Diagnostics of a nanosecond atmospheric plasma jet.
I. Electron and ro-vibrational excitation dynamics
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Atmospheric repetitive He discharge with 10ns current peak width and 3-10*' V/s voltage front
rise working in jet geometry is studied. The first part is devoted to electrical and optical discharge
characterization including voltage-current behavior, emission dynamics, as well as ro-vibrational
dynamics of Na, NJ and OH molecules. It is found that He atoms get excited at the very early
stage, as a result of ionization wave formation. This process follows by the excitation of O, N2
and Nj. Tt is also shown that a rather small (0.1-1%) air admixtures facilitate gas breakdown, as
revealed by shortening of the discharge current risetime. The rotational excitation of N always
overtakes He excitation by about 5ns, with rotational temperature peaking at about 650 K and
decaying afterwards, whereas rotational temperature of N2 always remains constant equal to about
300K. This value is associated with gas kinetic temperature since the electron-rotational (e-R)
excitation process is too slow, so it cannot be activated during the plasma phase additionally altering
rotational excitation of N2. Nitrogen molecules remain vibrationally excited in the discharge, post-
discharge and jet areas after the plasma pulse which is likely a result of ionization wave propagation.
Upon water vapor injection the apparent OH rotational distributions reveal double Boltzmann
slope representing thermalized and non-thermalized OH groups. Rotational temperature of the
thermalized group correlates with the one of N2+ showing, however, much longer relaxation time,
whereas for the non-thermalized group it remains above 1eV at all conditions.

The obtained results confirm that the studied ns- discharge is a good candidate for temperature-
sensitive applications, such as the bio-sample treatment. Further analysis related to the ionization
waves, electron density and electric field behavior is undertaken in the Part II.

Keywords: nanosecond discharge, jet, ionization waves, low-temperature plasma, optical emission
spectroscopy, rotational temperature, vibrational temperature.

PACS numbers: 52.20.-j, 34.80.Gs, 52.70.-m, 33.20.Sn, 33.20.Tp, 78.47.D-.

I. INTRODUCTION

Selective delivery of chemically active species on a sur-
face at low temperature and at atmospheric pressure
represents a challenge, both fundamentally and techni-
cally. Based on the previous studies the solution looks
evident: discharge non-equilibrium is a key point for re-
mote plasma chemistry when the efficient ionization and
molecular dissociation (radicals production) are favored,
as a result of high energy separation between plasma elec-
trons and heavy particles. In practice, however, in the
non-equilibrium discharges the fast quenching of active
species in the ambient air, non-negligible gas heating and
remoteness of plasma core from a target represent certain
obstacles.

In order to maintain plasma non-equilibrium the elec-
tron energy transfer to the kinetic motion of atoms and
molecules should be avoided. Such transfer happens via
the electron-translational (e-T), electron-vibrational (e-
V) and vibrational-translational (V-T) energy exchange
channels which are responsible for electron energy dissi-
pation and gas heating [1, 2]. The vibrational-vibrational
(V-V) exchange is also important, representing redistri-
bution of vibrational excitation within the same or be-
tween different molecular species. These channels are
particularly efficient in spark and arc plasma where the
losses for gas heating are essential [2-4]. The formation

of sparks/arcs in the discharge can be avoided if plasma
duration is shorter than the process characteristic time.
This time is lying in the ns range, as the so-called glow-to-
spark transition is a matter of hundreds ns typically [5].
If this condition is fulfilled, the electron energy should
not be dissipated to translational gas motion, preserving
non-equilibrium.

In the discharges with ns- pulse duration (term ns- dis-
charges is used below), where fast voltage rise between
electrodes (during several ns) and high voltage peaks
(tens or even hundreds kV) take place, two fundamental
physical phenomena may happen: the runaway electron
beam propagation [18, 19] and, as a result of electron
deceleration in the gas [20], the generation of X-ray ra-
diation [21]. The former effect had been suggested in
thunderclouds by Wilson [22, 23] nearly a century ago,
provoking the further studies on this topic. Now it is
known [19] that the runaway electron generation depends
on electron multiplication conditions in the gas, in par-
ticular the mean free path, requiring very high voltage
between electrodes (roughly 200kV for He) [24].

At relatively low applied voltage peaks runaway elec-
trons are not generated, however, the propagation of the
so-called fast ionization waves (FIWs) may still takes
place. The FIW propagation velocity may range from
about 103 to 10° m/s (when homogeneous electric field
dominates) or be much higher (up to ~10%m/s), at the



TABLE 1. Selected applications of the repetitive ns- discharges in various geometries.

Application Pressure used discharge geometry Diagnostics ¢ Reference
Ignition 3 atm. planar various [6]
Ignition, combustion 1 atm. coaxial, etc. various [7]
Engines (ignition) 1 atm. capacitive electrical only 8]
Flow control 1 atm. dielectric barrier  simulation 9]
Water purification 1 atm. dielectric barrier OES, gas analyzer [10]
NOg reduction 1 atm. coaxial gas analyzer [11]
Nitrogen fixation 1 atm. water-contacting ~ OES, LIF, TALIF [12]
CO2 reduction 1 atm. pin-to-pin (cavity) GC (13, 14]
Surface treatment 1 atm. jet OES [15]
Biomedical 1 atm. jet OES [16]
Biomedical 1 atm. jet LIF, OES [17]

@ The abbreviations used: OES - optical emission spectroscopy; LIF - laser-induced fluorescence; TALIF - two photon absorption LIF;

GC - gas chromatography.

final stages of breakdown [25]. In general, the propaga-
tion velocity is higher when gas is preionized to a higher
extent or if the voltage rises more rapidly. At lower ap-
plied voltages front velocity decreases, roughly scaling
with the voltage peak value [25]. Experimentally FIW
propagation in the ns- discharges has been studied in the
numerous works [15, 26-31].

