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Abstract. Fast gas heating in a pulsed nanosecond capillary discharge in pure
COs under the conditions of high specific deposited energy (around 1.2 €V /molecule)
and high reduced electric fields (150-250 Td) has been studied experimentally and
numerically. Specific deposited energy, reduced electric field and gas temperature have
been measured as functions of time. The radial distribution of the electron density has
been analyzed experimentally. The role of quenching of O(*D), O(!S) and CO(a3Il)
excited atoms and molecules leading to heat release at sub-microsecond time scale have
been analyzed by numerical modeling in the framework of 1D axial approximation.

1. Introduction

1.1. General observations of plasma-assisted conversion of COq

Conversion of carbon dioxide by plasma is the object of scientific research since the
second half of the XX century. Many scientific works are devoted to theoretical and ex-
perimental study of mechanisms of dissociation of CO,. Dissociation of carbon dioxide
in non-equilibrium plasma are described in [1-3| where various experiments with radio-
frequency (RF) and microwave (MW) discharges with dominant role of vibrational exci-
tation in COs dissociation are mentioned. Along with this, a wide range of recent studies
[4] on the problem of CO, conversion in gas discharges has confirmed the great inter-
est in this problem. A number of experimental and computational studies have been
devoted to COs conversion in ’'cold” plasma discharges, such as dielectric-barrier dis-
charges, corona discharges, pulsed nanosecond discharges et al. In these discharges, the
dominating channel of COy conversion is usually the dissociation of mixture molecules
by electron impact. A detailed review of the available electron impact cross-sections in
COs plasmas is given in [5]. The cross-sections reported by Phelps [6] are widely used in
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Figure 1. Fractions of discharge energy transferred from plasma electrons to different
channels of COy excitation; 1 Td corresponds to 10717 V-cm?. Taken from [1].

the literature. The set contains two electronic excitation cross-sections, with thresholds
at 7 and 10.5 eV. The cross-sections calculated theoretically by Polak and Slovetsky
[7] are described in [4] where the cross-sections of excitation of two electronic states of
COs by electronic impact are given as well. More recent publications [8, 9| justify the
relevance of cross-sections given in [7] both by numerical modeling and experiment for
values of the reduced electric field < 100 Td. However, it has been shown in [10] that
the set of cross-sections by Phelps [6] provide the best agreement with the set of experi-
mental data of the COy conversion efficiency in corona and dielectric-barrier discharges
by electron impact for values of the reduced electric field > 90 Td.

A number of publications on the domain were released in the last decade. Time- and
space- resolved actinometry measurements of the dissociation fraction performed in a
CO4 microwave discharge are presented in [11]. Experiments on carbon dioxide dis-
sociation in atmospheric pressure DBD discharge are described in [12]. A series of
experiments with various input energies per particle (0.1 - 20 eV per molecule) has been
done. The corresponding dissociation fraction { was measured in gas exhaust by ex-situ

FTIR-spectroscopy and was equal 0.1% - 4.4%. The energy efficiency of the process §
co

t o= ooy

§ Energy efficiency of COq dissociation is defined as ) = aFyn/w, where « is dissociation fraction of

COg3, Enin = 2.93 €V is minimal energy value required for COs splitting: CO; — CO + 1/2 Oq, w

(eV /molecule) is specific deposited energy.
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remained below 5%. The dominant role of the vibrational excitation in carbon dioxide
dissociation is underlined. The optical emission spectroscopy revealed molecular bands
witnessing the presence of electronically excited states of CO5. The presence of CO,
dissociation via electronic excitation could be therefore confirmed. A detailed approach
to studies of the role of vibrational excitation in plasma assisted conversion of CO, is
given in 2017 [13|. The temperatures of different vibrational modes of CO, in a pulsed
glow discharge at 6.7 mbar were measured as a function of time and a particular role
of asymmetric mode has been reported. The rotational temperature directly after the
voltage pulse was between 530 K and 860 K and the relaxation time of the rotational
temperature was reported to be between 0.1 ms and 0.4 ms.

Theoretical background of the domain is represented by a thorough and detailed
research. Detailed zero-dimensional kinetic models are described in [14-17]. A recent
review [18| demonstrating the state-of-the-art of theoretical, modeling and experimental
aspects of plasma assisted conversion has been released by a collaboration of several
European scientific groups.

1.2. COy dissociation in nanosecond discharges at high specific deposited energy

There are several recent publications concerning dissociation of carbon dioxide in
nanosecond discharges. An experiment with nanosecond repetitive pulse (NRP) dis-
charges in atmospheric pressure in pin-to-sphere configuration is described in [19]. LIF
measurements of gas temperature showed that the gas is heated up to 2500 K for few us
after the first high voltage pulse. The maximal value of dissociation fraction was as high
as 20% whereas the dissociation efficiency was equal to 12%, which corresponds to the
energy cost E. & 24 eV /molecule. In its turn, the energy efficiency reached the maximal
value of 30% (E. ~ 10 eV /molecule) whereas the dissociation fraction was equal to 14
%. The measurements were done in dry and humid CO,. Other experiments with NRP
discharge are described in [20-22]. The roles of cooled cathode and temporal config-
uration of the high voltage pulse are underlined. In particular, the influence of time
between pulses T, on the efficiency and conversion of carbon dioxide has been shown.
The essential point of this effect is related to the fact that each new pulse comes to a
perturbed plasma and 'memory effects’ thus play an important role. It is therefore pos-
sible to control the energy efficiency and conversion degree by varying the time between
pulses. Moreover, different regimes correspond to dominance of either vibrational or
electronical mechanisms of CO5 decomposition.

