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Abstract. The process of fast gas heating in air in the near afterglow of a pulsed
nanosecond spatially uniform discharge has been investigated experimentally and
numerically at moderate (3—9 mbar) pressures and high (200—400 Td) reduced electric
fields. The temporal behavior of discharge current, deposited energy, electric field and
temperature were measured. The role of processes with participation of excited and
charged species was analyzed. It was shown that under the considered conditions the
main energy release takes place in reactions of nitrogen and oxygen dissociation by
electron impact and quenching of electronically excited nitrogen molecules, such as
N2 (A3SF, B3I, C*IL,, 'Y, ) by oxygen and quenching of excited O(*D) atoms by
No. It was shown that about 24% of the discharge energy goes to fast gas heating
during first tens of microseconds after the discharge.
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1. Introduction

So—called fast gas heating, which is the energy release in the discharge or post—discharge
due to the relaxation of energy stored in electronic degrees of freedom and in ionization,
has been investigated for decades. A kinetic mechanism describing fast gas heating
has been suggested and verified [1] for pulsed discharges in air of duration 100 us and
more, current densities of 0.1 — 10 A /cm?, reduced electric fields less than 100 Td, gas
pressures of 0.4 — 6 Torr.

During the few last years, renewed interest in fast energy transfer from electronic
degrees of freedom to gas heating is explained by plasma applications for combustion
initiation [2| and flow control [3]-[5]. Indeed, to initiate the combustion process, it is
necessary to provide an efficient dissociation and production of radicals, but it is also
important to heat the gas as fast as possible to allow the chain reaction development
[6, 7]. For plasma assisted aerodynamics, the efficiency of a concentrated heat release
resulting in shock waves [4] or vortex [5] formation to rearrange the flow near the surface
has been demonstrated by various authors.

The experimental evidence of a fast energy release has been demonstrated
experimentally in the near afterglow of nanosecond pulsed discharges at atmospheric
pressure [4, 8, 9]. It should be noted that nanosecond discharges, due to their significant
overvoltage on the electrodes and short duration, may provide significant (hundreds
of Td) electric fields, where the main part of discharge energy goes to excitation of
electronic degrees of freedom (see, for example, analysis in [10]). Reduced electric fields,
reported for surface nanosecond discharge, may be even higher and reach values up to
kTd [4, 11].

It has been shown [4] that significant gas heating in surface nanosecond
dielectric barrier discharge (DBD) in asymmetric plasma actuator geometry takes place
approximately 1 us after the nanosecond pulse is applied. From the velocity of shock
wave propagation the authors obtained values for gas temperature of 70, 200, and 400 K
in the plasma layer for 7, 12, and 50 ns pulse durations, respectively (voltage amplitudes
ranged from 10-50 kV). The emerging shock wave together with the secondary vortex
flows disturbed the main flow and caused flow rearrangement. Measurements of gas
temperature using nitrogen emission gave values up to 400 K for pulse duration 25 ns
at time t =1 ps.

Paper [8] gives measurements of temperature dynamics under gas excitation by a
pulsed discharge in atmospheric pressure air preheated to 1000 K and flowing at 0.5-
2.6 m/s. The pulse duration was 30 ns, the pulse amplitude did not exceed 6 — 8.5 kV,
and the discharge was initiated in pin—to—pin geometry with the interelectode space
being equal to 5 mm with a frequency of 30 kHz. The gas temperature was determined
using measured emission of No(C?IL,, v" = 0) — Ny(B?II,, v” = 0) transition. The
authors report the gas temperature increase by several thousand Kelvin in the span of
about 15-20 ns after the application of the high-voltage pulse. It should be noted that
the highest temperature values obtained in the experiments [8] correspond to the near
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afterglow phase, when additional non—direct processes of Ny(C3II,, v' = 0) population
may influence rotational distribution of the upper state, and, consequently, the obtained
temperature value.

The gas density decrease in the near afterglow of a pulsed positive streamer in air in
pin-to-plate geometry at 13 mm between the electrodes was studied in dry and humid
air [9] by means of time-resolved shadography combined with optical emission. The
authors demonstrated that the gas density decreases in two steps. The first, fast step,
in the author’s opinion, is connected with gas heating owing to electron impact onto
molecules, and the second step is explained by vibrational-translational (VT) energy
transfer.

A few mechanisms describing fast gas heating in nitrogen-oxygen mixtures have
been recently suggested [12, 13]. Paper [12] gives detailed numerical analysis of the
comparative roles of different processes for a field range of 50 — 400 Td for gas pressure
equal to 1 atm without comparison with experiments. Only paper [13] presents analysis
of experiments [14], where shock wave propagation through air at P ~ 20 Torr
preliminary excited by a volume nanosecond discharge has been studied, and results
of experiments in a surface nanosecond dielectric barrier discharge (SDBD) in air at
atmospheric pressure have been presented together with a computational model. To
explain high values of temperature increase at a given energy input, the authors [13]
suggest that at high electric fields and high pressures all the energy released in ion—
molecular reactions and in ion—ion recombination is spent on gas heating and leads
to significant temperature increase. The scale of fast gas heating in very high electric
fields (600 — 1000 Td) is reported and demonstrates a good coincidence between the
experiments and the model. Still, work [13] leaves a few questions connected with the
complexity of experiments at high F/N; it is, for example, the accuracy of measurements
of specific deposited energy for spatially non—uniform SDBD discharge at high pressure.

