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Abstract This paper reports the results of the experimental study and chemical com-

position modeling for a DC argon discharge burning above water cathode in the pressure

range of 0.1–1 bar and at discharge current of 40 mA. The gas temperature, reduced

electric field strength, and emission intensities of some argon lines were obtained. On the

base of these data, the modeling chemical composition of plasma was carried out. 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 was used. The calculations agree well

with the measured line intensities. It was shown that discharge burns in diffusion mode, at

which the stepwise ionization rate of four lower excited states of argon is equal to the rate

of charges diffusion losses.

Keywords DC argon discharge � Water cathode � Modeling � Plasma composition �
Ionization mechanism

Introduction

The large number of works published in recent years on studies of non-equilibrium plasma

of atmospheric pressure in contact with solutions emphasizes the interest in this field of

plasma physics and plasma chemistry [1]. Plasma is a source of various kinds of active

species. Some of them (e.g. O, �OH, HO2�, �H radicals and H2O2) can be formed in the gas
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phase followed by their penetration into the solution. Other particles react with water

molecules at the gas–liquid interface resulting in non-equilibrium water dissociation under

the action of ion–electron bombardment and VUV radiation. For understanding the

mechanisms of the processes, it is necessary to know the active species concentrations in a

gas phase and their change under variations of discharge parameters. Except for ozone

concentration, such data are rather limited. Independently on a discharge type, the emission

spectra show the radiation bands of excited states of N2, OH and NO and lines of atomic H

and O at discharge in air or oxygen [2]. However, quantitative data are lacking. 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 with aqueous cathode in an ambient

air, He, Ar and N2 by a LIF method [3, 4] and applying the absorption in UV region for Ar/

H2O [5]. For air, it was discovered that OH concentration was about 1015–1016 cm-3 in the

current range of 10–30 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.

As for plasmas which are not in a contact with water solutions there are several studies

devoted to modeling chemical composition of gas phase containing additions of water

vapor.

In study [6], a zero-dimension global model was developed for plasma chemical pro-

cesses in the helium RF atmospheric pressure discharge with admixture of water mole-

cules. Authors did not use any experimental data on plasma parameters. The input data for

the calculation were the electron density and the initial composition of plasma-forming

gas. The discharge power and, therefore, the reduced field strength, E/N, were determined

from the balance equations of charged particles. Gas temperature was assumed to be

300 K. The rate coefficients for processes of electron impact were determined by means of

the Boltzmann equation solution.

The plasma chemistry processes were simulated in study [7] for an atmospheric pressure

RF discharge (13.56 MHz) in helium containing admixtures of O2 and humid air. The O2

content was 0.5 % and humid air one was 0.05 %. The air composition included 10-2 % of

CO2, 10-3 % of N2O, 10-5 % of NO2, and 10-6 % of NO. Water content in air was varied

in the range of 0–2.3 %. For the simulation, authors used 0-D and 1-D Global models. To

calculate the rate constants of electron impact, the Boltzmann equation was used. Both

models showed good agreement.

In study [8], a zero-dimension modeling of the chemical composition was carried out

for an atmospheric pressure argon plasma jet flowing into humid air. The reaction

chemistry set for an argon/humid air mixture was developed, which considers 84 different

species and 1,880 reactions. Modeling results agreed satisfactorily with experimental

values of ozone concentrations, which were measured in study [9] by adsorption method.

Numerical analysis of the NO and O generation mechanism in the RF atmospheric

pressure needle-type plasma jet (Ar ? 2 % of air) was carried out in study [10]. For the

model verification, authors used the concentrations of NO molecules and O atoms, which

were measured experimentally. The calculation results and experimental data agree

between each other. Modeling showed that water molecules additions from 1up to

500 ppm must result in threefold density decrease of O atoms.

In spite of the fact that the models mentioned above are extremely useful for under-

standing the discharge physics and chemistry, their results depend on discharge type since

plasma parameters such as electron densities, electric field strengths, electron energy

function distributions, gas temperatures etc. can differ strongly. Thus, for RF atmospheric

pressure needle-type plasma jet, the typical values of gas temperatures and electron
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densities were *600 K and *1011 cm-3 [9, 10]. As it will be shown below, for a DC

discharge above water surface, the appropriate values are *1,400 K and *1013 cm-3. It

can lead to changes in the processes mechanism. For example, in study [10] the reactions

of NO formation with participation of vibrationally excited nitrogen molecules in ground

electronic state were not taken into account. Though, the result obtained agrees with the

experiment. At the same time, in study [11, 12] it was shown that the reaction

N2 X;V [ 12ð Þ þ O 3P
� �

! NO þ N

is a main way of NO molecules formation for low pressure DC discharge.

