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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 N2, O2, H2O 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

N2 and vibrational temperatures of N2ðC3PuÞ. In the frame of the model proposed, the data

of other studies were explained. The second kind collision of electrons with N2 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 N2 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, H2O2, nitrogen oxides etc.), UV radiation and shock waves. As a result,
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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 N2, 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 N2 by a LIF method [6, 7] and applying the absorption in UV region for Ar/H2O [8]. For

nitrogen, it was discovered that OH concentration was about (2–2.3) 9 1015 cm-3 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 N2 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(C3Pu) 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 l 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 cm3/s. At lower gas flow rate, the formation of condensed water was

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

123



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 N2 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, dU, emitted with the discharge volume dV into solid angle X(r,u,z) per unit

of time is

dU ¼ I

4 � p
� X� dV ¼ Iðr;u; zÞ

4 � p
� X� rdrdudz;

where I—the integral band intensity [quantum/(s 9 cm3)]; r,u and z—cylindrical coor-

dinates of emitting discharge point. Since the discharge radius (RD & 1 mm) and dis-

charge length (LD = 10 mm) are much less than the distance between the light guide

entrance lens and the discharge (L = 75 mm), the X value is approximately the same for

every discharge point and equals to

X ¼ p� R2
L

L2
;

where RL—radius of entrance lens (2.5 mm).

Therefore, the total amount of quanta, U, which is registered by monochromator per

second, can be written as

U ¼ R2
L

4 � L2
�
ZRD

0

Z2p

0

ZLD

0

I � rdrdudz ¼ R2
L

4 � L2
� �I � VD;
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Fig. 1 Schematic diagram of the
experimental set-up. 1 cathode, 2
glass bell-jar, 3 anode, 4
discharge, 5 quartz window, 6
radiation output to entrance lens
of light fiber, 7 glass cell with
distilled water, 8, 9 gas outlet and
inlet, 10 entrance lens of light
fiber, 11 light fiber
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where I—average on the discharge volume intensity, VD—discharge volume.

For the determination of the electric field strength, E, and the cathode voltage drop, Uc,

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 Uc 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 C3Pu ? B3Pg (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 R1-branch (for J0 [ 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 H2, N2,

O2, H2O, NO molecules in electronic ground state and with O(3P) 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 N2, O2, H2O, NO, H2 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

de
b
df

de

� �
¼ Je þ Jine þ Jee; ð1Þ

where e—in the electron energy, f(e) is EEDF with the following normalization

Z1

0

f ðeÞe1=2de ¼ 1:

In Eq. (1), b is expressed in S.I. units by:
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b ¼ e2

3

E

N

� �2

�
X
i

rtri Yi

 !�1

�e; ð2Þ

where E/N, e are the reduced electric field strength and the electron charge, respectively,

rtri is the momentum transfer cross-section for electron collisions with heavy particles i, Yi
is mole fraction of this type of particle.

Je is given by:

Je ¼ � d

de
kT � c

df

de
þ c� f

� �
; ð3Þ

where T is the gas temperature, and,

c ¼ 2me �
X
i

rtri � Yi

Mi

 !
� e2 þ 6e�

X
i

hc� ðBi � rri � YiÞ;

where Mi, Bi, and rtri are the mass, rotational constant (cm-1) and rotational excitation

cross-section for heavy particles i.

The integral of inelastic collisions, Jine, consists of two integrals, Jun
I and Jun

II , describing

the collisions of the first and second kind, respectively:

JIun ¼
X
i

X
j

Yi e � Qi
j eð Þ � f eð Þ � eþ eji

� �
� Qi

j eþ eji
� �

� f eþ eji
� �h i

JIIun ¼
X
i

X
j

Yi e � Qi
�j eð Þ � f eð Þ � e� eji

� �
� Qi

�j e� eji
� �

� f e� eji
� �h i

where the summation is carried out on all j collisions for heavy particle i; eji is the threshold

energy of process j; Qj
i is the cross-section of collision of the first kind and Q-j

i is the cross-

section of collision of the second kind. The relation between Qj
i and Q-j

i is given by the

detailed balance principle:

Qi
�j ¼

e� eji
e

Qi
j eþ eji
� �

:

The integral of e–e collisions, Jee, has the form:

Jee ¼ � 1

8p
e2

e0

� �2

�Ye � lnðkÞ

� d

de
f ðeÞ

Ze

0

e1=2f ðeÞdeþ 2

3

df

de

Ze

0

e3=2f ðeÞdeþ e3=2

Z1

e

f ðeÞde

0
@

1
A

2
4

3
5; ð4Þ

where e0 = 8.854 9 10-12 F 9 m-1 is the electric field constant and Ye is the electron

mole fraction. Ln(k) is the Coulomb logarithm expressed by:

LnðkÞ ¼ Ln
ð4pe0Þ3=2ðkTÞ1=2�e

n
1=2
e e3

;

where �e is the average electron energy and ne—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 em to em=1
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(De = em=1 - em) and calculating integrals of inelastic collisions using the method of

rectangular trapeziums we obtain the system of (N - 2) difference equations:

am � fm�1 � bm � fm þ cm � fmþ1 ¼ dm: ð5Þ

The coefficients of this system are:

am ¼ bþ kT

e
� c

� �
m

þ 1

8p
e2

e0

� �2

Ye � ln k � 2

3

1

De

Zem

1

e3=2fdeþ e3=2 �
ZeN

em

fde

0
@

1
A

2
4

3
5;

bm ¼ am þ amþ1 þ cm þ De
2

� em �
X
i

X
j

Yi � Qi
j;m þ

X
i

X
j

Yi � Qi
�j;m

 !

þ 1

8p
e2

e0

� �2

�Ye ln k
Zem

e1

e1=2fede;

cm ¼ am þ cmþ1 �
De
2
emþ1

X
i

X
j

Yi � Qi
j;mþ1 þ

X
j

X
i

Yi � Qi
�j;mþ1

 !

þ 1

8p
e2

e0

� �2

�Ye � ln k � 2

3

1

De
�
Zemþ1

e1

e3=2 � fdeþ e3=2
mþ1 �

ZeN

emþ1

fde

0
B@

1
CA

2
64

3
75;

dm ¼ �De
2

X
i

X
j

Yk emþnjþ1 � fmþnjþ1 � Qi
j;mþnjþ1 þ emþnj � fmþnj � Qi

j;mþnj

� �"

þ
X
i

X
j

Yk em�njþ1 � fm�njþ1 � Qi
�j;m�njþ1 þ em�nj � fm�nj � Qi

�j;m�nj

� �
:

In these expressions the m, m ? 1, m ? 1 ± nj, m ± nj indexes correspond to number of

grid point where appropriate value is determined. And De = em?1-em, nj = (eij - e1)/
De ? 1.

The boundary conditions for system (6) are

a2 � f1 � ða2 þ c2Þ � f2 ¼ 0; ð6Þ

ðaN þ cNÞ � fN � aN � fN�1 ¼ 0: ð7Þ

The summation of all Eqs. (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, DeN, the electron drift

velocity, VD, and rate coefficients, Kkj, for electron impact were calculated using obtained

EEDF:

�e ¼
Z1

0

e3=2 � f eð Þde; DeN ¼ 1

3

2e

m

� �1=2Z1

0

e� f eð ÞdeP
i

rtri � Yi
;

VD ¼ � 1

3

2e

m

� �1=2
E

N

� �
�
Z1

0

eP
i

rtri � Yi
� df
de

de; Kkj ¼
2e

m

� �1=2

�
Z1

ejk

e� Qi
j eð Þ � f eð Þde:

The multiplication of (1) on e, ne and N, and the integration on e from 0 to ? results in

the equation of electron energy balance. Left side of (1) gives the power density acquired

from electric field:

jE ¼ ne � e� VD � E ¼ N � ne � e� VD � ðE=NÞ: ð8Þ

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

perature T is

WH ¼ �ne � N �
ffiffiffiffiffiffi
2

me

r
�
Z1

0

kT � c� df

de

� �
de: ð9Þ

The power density lost by electrons at elastic collisions with heavy particles (gas

heating) is expressed:

Wel ¼ ne � N �
ffiffiffiffiffiffi
2

me

r
�
Z1

0

2me �
X
i

Yi � rtri
Mi

 !
� e2 � f ðeÞde; ð10Þ

and on excitation of rotational levels is

Wr ¼ ne � N �
ffiffiffiffiffiffi
2

me

r
�
Z1

0

6e�
X
i

Bi�Yi � rri

 !
� f ðeÞde: ð11Þ

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

loses.