The repetitively pulsed ns- discharges have high ap-
plication potential in several important domains, such as
combustion ignition [6, 7, 32], surface treatment [15], flow
control [9], molecular pollutant degradation [10] as well
as in gas reforming, including CO2 conversion [13, 14], ni-
trogen fixation [12] and NO, compounds reduction [11],
as briefly summarized in TableI. Mainly CO, NO, and
O radicals were in focus so far [12-14, 33|, including a
comparative study of O and NO density by laser-based
methods [12] and CO quantification by gas chromatog-
raphy [13, 14]. The advantages of burst pulse regime
leading to higher selectivity in gas conversion [14] and
higher radical density [12] have also been demonstrated.

Depending on the application ns- discharges can op-
erate in various geometries, starting from low-pressure
gaseous diodes [26, 27, 34], and ending up by the dielec-
tric barrier discharge (DBD) [10], capacitive [33], pin-to-
pin [13, 14, 35], coaxial [11, 36], water-contacting [12] and
finally jet geometry with both internal [37-39] and sur-
rounding the tube [15, 40-43] electrode configurations.
The variety of jet geometries are discussed by Lu et al.
[44] and by Morabit et al. [45].

In the case when the ionization waves are channelized
into the open air, as suggested in early works [18], the
discharge resembles a plasma jet when ionization wave-
fronts protruding into the open air and possessing high-
energy electrons, high electric field and revealing non-
equilibrium [25]. Mainly for this reason, as well as due
to the low gas temperature [46], the ns- jet discharges
are attractive for (distant) treatment of the temperature-
sensitive samples, such as tissues, plants, etc. In partic-
ular, the biomedical ns- jet applications were in focus

of researches during last decades [16, 45, 47], including
commercial devices for medical treatment [47].

During two recent decades numerous studies devoted
to the short (sub-us) pulsed He-based plasma jets and
their physical properties were published, dealing with
several effects such as gas heating [46, 48], electron tem-
perature and density [37, 49-51], the role of gas admix-
tures [43, 52|, as well as the ionization waves, in partic-
ular their structure [29, 53] and propagation dynamics
[30, 31]. Some works are focused on the applied (high-
) voltage and electric field dynamics in the discharge
[64, 55], as these parameters are critical for understand-
ing of the ns- discharge physics, such as gas breakdown,
ionization wave propagation and related phenomena. A
significant part of this understanding is also coming from
the AC- (alternative current) [40, 56, 57] and RF- (ra-
diofrequency) [42, 58] driven plasma jets.

In spite of large number of studies related to He-based
ns- jet geometry, they are often focused on only few
plasma parameters for a given geometry, and those deal-
ing with multiple diagnostics are rather limited. The
number of works focused on the short (< 10ns) pulsed
discharges and combining multiple discharge parameters
in one study is further limited. There are also inevitable
spatial limitations for the applied diagnostics: e.g. some
excellent diagnostic works related to laser-based tech-
niques deal only with the jet (i.e. gas effluent) area, as
it is not covered by any electrodes or dielectric tubes
and laser-based methods can be implemented easily [49-
51, 59, 60], whereas the inter-electrode space and tube
areas remains in shadow.

Regarding the above-mentioned, the goal of this work
was to characterize a short-pulsed (10ns) jet discharge
in several zones (such as inter-electrode space, dielectric
tube and effluent) using the same discharge geometry and
close operation conditions. Our work is targeted to the
multiple plasma parameters measured, whenever possi-
ble, in both the time- and space- domains. The first
part of this study is focused on the dynamics of elec-
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FIG. 1. The scheme (a) and the photograph (b) of the ns- jet
discharge used in this work (appearance in pure He is shown).
HYV denotes high voltage.

trical discharge parameters (current, voltage), emission
line intensity, and ro-vibrational excitation of the rele-
vant molecules (Ng, NI and OH), whereas the second
part is dealing with ionization wave propagation dynam-
ics, electron density and electric field measurements in
the same discharge geometry at similar discharge condi-
tions. The work also discusses the effects induced by the
small air and water vapor admixtures to He gas flow. An-
other distinctive feature of this study is the implemen-
tation of a custom ns power supply, which is designed
based on a single thyristor circuitry, thus representing
an inexpensive solution for ns pulse generation [61]. The
proposed scheme assures high plasma pulse repeatability
essential for long time operation and stable time-resolved
diagnostics.

The Part-I is organized as follow: after the experi-
mental details the current/voltage waveform behavior is
discussed, which is followed by the discussion on the emis-
sion lines behavior, rotational and vibrational excitation
dynamics of the selected molecules, and conclusions.

II. EXPERIMENTAL
A. The ns- discharge
1. Discharge setup

The studied ns- discharge has been developed in our
Lab. and composed of a custom-design ns pulse gener-
ator based on an inductive energy storage circuit with
a single 4kV static induction thyristor [62]. A single
thyristor approach provides numerous benefits including
high discharge repeatability and high overall robustness.
Also, the ability of plasma ignition by an external trigger
in implemented, when the pulse repetition rate (PRR) in
a wide range can be used. For this work the discharge
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FIG. 2. Electrical schematics of the ns- discharge, including a
direct current power supply, ns- pulse generator, digital delay
generator, the jet assembly itself, and the monochromator
with ICCD. fy denotes discharge pulse repetition rate (600 Hz
typically). The abbreviations used: DC - direct current, CP -
current probe, HV - high voltage, OCS. - oscilloscope, ICCD
- intensified charge coupled device.

scheme has been adapted to jet geometry, as shown in
Fig. 1, in which the repetitive 10kV voltage pulses with
the voltage growth rate of about 3-10'' V/s were pro-
duced by the ns pulse generator. The further details can
be found elsewhere [61].

