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Abstract

The fast ionization wave (FIW) discharges in pure nitrogen in a capillary tube at 27 mbar,
initiated by positive polarity, high-voltage nanosecond pulses, are numerically studied by
coupled two-dimensional plasma fluid modeling. The 2D fluid code based on local mean
energy approximation is validated and used, an extended three-exponential Helmholtz
photoionization model is proposed for pure nitrogen. The development and structure of the
nitrogen FIW is analyzed, the electric field and current are calculated compared with
experimental measurements. The evolution of radial distribution of electrons and Nz(C3Hu)
during the FIW development stage and in the afterglow are analyzed, the radial profiles of
electron density show a ‘hollow’ structure in the FIW development stage, the temporal-spatial
evolution of N»(C?TL,,) is dominated by the competition between the pooling reaction of
N,(A3%F) and the quenching by electrons. The role of photoionization on the nitrogen FIW
radial morphology is discussed, the equivalent background electron density of photoionization
in nitrogen discharge is suggested to be (4—6) x 10'> m~3. Spatial distribution of specific
energy deposition (SED), fast gas heating (FGH) energy and temperature rise are obtained,
heating efficiency varies with electric field E/N and SED and tends to be 10% at high SED.
The dominating reactions responsible for FGH and their fractional contribution in space and
time are analyzed, in the near axis region, pooling reactions of N»(A3%,") and N, (BIL,)
contribute up to 80% FGH energy, electron impact dissociation of molecular nitrogen
contributes about 10%, while e-N5 recombination and quenching of N(>D) atoms by N,
molecules contribute rest.

Keywords: fast ionization wave, nanosecond pulsed discharge, nitrogen plasma, plasma fluid
modeling
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1. Introduction

In the last two decades, plasmas produced by nanosecond
pulsed discharges have been widely utilized and studied in
various fields, e.g. flow control [1-3], ignition/combustion
[4-7], energy transition, fuel reforming [§—11] and biological
medicine [12, 13]. High voltage pulses (positive or negative
polarity) with a rapid rising slope (O(1) ns) and short pulse
width (O(10) ns) can produce strong non-equilibrium plas-
mas usually in the form of a guided streamer [14], due to the
strong electric fields (~10° Td) in the fronts of nanosecond
discharges and high chemical activity in the afterglow.

To study the properties of the plasma kinetics in nanosec-
ond pulsed discharges, good reproducibility of discharge
parameters and spatial uniformity are preferred. To achieve
such conditions, fast ionization wave (FIW) discharge oper-
ating at moderate pressures (usually below 100 mbar) and
moderate repetitive frequency (O(10) Hz) is proposed and
studied [15—17]. The FIW is characterized with good repro-
ducibility of discharge parameters and spatial homogeneity
of plasmas, high electric fields and high-energy electrons,
high propagation velocity (10°-10'° cm s~!), and high exci-
tation/dissociation degrees (>1%) and thus high chemical
reactivity.

FIWs produced by nanosecond capillary discharges (nCD)
at moderate pressures have stimulated intensive interests of
the plasma community. Two-photon absorption laser-induced
fluorescence (TALIF) technique was used to measure the O-
atom density on a microsecond time scale, in a capillary
nanosecond discharge initiated in air at 24-30 mbar, with
about 1 eV molecule™! specific energy deposition (SED)
[18, 19]. A high dissociation degree (>50%) of molecular oxy-
gen after 2 us was achieved, the high dissociation efficiency
can be attributed to the collisional dissociation of oxygen
with electronically excited nitrogen molecules e.g. No(A3%),
Ny (B*11,), N,(C*1,) and N» (@' ;) [20, 21]. A similar exper-
iment conducted by the same group [22] recently achieved
a 9.7% dissociation degree in pure nitrogen with SED of
the 1.67 eV molecule™!, stepwise dissociation of electroni-
cally excited molecules No(A3%F), Nao(B311,), No(C°11,) by
electron impact, was proposed to explain the high dissocia-
tion degree. In addition, new chemical mechanisms discovered
through the iteration between experiments and 1D kinetics
modeling, e.g. the fast quenching of NZ(C3Hu) by electrons
[23], pooling reaction of Nz(B3Hg) accounting for fast gas
heating (FGH) in nitrogen plasma [24] was proposed to explain
some particular characteristics of plasmas at high SED.

Electric field induced second harmonic (E-FISH) genera-
tion, a recently developed laser-based diagnostic with excel-
lent temporal (sub-nanosecond) and spatial (sub-millimeter)
resolution [25-27], was used to resolve FIW dynamics
recently. The E-FISH diagnostic of the electric field in FIW
discharges in nitrogen at 20—100 mbar can be found in ref-
erence [28], the high temporal resolution of such measure-
ments indicated a possibility of detection of non-local electron
kinetics effects induced by a rapidly varying, high peak value
electric field in low and moderate pressure FIW discharges.
Furthermore, E-FISH combined with TALIF, was performed

by Chng et al [29] to understand the impact of the electric
field on atomic species production in pure nitrogen FIW dis-
charge in a 2 cm diameter tube at 20 mbar. A relatively low
peak N-atom density of about 5.5 x 10'> cm~ was obtained
at low SED (about 0.01 eV molecule™"). Attempts via 1D
kinetics modeling showed that simulation results were strongly
influenced by the radial non-uniformity of the discharge.

Numerical modeling of FIW via global chemistry code,
1D model based on radial approximation (aforementioned
[21-24])/axial simplification or the self-consistent 2D model
have been conducted. The optical actinometry method together
with 0D modeling [30] is proposed to obtain the absolute O-
atom densities in the early afterglow of FIW at high SED.
Takashima et al [17] analyzed the FIW propagation in nitrogen
and helium using quasi-1D model and 2D fluid model via non-
PDPSIM [31, 32]. Similar studies [33, 34] revealed the effect
of pulse repetition rate on FIW in helium/argon/neon at dif-
ferent pressures via 1D modeling and experiments. Impressive
2D modeling on FIW via hybrid code nonPDPSIM in air at
27 mbar can be found in [35], where the calculated FIW prop-
agation velocity, current rise and E/N rise agreed well with
experiments. A cycle of 2D numerical studies on FIWs in flex-
ible capillary tubes were conducted by Xiong et al [36-38],
the propagation mechanisms of FIWs in Ne/Xe gas mixture
at atmospheric pressure and possible influencing factors were
analyzed. Reference [39] numerically studied the streamer and
FIW mode of nCD in air in a short tube (2 cm), the influence
of SED on the temporal-spatial evolution of e and N,(C>IL,,)
was discussed for the flexible control of kinetics.

Despite the aforementioned progress, there are few works
devoting to fully coupled multidimensional self-consistent
modeling (coupling discharge and fluid) of FIW dis-
charge/afterglow in pure nitrogen. The difficulties come from
the computational cost, the simulation of the conductive stage,
the treatment of the photoionization source and floating elec-
trode. The aim of this work, is to model FIW in pure nitrogen in
a full dimension long tube (7 cm) by a coupled code to obtain
information for detailed kinetics analysis. The simulation con-
ditions (i.e. geometry of the discharge setup, applied voltage
etc.) are kept exactly the same with the experiments [23], the
calculated results are compared with measurements. Several
issues that experimentalists are interested in, e.g. inception,
development, species evolution and FGH are discussed.

A description of the model and the implementation of
experimental conditions is given in section 2, code valida-
tion is presented in section 3. The problems involved with the
inception, propagation and afterglow of FIW are discussed in
section 4, as well as energy properties including FGH. The
conclusions are given in section 5.

2. Model description and experimental
implementation

The 2D PASSKEy (PArallel Streamer Solver with KinEt-
ics) code is used. The code has been used in the model-
ing of nanosecond surface discharges [40—43] and validated
by measured discharge morphology, propagation velocity,
voltage—current curves of experiments, a pin-to-plane model
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benchmark [44] and discharges concerning streamer-to-spark
transitions [45]. Detailed mathematical formulations, the strat-
egy for multiphysics and multiscale coupling, and validations
can be found in paper [40, 42]. Here we briefly presented the
equations solved, and introduce the key implementations that
are necessary for modeling nitrogen FIW.

