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Abstract This paper reports the results of the experimental study and chemical composition
modeling for a DC nitrogen discharge burning above water cathode in the pressure range of
0.1-1 bar and at discharge current of 40 mA. The gas temperature, vibrational temperatures,
reduced electric field strength, cathode voltage drop, and emission intensities of some nitrogen
bands were obtained from experiment. The modeling chemical composition of plasma was
carried out on the basis of these data. At modeling, the combined solution of Boltzmann
equation for electrons, equations of vibrational kinetics for ground states of N,, O,, H,O and
NO molecules, equations of chemical kinetics and plasma conductivity equation were used.
The calculations agree with the measured bands intensities for the second positive system of
N, and vibrational temperatures of N, (C>TI,). In the frame of the model proposed, the data
of other studies were explained. The second kind collision of electrons with N, vibration
excited states was shown to affect strongly the electron gas parameters. The electron av-
erage energy and electron density are given. The difference between the properties of the
discharges in N, and air at the same conditions are discussed as well.

Keywords DC nitrogen discharge - Water cathode - Modeling - Plasma composition -
Electron parameters

Introduction

In recent years the interest in non-thermal plasmas in contact with liquids has increased
significantly [1]. This is mainly due to their ability to form strongly chemically active
species (OH, O, H,0,, nitrogen oxides etc.), UV radiation and shock waves. As a result,

< Vladimir V. Rybkin
rybkin @isuct.ru

Department of Microelectronic Devices and Materials, Ivanovo State University of Chemistry
and Technology, Ivanovo, Russia

Department of Industrial Ecology, Ivanovo State University of Chemistry and Technology,
Sheremetev Ave., 7, Ivanovo 153000, Russia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-015-9626-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-015-9626-9&amp;domain=pdf

640 Plasma Chem Plasma Process (2015) 35:639-657

plasmas in contact with liquids are very effective for carrying out many oxidative and
reducing processes in a liquid phase. Among these processes it is possibly to point out the
numerous environmental applications [2, 3].

For estimation of possibilities of discharge action, it is necessary to know the active
species concentrations in a gas phase and their change under alterations of discharge pa-
rameters. Such data are rather limited. The emission spectra show usually the radiation
bands of excited states of N, OH and NO and lines of atomic H and O at discharge in
nitrogen containing gases [4-6]. As far as the discharges in contact with water are con-
cerned, there are some studies where the OH radical concentrations in the ground state were
measured in a gas phase for the atmospheric pressure DC discharge in an ambient air, He, Ar
and N, by a LIF method [6, 7] and applying the absorption in UV region for Ar/H,O [8]. For
nitrogen, it was discovered that OH concentration was about (2-2.3) x 10" cm™ in the
current range of 15-30 mA. It is safe to say that measurements of species densities in liquid
plasmas are largely an unexplored area. For this reason, modeling becomes an efficient
method to study plasma composition. For these reasons, the large number of works devoted
to plasma chemistry modeling was published in recent years.

Thus, in study [9], a zero-dimension Global model was proposed for the helium RF
atmospheric pressure discharge with admixture of water molecules. In study [8], a zero-
dimension modeling of the chemical composition was accomplished for an atmospheric
pressure argon plasma jet flowing into humid air. The reaction chemistry included 84
different species and 1880 reactions. Modeling results agreed satisfactorily with ozone
concentrations measured in study [10] by adsorption method. Simulation of the NO and O
formation-loss mechanism in the RF atmospheric pressure needle-type plasma jet
(Ar + 2 % of air) was carried out in study [11]. For the model verification, the concen-
trations of NO molecules and O atoms, measured experimentally were used. The
simulation of plasma chemical reactions was carried out in study [12] for argon DC
discharge above water cathode in the pressure range of (0.1-1) bar. Calculated line in-
tensities of Ar atom emission agree well with experimental ones. All models mentioned
above did not consider the kinetics of vibrational states. Probably, for plasmas containing
noble gases presumably it is not too important. But the modeling of atmospheric pressure
DC discharge in air [13] and experimental data [14, 15] showed that effective vibrational
temperatures (~ 5000 K) of N, are essentially more than translation ones (~ 1500 K).
Therefore, vibrationally excited molecules (VEM) can influence strongly the electron
energy function distribution (EEDF) over super elastic collisions.

As far as we know, there is no detailed analysis of kinetics of the processes taking place
in a nitrogen DC discharge burning above the water cathode. The main aim of the given
work is to develop the model allowing describing the plasma composition. The model
proposed will take into consideration the influence of chemical composition and VEM on
EEDF and vice versa. For the model checking the emission intensities of nitrogen bands
and vibrational temperatures of N2(C3 I1,) state will be used.

