesis that phase 2 signals in
Fig. 3(f) can be attributed to NO* emission from 200 to 320 nm. As
there was also no O('D) emission observed for the N, environment,
the dominant emission during phase 2 is from N,(B-A) electronic
transitions, as expected.

Another way of representing the temporal characteristics of the
dominant species is by horizontally binning the streak images so that
the data in one row of pixels are summed up to create a single intensity
data point. The line plots in Fig. 5(a) (air) and 5(b) (N,) were obtained
by horizontally binning the entire streak width at each time step for
the ensemble (unfiltered) and spectrally filtered emission images. By
comparing Figs. 5(a) and 5(b), we deduce that N,(C-B) and
N, (B-X) emission dominates during phase 1, whereas NO* and
N,(B-A) emission dominates during phase 2. For the N, plasma
[Fig. 5(b)], ensemble emission is slightly greater than the sum of the
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FIG. 5. Line plots corresponding to horizontal binning of the entire streak width in (a) air plasma and (b) N, plasma. These traces provide a good indication of emission life-
times and relative magnitudes of the dominant species over a sweep time of 50 ns. Representative exponential growth and decay fits for air and N, plasmas are shown for fil-
ters (c) 375/110 BPF and (d) 700 LPF. Normalized time-resolved (e) N5(C-B) and (f) Na(B-A) PMT traces. Reproduced from with the permission Bak et al., Appl. Phys. Lett.
98, 011502 (2011). Copyright 2011 AIP Publishing. [(g) and (h)] Joint statistics for the formation, and decay exponentials for air and N, plasmas are shown for filters (g) 375/
110 BPF and (h) 700 LPF. BPF, bandpass filter; LPF, long-pass filter; FEC, formation exponential coefficient; DEC, decay exponential coefficient.

N,(C-B), N, *(B-X), and N,(B-A) contributions, most likely because
the 375/110 BPF blocks out some of the contribution from the
N,(C-B) and N, *(B-X) transitions. Note that while the signal contri-
butions can be evaluated, the emission magnitudes cannot be directly

related to number densities since information on collisional relaxation
is not incorporated in the streak images.

In comparing Figs. 5(a) and 5(b), there are obvious differences

in phase 2 due to the presence of NO* and O" in the air plasma.
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Furthermore, there are subtle but important differences in the relaxa-
tion dynamics of air and N, plasma emission. Figure 5(c) shows expo-
nential fits (y = Ae™™; +m: formation process; —m: decay process; A:
constant) to typical line-plots of binned emission with the 375/110 nm
BPF for both air and N, plasma. In Figs. 5(g) and 5(h), the constant
“m” is labeled as the formation or decay exponential coefficient
(FEC or DEC). We observe a bi-exponential decay for air plasma,
labeled as Pla and P1b, whereas, for N, plasma, we observe only a
single exponential decay. The bi-exponential decay in air is attrib-
uted to fast quenching of the N,(C) state by O, (P1a) at early times
followed by slower, purely radiative relaxation (P1b). For N, plasma,
the relaxation process is largely radiative due to the absence of O,.
We expect that the relaxation of N, also contributes to the fast
relaxation time of Pla for both air and N, plasma.

Figure 5(d) shows exponential fits to the line plots of a typical
emission decay with 700nm LPF for both air and N, plasma.
Interestingly, in phase 2, we observe a bi-exponential decay for both
air and N,. Again, the relaxation rates for air are slightly greater, per-
haps due to reactive quenching of the N,(C) state to NO* due to colli-
sions with O" and O,. More research via detailed kinetic modeling is
required for a deeper understanding of phase 2 dynamics.

As discussed in the introduction, PMTs were often used in prior
work to investigate the temporal dynamics of nanosecond pulsed dis-
charges. We can compare the streak line-plots obtained in this work to
previously published PMT data by Bak et al,"* as shown in Figs. 5(c)
and 5(f). Bak et al. acquired data from similar atmospheric-pressure
nanosecond-scale spark discharges between pin-to-pin electrodes with
1 mm interelectrode distance. As per their manuscript, the rise and fall
time of their PMT were 2 and 5ns, respectively, and the response
function of the PMT was measured and considered during post-
processing. Their PMT trace is unable to resolve phases 1 and 2, illus-
trating the advantages of the method implemented in this work for
accurately resolving the dynamics of these ultra-short discharges. The
results presented in Fig. 5 indicate that the temporal dynamics of the
plasma discharges in air and N, are quite different from the previously
published results."*

Figure 5(g) shows a collection of exponential decay slopes for
phase 1, obtained by fitting the 375/110 nm BPF emission from several
single discharges. Single discharges are stochastic processes, and hence,
the decay exponentials vary when discharges are repeated. Although
our sample size is not statistically extensive, it clearly indicates that, for
Pla, air discharges decay faster than N, discharges. A similar decay
trend was observed for the 700nm LPF emission, as shown in Fig.
5(h), where air discharges relax faster in comparison to N, discharges.

In summary, the dynamics of atmospheric-pressure nanosecond
plasma spark discharges were investigated with ps temporal resolution
in air and N,. Spark discharge emission emerges in a streamer-free
spontaneous manner and decays in two distinct phases. Under the
considered experimental conditions, the emission lifetime of the signal
from N,(C-B) and N, (B-X) is found to be approximately 2 ns. The
dominant contributions to emission in phase 1 are from N,(C-B) and
N, " (B-X), whereas in phase 2, the dominant contributions are from
NO" and N,(B-A). There is a significant contribution from NO*
between ~15 and 40ns after a single spark discharge, indicating a
large mole fraction of NO. The temporal evolution of O('D) coincides
with N,(B-A) emission and not N,(C-B) emission. The measurable
signal levels from radicals, such as O('D) and NO*, at ps temporal
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resolution open up the possibility of comprehensive and quantitative
time-dynamics studies including other relevant major chemical spe-
cies. The future work will focus on developing a combination of laser-
based methods and streak systems for investigating transient electric
fields and ultrafast species evolution in atmospheric-pressure pulsed
discharges.

See the supplementary material for Fig. S1: five different 100 ns
sweeps of ensemble emission for air plasma; Fig. S2: spectral filter
transmission efficiency; Fig. S3: a 5ns streak sweep of 320-430 nm
emission for air plasma; and Fig. S4: time-correlated voltage, current,
and plasma intensity traces.
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