Paper [22] discusses temperature measurements on the basis of the rotational distribu-
tion of Ny(C3II,) when adding 5% of nitrogen to CO,. Analysis of gas temperature
measurements by the rotational distribution of Ny(C3II,) in CO4:Ny mixture is pre-
sented, but the possibility of an additional population of Ny(C?II,) by electron impact
excitation from No(A3XT) state in the discharges with high excitation degree was not
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taken into account.

The dissociation of CO4 via electronic degrees of freedom becomes the dominant mech-
anism of dissociation at the values of reduced electric field E/n of hundreds of Td (see
Figure 1). One of the ways of creation of such strong reduced electric fields is to pro-
duce a high-voltage discharge, initiated by a fast ionization wave at moderate pressures
[23, 24]. Therefore, a nanosecond capillary discharge ignited in pure carbon dioxide at
moderate (10-20 mbar) pressures described in the current paper seems to be an efficient

plasma source with relatively high values of specific deposited energy and reduced elec-
tric field.

One of the important signatures of a nanosecond capillary discharge is high values of
dissociation degree of mixture molecules. For instance, the dissociation fraction of oxy-
gen molecules in such a discharge ignited in air was very close to 100 % [25, 26]. TALIF
measurements of a nanosecond discharge conducted on the same setup in pure nitrogen
have revealed a dissociation fraction of 10 % at 1 ms after the fast ionization wave had
passed [27].

Nanosecond capillary discharges at high reduced electric fields and high specific de-
posited energy are unique not only because they make high values of dissociation degree
possible but for the reasons of the so-called phenomenon of fast gas heating (FGH)
[28, 29]. Nanosecond discharges are characterized by relatively high values of reduced
electric field, thereby a significant part of discharge energy goes to electronic excitation
of species. Quenching of the electronically excited states defines the release of the en-
ergy to translational degrees of freedom. The previous studies of the FGH in nanosecond
discharges in N9:Oo mixtures |24, 25, 30, 31| have demonstrated that specific deposited
energy at reduced electric field of 100-400 Td may exceed 1 eV /particle and the fraction
of discharge energy spent to the gas heating could reach 20-30 %.

The main objects of the study described in the current paper are the role of the electronic
excitation in fast gas heating of CO, at high values of reduced electric field and the role
of atomic species in the radial distribution of electron densities and ion composition in
the discharge at high values of specific deposited energy.

2. Experimental procedure

2.1. General remarks

The general scheme of the experimental setup and the main experimental equipment
are presented in Figure 2. The triggering generator (TG) BNC 575 was used to trigger
the high voltage generator (HVG) FPG 12-1NM (FID GmbH) and the ICCD camera.
The voltage amplitude of the positive polarity pulse provided by the HVG during the
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experiment was equal to 9.4 kV, the width of the pulse was 30 ns FWHM and the rise
time was 2 ns. It is important to notice that a high voltage pulse sent from the HVG was
partially reflected from the discharge cell because of the mismatching of the cable and
the discharge cell and then propagated back and forth between HVG and the discharge
cell forming 3 consequent pulses in the latter. The amplitudes of the further pulses were
negligible with respect to the first 3 pulses.

— | PMT Rotary
pump
ICCD
Spectrometer
TG
Optical fiber
BCS1 BCS 2
HVG Discharge tube
cp I
») D
g FC1 d PG1 — PG 2 A
i L /\
~ l FC2 Manual valve
8 +1 Oscilloscope
N, bottle

Figure 2. Scheme of the experimental setup. FC1 and FC2 are mass flow controllers,
PG1 and PG2 are pressure gauges, BCS is back current shunt, CP is capacitive
probe. PMT is photomultiplier tube, TG is triggering generator, HVG is high voltage
generator. Black color designates electrical supplies, green color designates vacuum
system and system of gas flow control, blue color designates optical system.

The setup was operating at pressures of 19.4 mbar at flow values of 10-11 sccm. CO,
and Ny (the latter was used only when gas temperature was being measured) flow was
controlled by Brooks Instruments 5850TR mass flow controllers operated from Brooks
Instruments Model 0254 control panel. The pressure in the system was measured by
two pressure gauges Pfeiffer Vacuum CMR 362 installed by two opposite sides of the
discharge cell. The mean value of their data was considered to be the real pressure.

The scheme of the discharge cell is presented in the Figure 3. The discharge cell was
installed in the break of the high voltage cable. The capillary with two brass electrodes
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was made from quartz. The distance between the electrodes of 75 mm. The length of
the capillary was equal to 86 mm. The internal and external diameters of the capillary
were equal to 1.5 mm and 3.0 mm, respectively. The rectangular (48 mm x 60 mm)
metal screen surrounding the capillary tube was connected to the shielding of both HV
and LV cables. Such configuration made possible measurements of the temporal profile
of the electric field by a capacitive probe. Capacitive probe is a custom-made calibrated
charge detector, the details of the electric field measurements are described in [23]. The
applied voltage, electric current flowing through plasma as well as deposited energy
were measured by two custom-made calibrated back current shunts (BCS1 and BCS2)
installed on HV and LV cables, respectively. The details of the procedure can be found
in [32] and will be briefly described below.