Experimental
Figure 1 represents a principal scheme of the experimental set-up. The glass cell with
distilled water of 80 ml volume was placed into a 5 1 glass vacuum-tight bell-jar. Mole-

cular nitrogen of the ultra high purity grade was applied as a plasma-forming gas. The gas
flow rate was 300 cm’/s. At lower gas flow rate, the formation of condensed water was

@ Springer



Plasma Chem Plasma Process (2015) 35:639-657 641

Fig. 1 Schematic diagram of the
experimental set-up. / cathode, 2
glass bell-jar, 3 anode, 4
discharge, 5 quartz window, 6 (( \\ 0
radiation output to entrance lens
of light fiber, 7 glass cell with 4,
distilled water, 8, 9 gas outlet and
inlet, /0 entrance lens of light
fiber, 11 light fiber
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observed and we could not measure correctly the emission intensities. The anode was made
from mechanically sharpened stainless steel wire. A high voltage (up to 4 kV) was applied
between the aqueous cathode and anode, which was placed at the position 1-10 mm
(typically 10 mm) above the water surface. The distance between the anode and the liquid
surface was adjustable. The discharge current was 40 mA. The N, pressure was varied
from 0.1 to 1(£0.01) bar. For the emission spectra digital registration the AvaSpec-
2048FT-2 monochromator (grating of 600 line/mm) was used. The light entered the
monochromator entrance slit through a quartz optical fiber. The light guide-monochro-
mator system was calibrated by the monochromator manufacturer on a radiation power.
The emission from cathode and anode discharge parts was cut off by the size of the quartz
window.

The average on the discharge volume bands intensity, I, was determined as follows. The
quanta amount, d®, emitted with the discharge volume dV into solid angle Q(r,¢,z) per unit
of time is
X QxdV = M x Q X rdrdodz,

4xm 4xm
where I—the integral band intensity [quantum/(s x cm®)]; r,¢ and z—cylindrical coor-
dinates of emitting discharge point. Since the discharge radius (Rp ~ 1 mm) and dis-
charge length (Lp = 10 mm) are much less than the distance between the light guide
entrance lens and the discharge (L = 75 mm), the 2 value is approximately the same for
every discharge point and equals to

do =

2
:anL

Q T

where R;—radius of entrance lens (2.5 mm).
Therefore, the total amount of quanta, @, which is registered by monochromator per
second, can be written as

2 Rp 2m Lp 2
R; R; _
<15:4><L2><///Ixrdrd(pdz:4xL2><I><VD,
0 0 0
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where I—average on the discharge volume intensity, V,—discharge volume.

For the determination of the electric field strength, E, and the cathode voltage drop, U,,
the voltage drop between anode and cathode was measured as a function of anode-surface
water distance. The digital voltmeter Fluke 289 © (USA) was used for this purpose. Voltage
drop on water layer was measured at a contact of anode with water surface. Then, this value
was subtracted from the total voltage measured. The linear part of volt-distance dependence
was treated with a least-squares method to obtain the electric field strength in a plasma
column. The extrapolation of dependence to a zero distance gives the U, value. This value is
partly overestimated since we did not take into account the anode voltage drop. But it is well
known that the anode voltage drop is essentially less than cathode one [16].

The rotational temperature was determined from non-resolved rotational structure of the
band for the C°II, — B® IT, (0-2) transition as it was described elsewhere [4]. In the
present case, the rotational temperature is equal to the translational one. The MDR-23
spectrometer was utilized for checking possibility of this method. Its resolution (grating of
1200 line/mm) allowed to obtain the resolved structure of R;-branch (for J' > 15) and
unresolved one depending on the split sizes. The temperatures difference obtained with
both methods was not more than 40 K.

The reproducibility errors for all measured values were calculated on the base of five
and more measurements using the confidence probability of 0.95. The total errors are
shown in appropriate Figures as the bars.

All measurements were carried out after reaching the stationary conditions. It was
controlled by temporal behavior of line intensities (actually, in 15 min of discharge
burning).

Description of the Model and Calculations

The model was described with the Boltzmann equation for electrons, chemical kinetics
equations, equations of vibration kinetics, and the equation of plasma conductivity. The
last one was used for the determination of electron density on the base of the measured
current density.

The EEDF was obtained as the solution of the homogeneous Boltzmann equation using
the two-term expansion. Collision integrals include the collisions of electrons with Hy, N>,
0,, H,0, NO molecules in electronic ground state and with O(C’P) atoms. The collisions of
the second kind with vibrationally excited molecules and e—e collisions were taken into
consideration as well. The cross-section sets for N,, O,, H,O, NO, H, molecules and O(3P)
atoms were taken from studies [17-22], respectively. Some details of the solution were
described by us elsewhere [15, 23].

The Boltzmann equation was written as

d [ df
= Je ine ees 1
dg(/;ds) Jot Je +1 (1)

where e—in the electron energy, f(¢) is EEDF with the following normalization
/f(s)sl/Zda =1.
0

In Eq. (1), B is expressed in S.I. units by:
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2 /E\? -
[f:%<ﬁ> x(Zaﬁ’Yi) X &, (2)

where E/N, e are the reduced electric field strength and the electron charge, respectively,
o is the momentum transfer cross-section for electron collisions with heavy particles i, ¥;
is mole fraction of this type of particle.

J, is given by:

d dj
o= (kL y ). 3)

where T is the gas temperature, and,

X Y;
y = 2m, x (ZG’M’> ><s2+68thcx(Bi><af><)’i),

1

where M;, B;, and ¢ are the mass, rotational constant (cm’l) and rotational excitation
cross-section for heavy particles i.