The circuitry of the ns jet discharge was powered by a
commercial direct current (DC) power supply and a lab-
made ns pulse generator, as shown in Fig. 2. The plasma
pulse has been triggered using external TTL (transistor-
transistor logic) signal passing via Toshiba TLP2955 op-
tocoupler, used for the sake of trigger unit protection. A
Princeton Instrument DG645 delay generator has been
used for the PRR control and synchronization with the
detection system. A closed-loop water cooling system
rated for up to 360 W of power dissipation has been used
for cooling of the active components. 100 V of DC voltage
and 0.2 A of DC current were typically consumed making
the total DC consumed power of about 20 W, when PRR
is 600 Hz.

The jitter at the output of the ns pulse generator rel-
atively to the external TTL clock was about 3ns. This
value is likely related to poor gas breakdown repeatabil-
ity, both in time and space [63]. The wide PRR range,
from about 50 Hz to 2.5kHz has been explored showing
no long-term current/voltage drift and stable discharge
performance. At lower repetition rate the system experi-
enced further jitter increase, as a result of longer off-time
and poorly repetitive breakdown, whereas the values of
PRRs > 2.5kHz were avoided to prevent overheating. In
the most cases, unless stated otherwise, the PRR was
limited to 600 Hz.

In our geometry a high voltage (positive) electrode in
the form of metal tube is placed into the quartz tube,
whereas a hollow (grounded) electrode is surrounding the
quartz tube (see Figs. 1 and 2). The alternative electrode



TABLE II. Main operation parameters of the ns- discharge.

Parameter Value/range
Voltage peak ¢ 10 kV b
Voltage growth rate ~3.10'1 V /s
Current peak range 25-6 A
Voltage FWHM ¢ ~ 150 ns®
Current FWHM ¢ ~ 10 ns
Current pulse jitter 3 ns

Pulse repetition rate 0.05 - 2.5kHz
DC consumed power © 20 W
Distance between electrodes ~ 10 mm
Quartz tube length 35 mm
Quartz inner diameter 2 mm

Gas used 99.999 % He

Admixtures used
He gas flow
Gas velocity in the tube ¢

dry air, water vapor
2 slm
~10 m/s

TABLE III. Spectroscopic and electric tools used in this study.

Tool/characteristics

Name/parameters

Monochromator 1

SOL Instruments MSDD1000

Effective focal length

Gratings used

1m
1800, 2400 groove/mm

Min. slit width 40 pm

Spectral resolution  about 18 pm
ICCD detector Andor DH340-18U
Gate width used 3-200 ns
Monochromator 2 Acton 750

Focal length 0.75m

Gratings used 2400 groove/mm
Min. slit width 20 pm

Spectral resolution  about 21 pm
ICCD detector Andor DH734-18U
Gate width used 3-50 ns

Collecting optics

Nikon 105 mm f/4.5 UV + fibre

@ - a typical value.

b _ voltage peak is higher and narrower without load.
¢ - estimated at PRR = 600 Hz.

d _ at 2slm of the gas flow and T = 300 K.

polarity was not tested. The grounded electrode, the
negative output of DC generator and the high voltage
probe were grounded to the same point, see Fig.2. A
constant He gas flow of 2 slm (standard liter per minute)
mixed with air or/and water vapor has been supplied to
the gas inlet of the discharge tube. The dry air flow has
been changed in the range from 2sccm (standard cubic
centimeter per minute) to 200sccm. The digital mass
flow controllers were implemented in each channel. The
main working parameters are summarized in TableII.

2. Water vapor injection

For water vapor injection into the discharge area a ded-
icated vaporizer has been implemented. The water tem-
perature in the vaporizer volume has been kept equal to
45°C. The vapor produced in this way has been mixed
with a separate He flow (controlled by a digital mass flow
controller) and delivered to the discharge volume along
with the other gases. He flow was introduced above the
water level, so no bubbling effect has been used. Since
the amount of water vapor delivered to the discharge
area was not calibrated in this work, the relative units
called ’vapor units’ (v.u.) are introduced. By definition,
1v.u. = 1scem of He mixed with water vapor produced
in the evaporator volume at 45°C. As a result of wa-
ter vapor addition a steep increase of the OH (A-X, 0-0)
band emission intensity has been clearly registered indi-
cating OH radicals formation. The emission intensity in-
creases nearly linearly at small vapor additions and peaks
at about 50 v.u. Afterwards it decays gradually, likely as
a result of the elevated quenching of the OH(A) excited

Stanford Instruments DG645
Pearson (Model 2877)
Tektronix P6015A
Tektronix DP0O4054

Clock generator

Current probe

Voltage probe

Oscilloscope

state by HoO, OH and O4 molecules (see the supplemen-
tary data, Fig. S1).

B. The diagnostic tools and methods
1.  FElectrical measurements

A Tektronix P6015A high voltage probe has been used
for voltage monitoring, whereas the discharge current was
measured by a Pearson Model 2877 current monitor with
2ns of risetime, 200 MHz of the bandwidth and 100 A
of the current limit. A Tektronix DP0O4054 digital os-
cilloscope has been used for the waveform visualization
and data storage. Due to the unknown signal delay in
the current probe and in the optical detectors used, the
moment of the current peak appearance was not corre-
lated exactly to the optical emission signal. The related
questions are discussed in the Part II.