Metallic screen

HV electrode LV electrode

Discharge capillary

Gasin I

Coaxial cable Coaxial cable

Gas out

Metallic screen l

Figure 3. Scheme of the discharge cell consisting of the capillary and the metallic
screen

2.2. Temperature measurements

To measure the gas temperature, 1 sccm of nitrogen admixture was added to 10 scem
of pure CO,. The emission spectra were acquired by the combination of the Prince-
ton Instruments spectrometer Acton Series SP-25001 with the ICCD camera (PI-MAX
4 1024i, Princeton Instruments). The gate of the camera was equal to 10 ns and the
camera acquired the signal with different delays relative to the start of the first dis-
charge pulse. The rotational temperature of No(C?IL,) was then derived from the 0 —
0 vibrational transition of the second positive system (SPS, 337 nm), description of this
technique can be found elsewhere [33]. The rotational temperature of the Ny(C3TL,)
state was fitted using the SpecAir [34] software.

To check how the additions of Ny influence the discharge in CO,, a set of experiments
where percentage of Ny was changed between 9% and 33% was performed. Although
intensities of molecular bands were different, similar deposited energies, electric fields
and rotational distributions in OES spectra were obtained for different percentage of N.
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Figure 4. Normalized experimental radial profiles of the emission of Ny(C3II,) at
different time instants. Solid black curve: 1 ns, first pulse; magenta dashed dot curve:
6 ns, first pulse; dashed red curve: 241 ns, second pulse; blue dotted curve: 491 ns,
third pulse.

It was concluded that, for given parameters, the presence of N, influenced the chemistry
of plasma but did not influenced the electron kinetics and the gas temperature.
It is important that such a technique of measurements of the gas temperature is only
valid if the Ny (C3I1,) is populated by electron impact directly from the ground N2<X12;>
state and population of the Ny (C?II,) from intermediate No(A3%XF) and Ny (B?I1,) states
is negligible. A justification of this fact will be presented in the Discussion part.

2.83. Measurements of the radial profile of SPS radiation intensity

To conduct the measurements of radial distribution of the emission intensity, the ICCD
camera was used. The camera was installed 30 cm away from the capillary such that
the beams coming from the capillary could be treated as parallel ones. The camera
captured the beams from the central part of the capillary. Therefore, a profile of emis-
sion intensity with respect to the vertical (perpendicular to the axis of the capillary)
coordinate was obtained. The profiles were taken in CO5:Ny = 10:1 mixture with a nar-
row (AX = 5 nm) bandpass filter with the central wavelength A = 380 nm. Again, the
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Table 1. Main discharge characteristics in all three pulses

Number of pulse 1 2 3
Peak current, A 58 66 26
w, eV /particle 0.42 0.6 | 0.2

Peak n,, 10 -em™3 | 095 |1.14| 0.5
Temperature, K 350-600 | 800 | 1100

emission of the SPS was studied. The profiles were taken at different time instants in all
three high voltage pulses (Figure 4). The gate of the camera was equal to 3 ns. Accord-
ing to the assumption of cylindrical symmetry of the emission intensity, the procedure
of numerical inverse Abel transform was applied to experimental profiles. The emission
of quartz was subtracted in order to separate the signal coming from the internal part
of the capillary similar to procedure presented in [31].

The radial profile of radiation intensity of the second positive system of nitrogen is
related to the radial profile of the electron density provided that two conditions are
met. First, the emitting Ny(C3II,) state should be populated by electron impact from
the ground state No(X'¥¥) (the verification of the condition will be presented in the
Discussion part). Second, the quenching rate of Ny(C?II,) should be independent on
the radial coordinate. Under given conditions Ny(C?IL,) state is mainly quenched by
CO2 molecules. The rate constant of this process is relatively high and equal to &, = 3
-1071% cm? /s [35], therefore this process is dominant and the second condition is fulfilled.

Will note that a typical radial size of the gas heating region at the given conditions is
close to R, = 0.6 mm. The characteristic time of gas expansion in radial direction 7 is
determined by the sound speed Cj in the heated gas: 7, = R;/Cs ~ 1.5 ps. Since the
time delay between the consequent pulses is equal to 240 ns, it can be concluded that
the gas density does not significantly change before the end of the third pulse. This fact
will be used in following data treatment.

2.4. Electric characteristics of the discharge

The experimental results of measurements of the electric current transmitted through
the discharge cell and reduced electric field in all three high voltage pulses are given
in the Figure 5. The electric current has been recorded by the BCS2 and the reduced
electric field has been recorded by the capacitive probe. The details of the corresponding
methods can be found elsewhere [23]. It can be seen that the first pulse is characterized
by the propagation of the fast ionization wave from the high voltage electrode to the low
voltage one (from -20 to 0 ns). As soon as the fast ionization wave reaches the low volt-
age electrode, the low voltage cable is charged and the conduction current starts to flow.
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The main discharge characteristics such as peak electric current, specific deposited
energy w and the peak electron density n. are presented in the Table 1. The specific
deposited energy has been calculated in the following way:

I3 (Uine(t')? = Upes(t')? = Upa(t')?) dt!