2.1. Fluid model formulation

The classical fluid model is used for discharge dynamics, drift-
diffusion—reaction equations for species, the electron energy
equation for mean electron energy, Poisson’s equation for elec-
tric field, Helmholtz equations for photoionization and Euler
equations for fluid dynamics are fully coupled. The plasma
fluid equations are written as follows:

3n,-
ot

+V'Fi:Si+Sph’ i=12,...,Nowl (1

i = (g:i/|gi)pimiE — D;Vn;, i=1,2,...,Nan (2)

0
a(neem) +V- Fe = _‘CIC‘ : Fe -E — P(em) (3)

T'e= _neﬁm,U/eE — DV (neem) 4)
V(ee, V@) = —p — pc (%)
Nch
E = —V(I), p = Zqini (6)
ap Nech =
5 = 2=V T, (7)

J=1

where n;, g;, I';, pt; and D; are the number density, charge, flux,
mobility and diffusion coefficients for each species i, respec-
tively. The source function S; includes production and loss
terms due to gas phase reactions and is calculated with detailed
kinetic processes (kinetics scheme see appendix A), Sy, is the
photoionization source terms for e, N j and are calculated via
three-exponential Helmholtz equations [46, 47], details will
be discussed in section 2.2. €, is the mean electron energy,
w; and D; for electron and electron energy and the rate coeffi-
cients of electron impact reactions are represented as explicit
functions of €, based on LMEA [48]. The diffusion coeffi-
cient and mobility for ions are extracted from experimental
data [49]. In the code, V - I'; = 0 for neutral species is pos-
tulated. P(ey,) represents the power lost by electrons in col-
lisions (P(€m) = Pioss/Ng X Ng X ne, N, the gas density) and
Pioss/N, is obtained from BOLSIG+ [48]. @ is the electric
potential, E the electric field, ¢ is the vacuum permittivity, &,
the relative permittivity, p. the dielectric surface charge den-
sity. Niotar and N, are the number of all species and charged
species, respectively.

LMEA is used in this work, due to the large sheath region
near the dielectric at moderate pressures: as the streamer is
coming closer to the solid surfaces (i.e. cathode or dielectric
surfaces) the strong gradient of the electron density is cre-
ated (sheath region). The strong gradient of density result in
the strong diffusion flux of electrons against the electric force

(diffusion flux is larger than convection flux), thus electrons
are losing their energy (—I'e - E < 0 in equation (3), so-called
‘electron energy cooling by field’), being unable to produce
strong ionization. Reference [41] have analyzed the applica-
tion conditions of LFA and LMEA and have mentioned that
LMEA is preferred for the modeling of capillary discharges in
low pressures.

A set of Euler equations are solved for gas temperature
and density variations. The coupling strategy between plasma
equations and Euler equations have been described in detail in
reference [42].

2.2. Extended three-exponential Helmholtz photoionization
model

The three-exponential Helmholtz model was proposed to cal-
culate the photoionization source term of N; : O, mixtures
[46, 47], a table of fitting coefficients are provided based on
the measured photoionization functions.

However, the classical three-exponential Helmholtz model
assumes that photoelectrons come from the ionization of O,
molecules by VUV-radiation of N, in b'IL,, 'S, 18+
states [50], thus the model and corresponding parameters are
valid only for N; : O, mixtures.

In pure nitrogen, the radiation with wavelengths below
79.5 nm (corresponding to the ionization potential of nitro-
gen 15.6 eV) is produced by the dissociation ionization of N,
molecules and subsequent Ny (A < 80 nm) transition [51]:

No4+e—= NP 3PYY + N + 2¢ (8)

NT(PY 3P — N*(*P) 4+ 67.1 nm. 9)

To calculate the photoionization source term for pure nitro-
gen discharge, we extended the classical three-exponential
Helmholtz model into a more general form by replacing the
partial pressure of oxygen molecules po, with total pressure

p:

Son(F) = > _SI(F) (10)
J
VIS — QS = —A’ qu 17 A
\I/O(r) _ (pr)ZAje—)\jpr (12)
J
o) 1w [ /p)exp((—p/ppnIsdA "
P AT e S A/\r:::"lgd)\ ’

where A\; and A; (j=1,2,3) are fitting parameters for
equation (12). I is the ionization source rate, p, = 9.8 Torr
is the quenching pressure of emitting species. Wo(r)/p the
photoionization functions as pr obtained via experimental
measurements at low pressures and are presented in [51], w
the excitation coefficient of emitting states, a.s the effective
Townsend coefficient, (Amin, Amax) the spectral range of radi-
ation, &, and u, are the spectrally resolved photoionization
yield and absorption coefficient, respectively, I{ is the spectral
density of ionizing radiation.
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Figure 1. Photoionization functions Wy /p of air, O, Ny, CO,. The
hollow symbols and solid lines represent experimental values
extracted from reference [51] and calculated values by the
PHOTOPiC package, respectively. Reused data from [51]. © IOP
Publishing Ltd. All rights reserved.

Table 1. Parameters of the three-exponential fit of Uo(r)/p as a
function of pr.

J Aj (cm~2 Torr?) Aj (cm™! Torr 1)

1 0.066 46 1.3121
1.3580 1.5238

3 —1.4165 1.5097

With the extended three-exponential Helmholtz model, the
partial pressure of specific gas is no longer needed, it is pos-
sible to calculate photoionization source term of pure/multi-
species (any ratio) gas discharges if a valid photoionization
function is available for parameters fitting.

The photoionization function can be obtained by direct
measurements or by calculation [51]. A free online toolbox
PHOTOPIC is developed and used for this aim. Using the prod-
uct of spectrum emission intensity, the photoionization yield
and the absorption coefficients as the input to PHOTOPIC, the
photoionization functions Wy /p of air, O,, Ny, CO, is well
reproduced, see figure 1.

Note that the fitting for N, is effective only when
pr < 10 Torr cm due to the upper limit of three-exponential fit,
it means the photoionization within r < 10/20.25 ~ 0.5 cm
(27 mbar = 20.25 Torr) can be effectively modeled. Accord-
ing to reference [52], the size of the region in which we need
to consider photoionization depends on the streamer head size
and the absorption length of photoionization radiation, and
can be estimated as 1/2 the radius of the streamer head. In
this work, the radius of the streamer head is limited by cap-
illary tube, R = 0.75 mm < 0.5 cm. Therefore, this three-
exponential model is capable of resolving the photoionization
at 27 mbar.

The six parameters required in the extended three-
exponential Helmholtz model are then obtained by fitting
the photoionization function using the Nelder—Mead simplex
direct search method, see table 1.
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Figure 2. 2D cylindrical geometry for FIW discharge with an
enlargement of low-voltage electrode showing the mesh refinement.
The internal and external diameter of the tube is 1.5 mm and

3.4 mm, respectively, the inter-electrode gap is 70 mm. The diameter
of the cylindrical parts of the electrodes inside the tube is equal to

1 mm and the radius of tips of the electrodes is about 0.1 mm. The
central position of the capillary tube is defined at r = 0, z = 4.1 cm.

2.3. Implementation of experimental conditions

Details of the experiments can be found in references [23, 24,
30]. The discharge was initiated in a capillary quartz tube with
an internal diameter of 1.5 mm and an external diameter of
3.4 mm, and an inter-electrode gap of 70 mm. The capillary
is filled with pure nitrogen at 27 mbar and 300 K, the influ-
ence of gas flow on gas density is negligible. Two grounded
aluminum plates enclose the capillary from above and below.
Adhesive aluminum sheets complete this construction to form
a closed, grounded screen having a rectangular cross section.
The discharge tube is terminated by two metal pin-shaped high
(HV) and low (LV) voltage electrodes. The HV electrode is
connected to an HV generator that supplies the voltage pulses.
The LV electrode is left unterminated and connected to the
long cable. The sequence of pulses applied to the discharge
tube consisted of three main pulses separated by 245 ns; only
the first main pulse is studied in this work.