Thus, the mechanism for fast gas heating at electric fields higher than 200 Td
still remains a questionable issue and needs additional experimental and computational
verification. The first part of a presented work [15] describes kinetic mechanism for a
broad range of reduced electric fields and analysis of available experimental data. The
aim of this part of our study is to develop an experimental approach for measuring key
fast gas heating parameters and to verify a model proposed by [1, 15] for the range of
higher electric fields.

To study the fast energy release in the afterglow of a pulsed discharge at high
electric field, a high—voltage nanosecond discharge in the form of a fast ionization wave
(FIW) was used. The main reasons for using FIW are the spatial uniformity of the
discharge, high values of reduced electric field during the discharge development, short
duration of the discharge allowing separation of the discharge action and of the relaxation
process; and the fact that FIW is well studied and characterized [16, 17]. The paper
reports electric current, specific energy input and reduced electric field measurements at
a nanosecond time scale, combined with temperature measurements at the microsecond
time scale in a spatially uniform configuration of a nanosecond discharge at moderate
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pressures. Analysis of main processes responsible for fast gas heating is given and the
relative role of different processes is discussed.

2. Experimental setup

A discharge system has been developed that allows measurements of the current through
the discharge setup, distribution of the potential along the discharge gap and emission
from the discharge with nanosecond resolution, as well as measurements of the main
active species responsible for kinetics in early afterglow.

The discharge is initiated in a quartz tube of 200 mm length with 9 mm inner
diameter and 1 mm wall thickness. Semi-conical electrodes with 5 mm diameter axial
openings are placed at the ends of the quartz tube. Traditionally, FIW experiments use
flat [16, 17] or conical [18] electrodes to facilitate local electric field enhancement near
the electrodes for discharge stabilization at low pressures. In this experiment, however,
it is necessary for the electrodes to be hollow in order to allow optical probing along
the longitudinal axis of the tube. For the sake of simplicity both the high and low
voltage electrodes are identical in design. An Oriel deuterium lamp is used to stabilize
the discharge initiation by focusing the light onto the high—voltage electrode with a UV
lens. The discharge tube is surrounded by a grounded screen of 6 cm diameter. Two
glass side tubes of 10 mm in diameter are connected to the electrodes (see figure 1) so
that the total length of the system is equal to 78 cm. This is to create a laser cavity for
cavity ring-down spectroscopy (CRDS) measurements of No(A3¥1) density in the FIW
afterglow. Details of the laser system and preliminary results of CRDS measurements
are described in [19].

The discharge tube was pumped with a XDS5 rotary pump; gas flow in a range
of 10 — 30 sccm was used so that the gas was recycled between subsequent high
voltage pulses. Gas pressure was varied from 1 to 15 mbar in order to check the
discharge propagation in this type of a FIW system and to compare the characteristics
of the discharge for regimes corresponding to different reduced electric field (E/N)
values. Synthetic air (No:Oy = 8:2) or nitrogen with a purity of 99.999% were used for
experiments.

Pulses with negative polarity, 22 kV amplitude on the high voltage electrode, 4 ns
rise time, and 28 ns FWHM were applied at 2 Hz frequency from a FID FPG 10-1MKS20
pulse generator through a 25-m coaxial 50 ohm RG213 cable. The low voltage electrode
was connected to a coaxial cable 100 or 200 m in length. Two coaxial calibrated current
shunts were installed into a cable shield at a distances 12.5 m before and 12.5 m after
the discharge tube. Each shunt was composed of 13 low-inductive resistors connected
in parallel. A calibrated capacitive detector was installed into a slit of the screen of
the discharge tube. Figure 2 represents a scheme of the experimental setup and typical
signal from back current shunts (BCS).

In the present configuration of the experimental setup, three successive high—voltage
pulses were observed in the system due to reflections of the pulse from the discharge
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Figure 1. Photo (a) and scheme (b) of the discharge tube.

tube and then from the generator. These three pairs of pulses (incident-reflected from
the discharge tube) and three correlated transmitted pulses are clearly seen in figure 2
in the time interval 0 — 0.7 us. The time between pulses is determined by a cable length
between the current shunt and/or the high voltage generator/discharge tube.

The current and energy delivered to the discharge were deduced from analysis of
the incident, reflected, and transmitted pulses recorded using the current shunts and a
LeCroy WR44Xi Oscilloscope with 0.5 ns resolution.

The dynamics of the potential drop along the discharge tube starting from the
cathode toward the anode over distance L = 140 mm was measured in 5 mm
increment by a capacitive detector. Reduced electric field vs time was derived from
these measurements for different positions along the discharge tube. Details of the
measurement procedure can be found elsewhere [20].

The present work is a first attempt to study parameters of a FIW in a system
with hollow electrodes and side tubes. The amplitude of emission of the second positive
system of molecular nitrogen (No(C3IL,, v = 0) — No(B3II,, v” = 1), A\ =357.7 nm)
along the discharge tube and distribution of electric potential along the tube were
measured in preliminary experiments. It was found that (i) neither emission, nor electric
potential is observed in the side tube connected to low—voltage electrode; (ii) strong
emission and some potential drop is observed between the high—voltage and low—voltage
electrodes depending upon gas pressure; (iii) some emission is observed from the side
tube close to the high—voltage electrode (region < 0 in figure 1) while the electric
potential in this part of the tube is always close to the potential of the high—voltage
electrode. Statement (iii) was true whether a side tube without metal parts or a side
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Figure 2. Scheme of the experimental setup and typical shape of signals from the
back current shunts. Circles 1,2 designate additional reflections from the cable end
used to excite No(C?IL, )emission (see text for the detailed explanations).

tube with a CRDS mirror at floating potential were used.