ZN ’
where Ujpn.(t) is a waveform of incident voltage (recorded by BCS1, U,.f(t) is a wave-
form of the voltage reflected from the discharge cell (recorded by BCS1) and Uy, (t) is
a waveform of the voltage transmitted through plasma (recorded by BCS2); N is the

w(t) =

total number of particles in the discharge, Z=50 Ohm is the wave resistance of the cable.

The temporal profile of the electron density could be obtained according to the following
considerations. The electric current flowing in the discharge can be expressed in a
following way:

I(t) = enc(t)va-(t)S,

where e is elementary charge, S is the cross-section of the discharge capillary vy, (t) is
the drift velocity which can be calculated as a function of the reduced electric field using
the BOLSIG+ [36] code. Therefore the electron density n.(t) could be derived.

2.5. Accuracy of measurements

The experiments presented in the present work include study of (i) radial distribution
of emission intensity, (ii) electric current and electric field, (iii) specific deposited energy
and (iv) gas temperature, all the data were acquired as function of time. The temporal
resolution of the electric signals was defined by bandwidth of the back current shunts
and the capacitive probe equal to 1 ns and 0.5 ns, respectively. Temporal resolution of
optical emission spectroscopy was limited by the gate of the ICCD camera, the minimum
possible gate was equal to 0.5 ns. Then, the accuracy of the synchronization of waveforms
of the electric current and voltage was limited by sampling frequency of the oscilloscope
and was equal to £0.2 ns. The details of the synchronization process are given in [23].
Relative error of measurements of current and voltage did not exceed several percent,
relative error of measurements of specific deposited energy was not higher than 10% and
the absolute error of temperature measurements was +50 K.

3. Description of the kinetic model

The numerical modeling focuses on the detailed kinetics in CO, plasma after closing
of the discharge gap by FIW and in the near afterglow. The initial electron density
distribution, n.(r), and the waveform of the conductive current both analyzed experi-
mentally, were taken as the input data of the code.
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Figure 5. Waveforms of the reduced electric field (Td) and electric current (A). High-
voltage pulses start at time instants —25 ns, 215 ns and 455 ns. The time instant
t=0 in time axis is referred to the beginning of flowing of the conduction current in the
discharge cell. The insert represents a zoom on the reduced electric field and electric
current in the first pulse.

The calculations were carried out in 1-D approximation describing the particle density
as function of radius r over the cross-section of measurements at axial symmetry. The
validity of suggested approximation is proved by the fact that radial gradients of the
discharge parameters are much higher than the axial gradients in the direction between
the electrodes. The longitudinal electric field E and the specific deposited energy w(r, t)
in the discharge were calculated as:

1(t) () = © /0 Je(r,T)E(T)dr, (1)

 27e fOR ne(r, ) p(r, t)rdr’ n

E(t)

where n.(r) is the radial electron density profile, u(r) is the radial profile of the electron
mobility, which depends on E/n, R = 0.75 mm is internal radius of the discharge tube,
n is the gas density and j. is the current density in the discharge.
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To verify the results of the calculation, the experimentally measured reduced electric
field was compared with E(t)/n dependence calculated from the equation (1).

The following kinetic equation was being solved to calculate the electron density:

a;; _ %% (rpa%) (v = va) — Qr + Qu (2)
here, D, is the ambipolar diffusion coefficient; v; and v, are the electron impact ioniza-
tion and attachment frequencies; (), is the electron-ion recombination rate; the term Qg4
accounts for all the processes of electron detachment from negative ions in collisions with
O(®P) atoms, CO molecules, etc. The densities of other charged species are determined
from similar balance equations.

Ionization and excitation rates were calculated for each time instant as a function of re-
duced electric field on the basis of the solution of the Boltzmann equation in a two-term
approximation using BOLSIG+ code [36] with the imported cross-sections [6]. The set
of cross-sections contains two electronic excitation cross-sections with thresholds 7 eV
and 10.5 €V, which correspond to two dissociation channels giving CO(X'XT) + O('D)
and CO(a’Il,) + O(®P). In [10] the authors considered the regimes in which CO, con-
version proceeds mainly due to the electron impact dissociation of CO, molecules. It
is shown that the best fit with the set of experimental data of the conversion efficiency
in the corona and dielectric-barrier discharges is provided by using, as the dissociation
cross-section, of the cross-section by Phelps [6], for excitation of electronic states with
the energy threshold of 10.5 eV.

The electron energy distribution function and hence the rate constants of electronic
excitation, dissociation, and ionization of molecules by electron impact in vibrationally
excited COy depend, besides E/n, on the vibrational temperature of molecules. This
effect can be approximately taken into account using the multiplying factor F' [17],
depending on the vibrational temperature 7, as:

Peer () o) 0

here F, = 0.29 eV is the quantum of asymmetric vibrational mode of CO,, and
C, = 7-10% Td? [17]. In the considered range of discharge parameters, E/n = 200
Td, T, < 4000 K, the factor F' does not exceed 1.08, so the effect of the vibrational
temperature on the rate constants can be neglected.