The integral of inelastic collisions, J;,,, consists of two integrals, Jt, and J7 describing
the collisions of the first and second kind, respectively:

J;n = Z Z Y,' |:E‘ . QJI(S) f(S) — (8 + 8j,'> . le (%‘ + Sji) f(? + Sji)i|
JI = Z Z Y; [8 : Ql,j(c) fe) — (e — &) - Qi,j(ﬁ —&i) - fe— 3ji)}

where the summation is carried out on all j collisions for heavy particle i; ¢;; is the threshold
energy of process j; Q} is the cross-section of collision of the first kind and Q" ;is the cross-
section of collision of the second kind. The relation between Q; and Q’;j is given by the
detailed balance principle:

&€ &

Ql;j = Q; (6 + &)

&

The integral of e—e collisions, J,,, has the form:

1 [\’
Joe = ~%n <e_) xY, x In(A)

&0
&

<ol [rreas+ 20| [oPrede+ o [raae) | @

0 0

where ¢y, = 8.854 x 1072 F x m™! is the electric field constant and Y, is the electron
mole fraction. Ln(4) is the Coulomb logarithm expressed by:

den)V 2 (kT 25
Ln()) = an,
23
ne' “e
where ¢ is the average electron energy and n.—the electron concentration.
The Eq. (1) was solved by the following way. Let us take the uniform grid with the

mesh point of 1.2...m...N. Integrating (1) on the one interval from ¢, to ¢&,-;
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(Ae = ¢,-; — &,) and calculating integrals of inelastic collisions using the method of
rectangular trapeziums we obtain the system of (N — 2) difference equations:

am 'fm—l - bm fm + Cm 'fm+l = dm (5)
The coefficients of this system are:

KT 1 [\ 21 F !
= - — (=) v, -ni [Z— 3/2 3/2 .
a </3+ p y)m+8n (80> ni " /e fde + ¢ fde | |,
&m

1

bm:am+am+l +"/m+%8m (ZZY[QJIWL+ZZY1QZJM>
i J i J

Em

1 [é? 2
+—<—> ~Yeln/1/sl/2feds,
87 \ &

&1

Cm = Gmn+ Vg1 — gm+1 (ZZY Q]m+1 +ZZY Q—Jm+1>

5 2 Em+1 &N
1 (E) w21 / S fde+ €7 - /fdp
87 \ & ¢ 3 Ag mtl R
31 Em+1
As

= i
dm = Z Z Y (8’"+”J+1 f’”‘*’”ﬂ'l /m+n, 41T Em+n; fm+n, : Qjm-%—n,)

i i
+ E E Yk (Sm—nj-H 'fn1—n/+l . Q—j,m—n,+1 + Em—nj 'fm—nj . Q—jm—nj) .
i

In these expressions the m, m + 1, m + I £ n; m % n; indexes correspond to number of
grid point where appropriate value is determined. And Ae = &, 1—¢&m, 1n; = (& — &)/
Ae + 1.

The boundary conditions for system (6) are

a-fi — (a2 +7,) - o =0, (6)
(an +n) fv —an - fy-1 = 0. (7)

The summation of all Eqgs. (5-7) gives zero. Therefore, the system developed is con-
servative one. That is it satisfies the condition of conservation of electron amount. Due to
e—e collisions the system is not linear and equation members with inelastic collisions result
in the matrix sparseness (existence of large amount of zero value). For this reason the
application of standard procedures for the solution requires a large volume of calculation
and computer memory. To avoid this the method of iterations combined with the sweep
method was used. As the zero-order approximation the maxwellian EEDF with the average
energy of 1 eV was used. Using this function the coefficients a, b, c, and d of (5-7) were
calculated. This procedure transformed the equation system to formally three-diagonal
form with the diagonal prevalence that provided the absolute stability of solution. After
that the system was fast solved with a sweep method. The EEDF obtained was used as the
next approximation. The calculation was terminated when the relative error was less than
0.0001.
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The electron average energy, the reduced diffusion coefficient, DN, the electron drift
velocity, Vp, and rate coefficients, Ky, for electron impact were calculated using obtained
EEDF:

o0

m

1 (2e> 2 x f(e)de

g= [ &2 xf(e)de, DN =~ RRarA it
i [ O xfeds DN =3 T
0 0 i

o0

1(2e\'"?(E\ [ e df 20\'? i
=3 (G) () [sarem o wa= (i) - [oxdorson
0 i

&jk

The multiplication of (1) on ¢, n, and N, and the integration on ¢ from O to co results in
the equation of electron energy balance. Left side of (1) gives the power density acquired
from electric field:

JE=n,xexVpxE=NXn,xexVpx(E/N). (8)

The power density acquired at the collisions with heavy particles having the tem-

perature T is
2 7 d
Wy = —ne x N X m—gx/(kayxdi;)ds. )
0

The power density lost by electrons at elastic collisions with heavy particles (gas
heating) is expressed:

o0
2 Y; x o
Wel:nexNx,/m—ex/<2me><Z Mi’>><82><f(8)d87 (10)
0

and on excitation of rotational levels is

o0
2
W,:nexNx,/m—gx/&sx (ZB,-XY,-XG{) x f(&)de. (11)
0 1

Every summand in (9-11) gives the input of separate component to appropriate energy
loses.