Figure 3 presents the distribution of emission between the main discharge zone and
side tube for the tube with a CRDS mirror. It is clearly seen that emission in the side
tube is at least one order of magnitude less intense than in the interelectrode space. To
check the energy losses, the discharge tube was disassembled and the deposited energy
measured with and without a side tube adjacent to the high—voltage electrode. It was
concluded that the difference in energy release in the gas for two used configurations does
not exceed 10%. We therefore believe that the discharge develops primarily between the
two metal electrodes and the energy release in the side tubes may be neglected for the
purposes of this work.

It should be noted that the discharge cell used in the present work was characterized
by a somewhat complicated discharge start. The main difference compared to a
traditionally used geometry are the 5 mm openings in the electrodes and the two
side tubes. Special experiments were therefore performed to check the discharge
development.

It is known that for a typical voltage amplitude of 20 kV on the electrode in
discharge tubes 2—5 cm in diameter and 20 —60 cm in length, the nanosecond discharge
starts with high stability for repetitive frequencies starting from a few Hz with flat or
conical high—voltage electrodes [17, 21, 20]. The discharge develops uniformly in space
within a pressure range of 1—15 mbar, with a maximum energy input at about 4—6 mbar.

By contrast, in our case the discharge was not stable even with UV-preionization. In
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Figure 3. Analysis of discharge development. Peak emission intensity (A =357.7 nm)
between the electrodes (z > 0) and in the side tube (z < 0).

a special set of experiments to analyze the discharge stability, 100 successive oscillograms
from the current shunts were taken for each regime and deposited energy was calculated.
The results of statistical analysis for a pressure 9 mbar are given by figure 4. It is clearly
seen that about 70 % of shots give repetitive data. Therefore for all the experiments
we first made a statistical analysis, and then only the data from quasi—stationary part
(events 1 — 70 in the figure 4 ) were taken to provide for stability of all the parameters
analyzed.

Emission spectra were measured with a UV fiber opticfed Andor SR-303i
spectrometer (grating with 2400 1/mm, operating range 190 — 700 nm, reverse linear
dispersion 2.6 nm/mm) and Andor iStar DH734-18U-03 ICCD camera (spectral range
115 — 900 nm). The spectrograph was calibrated using an Ocean Optics Hg—Ar lamp.
In order to capture the entirety of the emission, a 100 ns gate was used. The ICCD
camera gate monitor and voltage pulse waveforms were measured simultaneously with
the oscilloscope in order to ensure timing accuracy. Emission measurements were taken
in a few time instants, so that the camera gate was synchronized either with pulses from
the generator or with pulses reflected from a 100 or 200 m cable used as a delay line.
These reflections are marked with circles 1 and 2 in figure 2, respectively. They provide
the delay of emission measurements relative to the discharge within a range 1 — 2 us.

To derive a gas temperature, the rotational spectra of the emission of the 0 — 1
transition of the second positive system of Ny (A =357.7 nm) were measured. Specair
code [22] was used to simulate spectra with the slit function determined experimentally
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Figure 4. Statistical analysis of stability of a FIW start. Typical data obtained for
N5:05=80:20 mixture, pressure 9 mbar. W1, first pair of pulses; W2, second pair of
pulses; W3, third pair of pulses; W1+W2+W3, total deposited energy.

on the basis of the Hg line.

In the case when rotational relaxation of the electronically excited state is slow
comparing to the life time, it is important that the population takes place due to
direct electron impact. Under this condition, the rotational distribution of the upper
electronic state reproduces the rotational distribution of the ground state. The life time
of No(C?I1,)state is about 40 ns [37], which is smaller than a typical time of rotational
relaxation, so special experimental efforts were taken to ensure that it is possible to
neglect additional stray emission caused by pooling processes (No(A3XT) + Ny(A3EH)
— No(C?IL,)+ Ny,  No(C?IL,)— No(B?IIL,) + hv).

Figure 5 gives an example of nitrogen emission at A\ =357.7 nm for two test cases.
The solid line represents the emission in the additional pulse when the additional
discharge is initiated 1.5 us after the first high—voltage pulse (100 m cable is connected
to the low—voltage electrode). The dashed line represents the emission in the same time
instant when the additional pulse is absent (the 200 m cable is connected to the low—
voltage electrode). It is clearly seen that the background emission of the second positive
system of Ny is still observed but the amplitude of the emission is orders of magnitude
lower. If the temperature were determined on the basis of the background emission
caused by pooling processes, it would be roughly 700 K. Temperature, determined from
the emission excited by the additional pulse, gives values about 400 K. Thus, every time
the measurements were performed in the afterglow, we checked that the background
emission is significantly lower in amplitude than the emission caused by an additional
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high—voltage pulse.

3. Experimental results

Preliminary experiments show that under given experimental conditions the optimal
pressure range for the development of a nanosecond discharge is 1 — 15 mbar. For the
analysis of fast gas heating, a set of experiments at 3, 6 and 9 mbar has been performed.
For each pressure, electric current, deposited energy, and electric field versus time have
been measured at a nanosecond time scale. Temperature was measured in 5 time instants

within the time interval of 30 ns—3 us.

10"
1 t=1.5us, solid curve - reflected pulse,
1 dashed curve - no reflected pulse

10°-

Intensity, a.u.