2. Spectroscopic tools

Either an Acton-750 monochromator equipped with
an Andor DH734-18U intensified charge coupled de-
vice (ICCD) camera (sensitive in the ultraviolet (UV)
range) or a SOL Instruments MSDD1000 double disper-
sion monochromator with an Andor DH340-18U ICCD
(sensitive in the visible (VIS) range) were used in this
work for spectral measurements. Both ICCDs were con-
trolled by the Andor Solis software (v.4.32). Depending
on required resolution, the diffraction gratings with ei-
ther 1200, 1800 or 2400 groove/mm were implemented;



while the monochromator entrance slit width was rang-
ing from 10 gm to 100 um. The final spectral resolution
from about 0.02 nm to 0.1 nm was obtained. A schematic
arrangement of the monochromator with a fiber, UV lens
and ICCD detector is shown in Fig. 2.

Both ICCD detectors were operating in the accumu-
lative mode where the optical gate starting from 3ns
wide has been used. The number of accumulations has
been typically varying from 10 to 100, depending on the
measurement type. For instance, up to 100 accumula-
tions were typically required for rotational bands mea-
surements. The light has been collected via a Nikon
105 mm /4.5 UV imaging lens directly connected to the
optical fibre and then to the monochromator. The UV-
VIS optical fibre with a rectangular aperture at the both
edges has been used. Such fibre configuration allowed
collecting light from an elongated volume matching the
entrance slit of monochromator at the same time. The
detailed list of the spectroscopic and electrical tools are
given in Table III.

For all the time-resolved measurements the time scale
has been fixed in the same way, making the He emission
peaks (which all behave similarly) appearing at 20 2 ns
of the delay time. Its consistency has been verified before
each time-resolved measurement.

3. Ro-vibrational spectroscopy

Three optical transitions were used for rotational ex-
citation analysis, namely: Ny (C*IL} — B*II}) , NJ
B2zt — XQZ;) and OH (A2X T — X2IIT) with the
v'=0 — v”=0 vibrational transitions in each case [64].
Rotational spectra were acquired using either the SOL
or the Acton monochromators (see TableIIl) with a
2400 groove/mm  diffraction grating providing spectral
resolution of about 25 pm.

For determination of rotational temperature (T,,;) the
experimental rotational spectra were compared to the
ones synthesized at different T,,; values using freely
available codes (Massive OES [65—67] in the case of No
and LIFBASE [68] in the case of NJ). In the Ny and N3
cases this process includes minimization of fitting residue
between the synthesized and the experimental spectra us-
ing a custom made code (in the Mathematica 12.0 pack-
age). The error of this method depends on the signal-to-
noise ratio (SNR) of the experimental data as well as on
the temperature step used for spectra calculation. Since
the last factor is decisive, the error of T,,; determination
in our case is about 25 K at low temperatures and about
50K when T,.,; exceeds 600 K.

Since rotational distributions in the OH case reveal
double Boltzmann slope, a two-temperature fit has been
used. For this purpose spectra fitting has been performed
using Boltzmann Plot option in the Massive OES pack-
age, capable of restoring rotational distribution from a
rotational spectrum [67]. The T,.,; error in this case is
equal to the Boltzmann plot fitting error. A fitting ex-
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FIG. 3. Rotational spectra corresponding to the N;L (B-X,
0-0) transition acquired during (a) and after (b) the plasma
current peak. The rotational temperatures obtained as a re-
sult of comparison with synthesized spectra indicate higher
rotational excitation of NJ during plasma pulse.

ample for the NJ rotational band is given in Fig. 3, from
where the difference in the rotational bands appearance
is evident at two shown time delays (fitting examples for
the Ny and OH bands are given in the supplementary
data, Fig. S2 and S3).

Additionally, the vibrational temperature (T;,.) of
the Ny (C3IT}) state has been examined for several dis-
charge conditions (using 1800 groove/mm grating and
100 um of the slit width). Two vibrational bandhead
sequences with v’-v” = -2 and -3 were involved and an
average between them has been taken as a final T,
value. During this procedure three to four vibrational
bandheads were used to deduce T, value. A Boltz-
mann distribution for the Ny(C) vibrational states has
been assumed, as in the previous works [69]; the cor-
responding spectral constants for Ny were taken from
Lofthus and Krupenie [70]. The vibrational bandhead
intensities were additionally corrected to the spectral re-
sponse of the system.

III. PLASMA CORE ANALYSIS

A. Electrical characteristics

Based on electrical measurements, each plasma pulse
of the ns- discharge represents a sharply changing current
appearing at the moment of breakdown, after the applied
voltage exceeds threshold value (of about 10 kV). In gen-
eral, the moment of gas breakdown is not a repeatable
process as streamer propagation path and voltage growth
are not repeatable. In our case the use of induction en-
ergy storage circuit allowed to supply large current value
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during a short time so the discharge current developed in
a form of an avalanche-like sharp peak with the FWHM
(full width at half maximum) of about 10 ns, whereas the
voltage peak is much wider (about 150 ns), as shown in
Fig. 4(a,b).

The voltage applied to the load is mainly dictated by
the internal circuit current pulse supplied by the thyristor
and the load capacitance leading to the voltage increase
on the electrodes and the breakdown itself (at the thresh-
old voltage). After the breakdown and a sharp current
peak appearance a capacitively-coupled plasma (CCP) is
formed owing to the damping oscillations generated by
the LCR (inductance-capacitance-resistance) resonance
between the internal components of the ns generator, ac-
companied by a displacement current between the elec-
trodes. Several oscillations of the CCP discharge are vis-
ible in Fig. 4(a~d) with the displacement current appear-
ing 7/2-shifted with respect to the voltage, see Fig. 4(a).
The characteristic time t; of the voltage and current os-
cillations corresponds to about 5MHz (Fig.4(b)). This
frequency is likely defined by the internal components of
the ns pulse generator, however, plasma impedance may
be important as well, which is confirmed by a small fre-
quency increase when air is added to the gas mixture
(gray curve in Fig. 4(a)).