The integration of Jine gives the difference of power densities lost by electrons at all

inelastic collisions of the first kind, WI
un, and acquired at the collisions of the second kind,

WII
un,:

WI
un �WII

un ¼ neN

ffiffiffiffiffiffi
2

me

r X
j

X
i

Yi�eji

Z1

eji

e� rijðeÞ � f ðeÞde�
X
i

X
j

Yi

2
64

� eij

Z1

eij

e� ri�jðeÞ�f ðeÞde

3
75; ð12Þ
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where Yi � Kji � ne � N ¼Yi �
ffiffiffiffi
2
me

q R1
eji

e� rijðeÞ � f ðeÞde
" #

� ne � N is the rate of process

j, and impression in a square bracket is rate constant.

The integration of Jee gives zero.

The relations (8–12) allow calculating the energy fraction inputted to every process, d,

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 N2, O2, H2O, 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(m)(V)],

molecule of kind m on the vibrational level V was written as

d½NðmÞðVÞ�
dt

¼
X
m

K
ðmÞ
V�!;V � NðmÞð0Þ

h i
þ
XW��1

W¼0

K
ðmÞWþ1;W
V�1;V � NðmÞðWþ1Þ

h i( )
�½NðmÞðV�1Þ�

�
X
m

K
ðmÞ
V;V�1 þK

ðmÞ
V;Vþ1

� �
� Nmð0Þ½ �þ

XW�

W¼1

K
ðmÞW ;W�1
V;Vþ1 � NðmÞðWÞ

h i� �(

þ
XW��1

W¼0

K
ðmÞW;Wþ1
V ;V�1 � NðmÞðWÞ

h i� �
þne�K

ðmÞ
V0

o
� NmðVÞ½ �

þ
X
m

K
ðmÞ
Vþ1;V � Nmð0Þ½ �

� �n
þ
XW�

W¼1

K
ðmÞW�1;W
Vþ1;V � NðmÞðW�1Þ

h i� �

þK
ðmÞ
0V �ne� NðmÞð0Þ

h i
g� NmðVþ1Þ½ �þQV ð13Þ

where the summation on m means the summation on amount of components, KV,V–1 and

KV–1,V are the rate constants of V–T exchange, K
Wþ1;W
V�1;V and K

W ;W�1
V;Vþ1 are the rate constants

of V–V exchange, KV0 and K0V are the rate constants of electron pumping and deactivation

of level V, V and W are the vibrational quantum numbers, [N(m)(W)] is the concentration of

molecule m on vibrational level W, QV is the rates of other reactions, W* is the vibrational

level corresponding to dissociation limit. W* = 14, 13, 23, 40, 36, and 46 for H2O(001),

H2O(100), H2O(010), NO, O2, and N2 molecules, respectively.

Formally, for the molecule with W* vibrational levels the systems of W* Eqs. (9) for

the stationary conditions can be written as:

a0 � ½NðmÞð1Þ� � b0 � ½NðmÞð0Þ� þ d0 ¼ 0;

an � ½NðmÞðV þ 1Þ� � bn � ½NðmÞðVÞ� þ cn � ½NðmÞðV � 1Þ� þ dn ¼ 0;

� c� ½NðmÞðW�Þ� � e� ½NðmÞðW�Þ� þ
X
j

Qj ¼ 0;

where c, e are the frequencies of dissociation through vibrational continuum for V–V and

V–T processes, respectively, the
P

j Qj 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 K1,0, K
1;0
0;1 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: O2(X), O2(a1D), O2(b1R), O2(A3R), O(3P), O(1D), O(1S),

O3, O(3p3P), O(3s3S), H2O, H, OH, H2O2, HO2, H2, N2(X), N2O, NO, NO2, NO3, HNO,

HNO2, HNO3, N2(A3Ru
?), N2(B3Pg), N2(C3Pu), and N2(a01R?). 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:

H2O þ N2 A3Rþ
u

� �
! OH þ H þ N2 Xð Þ; K ¼ 2:91 � 10�14 � T0:5 cm3=s; ½34�

H2O þ H2O ! OH þ H þ H2O; K ¼ 6:56 � 10�10 � exp �53670=Tð Þ cm3=s; ½35�
N 4Sð Þ þ N 4Sð Þ þ N2 Xð Þ ! N2 Xð Þ þ N2 Xð Þ; K ¼ 1:78 � 10�33 � exp 485=Tð Þ cm6=s; ½36�
N 2Pð Þ þ N2 Xð Þ ! N2 Xð Þ þ N 4Sð Þ; K ¼ 5:0 � 10�17 cm3=s; ½37�
N 2Dð Þ þ N2 Xð Þ ! N2 Xð Þ þ N 4Sð Þ; K ¼ 1:7 � 10�14 cm3=s; ½34�

These reactions were not important for air plasma since in that plasma there were more

fast reactions of OH formation and N(4S) 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 N2 bands and effective vibrational temperatures, Tv, of N2 ground state.

The effective vibrational temperature, TV, of the C3Pu state was obtained using mea-

sured intensities, IV 0;V 00 , of 0 ? 3, 1 ? 4, 2 ? 5, 3 ? 6, and 4 ? 7, 0 ? 2, 1 ? 3,

2 ? 4, 3 ? 5, 4 ? 6 sequences of bands of the C3Pu ? B3Pg transition. According to

the relation, NV 0 ¼ NV 0¼0 expð�DEV 0=kTVÞ, the data obtained were plotted using the co-

ordinates of Ln½ðA0;1=AV 0;V 00 ÞðIV 0;V 00=I0;1Þ� ¼ f ðDEV 0 Þ, where AV 0;V 00 is radiation probability

of appropriate transition and DEV 0 is vibrational energy for C3Pu (V0) state counted off

from V0 = 0 level. After fitting the data by using the least-square method, we determined

vibrational temperature, TV, 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 C3Pu (V0) state were taken from Ref. [31] and

AV 0;V 00 values—from study [37].

For the estimation of population of vibrational levels (vibration temperature) of N2

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 C3Pu vibration states were reached due to electron impact with the species in

vibration levels of X1Rg
? ground states. Also, we assumed that the main process of C3Pu

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 C3Pu states are of *29107 s-1 [36], whereas quenching rate constants by O2, H2O

and N2 molecules are of *10-10 cm3/s [38]. At the particle density of 4 9 1018 cm-3, the

quenching frequency is *49108 s-1. Applying above assumptions, we can write the

following five equations since we observed only five transitions from the C3Pu (V0 = 0-4)

in irradiation spectra

ne � N 0
V 0¼0 �

X
V 0

KV 0;0 expð�DEV 0=kTV 0 Þ
	 


¼ ZV 00¼0
Q � N 00

V 00¼0 � expð�DEV 00¼0=kTV 00 Þ;

ð14Þ

ne � N 0
V 0¼0 �

X
V 0

KV 0;1 expð�DEV 0=kTV 0 Þ
	 


¼ ZV 00¼1
Q � N 00

V 0¼0 � expð�DEV 0¼1=kTV 0 Þ; ð15Þ

ne � N 0
V 0¼0 �

X
V 0

KV 0;2 expð�DEV 0=kTV 0 Þ
	 


¼ ZV 00¼2
Q � N 00

V00¼0 � expð�DEV 00¼2=kTV 00 Þ;

ð16Þ

ne � N 0
V 0¼0 �

X
V 0

KV 0;3 expð�DEV 0=kTV 0 Þ
	 


¼ ZV 00¼3
Q � N 00

V 00¼0 � expð�DEV 00¼3=kTV 00 Þ;

ð17Þ

ne � N 0
V 0¼0 �

X
V 0

KV 0;4 expð�DEV 0=kTV 0 Þ
	 


¼ ZV 00¼4
Q � N 00

V 00¼0 � expð�DEV 00¼4=kTV 00 Þ;

ð18Þ

where summation has to include all the vibration levels of the X1Rg
? state; N 0

V 0 ¼ 0 N 00
V 00 ¼ 0

are the X1Rg
? and C3Pu concentrations on the zero vibrational level, respectively; KV 0;V 00 is

rate constant for excitation of the C3Pu V00 level from X1Rg
? V0 level by electron impact;

DEV 0 ; DEV 00 are vibration energies for the X1Rg
? and C3Pu states counted off from zero

level, respectively; TV 0 ; TV 00 are the ‘‘vibrational’’ temperatures for the X1Rg
? and C3Pu

states, respectively; ne is electron density and ZV 00
Q is quenching frequency. The ZV 00