-
<
saaal

355 ' 356 ' 357
Wavelength, nm

Figure 5. N5:05=80:20, P = 6 mbar. An example of emission initiated by an
additional pulse (solid curve) and emission present in the afterglow at time instant
1.5 ps due to pooling processes.

The distribution of deposited energy between different pulses is given by figure 6.
It is clearly seen that the energy input in the third pair of pulses is less than 10% of
the energy of the incident pulse. For 3 mbar, the bulk of the energy is deposited in the
second pair of pulses. For 6 and 9 mbar, roughly equal energy input is observed for the
first and second pair of pulses.

This observed dependence is explained by the character of the breakdown and
illustrated by the behavior of the reduced electric field, E/N (see figure 7).

For 3 mbar, we observe essentially zero energy input in the first pair of pulses (at
t = 0). A sharp and short peak of the electric field (a few kT'd during a few nanoseconds)
is responsible for some initial ionization. The breakdown develops in the second pair of
pulses, at t &~ 245 ns, as it is illustrated by figure 7 a.
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At 6 and 9 mbar, the peak of high electric field is followed by a pulse of a few tens of
nanoseconds where the field value does not exceed 400 — 500 Td and then, 245 ns later,
by a second pulse with an amplitude of 200 — 300 Td. The first sharp peak corresponds
to a fast ionization wave, which crosses the discharge gap between the electrodes, and
the pulses with duration of 20 — 30 ns correspond to a stage when the discharge gap
is closed to the low voltage electrode. It is during this stage when the electric current
reaches its maximum value. The second pulse of the electric field, 245 ns later, does not
contain a high peak of the electric field because the ionization is still enough for the fast
ionization wave to start.
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Figure 6. Deposited energy vs pressure. W1, first pair of pulses; W14+W2, first and
second pairs of pulses; W1+W2+W3, total deposited energy. Total energy stored in
the incident pulse from the generator is 55 mJ.

The electric current behaves in a similar way. Figure 8 represents current measured
by the first current shunt installed in a cable 12.5 m before the tube as a difference
between the incident and the reflected pulses. It should be noted that this coincides
with the transmitted current measured by a current shunt 12.5 m after the discharge
tube with the exception of the very first step on the current pulse (first 10 ns, see
figures 8 b, ¢), which corresponds to charging the quartz tube in the process of the FIW
development. Data for electric current, given by the figure 8, was taken as initial data
for the calculations of kinetics in the discharge and gas heat release.

When calculating specific deposited energy from the signals of the current shunts
(for details see the section 4), we assumed that the discharge was uniform between the
electrodes and that no energy was deposited into the side tubes.

The results of calculations were compared to results of temperature measurements
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Figure 7. Reduced electric field vs time. (a) P = 3 mbar, (b) P = 6 mbar and
(¢) P =9 mbar, the data are taken 7 cm apart from the high-voltage electrode. Solid

curves are the experimental data, dashed curves are the results of calculations.
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using the emission of the second positive system of molecular nitrogen.

4. Numerical modeling and discussion

The general description of kinetic mechanism is given by [15], and a brief explanation
of modeling under given experimental conditions is presented in this section. The
calculations are based on the experimentally obtained dependence of current versus time.
It is assumed that the discharge gap closes fast in comparison to the total duration of
the current pulse. Then, in assumption of the uniformity of the discharge parameters
over the cross-section of the tube [17, 24], the electric field is calculated as

1
B = s v
where I is the discharge current value for a given time moment, p. is the electron
mobility (it is a function of reduced electric field E/N, N is a gas density), N, is the
electron density, and .S is the cross—section of the discharge tube.

The following equation is solved for the electron density:
dN.,

dt = Ne(”ion - Vatt) + Qass - Qrec + Qdet- (2)

Here v;,, and v,y are frequencies of ionization by electron impact and electron
attachment respectively (both are functions of E/N), Q.. is the rate of electron—ion

recombination, Qg4 is the electron detachment rate which includes all the processes of
electron detachment from the negative ions, namely the processes with participation
of atoms O(*P), molecules O(a'A,) etc. [25]; and Qs takes into account additional
production of charged species due to associative ionization.

Similar balance equations have been written for all charged species; ten positive
and negative ions have been taken into account: OF, OF, OF- Ny, NI, Nf, NO*, O,
O3, Oz, O;. The system of ion—molecular reactions suggested in [25, 26] has been
taken as a basis for calculations of the kinetics of the charged species. Ionization,
dissociation and excitation rates were calculated for each time instant as a function
of reduced electric field on the basis of the solution of the Boltzmann equation in a
two-term approximation using BOLSIG+ code [27]. For the considered experimental
conditions, the reduced electric fields in the region of significant energy input satisfies the
condition £/N < 1000 Td, which is why it is possible to use two—term approximation of
the Boltzmann equation to determine the electron energy distribution function (EEDF)
28, 15]. It was assumed that for given conditions the electronic excitation of species
takes place by a direct electron impact from the ground state of molecules. The
change of rates of the reactions with vibrational excitations of molecules was taken
into account similar to [29]. The following neutral species were considered by the
model: NQ(XlE;), No(A3% ), No(B3IL,), No(C?IL,), Na(a'E,), N(*S), N(*D), N(*P),
02(X?%; ), O2(alAy), OC°P), O('D), O(*S). The reactions and rate constants used are
given in [1, 25, 30]. To describe the gas heating in the discharge, the following processes
responsible for temperature increase have been taken into account:
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4.1. Electron recombination with molecular tons