The simplified cylindrical geometry for the calculation is
presented in figure 2. The geometry consists of a quartz capil-
lary tube with relative permittivity €, = 4. The computational
domain is 2.5 cm X 8.2 cm, with a uniform 20 pgm mesh
refinement in the plasma region, the total number of grid cells
is about 320000, of which about 135000 are distributed in
plasma region.

Boundary conditions for transport equations is assigned
according to species and materials. At the anode (HV), the
positive ions flux are fixed as zero while the electron flux
is estimated using homogeneous Neumann conditions. At
the cathode (LV), the homogeneous Neumann conditions are
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applied for all charged species flux. At the plasma-dielectric
interface, all charged species flux towards to the surface is
estimated using homogeneous Neumann conditions, while all
positive species flux outwards to the surface is fixed as zero.
Electron flux outward to the dielectric is due to secondary elec-
tron emission by ion bombardment, I'c = —7yLjo, ¥ = 0.01 in
this work, our test shows the value of v ranging from 0.005 to
0.3 have negligible influence on discharge propagation param-
eters. Surface photoemission is not considered in this work, as
during our previous trials modeling nCD [39], the photoemis-
sion was not found to affect the propagation of the discharge
in conditions of this work.

For electron energy equation, the flux at plasma-material
interfaces keep consistent with electron transport equation. At
boundaries where electrons are transported from plasma to the
surface I', =T’ X €, (€ is the electron energy of the last
plasma cell in eV); at boundaries where electron are emitted
from surface I'. =T'. x 0.01 eV.

For Poisson’s equation, the Dirichlet boundary condition
® = P(r) is applied for HV and LV. The voltage applied to
HV is a pulse with 9.3 kV in amplitude, 4 ns rise time and
29 ns FWHM, see figure 5(a), the summation of the inci-
dent and reflected voltages is used as the potential of HV
(® = Uine(t) + Urepiec(1)). The LV is treated as floating elec-
trode with the potential 1y = IZ (the value is equal to trans-
mitted voltage), where I is the conductive current at the LV
surface, Z = 50 (2 is the wave resistance of the cable [23].

The initial electron density is 7, = 10'° m~* uniformly
distributed in the capillary tube, the ion density is given based
on quasi-neutrality. The initial electron density is defined
based on two facts: (i) physically, the repetitive frequency of
HV pulse is 10 Hz in experiment [23], the time gap between
two pulses is enough for plasmas to decay to a sufficiently
value—background ionization density ranging 10°-10'" m—3
due to cosmic radiation [53]; (ii) numerically, we varied this
initial density by one order of magnitude and we found this
low value has negligible influence on discharge parameters,
because the electrons provided by photoionization exceed this
value far beyond. The initial mean electron energy is set as
ém = 0.01 eV. The initial charge density on both space and
surfaces is zero.

3. Benchmarks

Two classical cases are considered in this work as bench-
marks for comparison: (i) the numerical study [54] of the dis-
charge propagation in a capillary tube in atmospheric air and
(ii) an experimental investigation [35] of nanosecond capillary
discharge in 27 mbar air.

Case I: capillary discharge in atmospheric pressure air.
The discharge is initiated by a pin-to-plane configuration in
a ¢ = 100 pum capillary tube, with a grounded plane elec-
trode and a metallic pin-connected plane holder from below
and above enclosing the tube. The pin-plane distance is 5 mm,
the tip of the pin is a semi-sphere with a curvature radius of
25 pm, the internal and external radius of the tube is 100 pum
and 1100 pm respectively, and the relative permittivity of the
dielectric is 5. Constant 6 kV voltage is applied to the pin. The

computational domain is 1 cm x 1 cm in PASSKEy, with a
uniform 2.5 pm mesh refinement in region 100 gm x 0.6 cm.

The comparison with benchmark results are presented
in figure 3(a). Note that in [54], the fluid model is based
on LFA. Despite this difference, the results calculated by
PASSKEYy code still shows good agreement in streamer prop-
agation velocity, electron density, electric field and discharge
morphology.

Case 2: nanosecond capillary discharge in moderate pres-
sure air. The geometry of discharge setup is same as described
in section 2.3, but the inter-electrode gap is 8 cm. The capil-
lary tube is filled with synthetic air (N, : O, = 4 : 1) at 27 mbar
and 300 K, the voltage applied to HV electrode is a pulse with
9.8 kV in amplitude, 4 ns rise time and 29 ns FWHM. Numer-
ical model, initial/boundary conditions used to reproduce this
benchmark is same as described in sections 2.1 and 2.3.
Experimental measurements [35] and calculated axial electri-
cal potential profiles at t = 1-9 ns are shown in figure 3(b).
In the experiments, the electrical potential was measured by
moving a capacitive probe along a line parallel to the capil-
lary axis at » = 12.7 mm. The potential profiles obtained from
calculations agree well with the experimental measurements.
The speed of FIW was determined from the peak electric field
deduced from the difference of potential profiles along the
axial direction. Both calculations and experiments provide an
FIW speed ~1.4 cmns~!.

Additional validations can be found in the following
section, by comparing the simulation with the measured field
and current value.

4. Results and discussion

In this section we present the features of nitrogen FIW: the
electrical properties, the inception, propagation and energy
characteristics in the plasma channel.

4.1. Propagation and electrical properties

The electron density and electric field E/N during the FIW
propagation stage are shown in figure 4. The FIW has an aver-
age propagation speed of 0.7 cm ns~! in nitrogen. The electron
density increases to (1-3) x 10?° m~3 in the head of the ion-
ization wave during its propagation across the inter-electrode
gap, with the higher electron density and E /N near the dielec-
tric wall. E/N in the head of the ionization wave exceeds
10000 Td, the value is consistent with recent 2D modeling
on air FIW at 28.5 mbar [35, 39], the high E/N produces an
ionization rate of (1-3) x 10 m—3 s~ .

Once the inter-electrode gap is closed by FIW after 14 ns,
the tube is filled with the quasi-uniform plasma with the elec-
tron density exceeding 5 x 10°° m~2 and quasi-uniform E/N
with a relatively low value (hundreds of Td). In fact, the uni-
form electron density and E/N are not formed instantaneously
when the head of the ionization wave touches the LV elec-
trode, the rebound of ionization wave (so-called return stroke)
is formed due to the impedance mismatching between the con-
ductive ionized channel [55], the time scale of this process
is much shorter than that of the primary ionization wave. A
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Figure 3. Two benchmark cases for the PASSKEYy code. (a) The benchmark case describing the capillary discharge in atmospheric air,
reproduced from [54]. © IOP Publishing Ltd. All rights reserved. Contours of electron density and electric field, and corresponding
enlargement at time moment 15 ns. The left side is benchmark results, the right side is calculated results. (b) Comparison of axial potential
profiles obtained from capacitive probe measurement and the calculation at time moments ¢ = 1-9 ns, r = 12.7 mm. Reproduced from [35].

© IOP Publishing Ltd. All rights reserved.

sheath with the electron density lower than 10" m™3, and
high E/N (nearly 20000 Td), is formed near the dielectric
wall, having a thickness of about 250 um. The voltage drop
across the sheath is about 2000 V and the sheath thickness
corresponds to about 20\p (Ap the Debye length).

The calculated transmitted voltage pulse is plotted together
with the measured incident, reflected and transmitted voltage
waveforms extracted from [23] in figure 5. Temporal pro-
files of calculated and measured electric fields and currents
are shown in figure 5(b). Quantitative agreement between the
measured and calculated results are achieved: the calculated
field copies the measurement in the peak and afterglow. Note
that calculated peak E/N (14000 Td) is much higher than
the measured one due to higher temporal resolution in the
simulation.