The observed dumping oscillations, in turn, are caused
by a fast circuit switch during the nanosecond pulse for-
mation. The internal circuit in ns generator operates
close to LCR resonance, in order to maximize the output
voltage, at the same time resulting in amplification of
the observed dumping oscillations [61]. We can also see
that a certain current growth precedes the current peak.
This small current, denoted as basement current (Ig) in

Fig. 4(b), is likely a result of preliminary discharge for-
mation before the breakdown (i.e. corona or Townsend
discharge) [71, 72].

At low PRR the current peak (Ip) increases signifi-
cantly, as shown in Fig.4(c, e), which is accompanied by
a decrease in the peak FWHM and shortening its rise-
time, see Fig.4(g). These effects point out on a harder
breakdown conditions at low PRRs when the number of
the charge carriers at the moment of breakdown is signif-
icantly smaller as compared to the high repetition rates.
Note, that the current pulse width of about 7 ns is achiev-
able at low PRR corresponding to current risetime of only
5ns, as shown in Fig.4(g). A nearly threefold increase
in the current risetime is observed at 2 kHz. The preion-
ization in the discharge volume might be a key factor for
the observed effects, since at low PRR the breakdown
happens at higher voltages, due likely to the presence
of fewer charge carriers in the afterglow. Higher voltage
corresponds to a larger charge stored in the load capac-
itance which may contribute to the initial current surge
during the discharge stage, resulting in the elevated cur-
rent values and shorter risetime at low PRR.

The influence of air and water vapor admixtures on the
current evolution are different: the current peak some-
what decreases at higher air admixtures, as shown in
Fig. 4(d,f), remaining almost insensitive to the water ad-
mixture (not shown). At the same time, the more air
is admixed the faster current rise is detected, as shown
in Fig.4(d, h). Thus, gas breakdown in the presence of
air is faster, which is likely a result of vibrational exci-
tation of Ny and Og at the beginning of the breakdown,
which also facilitates ionization (e.g. via Na(v) + e —
No(v + 1) + e; No(v) + Na(v) — NI + Ny, with (v)
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denoting vibrationally excited states; mind also similar
reactions with Oz (v)). These observations emphasize the
role of No, and other N-containing (vibrationally excited)
molecules in the breakdown evolution. Vibrationally ex-
cited species most probably originate from the previous
plasma pulse, as the plasma duration is too short for effi-
cient e-V energy transfer within the same pulse, as shown
below.

B. Emission dynamics

The voltage growth rate realized in our system (about
0.3kV/ns) leads to ionization wave propagation in the

discharge tube, corroborating with the previous works
[25, 30, 53, 73]. In this paper FIW propagation is con-
firmed by He and Ny emission dynamics in the post-
discharge. A detailed analysis is undertaken in the Part IT
[74].

The He emission lines along with the ones of No (from
Second Positive System) and N (from First Negative
System) dominate the discharge spectra, as shown in
Fig.5, where two spectra acquired with 10ns time in-
terval are shown. We can also observe a significant in-
crease in N;r emission at longer time delay. This effect
is further clarified in Fig.6, where He emission domi-
nates only during a short interval at the beginning, being
overtaken gradually by the N2+ band. The N;r emission
evolves much slower than the one of He, also showing
much longer decay time. Slow evolution may be related
to the fact that e-V excitation channel is not activated
during the plasma pulse [75].

The sharp He emission peak is likely a result of ion-
ization front formation and (soon after) the electron
avalanche. Even though the wavefront should precede
the avalanche [27], these two events are divided by only
bout 5-10ns in our case [74]. The corresponding excited
state of He (3p3P9), corresponding to 22.8 eV, requires
high energy electrons for excitation. The strong colli-
sional quenching at atmospheric pressure results in fast
He emission decay afterwards. While hot electrons from
the FIW wavefront can easily excite He, their energy and
density might not be sufficient during the CCP time, re-
sulting in a negligible He emission. At the same time, the
emission of NJ grows slowly and remains strong during
much longer time, see Fig. 6, as the (low) electron energy
may be channelized to NJ (B) excitation in this case. The
metastable He atoms may also contribute to ionization
of No, as suggested by Li et al. [76].

The He, N5 and N5 emission lines reveal a sharp first
emission peak, shown in Fig. 7(a-c), as compared to the
products of dissociation in plasma, such as OH, O and
H, for which this peak is absent, see Fig. 7(d-f). In the
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FIG. 7. Time evolution of the relevant emission peaks in the plasma region including He (a), N (b), N2 (c), OH (d), O (e) and
H, (f). Pure He as well as air and water vapor admixtures used are given in the legends. Data are corrected to the spectral

response of optical system.

T T T T T
——Current  ====0O 777 nm line

e+e+ N,' 391 nm line

——— \Voltage

Normalized signal intensity

0 200 400 600 800 1000
Time (ns)

FIG. 8. Oscillations of the discharge current and voltage
superimposed onto the time-resolved behavior of O and N;‘
emission peaks demonstrating the emission oscillation at dou-
ble frequency.

case of He a faster emission decay with air addition is ev-
ident, due to the stronger quenching, see Fig. 7(a). Note,
that the emission decay with a small water vapor addi-
tion is similar to that obtained with pure He, signifying
the presence of naturally admixed air in the last case.
Both He and Ny also reveal a weak and broad peak at
about 150 ns (see Fig. 7(a,c)) likely related to the second
(negative) current oscillation visible in Fig.4(a,b). The
intensity of He (N3) secondary peak decreases (increases)
upon the air addition (see supplementary data, Fig. S4).

This process is also accompanied by a weak electron den-
sity peak in the discharge gap [74].