The integration of J;,, gives the difference of power densities lost by electrons at all
inelastic collisions of the first kind, W/ . and acquired at the collisions of the second kind,

un’

wi .
2 ro
Wl = Wi =[S 5 Yoty [ o alte) x fo)ds = 030
oo & i
x s,»j/sxaij(s)xf(s)ds , (12)

&ij
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where y; X Kj; X n, x N =y; X [\/—f & X a (e) x f(e )dc} X ne X N is the rate of process
&ji
J, and impression in a square bracket is rate constant.

The integration of J,, gives zero.

The relations (8—12) allow calculating the energy fraction inputted to every process, 9,
as the ratio of power density of appropriate process to total power density. Also, it allows
checking the accuracy of EEDF calculations. In our calculation the energy balance was
fulfilled with accuracy of ~0.1 %.

The population of vibrational levels of N,, O,, H,O, and NO molecules in ground state
was determined by solving the equations system of quasi-stationary kinetics. This system
takes into consideration the single-quantum V-V, and V-T exchange between partners,
e—V pumping and some other events. The kinetic equation for the concentration, [N™(V)],
molecule of kind m on the vibrational level V was written as

(m)
d[N dt(V)] :Z {K‘(/m)!’v X [N<m } Z KVm 1W‘jrl R4 [N(m)<W+ 1)} } % [N(m)(V_ 1)]

m

Z{(K&’"& K ) X INT(O)]+ i(K&’?&”XaW‘x[NWW)})

Wx—1
ST (R V)] ) kG < N (V)]
W=0

# (R v 0) 3 (21 v - )]
"(V+

FKGy xnex [NO(0)] 1 x [V

where the summation on m means the summation on amount of components, Ky y_; and

WiLw WW-1
Ky |y and Ky, are the rate constants

D]+0v (13)

Ky_; v are the rate constants of V-T exchange,
of V-V exchange, Ky, and K,y are the rate constants of electron pumping and deactivation
of level V, V and W are the vibrational quantum numbers, [N('")(W)] is the concentration of
molecule m on vibrational level W, Qy is the rates of other reactions, W* is the vibrational
level corresponding to dissociation limit. W* = 14, 13, 23, 40, 36, and 46 for H,O(001),
H,0(100), H0(010), NO, O,, and N, molecules, respectively.

Formally, for the molecule with W* vibrational levels the systems of W* Egs. (9) for
the stationary conditions can be written as:

ag - [N (1)] = by - [IN™(0)] + doy = 0,
an - [NV (V 4+ 1)] = by - IN"(V)] + ¢, - [N"(V = 1)] +d, =0,
—cx [N (Wx)] — e x [N (W) + > 0; =0,

where ¢, e are the frequencies of dissociation through vibrational continuum for V-V and
V-T processes, respectively, the } _; Q; is the difference of total rates of formation and the
losses of vibrational excited molecules for the reactions which are not connected with V-V,
V-T exchange and electron excitation-de-excitation, n is changed from 1 up to (W* — 1).

The system is not linear one since its coefficients depend on concentrations. The matrix
of system has a three-diagonal form. For this reason we used the same solution method as
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for Boltzmann equation. As the zero-order approximation the Boltzmann distribution with
vibrational temperature equals to gas one was used. The diagonal prevalence provided the
absolute stability of solution. The iterations were terminated when the relative error was
<0.001.

The detailed processes list is given in study [13]. The level rate constants were cal-
culated applying SSH (Schwartz—Slawsky—Herzfeld) generalized theory [24]. For nor-
malizing of the rate constants the experimental values of coefficients for K g, K&’? of
studies [25-30] were used. The molecular parameters were taken from [31, 32] and values
of reverse radius in exponential repulsive potential of interaction are given in [33].

The chemical transformations included 187 reactions which describe the concentrations
of the following neutral species: 02(X), O-(a'A), O2(b'T), 0o(A’T), OCP), O('D), O('S),
03, 0(3p°P), O(3s’S), H,0, H, OH, H,0,, HO,, Hs, N»(X), N>O, NO, NO,, NOs, HNO,
HNO,, HNO;, No(A*E), No(B’T1,), No(C’T1,), and Na(a''=™). This set was already used
by us for the modeling of an atmospheric pressure DC discharge in air [13]. The list of
processes and data on the rate constants is given in the same study. We added to this
reaction scheme the following reactions:

H,0 + Ny (A*2)) — OH + H + Ny (X), K =291 x 107" x 7% cm? /s, [34]
H,0 + H,0 — OH + H + H,0, K = 6.56 x 1070 x exp(—53670/T) cm?/s, [35]
N(*S) + N(*S) + Np(X) — No(X) +No(X), K =1.78 x 1073 x exp(485/T) cmS /s, [36]
N(*P) + N»(X) — Np(X) 4+ N(*S), K=5.0x10""7cm’/s, [37]
N(D) 4 N»(X) — No(X) +N(*S), K=1.7x 10" cm’/s, [34]

These reactions were not important for air plasma since in that plasma there were more
fast reactions of OH formation and N(*S) loss, particularly, the reactions with participation
of atomic oxygen.

The modeling was carried out by means of combined solution of all the equations
mentioned above for the experimental values of E/N, gas temperature, and discharge
current density.