Energy deposited in reactions of dissociative electron-ion recombination is distributed

between electronic and vibrational states of particles. At the relatively low pressures of

the present experiments (P = 3 — 9 mbar), the main positive ions are O3, N3, N .
The ratio of the channels of electron-ion recombination of OF and Nj:

e+ OF — Prod, k=1.95-10""-(300/7,)"" cm®/s (3)
e +NJ — Prod, k=18-10""-(300/T.)"* cm?®/s (4)

is the following [31]:

e+05 —OCP)+0(P)+6.95eV 32 %
— O('D) + O(°P) +4.99 eV~ 43 % (5)
— O('D)+0('D) +3.02eV 20 %
— O('D) + O(*S) + 0.80 eV 5%

e+ NJ — N(*S) + N(*S) +5.82 eV 0 %
S)+N(D)+344eV 46 % (6)
2D) N(*D) +1.06 eV~ 46 %

N(*S)+N(*P) +225eV 8%

Thus, the energy which goes to gas heating due to reactions (3) and (4) comprises
5.0 eV and 2.25 eV, respectively.

It was assumed that the recombination of NJ ion leads to production of excited
Ny (C?1I,) molecules [32], and the rest of energy goes to vibrational excitation of
molecular nitrogen Ny(X'XF, v'):

NI + e — Ny(C*Il,,v) + Ny(v').

In the N5:O5 mixture used in experiments, the density of HoO molecules did not
exceed 3 ppm. It was therefore assumed that the influence of H,O molecules on ion
composition and gas heating is negligible.

4.2. Oxygen and nitrogen dissociation by electron impact
e+ Ny — e+ N3, N; — N(*S) + N(*D) + eg,

e+ 0y — e+ 0x(B*2,v), 0,(B*2;,v) — O(*P) + O('D) + ep,
e+ 0y — e+ 0y(A0), O5(A,v) — OC°P) + O(°P) + &g,
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O3(A) = 05 (AP, C3A,, 'S0,

The dissociation of Ny and O5 molecules goes through excitation of these molecules
by an electron impact and following predissociation from via electronically excited states
[33, 34]. The products of predissociation can have significant kinetic energy. This energy
was calculated in the following way:

ER = Eth — Edisss (7)

where €4, is the threshold energy for excitation of a predissociated state by an electron
impact, and &4, is the dissociative limit. For O9(A3X 1 C3A,,, ¢! X) states it was taken
that egr = 0.8 eV, and for Oy(B*S,,v) it was taken that eg = 1.26 eV [15].

4.8. Quenching of electronically excited species of nitrogen by oxygen.

Excited electronic states of molecular oxygen, such as Oo(B3X. v), Oy(A3LT v),
O4(c'X;, v), can be populated due to quenching of molecular nitrogen by O, molecules.
Predissociation of these levels leads to O dissociation and energy release to kinetic
energy of created oxygen atoms. Thermalization of “hot” atoms takes place during
a few collisions, and the rest of energy goes to rotational excitation of molecules and
directly to gas heating. In turn, rotational-translational relaxation takes place for a
few tens of collisions [33, 34] and so, kinetic energy of oxygen atoms transforms to gas

heating.

Table 1: Quenching of electronically excited nitrogen

molecules in No:Oo mixtures. Main reactions.
N Reaction k, cm?/s Reference
R1. | No(A3YH) 4+ Oy — Na(v) + 2:0(3P)+e; 1.7-1072 | [1, 30]
R2. | Na(A3S}) 4+ Oy — No(v) + Oz(b'S)) 7.5-1071 | [1, 30]
R3. | No(A3S}) + No(A3XE) — Na(v) 4+ Na(B3ILy) 7.7-1071 | [1, 30]
R4. | No(A3YH) 4+ No(A3XF) — Na(v) + No(C3IL,) 1.6-10710 | [1, 30]
R5. | No(A3SH) + O(PP)— Na(v) + O('S) 3.0-107 | [1, 30]
R6. | No(B®II,) + Oz — Na(v) + 2- O(°P)+e6 3.0-10710 | [1, 25]
R7. | No(B®Il,,v = 0) + Ny — No(A3XF, v) + Na(v) 2.0-1071 | [1, 25]
R8. | No(a'¥7) + Oy — Na(v) + O(PP) + O(!D)+ e5 | 2.8-1071 | [1, 36]
R9. | Na(a'¥y) + Ny — No(B?II,) + Na(v) 2.0-1071 | [1, 36]
R10. NQ(CBHU) + O3 — Na(v) +2-0 + €19 2.5-10~10 [37]
R11. | No(C3IL,) + No — Na(v) + Na(B3I,, v) 1.0-107% | [37]
R12. | No(C3IL,) — No(B*I,)+ hv 2.4-107 s71 | [37]

The main reactions of quenching of electronically excited levels of molecular
nitrogen are given in Table 1. It should be noted that the ratio of channels of dissociation
and excitation of products has been investigated for the No(A3X 1) state (reactions R1-
R2) only [30]. It is known that with an increase in the number of vibrational level of
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No(A%%F, v = 0) both reaction rate [30] and ratio of channels [35] can be changed,
namely the role of Oy dissociation increases. More than that, the energy release to gas
heating in the reaction R1 depends upon the number of the vibrational level.
Reactions where energy release was taken into account, are accompanied by eg
in the right side of the equations in the table 1. To calculate the energy release to
translational degrees of freedom, €g, in the reactions R1, R6, R8, and R10 the model
developed in [1, 15] was used. Namely, it was assumed that the probability of population

of a vibrational level v of a ground state of nitrogen in the reaction
N5 + Oy — N2(X123,v) + OC°P) + O(°P,' D),