As far as we know there is not the detail analysis of processes kinetics proceeding in an

argon DC discharge burning in contact with water cathode. Among different types of

discharges in contact with water, a DC discharge above liquid is the one having advantage

of easy optical access to the plasma. Therefore, the emission intensities can be used for the

model verification.

To create a model which allows calculating the plasma properties on the base of

external parameters (pressure, initial gas composition, and discharge current) only, it is

necessary to know the ionization mechanism that is to reveal the main channels of for-

mation and loss of charges. That balance determines the reduced field strength, which is

necessary for the stationary discharge burning. The main aim of the given work is to study

this problem for the DC discharge in argon burning above water cathode on the base of

some experimental results and modeling of plasma composition.

Experimental

Figure 1 shows a schematic diagram of the experimental set-up. The glass cell with dis-

tilled water was placed into a 5 l glass bell-jar. The water volume was 80 ml. Argon of the

ultra high purity grade was used as a plasma-forming gas. The gas flow rate was 3 cm3 s-1.

The anode was made from mechanically sharpened stainless steel wire (radius of curvature

is *100 lm). A DC power supply with a 30 kX ballast resistor was used to excite the

discharge. 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 4 mm) above the liquid

surface. The distance between the anode and the liquid surface was adjustable. The dis-

charge current was 40 mA. The Ar pressure was varied from 0.1 to 1 (±0.01) bar. The

emission spectra were recorded within the wavelength range of 200–950 nm using the

AvaSpec-2048FT-2 monochromator (grating of 600 line/mm) with spectrum digital reg-

istration. The light entered the monochromator entrance slit through a quartz optical fiber.

The light guide-monochromator system was calibrated by the monochromator manufac-

turer on a radiation power.

The average on the discharge volume the lines 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;/; zÞ

4� p
� X� rdrd/dz;

where I—line intensity (quantum/(s 9 cm3)); r,u and z—cylindrical coordinates of

emitting discharge point. Since the discharge radius (RD & 1.5 mm) and discharge length

(LD = 4 mm) are much less than the distance between the light guide entrance lens and the
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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, A, which is registered by monochromator per

second, can be written as

U ¼ R2
L

4� L2
�
ZRD

0

Z2p

0

ZLD

0

I � rdrd/dz ¼ R2
L

4� L2
� �I�VD;

where �I—average on the discharge volume intensity, VD—discharge volume.

Actually, the emission from cathode and anode discharge parts was cut off by the size of

the quartz window (Fig. 1).

The diagrammatic representation of the discharge is shown in Fig. 2. The typical shape

is a cone with clearly delineated cathode spot. The size of this spot was used as a base one

for the determination of the discharge geometric parameters using a digital camera. Of

course, there is some uncertainty in geometric parameters since the slight diffuse glow is

observed outside the borders of the cone.

For the determination of the electric field strength, E, in a positive column, the dis-

charge 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 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.
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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 guide, 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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To determine the gas temperature, the small addition (1 %) of molecular nitrogen was

introduced into the main gas. The rotational temperature was determined by means of

treatment of non-resolved rotational structure of the band appropriated to transition C3-

Pu ? B3Pg (0–2) as it was described elsewhere [2]. In the present case, the rotational

temperature is equal to the translational one. The possibility of applying this method was

additionally checked. The MDR-23 spectrometer was utilized. Its grating of 1,200 line/mm

allows us to obtain the resolved structure of R1-branch (for J0[ 15) and unresolved one

depending on the split sizes. The temperatures obtained were the same within the range of

±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 on 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). The discharge action was accompanied by the reduction of solution pH from 6.2

(initial value) up to 5.5. The last value was reached after *10 min of the discharge action

and did not change during *20 min. The time of the pH stabilization approximately

coincided with reaching the stable values of the line intensities.

Description of the Model and Calculations

The model included the Boltzmann equation for electrons, equations of vibration kinetics,

chemical kinetics equations, and equation of plasma conductivity. The last one was used

for determination of electron density on the base of the measured current density.

The electron energy distribution function (EEDF) was obtained from the solution of the

homogeneous Boltzmann equation using the two-term expansion in spherical harmonics.