The lack of data on water molecules concentrations is the main problem for the modeling.
For this reason, we used these values as fitting parameters to satisfy the measured emission
intensities of some N, bands and effective vibrational temperatures, 7,, of N, ground state.

The effective vibrational temperature, Ty, of the C’Tlu state was obtained using mea-
sured intensities, Iy y», of 0 - 3,1 - 4,2 55,3 >6,and4 ->7,0—->2,1 - 3,
2 » 4,3 - 5,4 — 6 sequences of bands of the C*TIu — B>TIg transition. According to
the relation, Ny» = Ny—g exp(—A4Ey: /kTy), the data obtained were plotted using the co-
ordinates of Ln[(A¢1/Av )Ty vr/Io1)] = f(AEy), where Ay y» is radiation probability
of appropriate transition and AEy is vibrational energy for C*IIu (V') state counted off
from V' = 0 level. After fitting the data by using the least-square method, we determined
vibrational temperature, Ty, as the slope of the fitting curve. The linear dependence de-
scribed the experiment with correlation coefficient greater than 0.99. Both sequences gave
the same results. Molecular constants of C>ITu (V') state were taken from Ref. [31] and
Ay yr values—from study [37].

For the estimation of population of vibrational levels (vibration temperature) of N,
ground state, we used two approaches. The first was the direct solution of equation of
vibrational kinetics, whereas the second was as follows. We assumed that populations of
different C*TTu vibration states were reached due to electron impact with the species in
vibration levels of XIEE;F ground states. Also, we assumed that the main process of C*TTu
vibrational states destruction was not radiation decay but rather quenching via the
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collisions with plasma forming gas molecules. Actually, radiation probabilities for dif-
ferent C°ITu states are of ~2x107 s~! [36], whereas quenching rate constants by O,, H,O
and N, molecules are of ~ 1071° cm?/s [38]. At the particle density of 4 x 10'8 cm™3, the
quenching frequency is ~4x10% s™'. Applying above assumptions, we can write the
following five equations since we observed only five transitions from the C*TTu (V' = 0-4)
in irradiation spectra

ne X Nyi_g - Z [Kvroexp(—=AEy [kTv)] = Z =° x Ny, _g x exp(—AEyr—/KTy»),
V/
(14)

ne X Niy_g Y [Kvryexp(—AEv: [KTv)] = 2} =" x Ny,_o x exp(—AEy_1 /kTv), (15)
V/

ne X N/ 1—0 ° Z I:KV/«,Z CXp(fAEV//kTvl)} = Zg”:Z X N(;H:(] X eXp(fAEVH:z/kT //),
V/

(16)
ne X Ny_o+ Y [Kvzexp(—AEy [kTy)| = Z)' =3 x Ny,_o x exp(—AEyi_3 /KTy),
' (17)
ne X Njy_g - [Kvraexp(—AEy: [kTv)] = Z)=* x Njj,_y x exp(—AEyr—4/kTy»),
T

(18)

where summation has to include all the vibration levels of the XIZ; state; N, =0 N{},, =0
are the XIZ‘I;F and C>ITu concentrations on the zero vibrational level, respectively; Ky y» is
rate constant for excitation of the C*ITu V" level from X'ES V' level by electron impact;
AEy:, AEy» are vibration energies for the XlZz;;F and C°I, states counted off from zero
level, respectively; Ty, Ty» are the “vibrational” temperatures for the XIZQ and C’TTu
states, respectively; n, is electron density and Zg” is quenching frequency. The Z‘Q/” is equal
to
25 =3 (Kp N + Ay

1

where K{,,, is the quenching rate constant of C3I1,(V") vibrational state by O,, H,O and N,
molecules, N is the appropriate concentration.

The cross-sections were obtained using the approach described in Ref. [39]. As a result
of analyzing different data, it was shown that the cross-sections for C*I1, (V') excitation
from X'=J (V") can be written as

oy (e/e(V, V") = M xq(V', V") x F(e/o(V', V")),

where IM,I* = 38 x 10™'® cm? is the square of matrix element for electronic transition and
q(V',V") is the Frank—Condon factor of V'-V” transition; F(e/e(V',V")) is the universal
function of the ratio of electron energy to threshold energy.

The system of equations was solved for T}, by means of Tikhonov’s regularization
method [40] using the experimental data on Ty».
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Results and Discussion

The pressure increase results in a slight growth of cathode voltage drop, U, and in the
increase in a cathode current density (Fig. 2). The data on U, are close to those obtained in
study [5] for atmospheric pressure.

The measured gas temperature (Fig. 3) depends slightly on the pressures in spite of the
fact that the specific power (j x E = W, j—current density) inputted to positive column is
increased with the pressure growth from 51 up to 2.2 x 10> W/cm®. Assuming constant
values of W and heat conductivity coefficient, A, the solution of heat conductivity equation
gives the following expression for the temperature averaged on discharge cross-section, T.