During the quasi-steady-state discharge stage (¢ > 15 ns),
the electric field in the ionized channel is rather uniform, and

can be calculated by the formula (‘uniform field’ line, see
figure 5(b)):

Uinc(t) + Ureﬂec(t) - Utrans(t)
L b

where Uine(t), Urefiec(f) and Uy,ns(7) represents the incident,
reflected and transmitted voltages, L = 70 mm is the inter-
electrode distance.

Despite the similarities, we notice that, during 0—6 ns and
9-13 ns period, the calculation and measurements signifi-
cantly differ:

E= (14)

(a) The 0—6 ns period: The measured electric field is rather
high (150 Td) before the head of the ionization wave
reaching the observation point, like a ‘shoulder’, however
it was not reproduced in the calculation. We compared the
Laplacian field of the observation point and at the exper-
imental probing point, E/N at both two positions show
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Figure 4. Propagation dynamics of FIW in the capillary tube. (a) Electron density 7. in unit of m~3; (b) electric field E/N in Td
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Figure 5. Measured and calculated electric parameters in FIW discharge. (a) Measured incident, reflected and transmitted voltage
waveforms (reused data from [23]. © IOP Publishing Ltd. All rights reserved, the original time axis of [23] is move 5 ns to the right to
coincide with the moment of beginning to calculate in this work), and calculated transmitted voltage, see explanation in the text; (b)

measured and calculated electric field £/N and current, and the uniform field (calculated by equation (14)). The observation point of E/N is

the center of inter-electrode gap, r = 0, z = 4.1 cm. E/N is measured by custom-made calibrated capacitive probe, the current is measured

by back current shunts.
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the same trend and no ‘shoulder’ is seen. We then com-
pared the measured field and uniform field calculated by
equation (14) in figure 5(b), their values are very close
to each other in the first 2.5 ns, however we have no evi-
dence showing that at this moment the tube has already
been filled with conductive plasma. In fact, the ‘shoulder’
of E/N appears not only in the FIW discharge at mod-
erate pressures, but also in the overvoltage pin-to-plane
discharges [56] in atmospheric air. More discussions on
the ‘shoulder’ issue will be explained in the future papers.

(b) The 9-13 ns period: after the head of ionization wave
passes the observation point and before reaching the end,
the calculated E/N is 2-3 times lower than the mea-
surement. The comparison of CP with E-FISH (0.2 ns
temporal resolution) indicates that the accuracy of CP in
this region drops down [28], measurements with more
accurate methods are required.

4.2. Radial distribution of electrons and N2(03Hu)

Radial distribution of electrons and the emitting species
N,(C’II,) are of interest for the kinetics modeling group
to define the initial conditions and for the experimenters to
compare with and adjust the optical measurements. The radial-
temporal evolution of these two species in nitrogen FIW are
presented and discussed.

In the propagation stage, electron density has its maximum
off the symmetric axis of the capillary tube at r = 0.36 mm
(curve 1 in figure 6(a)), in good agreement with reference
[23]. In the afterglow, radial electron density changes slowly
at a relatively high level (~ 10 m~3) in the entire first pulse,
which is also in good agreement with previous 2D/1D mod-
eling studies on the long-lived plasma characteristics [23] of
FIW discharges.

The radial distribution of electrons can be explained by
the balance between three pathways: electron impact ioniza-
tion, e-N;r recombination and associative ionization. The cor-
responding governing equations can be written as follows:

d e j * *ok
di”t = ki(emne[Na] — kreente[N5] + Ej:kés[Nz][Nz I ds5)

where ki(em), krec and k{;s is the rate constant of the ionization of
grounded N, by electron impact, that of electron—ion recombi-
nation and that of associative ionization respectively, [N3] and
[N73*] are excited states of N, involved with the associative ion-
ization (N2(A*Y], v < 2), No(A3SF, v > 2) and Np(d''S))).
Here we neglect the source terms from reactions concerning N-
atoms and Nj due to their low reaction rates. When ¢ > 30 ns,
the ionization rate can be neglected, assuming 7. = 0.5eV and
we have n. ~ 102°-102! m—3, the electron—ion recombination
rate can be estimated as kecnte[NS] ~ 10%-10% m=3 571,
while the rate of associative ionization 3 ; ki [N3][N5"] ~ 6 x
10%7 — 3 x 10?® m—3 s, the rates for production and loss are
in the same order of the magnitude, the long-lived plasma is
maintained by high density of the electronically excited states
N,(A3YF) and Ny(a''2;)) (see figure 7(a)) through association
ionization. Therefore, the radial profiles of the electron density
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Figure 6. The time evolution of the radial distribution of (a) electron
density and (b) the density of N,(C’IL,) at the horizontal line
z=4.1 cm. Curve 1 corresponds to time 10 ns, 2—20 ns, 3—40 ns,
4-60 ns, 5-100 ns, 6200 ns. Calculation is performed with full
kinetics scheme listed in table 2 and the photoionization considered.

copies the radial distribution of N5(A3% ) and N»(a''%;)) in
the afterglow.

Different from the electron density, the radial distribution of
N,(C>11,) changes with time significantly. The time evolution
of N,(C°TL,,) density can be analyzed through the following
equation:

d[Nz(C3HM)] kexc(é’m)”l(‘e[Nz] + kpo[N;][N;*] — [N2(C3Hu)]/7'()
@ T 2 KNACTIIM) — kgene[Na(CTL)],

’ (16)
where kex. (€ ) is the rate constant of the excitation of grounded
N, by electron impact, kp,, [N5] and [N5*] are the rate constant
of pooling reactions and the density of involved excited states
N (A’ v < 2) and No(A*S)F, v > 2) respectively, 7 is the
lifetime, & and [M;] are the rate constants of quenching reac-
tions and the density of neutral species as quenchers respec-
tively, and kg is the rate constant of N,(C?11,) quenching by
electrons.

During the FIW propagation stage, the radial profiles
of No(C31L,) repeats the radial distribution of the electron
density due to the dominating electron impact excitation,
d[Ng(C3Hu)]/dt X ne. At the end of the pulse and in the
early afterglow (40 < ¢ < 60 ns), the maximum of N,(C311,)
density shifts to the periphery of the tube cross section at
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Figure 7. (a) Temporal profiles of six species (e, N2(A3X 7, v < 2),
No(A3SF, v > 2), No(BTL,), Na (@' B, ) and No(C*11,)) involved
with the population/depopulation of electrons and N,(C>I1,,) at the
position » = 0, z = 4.1 cm. (b) The reaction rates of pooling
reaction of No(43SF, v < 2) with N2(A3E,j', v > 2) and the
quenching of N,(C-II,) by electrons at three different radial
positions P; (r = 0), P, (r = 0.4 mm) and P3 (» = 0.47 mm) at
horizontal line z = 4.1 cm.

r~ 0.5 mm. When ¢t = 100 ns, the trend reversed and the
maximum of No(C3IL,) density shifts to r ~ 0.4 mm, then
the density of N»(C>IL,) is sustained at the level of 10! m~3.
According to figure 7(a), the rates of reactions accounting for
the population/depopulation of N,(CI1T,) when ¢ > 20 ns can
be estimated as:

Population: kexe(emne[Na] < 10%* m3 57! « kpo[N5]
[N;*] ~ 1026 _ 1028 m—3 S—l A

Depopulation: [Na(C*TL)]/70 + Y ; K4 [No(CTL)1M;] +
kgene[N2(C'IL)] o< [N2(CTL)] ~ kgerte[N2(C°IL,)].

Therefore, two processes—the pooling reaction between
two electronically excited states Nz(A3Ej, v < 2) and
Nz(A3Ej,v > 2), and the quenching of Nz(C3Hu) by elec-
trons—can characterize the population and depopulation
process when ¢ > 20 ns, respectively.