The decay of He emission line with and without air ad-
mixture enable determination of quenching rates of the
He (3p®P9) excited state. Neglecting the finite width
of the current peak, rough estimation for the quench-
ing rate coefficients yields: kf¢(in He) ~2-107'2 c¢m?/s
and kf'¢(in air) £ 1072 cm?/s. Since the data related to
quenching of He excited states is sparse, only few works
were found reporting values for He 'P state quenching by
Ny (about 4-1072 cm™3 [77]), as well as for He 3P state
quenching by He (about 7-107* cm ™3 [78]). The discrep-
ancies with our result may be related to the presence of
CCP discharge distorting pure exponential emission de-
cay in our case. Based on Fig. 7(b,c), the quenching rate
coefficients for Ny(C) and Nj (B) excited states in He
can be estimated similarly. Taking the quenching rate
coefficients of these states in Ny and Og from [79] close
values were found in both cases (about 2-1071% cm3/s).
No higher than a twofold discrepancy with the literature
data is found in the case of N3 (C) state [80, 81], which is a
reasonably good agreement. For comparison, the quench-
ing rate coefficient of this state by O is roughly two or-
ders of magnitude higher [82], mainly defining quenching
in dry air.

All the emission lines show much slower decay after
100 ns in Fig. 7, following the CCP plasma decay. The
data in Fig. 8 clearly demonstrate that both the Ny and
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TABLE IV. The rate coefficients (k) and characteristic time
(7) for the main energy exchange channels, estimated at T =
300K.

Process k (cm3/s) 7 (ns) Reference
T-T (He-He) - 0.14 [82]
T-T (N2-Ng) - 0.13  [82]
R-T (N2 - He) 1.4-10~10 0.3 [83]
-T (OH - He) ~10~11 4-5 (84, 85]
e-R (N2) 2.3-107° 90 @ [75]
e-V (N2) 4.4.107° 45 [75]
V-T (N3 - He) ~5-10718 6-106  [82, 86]

V-T (NQ - N2) ~10722 >1010 b [82, 87]
V-T (N2 - O2) close to Na-No >1010? [82]

@ _ electron density of 5:10'® cm™3 is assumed [74].

b _ estimated at 0.5 % of air admixture.

O emission peaks oscillate at a double frequency, as com-
pared to that of the voltage/current oscillations, thus
confirming the plasma excitation during each half-period
in CCP discharge.

The emission dynamics is further clarified by applying
2ns time resolution. The results show that He emission
peak is followed by Ny (with about 3 ns delay) and after-
wards by N, which is further delayed by 3ns. At the
same time, the growth of O emission is much slower (hav-
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FIG. 10. Time-resolved evolution of T,.,: of No and N‘{ along
with the relevant emission peaks taken with 2 ns time step at
the very beginning of the plasma cycle measured in pure He
(a), He with 0.5% air (b), and He with 1% of water vapor
units (¢) admixtures. Time jitter shown is relevant for all
sub-figures.

ing roughly 30ns delay). The time separation between
No, N;‘ and O emission growth disappears upon the air
addition. In the case of air admixture the Ny, Nj and O
emission increases synchronously, whereas in the case of
vapor admixture the synchronous growth persists but the
emission evolution is additionally delayed by 10ns (see
Fig. 10, next section). The presented time-resolved OES
data reveal important stages of the discharge evolution,
including the electron avalanche formation and emission
lines dynamics. The further analysis of the ro-vibrational
excitation is undertaken below.
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C. Rotational dynamics
1. Ny and N;r molecules

Thermalization in the gas is defined by the
translational-translational (T-T) energy exchange and
the corresponding characteristic time, which is below
150 ps for the gases used in this work [82]. Since this
time is considerably shorter than the plasma pulse width
in our case, the gas is always in translational equilibrium
during the plasma interval. The rate coefficients for the
main energy exchange channels are summarized in Ta-
bleIV.

The gas temperature (Ty4,) is often deduced from ro-
tational temperature of the diatomic molecules, assum-
ing that the distribution of rotational level populations
is in equilibrium with gas kinetic motion. In our case the
rotational distributions for examined molecules (namely
N2 (C), N3 (B) and OH(A) states) reveal different behav-
ior. Remarkably, N; ions demonstrate abrupt increase
in T, at the early stage, see Fig.9. The start of T,
growth was hardly measurable in some cases due to the
weak N;‘ emission intensity. Its peak, however, was al-
ways clearly localized preceding the He emission peak by
few ns, as clear from Fig. 10. After the peak T,,; decays
in about 12ns and gets saturated in about 50ns. Both
the peak and the plateau values of T,,; remain rather
insensitive to air admixture.

At the same time, the rotational excitation of Ny re-
mains unaffected by the plasma pulse, always correspond-
ing to T, of about 300-320 K, as show in Figs.9 and
10. The characteristic time of R-T relaxation estimated
for N5 - He collisions based on the available cross-section
data [83] is about 0.3 ns, which is shorter than plasma
pulse, so T, should follow Tg.s in this case. At the
same time, the excitation of Ny rotational levels by elec-
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trons happens with a much lower rate corresponding to
the e-R relaxation time of about 90ns (estimated us-
ing the LoKI-B Solver [75] assuming the electron den-
sity n, = 5-10*® cm ™3, as measured in our discharge us-
ing Stark broadening of He and Hg emission lines [74]).
This time is much longer than the pulse duration, so
the e-V excitation mechanism cannot be fully activated
during the plasma phase. Based on these arguments we
should assume that the gas temperature remains in the
range of 300-320 K through the entire plasma cycle. This
result corroborates with the data obtained with Ny rota-
tional band by Laroussi and Lu [46] for a He atmospheric
plasma jet operating with 500 ns pulses.