T =T(R) +0.125 x [(W x 8)/4] x R?, (19)

where R—discharge radius, T(R)—temperature on the plasma-gas interface, d—energy
part transmitting electrons into heat. The pressure growth results in the decrease of R from
0.21 t0 0.072 cm (Fig. 4). The (W x R?) value is increased by a factor of ~5.1. Therefore,
the ¢ value has to be decreased with the pressure growth. The EEDF calculations showed
that the most part of electron energy is inputted to vibration degree of freedom of N, and
H,O ground states. And this part depends slightly on the pressure. Thus, at the pressure of
1 bar 0.8 of total energy is inputted to N»(X,V) and 0.16 to H>O (X,V). At the pressure of
0.1 bar 0.81 of total energy is inputted to N»(X,V) and 0.11 to H,O (X,V). For the direct
gas heating over elastic electron collisions with molecules the & is ~5x 107>, Therefore,
the main source of gas heating is V-T exchange reactions. If vibrationally excited mole-
cules have no time to relax within discharge zone, it can be expected that the part of
vibration energy transforms to heat outside the glowing part of discharge. Actually, the
diffusion coefficient, D, of N, in N; is equal to D = 0.17 x (7/273)1.92 at atmospheric
pressure [41]. At the discharge of radius, R, of 0.072 cm (Fig. 4) and at the temperature of
1500 K the diffusion time is equal to tp = (R/2.405)2/D = 4.4 x 107> s. The charac-
teristic time of V-T relaxation, ty7 = (Kj9 X [Nz])’1 is equal to 1.2 x 10~* s for the
same conditions. Therefore, the part of energy which is transformed to heat in the dis-
charge zone can be estimated as tp/tyr = 0.36. It is necessary to point out that for the
discharge in argon the all inputted energy is transformed to heat in the glowing part of
discharge [12] whereas for air discharge the same behavior of temperature was observed

Fig. 2 The cathode voltage drop u,Vv i, Alcm 2
(4) and cathode current density 8000— ¢

(5) as a pressure function at the
discharge current of 40 mA. /I, 2,

3 data for Ar, N, and air,

respectively from study [5] for

the discharge current of 25 mA 600

400

200 " 1 n 1 n 1 n 1 n 1
0.2 0.4 0.6 0.8 1.0

P, bar
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Fig. 3 The effective vibration (2, 3, 4) and rotational (/) temperatures. 3 were obtained from the solution of
Egs. (1)—(4) for N, ground state. 2 are vibration temperatures of N2(C3| I,) state. 4 were obtained from the
solution of equations of vibration kinetics for N, ground state

Fig. 4 The reduce electric field E/N, 10 17\ cm 2 R, cm
strength (7, 3) and radius of
positive column (2) as a function
of pressure. The discharge
current is 40 mA. 3 was
calculated by us on data from
study [5]

0,24

0,20

0,16

0,12

0,08

10 " 1 " 1 " 1 " 1 " 1 ]
0,2 0,4 0,6 08 1,0

P, bar

[4]. Moreover, the gas temperatures for both discharges are practically the same. It is no
wonder since for both discharges the inputted power is close, most part of energy is
inputted to vibrational degree of freedom, and heat conductivity coefficients are close. The
similar conclusion on the role of vibrational excited molecules in a gas heating was made
in study [42] for DC discharge in air.

Using the measured temperature, we calculated the total concentration of particles
(P = NxkT) and values of reduced electric field strengths, E/N. The appropriate results are
shown in Fig. 4. The data on vibrational temperatures for C>TI, state are represented in
Fig. 3. The gas temperatures, E and E/N values for the atmospheric pressure in air [4] and
in N, were very close.
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The OES measurements showed that molecular nitrogen (N,) was represented by bands
of second and first positive system (C>TI, — B31'Ig7 BSHg, — A’Z1). Atomic oxygen was
represented by lines (777, 845 and 926.6 nm). OH radicals exhibited three bands:
AZY - X211 (1-0, 2-1, 3-2). Bands of NO y-system (A% - X?II) were revealed as
well. The irradiation of atomic hydrogen was represented by H, and Hg lines.

It is difficult to compare correctly the obtained results with data of other studies. An
atmospheric pressure DC discharge in N, was studied in works [5, 6]. In spite of close values
of the most part of external discharge parameters the internal parameters determining a
plasma state are essentially differ. Thus, the N, rotational temperature measured in study [5]
was (2900 =+ 200) K at atmospheric pressure and current of 25 mA. In study [6] the value of
(3250 + 150) Kis given for discharge current of 30 mA. The radius of positive column was
about 0.6 mm (0.7 mm in our study) [6]. The vibrational temperatures for C’I1, state were
(3500 £ 200) K[5]rather than (5000 + 200) K asin our study (Fig. 3). The bands of N first
positive system were not presented in the emission spectrum. At the same time, the values of
cathode voltage drop (Fig. 2) and electric field strength in positive column (~ 1 kV) were
practically the same. We assume that such differences are conditioned with the effect of gas
flow. The gas residence time in study [5] was 6 min, whereas in our study it was ~ 17 s.
Undoubtedly, the increase in gas flow rate can lead to a gas cooling and to water molecules
concentration and other neutral species dropping. The passing OH concentration through the
maximum under the increase in a gas flow rate was observed in study [43].