Ni = No(A®XF, o), No(B®,), Na(a'x;), No(C?IL,,)

is proportional to a Frank—Condon factor ¢, of a transition between initial and final
state of a nitrogen molecule: Nj — NQ(X129+7 v). The energy release e was calculated
as [1, 15]

ER = er — Ediss — ZQUgw (8)
v

where £* is the energy of excited state of molecular nitrogen N3, 455 is the dissociative
limit of created electronic state of molecular oxygen, and ¢, is the energy of the
vibrational excitation of the Ng(XIZ;,U) molecules. A summation is made only for
the vibrational levels for which the following property holds: Y q,e, < " — £g;ss-

It should be noted that there is a significant uncertainty in energy release to gas
heating, ep, in the process of Ny(C?IL,) quenching (reaction R10). The products of this
reaction, in particular the electronic states of produced oxygen atoms, are not known
[13, 15]. At the same time excitation of this electronic state is very efficient at high
electric fields and its quenching must be important for mechanism of fast gas heating
[13, 15]. At our experimental conditions of relatively low gas pressure, the main channel
of Ny(C3I1,) desactivation is radiative quenching (R12) rather than quenching by oxygen
(R10), so it is possible to avoid the mentioned uncertainty.

4.4. Quenching of O(*D) atoms

Reactions of dissociation of molecular oxygen often lead to production of excited O('D)
atoms. In nitrogen-oxygen mixtures these atoms can be quenched in the following
reactions [25]:

O('D) + Ny — O(*P) + Ny(v) + eg, k=1.8-10"" - exp(107/T) cm*®/s  (9)
O(*'D) + Oy — O(®P) + Og(blﬁg, v), k=2.56-10""-exp(67/T) cm®/s
O('D) + O3 — O(°P) + 02(X°%,, v), k=0.64-10"""-exp(67/T) cm®/s

Quenching of O('D) by molecular nitrogen has been studied in a number of papers.
It was demonstrated that this reaction goes through the intermediate complex, at this
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30 £ 10 % of energy goes to vibrational excitation of Ny [1]. Based on this, it was
assumed that = 70 % of O(*D) excitation energy is spent for gas heating, that is that
for the reaction (9) e = 1.38 eV.

4.5. Reactions of VT-relaxation of vibrationally excited No(v) molecules

An important processes of vibrational desactivation of No(v) molecules in Ny:Oq
mixtures is vibrational-translational (VT) relaxation on O(*P) atoms:

Ny(v) + O(®P) — Ny(v — 1) + O(*P) + ek.

These reactions at the conditions of a relatively high dissociation degree of O, are
significant for gas heating. To describe VT - relaxation of Ny(v) on O(*P) atoms, the
reaction rate constant from [38] was taken:

T 2.1
No(v = 1) + O(P) — Na(v = 0) + OCP),  kyr —4.5-10715 . (300) em®/s.

As far as for the given conditions VT - relaxation of Oy and NO molecules is fast,
vibrational temperatures of these molecules were considered to be equal to translational
temperature of the gas.

Evolution of a gas temperature was described by the following equation:

dI'"  e—¢&,(T)

C,N - —=="""""7 4 W 10
dt TvVT + R ( )

where O, is the specific heat capacity at constant volume, N is the gas density, ¢, is
the average vibrational energy per Ny, molecule, 7y is the characteristic time of VT
relaxation of Ny(v), and Wp is the rate of gas heating in chemical reactions.

Equation (10) describes gas heating in an isochore assumption, which is true for
the condition of given experiments. Indeed, typical times for gas-dynamic processes are
equal to 7, = 300 us at a tube length of L = 20 cm. As far as the process of fast gas
heating is considered within a time scale of ¢t < 50us << 7,, the isochore assumption is
valid for the central part of the discharge tube.

Gas cooling due to the thermal conductivity is not considered by equation (10).
It follows from estimates that at P > 3 mbar, T' < 450 K and discharge tube radius
R = 0.45 cm it is possible to disregard this process for times less than 50 us.

5. Temperature measurements and results of numerical calculations

Temporal behavior of the discharge current was taken from experiments (see figure 8).
All three successive pulses discussed in the section 3 were taken into account. The
reduced electric field E/N was calculated as described in the section 4. Figure 7
represents calculated reduced electric fields (dashed curves) together with results of
measurements (solid curves). It is clearly seen that for all pressures under consideration
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Figure 9. Factor O, describing a number of inelastic collisions (solid curve), and
specific deposited energy (dashed curve) vs time. P = 3 mbar.

(3, 6 and 9 mbar) the coincidence between calculations and measurements is good, which
provides an adequate description of ionization, dissociation and excitation by electron
impact during the discharge phase. At relatively low gas pressures and fast change of
E/N it is important to estimate if stationary solution of the Boltzmann equation is
applicable for EEDF calculations. The © factor, describing a number of non—elastic
collisions of electrons during a typical time of £/N change, has been calculated:

1 [dE|\™'

here v, is the effective frequency of relaxation of energy of electrons [39]. Factor © versus
time for our experimental conditions at P = 3 mbar is given by figure 9. It is evident
that © >> 1 for the region of a main energy input. Similar results were obtained for 6
and 9 mbar. Therefore the EEDF relaxation in the region of thresholds of non-elastic
processes takes place and the use of a stationary solution of the Boltzmann equation is
possible.