Collision integrals concerning charge particle formation were written as for usual inelastic

processes. This is possible because the electron energy losses in these processes are
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Fig. 2 The diagrammatic
representation of discharge. 1—
anode, 2—positive column, 3—
cathode spot onto the solution
surface, DD = 2R—the effective
discharge diameter (radius),
DC—the diameter of cathode spot
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negligible (\0.01 %) compared to the losses for other inelastic processes. It means that the

Boltzmann equation can be independently solved using charge balance equations. Collision

integrals include the collisions of electrons with Ar, 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 with lower excited states of Ar (1P1,3P0,3P1,3P2),

O2(a1Dg) and of O(3s3S, 3s5S) were taken into consideration as well. The cross-section sets

for Ar, N2, O2, H2O, NO, H2 molecules and O(3P) atoms were taken from studies [13–19],

respectively. It is necessary to point out that NO, H2,O2 molecules and O(3P) did not

practically influence on the EEDF calculation due to low mole fraction (much \1 %).

Since the excitation energy of argon states starts from 11.55 eV and argon shows the

Ramsauer effect for the momentum transfer cross-section, it was necessary to take into

account the N2 present in gas mixture in spite of its low concentration (1 %). Unlike argon

N2 molecules have the large cross-sections for electron impact with excitation of vibration

and electronic states in this region. The e–e collisions were taken into consideration as

well. Mathematical details of the solution were described by us elsewhere [20, 21].

The cross-sections, rik, for the stepwise processes of 4p(3S1, 3D3, 3D2, 3D1, 1D2, 3P0,
1P1, 3P2, 3P1

1S0) states excitation from 4 s(1P1,3P0,3P1,3P2) states by electron impact were

calculated by Drawin’s semi-empirical expression [22]:

rik ¼ 4pa2
0

Ry

ei

� �2

fik

u

ðuþ 1Þ2
ln 1:25ðuþ 1Þ þ 0:1

uþ 1

� �( )

;

where a0 = 0.5292 9 10-8 cm, Ry = 13.606 eV, ei = Ei–Ek—threshold energy, fik—

oscillator strength for i ? k transition, u = (e – ei)/ei—dimensionless electron energy, e—
electron energy.

The oscillator strengths were calculated from radiation transition probabilities taken

from [23].

The cross sections of stepwise ionization by electron impact from 1P1,3P0,3P1,3P2 states

were calculated by Gryzincky’s formula [22]

rn ¼ 4pa2
0nn

Ry

In

� �2
1

x

x� 1

xþ 1

� �3=2

1þ 2

3
1� 1

2x

� �
ln 2:7þ ðx� 1Þ1=2
h i� 	

where In = IAr-En, IAr = 15.755 eV—Ar ground state ionization energy, En—energy of

n-level, x = e/In, E—electron energy, nn—number of equivalent electrons on external shell

of n-state.

The reabsorption of radiation was taken into consideration as well as follows. The

effective probability for transition between k and i energy levels, Aki
eff, can be written as

Aki
eff = Aki � g, where Aki is the radiative transition probability, g is escaping factor of

radiation. This factor is equal to

g ¼ gD exp � g2
LD

g2
L

� �
þ gL �

2
ffiffiffi
p
p

ZgLD=gL

0

expð�X2ÞdX;

where gD is escaping factor for Doppler profile of radiation line and absorption line, gD is

escaping factor for Lorentz profile of radiation line and absorption line, gLD is escaping

factor for Lorentz profile of radiation line and the Doppler profile of absorption line. The

escaping factors are determined as
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ðg
D
Þ ¼ 2

ffiffiffi
p
p
Z1

0

e�X2 � exp �ðKD
0 � RÞ � e�X2

h i
dX

ðg
L
Þ ¼ 2

p

Z1

0

exp �ðK
L
0 � RÞ

1þ X2

� �
dX

ð1þ X2Þ

ðg
LD
Þ ¼ 2

p

Z1

0

dX

X2 þ 1
� exp �ðKD

0 � RÞ � exp½�ð c=2

DxD

Þ2 � X2�
� �

In these expressions the K0
D and K0

L are absorption coefficients in a line centre for

appropriate profile, R is length of absorption zone (radius of positive column).

The absorption coefficients are determined as follows:

KD
0 ¼

gk

gi

k2
ki

4
ffiffiffi
p
p Aki

DxD

� Ni; KL
0 ¼

gk

gi

k2
ki

2p
AkiNi � ðcÞ�1;

where gk and gi are statistical weights of upper and lower levels, kki is wave length, DxD is

Doppler half-width of line, Ni is particle concentration on lower level, c is doubled total

frequency of upper level quenching for all collision processes.