The calculations showed that the best agreement between the experimental intensities
(Fig. 5), vibrational temperatures (Fig. 3) and the calculation results is achieved at the
water content represented in Fig. 6. The calculation was rather sensitive to water content.
At experimental values of E/N even several tenths of percent of water influence strongly on
EEDF leading to sharp drop of bands intensities. This is due to a large value of momentum
transfer cross section of water (~10~"% cm?) with respect to appropriate cross section of
N, (~107!5 cm?). Also, the vibrational temperatures were decreased. The calculation
shows that the water content at the pressure of 1 bar is ~1 %. At the same time, the water
content was estimated in study [6] as 10 % for 30 mA. The water molecules concentration

-3 -1
I, cm™c
1014_

0.2 0.4 0.6 0.8 1.0
P, bar

Fig. 5 Bands intensities of N, second positive system (C31'Iu — B3Hg). 1,2,3,40->2,2 >4,1 - 3,
3 — 5 transitions, respectively. Lines—calculation, points—experiment
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Fig. 6 Concentrations of N, cm?
particles as a function of
pressure. 1 NO, 2 0, (a'4,), 3 5
N, (A’E}), 4 HNO, 5 H,0 10"

10" 4

1 014

1 013 3

2
1 012
1
1 011 n 1 " 1 " 1 " 1 " 1
0.2 0.4 0.6 0.8 1.0

P, bar

depends on the balance of water rate evaporation and its pumping. We can suppose that the
evaporation rate in the given study and in study [6] must be close, since the cathode current
density and the cathode voltage drop are the same. Probably, faster pumping in our case
provides lower density of water molecules in the discharge. Therefore, it can be expected
that the concentrations of species formed from water have to be lower than in studies [5, 6].

The results of calculations of main discharge species are shown in Figs. 6,7. The main
species forming in a discharge were OH, H,0O,, NO, and N, (A3Ej ) molecules. For the
same discharge current the concentrations of these species in air were essentially more
[13]. Thus, OH, H,0,, NO concentrations for N, discharge were ~ 1x 1014, 8.9 x 1012,
and 1.8 x 10' cm ™, respectively, whereas for air discharge —3 x 10", 2.7 x 10", and
7 x 10'® cm ™3, respectively. This fact is conditioned not only difference in O content but
the different EEDF. In air discharge the EEDF is “richer” with fast electrons. And rate
coefficients of electron impact are more. The electron average energy for air discharge is
1.1 eV whereas for N, one is 0.96 eV.

In fact, at atmospheric pressure the OH density was ~ 1x10'* cm ™, whereas the value
of 2 x 10" cm™> was obtained in study [6]. To understand the difference, we carried out
the calculations using experimental results of [5, 6] as input data for our model. These data
were the following: E — 1 kV, gas temperature—3000, discharge current—30 mA, dis-
charge radius—0.6 mm, gas temperature—3000 K, water molecules content—10 %,
pressure—1 bar. It gives the E/N of 4.1 x 107'° V x em?® The calculation gives the
values close to experimental data: OH concentration—1.1 x 10" cm™, vibrational
temperature of N»(X)—3100 K. The higher temperature in [5, 6] results in the lower (~2
times) concentration of plasma-forming gas molecules and in the higher E/N value
(1.6 x 107'° V x cm? in our experiment). It leads to the electron drift velocity increase
and higher values of rate coefficients of electron impact. The increase degree depended on
the process threshold energy. Thus, the rate constant for excitation of No(X,V = 1) was
increased by a factor of 2 only, whereas the rate constant of Nj (A3 =f ) excitation was
increased by a factor of ~ 10%. Due to the increase in drift velocity the electron density was
decreased by a factor of ~2 in comparison with our data represented in Fig. 8. The
average electron energy was 1.22 eV (0.96 eV in our study, Fig. 8) and electron density
was 3.1 x 10" em™ (7 x 10'® ecm™ in our study). Estimations made in study [6] give
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Fig. 7 Concentrations of N, cm®
particles as a function of 1|
pressure. / HO,, 2 H,0O,, 3 H,, 4 10 E 4

OH
10"
f 1
1011 -

0.2 0.4 0.6 0.8 1.0
P, bar
Fig. 8 The electron density (1) n,10"%cm? e, eV
and average electron energy (2) N 1
as a pressure function B 12
ol |
111
r 2
Al |
L 411.0
oL |
1
L 10.9
0 1 1 1 1 1
0.2 0.4 0.6 0.8 1.0
P, bar

the close value of T. ~ 1 eV, but electron density was essentially more (2-6) x
10" ¢cm™>. As the result of action of factors mentioned above, the rates of main processes
of water dissociation were increased essentially (see below). Calculations show that the
following reactions are the main ones for the water dissociation and OH losses at any
pressures:

H,O0+e — H('S) +OH +e (rate is 3.2 x 10 em™3 s tat 1 bar),
N2(A) + H0 — No(X) + OH + H('S) (24 x 107 em3s7!),
OH +OH — H,0+0(°P) (2.3 x 107em ™ s™"),

OH +OH — H,0, (3.4 x10%cm?s™1),

OH + H,0, — H,0+ HO, (1.1 x10"cm™?s7"),

OH +HO;, — H,0+ 0(X) (1.1 x10"%em™s71).
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At the conditions of study [5, 6] the dissociation rates by electron impact and via
N(A) collisions were 8.8 x 10'® and 8.6 x 10" cm™> s~ !, respectively. In spite of high
value of temperature the rate of thermal dissociation was negligible (6.6 x 10'” cm™ s ).