The following main species were considered by the model for CO; plasma: COs,
CO(X'YT), CO(a°II,), Ox(X?%; ), O(°P), O('D), O('S), e, CO3, COy, C,05, C,07F,
OF. Hereinafter, the CO(X'XT) species will be designated as CO. Along with that,
the reactions involving nitrogen species, No(X'E¥), No(A®XT), No(B?Il,), No(C°IL,),
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Ny(a'37), N3, N, were taken into account for description of the temporal dynamics
of the SPS radiation. The main reactions influencing the fast gas heating and/or the
radial discharge structure and their rate constants are presented in Table 2.

The experiments made it clear that CO, is rapidly heated by high-power discharges.
The dynamics of the gas temperature in the model was described by the equation [28]:

or 10 or eo(Ty) — (T
R T ( 5) -

where C'y is the specific heat capacity of CO5 at constant volume, A\(T") is the thermal

+ Wh, (4)

TvT

conductivity, €, is the mean vibrational energy per CO, molecule, 7,7 is the character-
istic time of the VT — relaxation of COq(v) and Wy is the gas heating rate in chemical
reactions.

To describe the mechanism of fast gas heating, energy branching in each exothermic
reaction was studied. The energy delivered into translational degrees of freedom could
be therefore found by taking into account the energy defect AE of the reactions.

(i) The reaction:

CO(a’ll) + CO — CO(v) + CO(v) (R7)

has been studied in [37]. It has been shown that approximately 90% of energy of
CO(a®Il) comes to the vibrational excitation of the reaction products. Consequently,
the energy spent to the fast gas heating was assumed to be equal to 0.6 eV. The same
assumption has been applied to the reaction (R6).

(ii) It has been shown in [38] that the main products of quenching of Ny (A3%F) molecules
by atomic oxygen are excited O('S) atoms:

No(A’SE, v=0,1) + O(°P) — No(X'Z]) + O('S). (5)

One can notice that the values of excitation energy of Ny(A3X[) and CO(a%Il) are close
to each other and equal to 6.17 €V and 6.0 €V [39], respectively. Therefore, it could be
assumed that quenching of CO(a®II) leads to the formation of O(*S) atoms as well:

CO(a’l, v=0,1) + O(*°P) — CO(v=0,1) + O('S). (R8)
The energy defect (AE & 1.8 €V) comes to the gas heating.
(iii) Collisions of O(!S) and O(®P) atoms leads to the formation of an excited O3

molecule with excitation threshold of 9.3 e€V. The term of the O electronic state
intersects with the O,(B®*Y,) repulsive term which, in its turn, dissociates onto



Fast gas heating and kinetics in a nanosecond discharge in COq 13
Table 2. The main reactions used in the model

Ne | Process Rate constant Ref AE, eV | Notes
Rl | COy + e — CO5 + 2e f(E/n)
R2 | COy + e — CO + O('D) + e f(E/n)
R3 | COy + e — CO(a’Il) + O(®P) + e f(E/n)
R4 | CO + e — CO(aTl,) + e f(E/n)
R5 | CO(a’ll,) + COy — 2-CO + O(®P) 5.0 - 1072 cm?/s [42] 0.55
R6 | CO(a’Il,) + COy — CO(v) + COo(v) | 5.0 - 1072 cm?/s [42] 0.6 (i)
R7 | CO(a’1l,) + CO — CO(v) + CO(v) |[5.7-107" cm?/s [43] 0.6 (i)
R8 | CO(a’Il,) + O(®P) — CO(v) + O(*S) | 1.9 - 10719 cm? /s [42, 43] 1.8 (ii)
R9 | O('S) + COy; — O('D) + CO4(v) 4.0 - 1071 cm?/s [44] 1.33
R10 | O('S) + CO — O('D) + CO(v) 1.0 - 1071 ecm3 /s [44] 1.33
R11 | O('S) + O(®P) — O(*D) + O(*P) 5.0 - 1071+ exp(-301/T,) cm?3/s |  [45] 2.23 (iii)
R12 | O('D) + COy — O(®P) + CO4(v) 7.4 - 1071 exp(133/T,) cm?/s [46] 1.1 (iv)
R13 | O('D) + CO — O(®P) + CO(v) 8.0 - 107! cm?/s [44] 1.18 (v)
R14 | CO7 + e — CO + O('D, 'S) 4.2 - 1077 (300/T.)%™ cm3/s [47] 6.4
R15 | CO3 + O(®°P) — O3 + CO 2.5 - 1071% ecm?/s |16] 1.0
R16 | O + e — O(®P) + O(®P, 'D) 2.0 - 1077 (300/T.)°7 cm3 /s [47, 48] 5.0
R17 | COJ + CO; + M — C,0F + M 3.0 - 10728 (300/T,)"7 cm® /s [ 16]
R18 | C,0F + M — CO5 + CO, + M (3-6) - 107 cm3/s [16]
R19 | C,0f + e — CO + O('D, 'S) + COz | 1.9 - 1075 (300/T.)°3% cm? /s [47] 5.7 (vi)
R20 | C,05 + e — product 1.9 - 1079 (300/T.)"33 cm? /s [47]
R21 | O3 + COy + M — COj + M 5.0 - 1073 em®/s |44]

O(®P)+O(!D). The energy defect is therefore spent to the gas heating.