To provide a deeper insight for the time evolution of
the radial distribution of the N,(C>IL,) density, the tempo-
ral profiles of reaction rates of the pooling reaction between
NZ(A3Z;}', v < 2) and NZ(A3Z;}', v > 2) and the quenching of
N,(C?IL,) by electrons, at three typical radial positions Py, P,
and P; (r = 0,0.4,0.47 mm, respectively) at horizontal line

z=4.1 cm are presented in figure 7(b). The radial profiles
show different trends bounded by r = 70 ns.

When ¢ < 70 ns, the dominated process is the quenching of
N,(C3TL,,) by electrons, and the reaction rate of the process is
maximum at P,, and is minimum at Ps, therefore the shift of
the position of the maximum N,(C>IL,) density to the periph-
ery of the tube cross section is a result of intensive quenching
by electrons in central regions of the tube. When ¢ > 70 ns, the
pooling reaction of No(A3YF, v < 2) with No(A32, v > 2)
is the most significant N2(C3Hu) population process, the reac-
tion rate of the process is maximum at P, and its value is larger
than that of the quenching by electrons, while the rate of the
pooling reaction is minimum at P3 and its value exceeds that
of the quenching process at 100 ns (¢ = 80,70 ns for P; and
P, respectively), the pooling reaction remodels the radial dis-
tribution of N,(C°II,) density in this time range. In a word,
the competition between the pooling reaction and the quench-
ing by electrons determines the radial profiles of N,(CIL,)
process.

There is an additional question: why are the radial profiles
of electrons during development stage different from that of air
FIW discharges [23, 35], where the maximum of electron den-
sity is on » = 0? The secondary emission and photoemission
from the surface, and the non—local photoionization process
may be responsible. We have tried adjusting merely the pho-
toemission rate and secondary electron emission coefficient in
the nonPDPsim air FIW code, however no differences in the
radial distribution are seen. Taking that photoionization pro-
cess is one of the key differences between pure nitrogen and
air, we will discuss in detail the role of photoionization in the
following section.

4.3. The role of photoionization

Photoionization is critical in providing seed electrons for
streamer formation and propagation. In atmospheric pres-
sure air, photoionization could produce an equivalent level of
10" m~3 of electron density [57]. In this section, the influence
of photoionization on temporal-spatial distribution of electrons
and N,(C°TL,) is assessed by comparing the results obtained
via switching the photoionization model on/off.

To calculate without considering photoionization, we have
to firstly determine the equivalent background electron density
in nitrogen FIW discharges. An approach has been used in ref-
erence [57] to determine the value of equivalent background
electron density in gas discharges by comparing the direct
electron impact ionization rate and photoionization rate. The
approach has been successfully validated for streamer propa-
gation in atmospheric air, both in pin-to-plane discharges and
pin-to-pin discharges [57].

The photoionization and direct ionization rates, and the
electron density at time moments 6, 9, and 12 ns along the
symmetric axis » = 0 are plotted in figure 8. The background
electron density is on the level of ((4-6) x 103 m~3). This
value corresponds to the simulation [58] of a positive streamer
propagation in N, with 1 ppm O, at 200 mbar, in which the
background electron density of 10'* m~ (no photoionization)
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Figure 8. Photoionization and direct ionization rates, and the electron density at time (a) t = 6 ns, (b) # = 9 ns and (c) t = 12 ns along the
symmetric axis r = 0. The location of equal ionization and photoionization rates, and corresponding electron density are signed by solid

lines in figures.

is found to be reasonable in estimating the streamer propaga-
tion speed. The background electron density (1-7) x 103 m~3
is used in the following discussions.

The radial distribution of the electron density and N, (C 311,
density calculated with different background electron density
neo, at corresponding time moments 1 ns after the head of
ionization waves passing through the probed horizontal line
z = 4.1 mm, are presented in figure 9.

The streamer channels are thinner when ney is smaller
(according to the radial positions of the maximal electron
density), an intuitive explanation can provide physical insight
for this difference [59]: considering two points at the same
horizontal line r; (on symmetric axis) and r, (off symmet-
ric axis), the electron density of two points is initially 7ne.
At r; the electric field (or electron energy) is larger, so for
the direct ionization rate S we have S; > S,. Suppose that
S» = (1 —n)S1, nen is the electron density in the ionized
channel, ne,(r1) = 2nen(r2) = nen, then |, — ry| can be used
to estimate the streamer thickness. The electron density
ne as a function as time ¢ can be represented as n.
neo exp(ki[N2]7), where k; is the rate constant of ionization, so
ki(ry) = (1 — n)ki(ry). By the time that n; = n¢,, we have

Neo

ch

na/ny & ny /Ry = < (17)

> U
where we ignored the effect of electron motion for simplic-
ity. In other words, the smaller ng is, the smaller the ratio
ny/ny will be, and with a smaller ratio we expect a thinner
streamer. And the smaller preionization level, the larger elec-
tron density, which seems contrary to what we expected, in
fact this is reasonable, because the smaller streamer thickness
means the larger potential gradient (or electric field) in the
streamer head and the higher discharge energy density. The
radial profiles of No(C31L,) density show that the value of the
N,(C*T1,) density with photoionization considered is lowest,
because the ‘residual’ fields behind the FIW heads for the cases
without considering photoionization are higher, this is the pri-
mary pathway for the population of the electronically excited
states [15].

The predefined background electron density of (1-7) x
10" m~3 can be used to approximate the streamer propa-
gation velocity, but cannot always well reproduce the radial
distribution in nitrogen FIW. Nevertheless, the calculated
preionization level is two orders of magnitude lower than that
of air, indicating that in nitrogen the photoionization process is
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more local and tends to follow the strong field region, leading
to the unique ‘hollow’ radial profile which is different from
that in air [39].

4.4. Energy release and temperature rise

The high SED of FIW is followed by intensive energy release
and the FGH process. The spatial-temporal evolution of energy
release as well as gas temperature rise are discussed in this
section.

Firstly we give the definition of several parameters used in
this section. The deposited energy density Eq, total deposited
energy Es, FGH energy density Eyq, total FGH energy Ex, SED
w, and heating efficiency npgy as the functions of time 7 is
written as:

Eq(t) = / ¢j. - Edt, Es(t) = /Ed(t)dﬂ (18)
0 Q

Ep(t) = /0 Sheardt, Ex(t) = /QEfd(f)dQ (19)

w(f) = Eq(t)/N(t), nggu = Era/Ea, (20)

where j, is the electron flux, Spe, 1S the heating power con-
tributed by all exothermic reactions, N(¢) is number density of
total particles, €2 is the plasma region.
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Figure 10. Temporal profiles of the total deposited energy and FGH
energy, and the gas temperature averaged over the cross-section of
the capillary tube at the horizontal line z = 4.1 cm. The curve of
FGH energy is multiplied by factor 10.
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Figure 11. (a) The radial distribution of deposited energy density
and FGH energy density, two curves—the electron density at time
moments 20 and 40 ns are plotted as references; (b) the deposited
energy density, FGH energy density and heating efficiency as the
functions of SED. The probed horizontal line is z = 4.1 cm. w =0,
1.72, 2.25 eV molecule ! corresponding to r = 0.75, 0 and

0.41 mm, respectively, and ‘region 1’ and ‘region 2’ mean
0<r<041and0.41 < r < 0.75 mm respectively.

Specific deposited energy (eV/molecule)

The temporal profiles of total deposited energy and FGH
energy in the whole capillary tube during the first main pulse
are plotted in figure 10. Of the total deposited energy is 12.7 mJ
in the pulse stage, about 60% energy is deposited before the
time moment of the peak current (¢ < 25 ns). The fraction of
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Table 2. Kinetics scheme for FIW in pure nitrogen.