The difference in vibrational temperatures is conditioned with the following reasons.
The excitation frequencies of vibrational levels with the electron impact change slightly.
But higher temperatures result in the increase in both the rate constants of V-T and V-V
exchange. However, V-T rate constants are increased essentially more than V-V ones.
According to [24] the V-V rate constant is K} = 4.54 - 107'%exp(—23.99 x 7-%!4) and
V-T rate constant is K;o = 4.15 x 10_2Qexp(2.303 x TO%¥7). 1t gives Ko = 1.7 x
107" ecm™2 s7! at 1500 K and Kio=11x 107" em > s~! at 3000 K. For the K%
values, we obtain 8.2 x 10™* and 1.8 x 1073 cm™3 s7! for the same temperature. The
predominance of V-T exchange over V-V one leads to equalizing the gas temperature and
the vibrational one. Vibrational degrees of freedoms are practically in equilibrium with
translation ones.

The results of vibrational distributions calculations are shown in Fig. 9. It is clearly seen
that the distributions are not equilibrium ones. But for lower levels, distributions can be
approximated by Boltzmann’s equation. Therefore, the suppositions, which were used for
the derivation of Egs. (14)—(18) are valid. The sharp bend at V = 12 reflects the action of
the reaction N»(X,V > 12) + OCP) > NO + N [44]. At low V values the V-V exchange
is predominant. It provides the decrease in population of vibrational levels with V increase.
But V-T rate constants rise with V faster than V-V ones. And at V > 12 the V-T pro-
cesses start to dominate forming the characteristic “Iplateau”. It is necessary to point out
that the data on vibrational temperatures obtained by two different methods (from the
solution of vibrational kinetic equations and from the bands intensities using Egs. (1)—(5)
agree quite well. And the vibrational temperatures of N, (C?I1,) state can be used for
estimation of vibrational temperatures of N, ground state. Such simple measurements of
bands intensities will allow taking into account the second kind collisions of electrons with
N,(X) vibrational excited molecules at EEDF calculations. Our data represented in Fig. 10

N(V)/N

Fig. 9 The normalized distribution of N»(X) molecules on vibration levels, / 1 bar; 2 0.1 bar
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Fig. 10 Calculated EEDF. I, 3 f(e), eV P
at the pressure of 1 bar. 2, 4 at
the pressure of 0.1 bar. 7, 2
second kind collisions with
vibration excited N»(X) did not
take into account. 3, 4 second
kind collisions with vibration
excited N»(X) were taken into
account

show that it is necessary to do. The super-elastic collisions influence very strongly the high
energy part of EEDF and, as the result, the rate constants of electron excitation processes
with the high threshold energies.

The N, vibrational temperatures obtained in [4, 13] for air plasma of atmospheric
pressure were 1000 K less than in given study. Calculations showed that the temperature
decrease is not connected with the presence of O, molecules because the rate constants of
V-T exchange for N,—N, and N,—O, collisions are close. The main reason is the decrease
in the excitation frequency by electron impact due to the difference in electron drift
velocities. For N, discharge the electron density was 7.6 x 10'? ecm™ whereas for air
discharge—2.5 x 10" ecm ™.

The calculation was very sensitive to water content. The increase in water mole fraction
leads to the decrease in calculated band intensities and to the dropping effective vibrational
temperatures of N,(X). The momentum transfer cross-section for H,O is higher than for N,
by a two order of magnitude. It provides the decrease in the EEDF “tail” and, as the result,
in the essential dropping rate constants of electron impact processes with the high threshold
energy. Such influence of water content on electron kinetic parameters is not specific
feature of N, plasma. The same situation takes place for oxygen plasma as well [45]. The
vibrational quantum of N,(X), 2359 cm™!, is less than for H,O (010) mode (1595 cm™Y).
The rate constant of N, V-T exchange on H,O is higher than for N,-N, exchange by a
factor of 34 at 1500 K. The rate constant for V-V process Np(X,V = 1) + H,
0(000) —» No(X,V = 0) + H,0(010) is higher than for No(X,V = 1) + No(X,V = 0) —
No(X,V =0) + (X,V = 1) by a factor of 25. It gives the decrease in the population of
N»(X) vibrational levels under water molecule content growth. In turn, this decrease leads
to the decrease in the EEDF “tail” over the collisions of the second kind.

Conclusion
In the present study, the DC discharge in N, was examined in a pressure range of 0.1-1 bar

at the discharge current of 40 mA. The changes in the gas temperatures, electric field
strengths, cathode voltage drop, intensities of some N, bands, and vibrational temperatures
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of N,(C’I1,) were measured. On the base of these data, the model of discharge was
developed. The model included the joint solution of Boltzmann equation, equations of
vibrational kinetics and equations of chemical kinetics. Calculations on that model agree
with the measured bands intensities and vibrational temperatures. In addition, the proposed
model explains the results of other studies. The N,(X) vibrational molecules were shown to
influence strongly the EEDF over the super elastic collision. The main species of plasma
were H,0, OH, H,0,, OCP) and HO».
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