Q is equal

to

ZV 00

Q ¼
X
i

Ki
V 00 � Ni

� �
þ AV 0;V 00

where Ki
V 00 is the quenching rate constant of C3Pu(V00) vibrational state by O2, H2O and N2

molecules, Ni 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 C3Pu (V0) excitation

from X1Rg
?(V00) can be written as

rV 0;V 00 ðe=eðV 0;V 00ÞÞ ¼ Mej j2�qðV 0;V 00Þ � Fðe=eðV 0;V 00ÞÞ;

where |Me|
2 = 38 9 10-18 cm2 is the square of matrix element for electronic transition and

q(V0,V00) is the Frank–Condon factor of V0–V00 transition; F(e/e(V0,V00)) is the universal

function of the ratio of electron energy to threshold energy.

The system of equations was solved for TV0 by means of Tikhonov’s regularization

method [40] using the experimental data on TV00.
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Results and Discussion

The pressure increase results in a slight growth of cathode voltage drop, Uc, and in the

increase in a cathode current density (Fig. 2). The data on Uc 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 9 E = W, j—current density) inputted to positive column is

increased with the pressure growth from 51 up to 2.2 9 103 W/cm3. Assuming constant

values of W and heat conductivity coefficient, k, the solution of heat conductivity equation

gives the following expression for the temperature averaged on discharge cross-section, T .

�T ¼ TðRÞ þ 0:125 � ½ðW � dÞ=k� � R2; ð19Þ

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 to 0.072 cm (Fig. 4). The (W 9 R2) value is increased by a factor of *5.1. Therefore,

the d 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 N2 and

H2O 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 N2(X,V) and 0.16 to H2O (X,V). At the pressure of

0.1 bar 0.81 of total energy is inputted to N2(X,V) and 0.11 to H2O (X,V). For the direct

gas heating over elastic electron collisions with molecules the d is *5910-3. 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 N2 in N2 is equal to D = 0.17 9 (T/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 sD = (R/2.405)2/D = 4.4 9 10-5 s. The charac-

teristic time of V–T relaxation, sVT = (K10 9 [N2])-1 is equal to 1.2 9 10-4 s for the

same conditions. Therefore, the part of energy which is transformed to heat in the dis-

charge zone can be estimated as sD/sVT = 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
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[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 = N9kT) and values of reduced electric field strengths, E/N. The appropriate results are

shown in Fig. 4. The data on vibrational temperatures for C3Pu state are represented in

Fig. 3. The gas temperatures, E and E/N values for the atmospheric pressure in air [4] and

in N2 were very close.
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Fig. 3 The effective vibration (2, 3, 4) and rotational (1) temperatures. 3 were obtained from the solution of
Eqs. (1)–(4) for N2 ground state. 2 are vibration temperatures of N2(C3Gu) state. 4 were obtained from the
solution of equations of vibration kinetics for N2 ground state
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The OES measurements showed that molecular nitrogen (N2) was represented by bands

of second and first positive system ðC3Pu ! B3Pg;B
3Pg;! A3Rþ

u Þ: Atomic oxygen was

represented by lines (777, 845 and 926.6 nm). OH radicals exhibited three bands:

A2R ? X2P (1–0, 2–1, 3–2). Bands of NO c-system (A2R ? X2P) were revealed as

well. The irradiation of atomic hydrogen was represented by Ha and Hb lines.

It is difficult to compare correctly the obtained results with data of other studies. An

atmospheric pressure DC discharge in N2 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 N2 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) K is 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 C3Pu state were

(3500 ± 200) K [5] rather than (5000 ± 200) K as in our study (Fig. 3). The bands of N2 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 (*10-13 cm2) with respect to appropriate cross section of

N2 (*10-15 cm2). 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
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Fig. 5 Bands intensities of N2 second positive system (C3Pu ? B3Pg). 1, 2, 3, 4 0 ? 2, 2 ? 4, 1 ? 3,
3 ? 5 transitions, respectively. Lines—calculation, points—experiment
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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, H2O2, NO, and N2 A3Rþ
u

� �
molecules. For the

same discharge current the concentrations of these species in air were essentially more

[13]. Thus, OH, H2O2, NO concentrations for N2 discharge were *191014, 8.9 9 1012,

and 1.8 9 1012 cm-3, respectively, whereas for air discharge -3 9 1014, 2.7 9 1014, and

7 9 1016 cm-3, respectively. This fact is conditioned not only difference in O2 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 N2 one is 0.96 eV.