(iv) It has been demonstrated in [40] that about 44% of excitation energy of O('D) is
delivered to vibrational excitation of CO5 during the reaction:

O('D) + CO, — O(’P) + CO,(v).

(R12)

It has been therefore concluded that the percentage of O(*D) energy coming to FGH is
equal to 56%. Thus, the energy spent to the fast gas heating in the reaction (R12) was

assumed to be equal to 1.1 eV.

(v) Vibrational excitation of CO in reaction (R13):

0('D) + CO — O(*P) + CO(v).

(R13)

has been studied in [41]. Tt has been shown that the part of excitation energy of O('D)

coming to vibrational excitation of CO doesn’t exceed 40 %. According to that, the
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fraction of energy coming to FGH is 60 % which is equal to 1.18 eV.

(vi) The rate constant of the reaction (R19) was assumed to be equal to the constant
of the reaction (R20) whose products are assumed to be the same as during the
recombination of COJ ion [49].

4. Results and discussion

4.1. Validity of the approach to measurements of gas temperature

As the gas temperature has been measured by the SPS of Nyin a CO4:Ny = 10:1 mixture,
it is necessary to show the correctness of these kinds of measurements. Rota-tional
relaxation of No(C?I1,) in nitrogen at 7'> 300 K demands at least 5 collisions [50, 51]. At
this, according to [35], the cross-section of No(C?IL,) state quenching by CO, molecules is
close to the gas-kinetic cross-section. Thus, in CO2:Ny = 10:1 mixture No(C3IL,)
quenching is faster than the rotational relaxation (or "thermalisation”) of this state. To be
sure that the rotational temperature of No(C3II,) “copies” [24] the rota-tional
temperature of the ground state of nitrogen, it was essential to verify that the only way of
population of No(C3IL,) was direct electron impact from the ground state and the rates of
other reactions were negligible.

(i) Estimation of the role of pooling reaction (6):

Na(A'S) + Ny(A®SH) — No(CPIL,) + N,(X'S) (6)

The time-resolved measurements of the intensity of emission of the second positive sys-
tem at 337 nm by a photomultiplier tube (PMT) have shown that emission between the
high voltage pulses is at zero level. Therefore, the only way of N,(C3II,) population is
electron impact.

(ii) If the electron density in pulses is high enough, an additional population of No(C?IL,)
by direct electron impact from excited electronic states No(A3XF, B*I1,) [27] is possible:

No(A’SH B3I, + e — Ny(C°IL,) + e. (7)

Let us estimate the probability that the population of electronic states No(A3XF, B3II,)
is so high that the reaction (7) becomes important. According to [52], the rate of the
reaction

No(B*I,) + CO, — Nyp(X'Ef) + CO + O (8)

is kgp, = 1.5 - 107! ¢cm®/s. The main yield of the reaction (8) is dissociation of
CO; molecules and not the population of electronic state No(A3XF). Therefore, the
population of Ny(A3XT) does occur only by electron impact excitation of the NQ(XIE:{)
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Table 3. Comparison of experimental and calculated values of the specific deposited
energy in all three high voltage pulses
Number of pulse 1 2 3

w (exp/calc), eV /particle | 0.42/0.41 | 0.6/0.55 | 0.2/0.23

and quenching of No(B?*II,, C*II,) doesn’t contribute significantly to the population of
Ny(A3%F). The ratio of the rate constants of electron impact excitation of No(C3II,)
from Np(A®YE}) and Np(X'ET) states is approximately equal to 50:1 at the E/n =
150-250 Td. In the current case when CO9:Ny = 10:1 and E/n = 150-250 Td the role
of the reaction (7) becomes important only at [Na(A%SF)[:[Ny(X'SF)] > 2%. In our
conditions of high values of specific deposited energy, the main factor responsible for the
determination of Ny(A3YF) density is fast quenching of this state by electrons leading
to its dissociation |27]. The rate constant of Ny(A3XF) dissociation at E/n = 150-250
Td is k, = (5-10) - 107 cm? [27]. Given that the electron density in the 1st and the 2nd
high voltage pulses is n. ~ 10" cm™ one obtains frequency of No(A*%F) quenching v,
= (5-10) - 107 s71. Such a value is much higher than frequency of No(A3X]) quenching
via other channels. The rate constant k’. of electron impact excitation of Ny(A®XF)
from the ground state of nitrogen:

No(X'S) + e — No(A’S]) + e (9)

is kA = (1.1-1.5) - 1071° cm?®/s at E/n = 150-250 Td (calculated by BOLSIG+ solver
[36] with the cross-sections imported from [6] and [53]. Thus, [Ny(A%S])]/[Ny(X'S7)]
= k2 /k, = 0.2-0.3 %. As the ratio of the rate constants of excitation of No(C®IL,) by
electron impact from Ny(A®YX) and No(X'E}) states is approximately equal to 50:1 at
E/n = 150-250 Td, one can conclude that the contribution of the population of Ny (C?II,)
state by electron impact from Ny(A3XT) state doesn’t exceed 15 %. Therefore, the

definition of gas temperature by the SPS of N3 in a CO5: Ny = 10:1 mixture is justified.