No. Reaction Rate constant® Reference
RI1 e+Ny—e+e+Nf flo, €m) [62]
R2 e+Ny = e+N(A3E v <2) fo,em) [62]
R3 e+Ny = e+ N(A3S v > 2) fo,em) [62]
R4 e+ Ny — e + No(B*IL,) flo, em) [62]
R5 e+Ny = e+No(d'S)) fo,em) [62]
R6 e+ N, — e + Ny (C°IL,) flo, em) [62]
R7 e+ Ny — e+ N(*S) + NCD)+09eV? f(o, em) [62]
RS e + Nao(B*IL,) — e + No(C?IL,) f(o, €m) [69]
R9 e+ N(*S)—=e+e+ Nt flo, em) [70]

RI0 e+ N; = N(“*S)+NCD) +3.44 eV
R11 e+ NJ —NCD) + NCD) + 1.06 eV
RI2 e+ Ny = N(*S) + N(P) + 225 eV

1.8 x 1077(300/7T:)*3° x 0.46 [20]
1.8 x 1077(300/T.)°*° x 0.46 [20]
1.8 x 1077(300/T.)*3 x 0.08 [20]

RI3 e+ N/ =N+ N, 2 x 107°(300/T¢)*? [64]
RI4  e+e+NT e+ NES) 1071(300/T)* [63]
RI5 e+ Nt +N, 5 NES) + N, 6 x 1072(300/T.)"? [63]
R16  Ni(C°IL,) — No(B*Il,) + hv 2.45 x 107 [65]
R17 No(B3IL,) = No(AST, v > 2) + 2% 10° [64]
RIS No(A*EF, v > 2) + N(*S) — No+ N(*S) + 6.17 eV 2 x 10712 [65]
R19 No(A*SF, v > 2)4 N(*S) = Na+ N(2P) 4 2.59 eV 4 x 10711300/ T gas )67 [65]
R20  NoA’T 0 <2) + No’S 1,0 <2) = No(v) + Na(B’IL) + 3.5 eV 1.2 x 10710 [24]
R21 No(A*SF, v < 2) + No(APS, v > 2) — Nap(v) + No(B*TI,) + 3.5 eV 1.2 x 10710 [24]
R22 No(A3S, 0 > 2) + Np(APS 5, v > 2) — Na(v) + Na(BPII,) + 3.5 eV 1.2x 10710 [24]
R23 NS v <2+ No@S,0 <2) = No(0) + No(CIL) +0.86 eV 2.4 x 10717 [24]
R24 No(A3SF, 0 <2) + No(A3SH, v > 2) = Ny() + No(CII,) + 0.86 eV 2.4 % 10710 [24]
R25  Ny(A’SH v >2) + NyAPS), 0 > 2) = Np(v) + No(CUTL,, 0) + 0.86 eV 2.4 x 10710 [24]
R26  No(B’IL,) + Ny — No(A¥S v > 2) + Na(v) 1071 [20]
R27 No(B*T1,) + Ny(B*Tl,) — No(B*TI,, v) + Na(v) + 5 eV 3.6 x 10710 [24]
R28  No(CIL,) + Na — Na(B*TI,, v) + Na(v) 107" [20]
R29  No(@'S;) + No — No(B3IL,) + Na(v) 2x1078 [20]
R30 e+ Ny(C3IL,) — e + No(B3I1,) 1077 (23]
R31 e+ No(B*L) — e + No(A3S T, v > 2) 2x10°8 [24]
R32 No(@'S,) + NoA3SF, 0 <2) = N +e 10" [64]
R33 No(@'S,) + No(A3S S, 0 > 2) 5 N +e 10-1 [64]
R34 No(@d'S;) + No(@'S,) = N + e 5x 1071 [64]
R35  NCD)+ Ny = N(*S) + Ny(v) +2.35eV 4.52 x 107758 exp(—72%) [67]
R36 NCP) +N, = N(PD) +N, + 1.2 eV 2x 10718 [68]
R37 NCP) + N(*S) = N(?D) + N(*S) + 1.2 eV 1.8 x 10712 [68]
R38 NCP) + N, = N(*S) + N, 4 3.58 eV 2.89 x 10~ 18792 [68]
R39  NCP)+N(D)—Ni +e 3% 1071978 exp(7 [68]
R41 N(S) + N(*S) + Ny — Np(B3I,) + Ny + 2.44 eV 8.27 x 103 exp(%) [68]
R42 NS+ N(#S)— Nt + N, + 1.07 eV 2.4 x 107 5T gy [63]
R43  Nf+N; 5> Nf +N, + N, 2.1 x 1071 exp(’g) [64]
R44 NS+ N(¢S) — Nt + Ny + N, +0.013 eV 101 [63]
R45 N*+ N(¢S) + N, - Ny + N, +8.72 eV 1072 [63]
R46 N +N; + N, — N + N, + 1.06 eV 6.8 x 10722(300/ Tgas)** [64]

Rate constants are given in s~!, cm? 57!

and cm® s !, Tgas and T are gas temperature and electron temperature (in K), respectively. 7. and Ty, are

determined by solving electron energy equation and Euler equations, respectively. The energy release in each reaction is from the work of [20, 24, 68].
®R7 is a two-step process containing excitation of N, by electron impact and the dissociation of the electronic state [20].

deposited energy going to the FGH is 9.4% and 55% FGH
energy is generated during the post-discharge stage.

The radial distribution of the deposited energy density and
FGH energy density at the horizontal line z = 4.1 cm is plotted
in figure 11(a). The deposited energy density in the center of
the capillary is Eq ~ 10° ] m~3, which is in the same order of
magnitude as that of nSDBD [41] at atmospheric pressure, but

the much lower gas density at moderate pressure makes the
SED increase by tens of times, up to 1.6—-2.4 eV molecule ™.

Two additional curves—the profiles of the electron density
at time moments 20 (f = 1/2Tpuse) and 40 ns (f = Tpyise)—are
plotted as references in figure 11(a). The radial profiles of the
deposited energy density almost repeats that of the electron
density at 20 ns, a simple proportional relationship can be
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written as Eq(r) = K - ne(r), where K = 107'° T is the scale
factor. In section 4.2 we have revealed that the radial distribu-
tion of the electron density changes slowly both in the pulsed
stage and post-discharge stage, thus the electron density can
be used to estimate the spatial distribution of deposited energy
density, as well as the FGH energy density.

The above analysis indicates a relationship among the
deposited energy density E4, FGH energy density E¢y and elec-
tron density n.. To have a deeper understanding, the radial
values of Ey, Egg and heating efficiency nggy are plotted as
the functions of SED w in figure 11(b). Despite w varies with
the radial positions, Eg4, Egg and 7pgy are all monotonically
increasing functions of w. Ey4 is a linear function of w (see
equation (20)).

Paper [24] proposed that 1ggy is a function of the reduced
electric field E/N and w, this can be confirmed from the
curve of nggy in figure 11(b): the overlapping part of the SED
region (1.72 < w < 2.25eV molecule™!), both in ‘region 1’
and ‘region 2’, nggy equals in this energy interval despite the
variation of E/N at different radial positions, indicating that:

(a) Mpgy 1s determined by w in ‘region 1°.
(b) Mgy is determined by both E/N and w in ‘region 2’.

(¢) Mgy is only determined by w when w is high enough (e.g.
w > 1.72 eV molecule™! in this work).

References [20, 24, 60] analyzed the FGH of nanosecond
discharges in nitrogen plasma in the range of the reduced elec-
tric fields from 50 to 1000 Td classified the main processes: (i)
dissociation of molecules by electron impact; (ii) electron—ion
recombination; (iii) pooling reaction of electronically excited
states No(A3X;F) and Ny (B*IL,); (iv) quenching of N(*P,2D)
atoms by N, molecules; (v) charge exchange reactions. Above
exothermic processes are considered (see table 2 for details)
in the calculation and their fractional contribution in space and
time are analyzed in this section.