To summarize the energy input, table 2 gives a comparison of experimentally
measured and calculated values for all three pulses. For present experimental conditions,
the main energy input takes place at E/N = 200 — 400 Td, providing efficient electronic
excitation and dissociation of molecules, with the following increase of gas temperature.

Calculated kinetic curves for charged species are presented in figure 10. The main
positive ions at our experimental conditions are N3 and O3 . The density of NJ complex
ions is low because of a low overall gas density, and so it does not change the efficient
coefficient of electron-ion recombination. The density of negative ions is not higher
than the N density and thus is not given in the figure. For Nj ions, other important
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Figure 10. Kinetic curves for main charged species at gas pressure P = 6 mbar.

processes of recombination are charge exchange on molecular oxygen Nj 4+0y — OF +N,
and conversion to NJ : N3 + Ny + M — N + M.

Table 2: Specific deposited energy (1073 eV /mol) for three
pulses wy, we and w3 for gas pressures 3, 6 and 9 mbar.

wy (exp/calc) | wy + we (exp/calc) | wy + we + w3 (exp/calc)
3 mbar | 3.0/3.5 120.4/121.0 129.6/129.0
6 mbar | 53.0/53.6 102.8/103.0 107.0/107.0
9 mbar | 40.7/40.7 72.0/72.4 76.5/76.6

The results of calculations of O(*P), No(A%Y), No(B?I1,), and No(C3IL,) densities
at P = 6 mbar are shown in figure 11. The same figure gives (indicated with points)
results of [No(A3X1), v = 0)] measurements in arbitrary units. A high degree of
dissociation of molecular oxygen by the discharge ([O(®*P)]/[Os]~ 10 %) should be noted.

For a pressure range of our experiments, the typical times of the discharge
processes responsible for fast gas heating in the discharge afterglow are the following:
quenching of the Ny(B?IL,) state of nitrogen by molecular oxygen (reaction R6) takes
approximately 100 ns, electron-ion recombination of N3 and O3 ions takes hundreds of
nanoseconds, and quenching of the metastable Ny(A®Y1) level (reaction R1) needs tens
of microseconds. Thus, at time equal to approximately 50 us the fast energy release
stops. Further increase of gas temperature can be connected with the recombination of
atomic oxygen and VT-relaxation of Ny(v) molecules. Under the considered conditions,
these processes take place with typical times of more than tens of milliseconds, and were
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Figure 11. Kinetic curves for main excited species at gas pressure P = 6 mbar.
Experimental points for No(A3XF) are given in arbitrary units.

not considered.

Figure 12 presents experimental data and results of calculations of temperature
increase in the discharge and near afterglow. It should be noted that the accuracy
of measurements of a deposited energy is about 10%. The deviation of non-averaged
electrical current from experiment to experiment can be as high as 5 — 7%. Numerical
modeling was based on single-shot pulse oscillograms. It follows from Fig. 12 that
although deviations are present in the calculations for different gas pressures, they do
not exceed 10% of relative error in temperature, what coincides reasonably well with
measured gas temperature. It follows from the calculations that a significant fraction
of the energy goes into gas heating at a sub-microsecond time scale immediately after
each discharge pulse. As already mentioned, this is connected with quenching of excited
nitrogen by molecular oxygen and quenching of excited O(*D) atoms on Ny molecules.
It should be noted that with electric field, further change of the mechanisms of fast gas
heating can be observed. It was suggested in [13] that all the energy released in reactions
of ion-ion recombination, is spent on gas heating and leads to significant temperature
increase. In particular, reactions

NJ +Ny+M — N+ M, (12)

give 1.1 eV, 2 eV and 3.1 eV, respectively. Our experimental conditions do not allow
check of the validity of the given assumption: the additional gas heating due to these
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Figure 13. Fraction of discharge energy ngr vs time which goes to fast gas heating for
different gas pressures.

processes does not exceed 2 — 3 K because of relatively low energy release to ionization
at E/N = 200—400 Td and negligible role of complex ions at 3 —9 mbar [15]. To affirm
or refute the suggestion of [13], the pulsed discharge should be organized uniformly in
space, at high pressures, with extremely high electric fields E/N > 600 — 800 Td in
the region of main energy release, and with specific deposited energy on the level of
0.1 eV /molecule or higher. Such a discharge system is a challenge for kinetic study.

It is seen from figure 12 a-b that at P = 6 and 9 mbar at time ¢ = 240 ns the gas
temperature increase is equal to 30 — 35 K. At P = 3 mbar energy input in the first
pulse is small, and gas heating is absent. The main temperature increase takes place
after the second pulse. Calculated temperatures at P = 9 mbar, 6 mbar and 3 mbar
3 us after the discharge are 375 K, 400 K and 410 K, respectively. The specific deposited
energy increases by 1.7 times when pressure decreases, from w = 76.5 - 1072 eV /mol
at 9 mbar to w = 129 - 107 eV/mol at 3 mbar. The main reason for different relative
values of gas heating (AT /T') and specific energy input (Aw/w) is the dynamics of fast
gas heating. Indeed, figure 13 presents fraction of a discharge energy nz which goes
to fast gas heating for different gas pressures. It is clearly seen from the Figure that
fractional energy, that is the ratio of gas heating to the energy release in the discharge,
drops significantly at 250 ns. This fact is due to a sharp increase of energy release at the
instant when the second (reflected) pulse comes to the discharge gap. Gas excitation
by an electron impact is much faster than the relaxation due to quenching of excited
species. The difference in time between the excitation and relaxation increase when the
pressure drops. Moreover, the energy input in the second pulse is the highest for 3 Torr.
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Figure 14. Distribution of energy release in fast gas heating between different
processes under experimental conditions of the present paper: 1 — quenching of
No(B3II,), Ny(C3I,) by Oz (R6, R10); 2 — quenching of O('D) by Ny; 3 —
dissociation of Ny and Oy by an electron impact (10); 4 — quenching of Ny(A3% ),
No(a'¥;) by Oz (R1, R8), 5 — reactions of dissociative electron-ion recombination
of NJ and OF (6,7)