4.2. FElectric characteristics

As it has been mentioned previously, the waveforms of the electric current obtained in
the experiments have been used as input data of the kinetic model (see Figure 2 and
Table 1). A comparison of the calculated and experimental values of specific deposited
energy at p = 19.4 mbar and 7" = 300 K is given in Table 3. The calculated values were
averaged on the cross-section of the discharge tube.

Figure 6 represents both calculated and measured temporal dynamics of the reduced
electric field E/n and calculated specific deposited energy at the tube axis (wWqzia)
and averaged on the tube cross-section (Wayerage) in the first pulse. The point is the
measured value of the specific deposited energy averaged on the tube cross-section in
the first pulse. Several important features should be noticed:
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Figure 6. Temporal dynamics of the reduced electric field (solid red curve:
calculations, dashed black curve: experiments). The data are given for the first high
voltage pulse. Solid blue curve: calculated specific deposited energy at the tube axis.
Solid magenta curve: calculated specific deposited energy averaged on the cross-section

of the tube. The experimental point at 20 ns is given.

(i) The most part of energy is deposited at E/n = 150-250 Td. Thus, a significant
value of dissociation degree of CO5 might be observed and the phenomenon of fast

gas heating might take place.
(ii) Specific deposited energy at the axis of the discharge tube (wugziq) is almost two

times higher than the average value of the specific deposited energy (waperage). This
fact is related to peculiarities of the initial distribution of the electron density (see

Figure 4 and discussion in section 2.3).
(iii) The values of the specific deposited energy are particularly elevated at the axial
part of the discharge cell (wqzia > 2 €V /particle during three high voltage pulses).
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Figure 7. Radial profiles of electron density in the first pulse (t = 6 ns and 21 ns).
Curves - calculations, points - the data derived from the emission of No(C3IL,).

4.3. Deriwation of radial profile of the electron density from the radial profile of the
Ny (C311L,) emission

It has been discussed already that the correct description of radial profiles of the elec-
tron density in each of three pulses is an issue of a great importance. This is the radial
distribution of the n. which defines the values of specific deposited energy, density of
atomic species and fast gas heating degree in the axial part of the discharge. To recall,
the radial distribution of the intensity of Ny(C3II,) was studied experimentally and it
can be related to the electron density provided that the (i) Ny(C?IL,) state is mostly
populated from the Ng(XlZ;) ground state, and (ii) the quenching rate of Ny(C3IL,)
should be independent on the radial coordinate. It has been previously shown that
both conditions are fulfilled. Thereby, it is possible to derive the absolute values of the
electron density as a function of radius of the capillary using the values of the electron
density (see Table 1) measured in the pulses as a reference.

The Figures 7 and 8 demonstrate the radial profiles of the densities of charged species
in the first pulse (t = 6 ns and 21 ns) and in the beginning of the second pulse (t
= 241 ns). The points designate the measurements of the intensity of the SPS in
CO3:Ny = 10:1 mixture. The initial distribution of the charged species in the first
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Figure 8. Radial profiles of electron density and positive ions before the second
pulse (t = 241 ns). Curves - calculations, points - electron density derived from the
measurements of the radial distribution of the No(C?3IL,) emission.

pulse has been taken according to the experimental data. It can be concluded from the
results of numerical modeling that a pronounced maximum of the electron density on
the tube axis is maintaining both in the second and third pulses whereas the electron-ion
recombination should have made the distributions of charged species uniform in between
the pulses. The explanation to this fact is the following. At p = 19.4 mbar and T =
300 K the frequency of formation of C,Of ion in the reaction (R17):

COJ + COy + M — C,OF + M (R17)

is equal to v17 = 7 - 107 s~1. The increase of gas temperature causes a noticeable decrease
of the rate of the reaction (R17). As the radial profile of electron density is 'contracted’
towards the axial part of the capillary, the specific deposited energy and density of O-
atoms is higher in the axial part as well. As a result, CO5 ions are converged into Oj
during the reaction (R15):

COj+ O(°P) — OF + CO (R15)

which is the most effective at the discharge axis. The rate of electron-ion recombination
is almost 10 times lower for O3 ion than for C;Of ion [47]. Therefore, the recombination
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Figure 9. Calculations of the temporal dynamics of the species at the discharge axis.
Pure COs, p = 19.4 mbar, initial gas temperature is 7 = 300 K.

of electrons at the axial part, where Oj ions dominate, is significantly lower than in the
periphery of the discharge with dominance of C;O} ions. This is the fact which explains
the 'contraction’ of the discharge to the axis. It should be noted that a similar 'memory
effect’ (reproduction of the electron density profile and its main features observed in
the first pulse) was also observed in a capillary discharge in nitrogen [24]. In contrast,
in nitrogen this effect was due to the reactions of associative ionization which provided
additional production of charged particles in between high voltage pulses in regions with
a high values of specific deposited energy (and high densities of excited Ny(A3% ) and
Ny (a'll,) molecules).