In fact, at atmospheric pressure the OH density was *191014 cm-3, whereas the value

of 2 9 1015 cm-3 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 9 10-16 V 9 cm2. The calculation gives the

values close to experimental data: OH concentration—1.1 9 1015 cm-3, vibrational

temperature of N2(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 9 10-16 V 9 cm2 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 N2(X,V = 1) was

increased by a factor of 2 only, whereas the rate constant of N2 A3Rþ
u

� �
excitation was

increased by a factor of *102. 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 9 1012 cm-3 (7 9 1012 cm-3 in our study). Estimations made in study [6] give
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the close value of Te & 1 eV, but electron density was essentially more (2–6) 9

1014 cm-3. 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:

H2O þ e ! H 1S
� �

þ OH� þ e rate is 3:2 � 1016 cm�3 s�1at 1 bar
� �

;

N2 Að Þ þ H2O ! N2 Xð Þ þ OH� þ H 1S
� �

2:4 � 1017 cm�3 s�1
� �

;

OH� þ OH� ! H2O þ O 3P
� �

2:3 � 1017 cm�3 s�1
� �

;

OH� þ OH� ! H2O2 3:4 � 1016 cm�3 s�1
� �

;

OH� þ H2O2 ! H2O þ HO�
2 1:1 � 1016 cm�3 s�1
� �

;

OH� þ HO�
2 ! H2O þ O2 Xð Þ 1:1 � 1016 cm�3 s�1

� �
:
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At the conditions of study [5, 6] the dissociation rates by electron impact and via

N2(A) collisions were 8.8 9 1018 and 8.6 9 1019 cm-3 s-1, respectively. In spite of high

value of temperature the rate of thermal dissociation was negligible (6.6 9 1017 cm-3 s-1).

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 K01
10 ¼ 4:54 � 10�10 exp �23:99 � T�0:14ð Þ and

V–T rate constant is K10 = 4.15 9 10-29exp(2.303 9 T0.357). It gives K10 = 1.7 9

10-15 cm-3 s-1 at 1500 K and K10 = 1.1 9 10-11 cm-3 s-1 at 3000 K. For the K01
10

values, we obtain 8.2 9 10-14 and 1.8 9 10-13 cm-3 s-1 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 Eqs. (14)–(18) are valid. The sharp bend at V = 12 reflects the action of

the reaction N2(X,V[ 12) ? O(3P) ? 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 ‘‘|plateau’’. 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 Eqs. (1)–(5)

agree quite well. And the vibrational temperatures of N2 (C3Gu) state can be used for

estimation of vibrational temperatures of N2 ground state. Such simple measurements of

bands intensities will allow taking into account the second kind collisions of electrons with

N2(X) vibrational excited molecules at EEDF calculations. Our data represented in Fig. 10
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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 N2 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 O2 molecules because the rate constants of

V–T exchange for N2–N2 and N2–O2 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 N2 discharge the electron density was 7.6 9 1012 cm-3 whereas for air

discharge—2.5 9 1012 cm-3.

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 N2(X). The momentum transfer cross-section for H2O is higher than for N2

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 N2 plasma. The same situation takes place for oxygen plasma as well [45]. The

vibrational quantum of N2(X), 2359 cm-1, is less than for H2O (010) mode (1595 cm-1).

The rate constant of N2 V–T exchange on H2O is higher than for N2–N2 exchange by a

factor of 34 at 1500 K. The rate constant for V–V process N2(X,V = 1) ? H2

O(000) ? N2(X,V = 0) ? H2O(010) is higher than for N2(X,V = 1) ? N2(X,V = 0) ?
N2(X,V = 0) ? (X,V = 1) by a factor of 25. It gives the decrease in the population of

N2(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 N2 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 N2 bands, and vibrational temperatures
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of N2(C3Pu) 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 N2(X) vibrational molecules were shown to

influence strongly the EEDF over the super elastic collision. The main species of plasma

were H2O, OH, H2O2, O(3P) and HO2.
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