The fraction of individual reaction k contributing to FGH is
defined as follows:

Qe

Tend
M= =0 = / Si(t)dt,
pLT: 0

where S is the heating power of kth reaction. The main pro-
cesses responsible for FGH in FIW nitrogen discharge can be
summarized as:

21

e+Ny, = e+ NES)+NCD)+0.9 eV (22)

e+ Ny = N(S,’D) + N(*S,’D,’P) +2.25eV  (23)

N (APSH+NL (A2 ) — No(BTL,, C°T1,)+Na(v)+1.74 eV

(24)

No(B*TL,) + No(B*1L,) — No(B*1l,, v) + Na(v) + 5 eV
(25)
NCD) + Ny — N(*S) 4+ Ny(v) 4 2.35 eV. (26)

The reactions listed above are in correlation with
[20, 24, 60]. Detailed contribution from main reactions
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Figure 12. (a) The radial profiles of fractional contribution of main
reactions to FGH at horizontal line z = 4.1 cm. (b) Temporal
profiles of fractional contribution of main reactions to FGH at the
probed position 7 = 0, z = 4.1 cm, the dash line is Tpuse = 40 ns.
The profiles of FGH energy density are plotted as reference in two
sub-figures. R1-RS5 represent the reaction (22)—(26).

responsible for FGH at horizontal line z = 4.1 cm is plotted
in figure 12(a), together with FGH energy density. The radial
profiles of the fraction of energy of each reaction extend wider
than that of FGH energy density. The spatial distribution of
the contribution from each reaction show absolutely different
features.

In central region r < 0.45 mm, w is higher and E/N is lower
compared to the peripheral region, the electron density and the
density of electronically excited states of molecules/atoms are
high, two pooling reactions contribute up to 80% of the energy
release, dissociation of N, molecules contributes about 10%,
and e-Nj recombination and quenching of N(>D) atoms by N,
molecules contribute the rest (=~ 10%).

In the peripheral region, the dissociation of N, becomes the
dominating process resulting from high E/N and low w. For
example, E/N = 20000 Td, the rate constant of the dissoci-
ation of N, is 7 x 107 m? s~!, while the rate constants of
excitation of N to states N»(A3X ") and N,(B*1L,,) range from
1071 to 3 x 10715 m® s™!, the population of N(A3% ) and
N,(B’I1,) is slower than N(°D), providing the relatively low
reactants concentration for two pooling reactions. High E/N
also suppresses the e—Nj recombination as rate constants of
the e—ion recombination depend negatively on electron tem-
perature. Despite higher population rate of N(>D) compared to
N,(A3%1) and N, (BI1,), the rate of quenching of N(°D) by N,
is still small because its rate constant positively depends on w.
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Figure 13. The evolution of the calculated temperature distribution (in K) from 20 to 250 ns.

The fractional contribution from each reaction also varies
in time due to the variations of E/N and w. The fractional
contribution of five dominating reactions (22)—(26) to FGH as
functions of time atr = 0, z = 4.1 cm s plotted in figure 12(b),
together with the FGH energy density. The dissociation of N,
molecules by electron impact contributes over 50% of the total
FGH energy when ¢ < 25 ns, because electron impact is only
effective at high E/N, the energy release from this reaction is
almost zero in the post discharge stage. The fractional contri-
bution of e-N; recombination reaches its peak at 25 ns and
then decreases, because N5 lacks the long-lived pathways like
electrons in post discharge stage.

Compared to dissociation and recombination reactions, the
pooling reactions of N»(A%Y;") and No(B*IL,), and the quench-
ing of N(°D) are more dependent on w. The high-density
Na>(A’%), No(B*IL,) and N(*D) are effectively produced in
high w regions during the pulse stage and, what is more,
the lifetimes of these high-density species are on the level
~100 ns due to the lack of fast depopulation mechanisms.
Therefore, these three reactions are main contributors to FGH
in the afterglow, at least 60% energy is released from these
three reactions.

Besides above common characteristics of reaction
(24)—(26), there are two points to be noted: (i) although the
rate constants of two pooling reactions are same, the profiles
of their fractional contribution show different trends in the
afterglow, because the decay rate of NZ(BSHg) is faster than
that of N, (A3Ej); (ii) only the slope of the fractional contribu-
tion of reaction (26) keeps nearly constant in the whole stage,
as its rate constant positively depends on gas temperature
(see R35 in table 2), the process makes a difference when
Toas > 1500 K [24].

The direct consequence of FGH is the rise of the gas tem-
perature in the conductive channel. The calculated tempera-
ture distribution from 20 to 250 ns is presented in figure 13.
2D maps of the temperature show hollow structures similar
with the electron density, deposited energy and FGH energy.
The radially averaged gas temperature of the horizontal line
z = 4.1 cm has been compared with the total deposited energy
and FGH energy in figure 10, the temperature rise within
250 ns is 600 K compared to about 450 K in reference [24],

the gap is as a result of the overestimation of SED (calcu-
lated/experimental current value 65 vs 80 A, section 4.1).

5. Conclusions

In the present work, the FIWs operated in pure nitrogen at
27 mbar is studied numerically with existing measurements.
The classical fluid model based on local mean energy approxi-
mation and an extended three term Helmholtz photoionization
model is proposed and validated.

The development of nitrogen FIW has been discussed. The
electron density in the head of ionization wave can reach up
to (1-3) x 10?° m—3 during its nearly 10 ns propagation stage,
with an averaged propagation speed of 0.7 cm ns~!. The elec-
tric field E/N in the FIW head exceeds 10000 Td, producing
an ionization rate above 10°° m~3 s~!. The distribution of the
electron density shows the hollow structure with the higher
magnitude off the symmetric axis. A sheath is formed near
the dielectric wall, with a thickness of 250 pym and the elec-
tron density lower than 10! m~3, about 20 times of the Debye
length.

The calculated electric field and current are compared
with electrical measurements, quantitative agreements are
achieved. The discrepancies between modeling and measure-
ments lie in the inception stage and before gap closing are
discussed.

The temporal-spatial evolution of electrons and N,(C>I1,)
are analyzed. During FIW development, the radial profiles of
the N,(C>T1,,) density repeats the electron density profile, the
maximum density appear off axis. In the afterglow, the radial
profiles of electron density changes slowly (n, ~ 102 m~3)
and repeats the radial distribution of N, (A3Ej) and N, (a'! 2,)
due to associative ionization; the radial profiles of N, (C*11,)
changes significantly in the afterglow, due to competition
between the pooling and quenching reactions. The implemen-
tation of pooling reaction of N, (A*¥1) is critical to correctly
model the time evolution and spatial distribution of No(C31L,).

The role of photoionization on nitrogen FIW is studied.
Equivalent background electron density of photoionization for
nitrogen FIW discharges is obtained by comparing the source
terms of electron impact ionization and photoionization,
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ranging from 4 x 10" to 6 x 10" m~3, two orders of mag-
nitudes lower than that in air streamers. The influences of
photoionization on the radial distribution of electrons and
N,(C*I1,) in the development stage are analyzed via switch-
ing off the photoionization model. The smaller background
electron density, the thinner streamer channel becomes.

Energy properties and FGH are analyzed. The total
deposited energy is 12.7 mJ in discharge, 9.4% deposited
energy is converted to FGH. The heating efficiency 7pgy is
confirmed to be a function of electric field E/N and SED w,
and its value tends to 10% with increased SED. Main reactions
contributing to FGH are summarized, in the central region
r < 0.45 mm pooling reaction of Ny(A>%;") and N,(B*IL,)
contributes 80% energy release, electron impact dissociation
of N, molecules contributes 10%, while e-N;r recombination
and quenching of N(*D) atoms by N, molecules contribute the
rest. The maximal local temperature rise of 1200 K is observed
as a consequence of FGH in 250 ns.