As a result, the decrease of the fractional energy at 250 ns is the most pronounced for
lower pressure. For all the considered pressures, ng reaches its quasistationary value,
equal to np ~ 24%, at a typical time of ¢ > 40 — 50 pus.

Figure 14 presents the relative roles of different processes in the mechanism of fast
gas heating under the considered conditions of moderate pressures and reduced electric
fields within a range of 200 —400 Td. The main energy release takes place in reactions of
the quenching of electronically excited nitrogen molecules, such as No(B?*II,, C°II,) by
oxygen and the quenching of excited O(D) atoms by N,. These processes provide about
65% of the total gas heating. The pressure range of 3 — 9 mbar is a boundary range,
wherein the radiative quenching of the No(C?IL,) to the Ny(B?II,) state with following
collisional quenching is replaced by collisional quenching of Ny(C?I1,). So, with pressure
decrease, the input of the collisional quenching of the Ny(B?IL,) and No(CPIL,) states
to gas heating becomes less important. At the same time, heating due to electron—ion
recombination increases because of E/N increase.

According to calculations, under given experimental conditions at 50 — 100 us
after the discharge the energy branching in the process of fast gas heating is the
following: approximately 24% of the energy goes to gas heating, 43 — 47% (depending
upon gas pressure) to dissociation of molecular oxygen and the rest to vibrational
excitation of molecular nitrogen. This distribution is determined, first of all, by
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dynamics of the reduced electric field (see figure 7). The main energy release takes
place at E/N = 200 — 400 Td, and this leads to efficient gas heating via relaxation of
electronically excited states and dissociation of molecular oxygen. It should be noted
that the energy cost of atomic oxygen production is rather high: G = 18 — 19 (here G
is a number of oxygen atoms produced for 100 eV of deposited energy), which is close
to a maximum value possible for gas discharges in air.

6. Conclusions

Experimental studies of parameters of a spatially uniform nanosecond discharge in air in
a pressure range 3—9 mbar have been made. Temporal behavior of the discharge current,
reduced electric field E/N and specific deposited energy were measured. The data was
used for development and verification of a numerical model of kinetics in the discharge.
Due to the relatively small diameter of the discharge tube, the current density was high
(160-200 A /cm?). This provided high specific deposited energy (0.1—0.13 eV /molecule)
at reduced electric fields of 200 — 400 Td.

The evolution of gas temperature has been studied in the discharge and in the
afterglow. The temperature was measured from the rotational structure of the second
positive system of molecular nitrogen. The data in the afterglow was obtained with the
help of additional nanosecond pulses of relatively low intensity. Thus, fast gas heating in
an No:O9=4:1 mixture has been measured for the first time with well-controlled electric
fields and specific energy input during the discharge stage for E/N = 200 — 400 Td.
The results prove that the main energy input to gas heating takes place at time typical
for quenching of electronically excited states of molecular nitrogen.

The results of numerical calculations based on a given experimental electric current
profile versus time are presented. The calculations were carried out in the framework
of a 0D kinetic model, taking into account the detailed kinetics of charged and
excited species. To describe gas heating, a kinetic mechanism [1, 15] has been used.
The calculated behavior of the electric field and specific deposited energy is in good
agreement with the experiments, which proves that the model describes correctly electric
field and processes of ionization.

There exists a set of processes with unknown percentage of energy release to fast gas
heating. Among them are the reactions of Ny(C?II,) quenching by molecular oxygen
and reactions of electron—ion and ion—-ion recombination. As far as the influence of
these reactions decreases with pressure, study of fast gas heating at relatively low gas
pressures can be considered as a basis for verification of the models suggested.

The main energy release in the model takes place in reactions of quenching of
electronically excited nitrogen molecules, such as No(A®SF, B3I, C*IL,, a’*%,) by
oxygen, quenching of excited O('D) atoms by Ny, and in reactions of nitrogen and
oxygen dissociation by electron impact. These processes provide more than 80% of total
gas heating. An agreement between experimental data and results of calculations of gas
temperature has been obtained for pressures 3, 6 and 9 mbar. The observed temperature
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increase in the afterglow is connected with the relaxation of electronic excitation, namely
relaxation of O('D) and N(?D) atoms and Ny(A*XF, B3I, C3IL,, a’'¥,) molecules,
so the suggestion concerning the mechanism of fast gas heating in [1] is confirmed
experimentally. Typical times of these reactions do not exceed a few microseconds,
which is why under our experimental conditions the main energy relaxation takes place
during 50 — 100 microseconds. During this time, about 24% of the discharge energy goes
to fast gas heating.
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