The observed jump in rotational excitation of Ng
molecules may be a result of interaction between No
molecules and FIW wavefront containing energetic elec-
trons, leading to the direct electron impact ionization of
Ny, likely accompanied by rotational excitation. Another
possibility for this jump may be the charge exchange re-
action with HeJ ions, as studied by Piper et al. [88] and
later by Endoh et al. [89]. In the latter case the role
of these reactions in formation and enhanced rotational
excitation of NJ (B) state is demonstrated without giv-
ing an explanation of this effect. At the same time, the
role of He(2s3S) metastable state in such rotational ex-
citation is found minor [89]. Following this logic, the Na
molecules which do not experience charge exchange with
Hey ions should not reveal any additional rotational ex-
citation. This is consistent with our results, where any
time perturbations in T,.,; of Ny is registered, which addi-
tionally approves our suggestion about proximity of this
temperature to Tyqs.

In our case Ny remains excited vibrationally, show-
ing comparable T,;;,- values in the discharge and post-
discharge, as shown below. This fact confirms strong ex-
citation in the wavefront, accompanied by e-V and V-V
energy transfer and ionization.

2. OH molecules

Unlike the Ny and N3 cases, the OH rotational distri-
butions in the discharge reveal double Boltzmann slope,
as shown in Fig. 11. This effect is well-described in liter-
ature for OH [66, 67, 90], Ny [91], Ho [92] and CH [93]
molecules. In the case of OH it be a result of the electron
impact excitation of singlet water states, as discussed by
Mohlmann et al. [94]. It may lead to the production of
OH with low and high rotational energy, depending on
the water bonds orientation, thus corresponding to differ-
ent rotational energy groups. The low energy OH group
with low rotational numbers (J <10 typically) is often
thermalized with kinetic gas motion since the R-T ex-
change rates are much higher for lower rotational states
[93].

In our case the OH rotational temperature T; (ther-
mal group) ranges between 350 K and 800 K, whereas the
values of Ty (non-thermal group) are always above 1eV.
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admixture at two fixed time delays.

The dynamics of both T; and Ty is quite similar, as
shown in Fig. 12(a,b). In spite of the large error bars in
some cases (caused by low OH intensity), the time relax-
ation of both Ty and Ts is clear. At the beginning T, is
about 600 K slowly decaying afterwards, with the decay
time few times longer than that observed for T,.,; of N;‘
(see Fig.9), which is likely a result of different rotational
relaxation rates for these species in He. The estimation
gives the R-T relaxation time for OH-He collisions of
about 5ns [84, 85] which is much shorter than the ob-
served decay time for Ty and the slow temperature re-
laxation should likely be ascribed to the additional rota-
tional pumping in the CCP plasma. The thermalization
of OH rotational excitation with gas motion is expected
at about 1 us in our conditions.

The T, temperature, on the other hand, reaches the
plateau rather quickly, in about 50 ns, especially at high
water vapor admixture, see Fig.12(b). At high vapor
content Ty is clearly lower, resulting in a shrinking of
the gap between T; and Ty and thus indicating higher
discharge thermalization, see Fig.12(b). Both T; and
Ty decay when more water vapor is added, as clarified in
Fig.12(c,d), approving this fact.

IV. POST-DISCHARGE AND JET AREAS
A. Emission spectra

In the ns- jet discharges, as a result of ionization waves
propagation, the energetic electrons in the wavefront may
participate to gas excitation and ionization [25] also lead-
ing to formation of the He excited and metastable states
as well as the vibrationally excited molecules. In He-
based discharges, the metastable atoms (He™¢!, 2s3S;

state [95]) generated during the plasma pulse are also
strong candidates for Penning ionization (He™¢® + Ny
— He + N; ) and vibrational excitation. Thus, we may
assume that inside the quartz tube both discharge and
post-discharge kinetics may be combined in our case.

The spectra taken in the post-discharge and jet (the
emitting part of the effluent outside the tube) areas are
rather different, as compared to the discharge core. As
shown in Fig. 13, mainly the NJ emission dominates in
the post-discharge case, whereas He and Ny emission is
suppressed. In the jet area, due to the influence of am-
bient air, the relative contribution of the No Second Pos-
itive System emission gets strong again, while He emis-
sion is still insignificant. Overall, the Ny emission under-
goes about threefold decrease in the jet region, He is sup-
pressed roughly by a factor of ten, whereas the emission
of NJ and O drops by more than an order of magnitude
(see the supplementary data, Fig. S5).

The reason for emission suppression in the post-
discharge (compared to the discharge area) is absence of
electron avalanche and much lower electron density [74].
The electrons in the ionization wavefront are still ener-
getic since they undergo acceleration in the high electric
field of a wavefront [96]. These facts result in a weak He
excitation in the tube. Instead, the emission from N3
molecular ions dominates in post-discharge, see Fig. 13,
implying that electron energy may be mainly channel-
ized for Ny vibrational excitation and ionization, being
not sufficient for He excitation.

B. Ro-vibrational dynamics

The rotational and vibrational temperature dynam-
ics in the post-discharge and jet areas is summarized in
Fig. 14 with first three panels representing the discharge,
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post-discharge and jet areas, respectively, and the last
one summarizing T, of the No(C) state. The He and
N> emission peaks shifting in time are given for refer-
ence; they additionally confirm the FIW propagation in
the tube. The corresponding FIW propagation velocity
does not exceed about 5:10° m/s (see also Part II [74]).

The discharge region, shown in Fig. 14(a), is character-
ized by a peak of T,.,; of NJ reaching about 650K and
slightly preceding the He emission peak, as well as by a
nearly constant T,.,; of Ny, as discussed above.