Modeling FIWs initialized by nanosecond pulses at moder-
ate pressures is challenging work for a fluid code, i.e. the high
energy deposition leads to strong dissociation that may even
change the EEDF, the inception ‘shoulder’ is still unsolved in
the framework of fluid model, and runaway electrons have to
be considered when modeling a negative FIW. The classical
fluid model has to be extended in the future for more extreme
conditions.
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Appendix A. Kinetics scheme

The kinetics scheme used for nitrogen FIW modeling is
based on recognized investigations on chemical kinetics of
nitrogen/air plasma, and on the cycle of works on optical
actinometry of nCD [18, 30, 39, 61], the scheme is com-
bined with the following parts: (i) ionization and excita-
tion of grounded N, and N-atom by direct electron impact,
optical radiation reactions, as well as ion conversion reac-
tions, mainly coming from classical schemes [62—65] which
have been intensively used in air/nitrogen plasma modeling;
(ii) associative ionization reactions involved with N, (a’ 'E; )
and N,(A*Y ) [64, 66], coming from kinetics studies on
low-pressure nitrogen discharges and post-discharges; (iii)
quenching of N»(C?I1,) [23] and Na(B>11,) [24] by electrons,

proposed in recent years to correctly model the evolution of
these two species at high SED; and (iv) quenching of excited
states of molecular nitrogen or N-atom accounting for the FGH
[20, 24, 67, 68].

The following neutral, charged, excited species are
taken into account: e, N, N2+, Nj, N+, N2(A3E,f,v < 2),
No(A3S, v > 2), No(B*IL,), Na(a''S,), Nao(C°IL,), N(*S),
N(D) and N(*P). The scheme includes 13 species and 46 reac-
tions, detailed reactions and corresponding rates are given in
table 2. N7 is excluded in the scheme for two reasons: (i) NT
mainly populates via ion conversion processes, such processes
has tiny impact on our interests in FIW (e.g. propagation pat-
tern, electron density, N »,(C311,), FGH); (ii) to the authors’ best
knowledge, no literature has demonstrated the significance of
N;r ,neither in glow discharges nor FIW. The electron—electron
collision are taken into account to correctly solve EEDF when
ionization degree is relatively high (¢ /Ngas > 2 X 1073%) and
electric field is low (<100 Td) [23, 24].

The electronically excited state of nitrogen Ny(A*Y 1) is
splitted into N»(A3X", v < 2) and Np(A3E;F, v > 2) to cor-
rectly model N,(C?11,), similar treatment can be found in
[30, 61], where Nz(A3Ej') is splitting into Nz(A3Ej', v <2)
and N2(A3Zj[, v > 2) to correctly model O-atom. The reason-
ableness and validity of the splitting would be discussed in
appendix B. Ny(B’IL,) is the sum of three states Ny(B°IL,),
No(W3A,) and N2 (BY)) to keep consistent with [24], oth-
erwise the FGH energy and gas temperature would be signifi-
cantly underestimated; keeping the same as [30], N»(a'! X)) is
the sum of three states No(a''S;), No(a'll,) and No(W'A,),
Na(C*I1,,) is the sum of states No(C*I1,) and No(E3S ).

Recently, TALIF measurements of N-atom in the afterglow
of an FIW discharge demonstrated a rather high dissocia-
tion degree of 9.7% and N-atom density of 1.29 x 107 cm 3
was obtained at the SED of 1.67 eV molecule™! [22]. The
dissociation of electronically excited molecules by electron
impact [69], stepwise dissociation of molecular nitrogen was
introduced to explain the high dissociation degree:

e+ N(A*ST, BT, C°1L,) — e + N(*S)

+ N(S,2D), k = f(0, €p). (27)

However, these stepwise dissociation processes are not
taken into account in this work. Because reaction (27) was just
used to qualitatively explain the possible factors accounting
for high dissociation degree, the validation between kinetics
modeling and experiments has not been fully completed yet
[22].

Appendix B. Analysis of splitting of N»(A3X) state

We have mentioned in appendix A it is necessary to split the
electronically excited state N»(A3%;") into No(A3Y ], v < 2)
and N,(A*Y 1, v > 2) to correctly model N»(C*11,). Here we
discuss two problems: why not we just use the pooling reac-
tion of N2(A3Eu+, v < 2) as the source of Nz(C3Hu) and why
we need the split. The decay time of N,(C>IL,) in section 4.2
showed good quantitative agreement with optical emission

measurements [23], the influence of the implementation of
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Figure 14. Temporal profiles of N,(C>TL,,) density under different
assumptions about the kinetics model (see text), and the rates of two
reactions concerning the production/loss of N2(C3 IL,): So-the
density curve obtained with full kinetics scheme in table 2; S;-the
density curve obtained when excluding the pooling reaction of
NL(A3E, v < 2) with No(A3SF, v > 2) as the source of No(C*T1,,)
(conservative splitting); S,-the density curve obtained when
including the pooling reaction of N»(A3%;", v > 2) as the source of
N2(C3 I1,) (no splitting). R;—the rate of the pooling reaction of
Na(A3SF, v > 2); Ry-the rate of the N,(C>11,) quenching by
electrons. The probed position locates at r = 0, z = 4.1 cm.

kinetics scheme on the temporal-spatial evolution of N,(C*I1,)
will be discussed below.

Temporal profiles of N»(C>II,) density at the probed posi-
tion (r =0, z=4.1 cm) under different assumptions about
the kinetics model are presented in figure 14. The strategy of
the conservative splitting—only including the pooling reac-
tion of N2(A3E,f,v < 2) as the source of N,(C°1L,), under-
estimates the N,(CI1,) density by nearly one order of mag-
nitude comparing with the results obtained with full kinetics
scheme when ¢ = 100 ns. Meanwhile no splitting—including
the pooling reaction of N,(A3Y ", v > 2) as the source of
N,(C?I1,)significantly overestimates the N,(C>II,) density by
more than two orders of magnitude at the end of main pulse.
Moreover, a peak of the No(C>T1,,) density appears at 70 ns,
the time evolution of N2(C3Hu) is essentially changed. The
above changes resulting from two strategies can be explained
by comparing the rates of pooling reaction of Ny(A3¥F, v >
2) and that of the quenching of N,(C°II,) by electrons, see
figure 14. No(A3YF, v > 2) is the long-lived species whose
density is in the order of 10?2 m~3 (see figure 7(b)), and this
results in rather high rates of the pooling reaction (> 10?8 m~3),
while the rate of the main pathway consuming NZ(C3Hu)—the
quenching of N,(C?IL,) by electrons—decreases with decay-
ing electron density and is lower than the production rate after
t =40 ns.

The time evolution of the radial distribution of the
Nz(C3Hu) density at horizontal line z = 4.1 cm under dif-
ferent assumptions about the kinetics model is presented in
figure 15. The radial profiles of the Nz(C3Hu) density are
essentially changed for both the strategy of conservative split-
ting and no splitting, the former obviously magnify the gap
between the minimum and the maximum of the N,(C’IL,)
density in the hollow regions of the capillary, while the
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Figure 15. Time evolution of the radial distribution of N»(C?I1,)
density at the horizontal line z = 4.1 cm under different
assumptions about the kinetics model (see text): (a) excluding the
pooling reaction of No(A*YF, v < 2) with No(A3S ", v > 2) as the
source of N,(C3T1,) (conservative splitting); (b) including the
pooling reaction of No(AY", v > 2) as the source of N,(C>I1,) (no
splitting). Curve 1 corresponds to time 10 ns, 2—20 ns, 3—40 ns,
4-60 ns, 5-100 ns, 6-200 ns.
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latter ‘wipe away’ the gap and the profiles changes slowly
in the afterglow. These substantial changes precisely demon-
strate the aforementioned claims on the evolution mechanism
of No(C?11,)—the temporal-spatial evolution of No(C31IL,) is
dominated by the competition between the pooling reaction of
No(A3EF, v < 2) and Ny(A3SH, v > 2) and the quenching by

electrons.
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