4.4. COy dissociation and fast gas heating

Figure 9 shows the results of calculations of temporal dynamics of electron density n.,
oxygen atoms O(*P) and O('S), molecules of CO and CO(a%Il) at the axis of the dis-
charge in pure CO; at p = 19.4 mbar, Ty = 300 K. The dissociation degree of CO,
reached o ~ 20 % at the discharge axis after the train of three pulses. Will note that
the characteristic time of three-body recombination of CO and O at T' = 600 — 1500 K is
equal to 10 — 100 ms, what is much higher than the characteristic times of the processes
described in the present work. The energy efficiency of CO formation reached Gco =
8.5 CO molecules/100 eV of deposited energy. This value is just 1.5 times lower than
the G-value of production of atomic oxygen in the air at £/n = 150 - 250 Td [54, 55].
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Figure 10. Distribution of energy release in fast gas heating between different
processes near the discharge axis: 1 — quenching of O(*D) by CO5 — reaction (R12);
2 — quenching of O('S) by O(®P) — reaction (R11); 3 — quenching of CO(aIl) by
O(®P) — reaction (R8); 4 — reactions involving the charged particles Rio, = (R14)-
(R16), (R19); 5 — quenching of O(*D) by CO — reaction (R13); 6 — quenching of
CO(a3Il) by CO5 and CO — reactions Rcos= (R5)-(R7).

It should be mentioned that electronically excited species CO(a®II) are actively produced
in reactions of dissociation of CO, by electron impact (R3):

COy+ e — CO(2°T) + O(’P) + e, (R3)

followed by fast quenching of CO(a*II) by COy, CO and O(*P) (reactions (R5), (R6),
(R7) and (R8)). It is assumed that quenching of CO(a®Il) by O(®P) atoms leads to
formation of electronically excited O(!S) atoms which are followed by fast gas heating.
The role of the reactions (R8), (R11)-(R13), (R14), (R16) and (R19) is demonstrated
in Figure 10. It can be seen that the main origin of FGH at the given conditions is
heat generation in the reactions of quenching of excited states of atomic oxygen and

CO(a%M) :

O('D) + CO — O(°P) + CO(v). (R13)

O('D) + CO, — O(’P) + CO,(v) (R12)
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Figure 11. Temporal dynamics of gas temperature in three consequent pulses. The
curve designates the calculation results, points designate experimental data. The
fraction of energy coming to gas heating up to 2 us is ng = 23 %. The insert shows
OES signal taken experimentally and the SpecAir fit.

0('s) + O°P) — O('D) + 0(°P) (R11)
CO(a’Il) + O(°P) — CO(v) + O('S) (R8)
CO(a’TI) + CO, — CO(v) + CO,(v) (R6)

Figure 11 represents the temporal dynamics of gas temperature in three consequent
pulses in the axial zone of the discharge. The curve designates the calculation results,
the points are experimental data (in the model the dependence of heat capacity v on
gas temperature was taken from [56]). It can be seen that the model correctly describes
the experimental data. The fraction of energy coming to the gas heating up to 2 us is
nr = 23 % which is comparable to the efficiency of FGH at the same conditions in air
and nitrogen [24]|. It should be noted that the effect of gas heating in CO, plasma is
significantly weaker than in Ny /air at approximately the same conditions. It is related
to the fact that the adiabatic coefficient v is significantly lower for CO5 at 900-1500 K
than for nitrogen (1.19 vs 1.33) [56].
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5. Conclusions

Fast gas heating in pure CO; in a nanosecond capillary discharge at high values of spe-
cific deposited energy (around 1.2 eV/ molecule) and reduced electric fields (150-250
Td) has been studied experimentally and numerically at pressure p = 19-20 mbar. To
measure the gas temperature, 10 % of Ny molecules was added to CO, and rotational
temperature of No(C3IL,) was measured. The relation between the gas temperature
and rotational temperature of No(C?II,) has been validated. A high increase of the
gas temperature at sub-microsecond timescale has been observed by measurements:
the gas temperature reached 1100 K during approximately 600 ns after the first high
voltage pulse at the initial temperature of 300 K. A mechanism of fast gas heating at
sub-microsecond timescale involving the reactions of quenching of CO(a%Il), O('S) and
O('D) excited species has been suggested and validated by comparison of the exper-
imental results and the results obtained by 1-D numerical modeling. The fraction of
energy coming to the fast gas heating up to 2 us is ng = 23 %, which is comparable to
the FGH efficiency observed in the approximately the same capillary discharge ignited
in Ny and air [31]. According to the calculations, O(*D) quenching by CO, molecules
and O('S) quenching by O(®P) atoms contribute the most (more than 50 %) in the gas
heating.

The measurements of emission intensity of the second positive system of nitrogen in
three high voltage pulses have shown that the emission intensity reaches the maximal
value at the axis of the discharge and decreases monotonously towards the walls of the
capillary. The relation between the radial profiles of the electron density and emission of
Ny (C?11,) has been validated. The suggested explanation to the conservation of radial
distribution of the electron density is based on a significant difference of ion composi-
tion at the discharge axis and the periphery. Active production of atomic oxygen at the
discharge axis leads to the dominance of O3 at the axis. The recombination rate of OF
is significantly lower that the recombination rate of C,O} ions which are dominant at
the discharge periphery.
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