In the post-discharge, Fig. 14(b), the T;.,: of Ny still re-
mains constant and nearly equal to that found in the dis-
charge. In this case the emission has been collected from
about 25mm long area in the middle of the discharge
tube using longer ICCD gate (typically 30ns). Since the
passing time for the FIW front does not exceed roughly
10ns in our case the additional e-R excitation in the gas
(characteristic time of 90ns, see TableIV) does not hap-
pen and T,,; of Ny remains equal to gas temperature. At
the same time, T,.,; of N;“ in the post-discharge starts de-
caying from a lower value (about 450 K) pointing out on
a weaker rotational excitation. After the relaxation it is
clearly lower in the post-discharge (/320K vs. 380K in
the discharge). The decay time of N; rotational tem-
perature in the post-discharge is longer than both the
value found in the discharge and the R-T time for Ns-
He collisional exchange (see TableIV), so the additional
rotational excitation of Ny ions in the FIW tail may be
suggested, as the tail represents a conductive channel
formed after the wavefront [25, 96]. After the decay Tot
of both Ny and N3 reaches nearly the same value, about
320K, indicating higher thermalization, compared to the
discharge area.

In the jet (effluent) area, Fig. 14(c), rotational excita-
tion of NJ also correlates with the moment of He peak ap-
pearance confirming FIW propagation outside the tube.
The rotational excitation is registered at about 100 ns
corresponding to about 400 K, showing a decent time re-

laxation. The T,,; of Ny still remains about 300K in
this case. The rotational analysis of the OH bands was
not performed in the post-discharge and jet regions due
to low emission intensity and overlapping with No (C-B,
2-1) rotational band [64].

Finally, the vibrational temperature of Ny(C) state
shows almost linear decay in the discharge, post-
discharge and jet areas, see Fig.14(d). The estimated
e-V exchange time in the discharge area is about 45 ns
(based on the available e-V rate coefficients [75], n. =
5-10'5 cm ™3 [74] and reduced electric field E/N = 100 Td.
The last quantity is determined based on the electric field
value measured in the discharge area using He emission
lines splitting [74]). Since the plasma pulse duration is
only 10 ns, Ns remains underexcited vibrationally. More-
over, the visible decay of Ty (about 50ns) is much
shorter than the estimated V-T relaxation time defined
by collisions with He atoms, for which the estimation
gives about 6 ms [82, 86]. At the same time, the influ-
ence of collisions with No and Og is negligible at small
air admixtures [82, 87]. Since the apparent vibrational
relaxation happens much faster, yet another mechanism
for this process should be suggested.

V. CONCLUSIONS

In the first part of our study, devoted to the electri-
cal and optical characterization of a ns- jet discharge,
few important results related to the discharge dynam-
ics are obtained. We found that the discharge current
shows a sharp 10 ns peak which as a result of gas break-
down and plasma channel formation in the electrode gap.
The current peak value, width and risetime are sensitive
to the pulse repetition rate and the air admixture. A
faster current growth is found at higher air admixtures
indicating quicker breakdown, whereas the peak current
decreases at the same time. Contrary, the peak current
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FIG. 14. Time-resolved evolution of the rotational temper-
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given for reference. The horizontal dashed lines indicate the
values of T,.o; for Na and Nj measured in the discharge area.

increases dramatically at low pulse repetition rate, in-
dicating harder breakdown, which is likely related to a
lower residual charge in the the discharge gap.

The emission spectra show different spectral lines dom-
ination in the discharge, post-discharge and jet zones. In
the electrode gap, as a result of electron abundance, the
main gas species get excited by electron impact, a process
which dominates for a short time (10-20ns), comparable
to the current peak width. This is related to both low-
threshold (such as N3) and high-threshold (such as He)
excited states resulting in a strong emission of Ny, N3
and He.

In the post-discharge (tube) the emission of He is
strongly suppressed pointing out on a much weaker elec-
tron excitation, primarily as a result of low electron
density in the ionization wavefronts. The time-resolved
data confirm ionization wave propagation in the post-
discharge and jet, resulting in the vibrational excitation
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and ionization of N molecules. The energy of electrons
in the FIW front is supposed to be channelized toward
ionization and excitation of electronic states, which is
confirmed by domination of N emission in the tube.

Finally, in the eflluent area, as a result of the wavefront
entering into the ambient air, the emission bands from
the Second Positive System of Ny rise again, which is
accompanying by an overall emission intensity drop.

In all the discharge regions and during the whole dis-
charge cycle gas temperature remains nearly constant,
of about 300-320 K, as found by Ny rotational distribu-
tions. Such a low temperature is consistent with earlier
studies, being a result of a). sub-ns T-T thermalization
time, b) shorter than plasma pulse R-T characteristic
time of Ny-He interaction (about 0.3ns) and ¢) slow e-
R, e-V and (especially) V-T relaxation processes having
characteristic time considerably longer than the plasma
pulse. We should additionally note that the rotational
temperature of N demonstrates a clear jump during the
plasma pulse, overtaking He emission in the gap, which
may imply a fast rotational pumping (taking place be-
fore electron avalanche), an interesting effect requiring
further attention.

Finally, the water vapor addition result in OH radi-
cal formation in the discharge, which rotational distri-
butions reveal two-temperature slope, corresponding to
thermal and non-thermal OH groups in plasma, which
is a rather typical outcome for water vapor containing
discharges. The low-temperature group reveals some-
what higher temperatures as compared to those found by
Ns molecules, indicating (again) certain rotational non-
equilibrium in the gas.

This work clarifies several important aspects of the
ns- jet discharge evolution and ro-vibrational thermaliza-
tion, both in the temporal and in spatial domains. For
further understanding of the discharge behavior the ad-
ditional knowledge might be required, in particular the
one related to ionization wave dynamics, kinetics of He
metastables, plasma density and electric field dynamics.
Some of these questions are discussed in the PartII of
this study [74].
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