The population of vibrational levels of N2, O2, H2O, NO molecules in ground state was

determined by means of solving the equations system of quasi- stationary kinetics. This

system takes into consideration the single-quantum V–V, and V–T exchange including the

collisions with Ar atoms, e–V pumping and some other ones. The detailed processes list

and data on the rate constants determination is given in study [24].

The equations of chemical kinetics included the set of reactions which are listed in

Table 1.

The two-body reactions were taken from the reaction sets proposed in studies [11, 12,

20, 25] for modeling reaction mechanisms in a plasma of oxygen, air and mixtures of

argon-oxygen. These sets describe the experimental data quite well for DC discharges.

Three-body reactions were chosen according to studies [24, 26, 27]. Of course, there are

the studies containing much more reactions. Specifically, study [10] devoted to kinetic

modeling for an atmospheric pressure argon plasma jet in a humid air considers about

1,500 processes. But about two thirds of them are the ion–molecule reactions and reactions

of charge recombination. The rates of these reactions are limited by the rates of primary

processes of ionization. Under our experimental conditions (E/N * 20 Td), the ionization

rates are less than the rates of excitation and dissociation by more than one order of

magnitude. Thus, at E/N = 20 Td the total ionization rate of Ar atoms (including stepwise

ionization) is 6 9 1016 cm-3 s-1 (see Fig. 12), whereas the total formation rate of Ar

(1P1,3P0,3P1,3P2) states is 1.4 9 1018 cm-3 s-1 . That is why the ion-molecular reactions

did not practically act on the kinetics of neutral species. Of course, if the task is to estimate

the plasma ions composition, the appropriate reactions have to be added. But it was not the

aim of the given study.

The modeling was carried out as follows:

1. The Boltzmann equation was solved for a given E/N, gas temperature, discharge

current density, initial composition of mixture (ground state of Ar and 1 % of N2).

Rate coefficients for electron impact as well as electron density were determined.
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Table 1 Processes and corresponding rate constants

No Process Rate constants (s-1) (cm3 s-1)
(cm6 s-1)

Ref

1 O2(X) ? e ? O2(a1D) ? e f(E/N)

2 O2(a1D) ? e ? O2(X) ? e f(E/N)

3 O2(X) ? e ? O2(b1R) ? e f(E/N)

4 O2(X) ? e ? O2(A3R) ? e f(E/N)

5 O2(b1R) ? e ? O2(a1D) ? e f(E/N)

6 O2(b1R) ? e ? O2(X) ? e f(E/N)

7 O2(X) ? O2(X) ? e ? O2
- ? O2(X) 2 9 10-30 [35]

8 O2(a1D) ? e ? O- ? O(3P) f(E/N)

9 O2(a1D) ? e ? O2(b1R) ? e f(E/N)

10 O(1D) ? e ? O(3P) ? e f(E/N)

11 O(1S) ? e ? O(3P) ? e f(E/N)

12 O2(X) ? e ? O(3P) ? O(3P) ? e f(E/N)

13 O2(X) ? e ? O(3P) ? O(1D) ? e f(E/N)

14 O(3P) ? e ? O(1D) ? e f(E/N)

15 O(3P) ? e ? O(1S) ? e f(E/N)

16 O3 ? e ? O(3P) ? O2(X) ? e 10(K12 ? K13) [36]

17 O2(X) ? e ? O- ? O(3P) f(E/N)

18 O(1D) ? O(3P) ? O(3P) ? O(3P) 1.5 9 10-11 [36]

19 O3 ? e ? O(3P) ? O2
- 1 9 10-9 [36]

20 O2
- ? O2(a1D) ? 2O2(X) ? e 2 9 10-10 [37]

21 O2
- ? O2(b1R) ? 2O2(X) ? e 3.6 9 10-10 [38]

22 O2(A3R) ? O(3P) ? O2(X) ? O(1S) 1.4 9 10-11 [39]

23 O- ? O2(a1D) ? O3 ? e 3 9 10-10 [37]

24 O- ? O2(b1R) ? O(3P) ? O2(X) ? e 6.9 9 10-10 [36]

25 O(3P) ? O3 ? O2(a1D) ? O2(X) 2 9 10-11 exp(-2280/T) [36]

26 O2
- ? O(3P) ? O3 ? e 1.5 9 10-10 [37]

27 O- ? O(3P) ? O2(X) ? e 5 9 10-10 [40]

28 O2(b1R) ? O3 ? O(3P) ? 2O2(X) 1.8 9 10-11 [41]

29 O2(b1R) ? O2(X) ? O2(a1D) ? O2(X) 4.3 9 10-22T2.4 exp(-241/T) [42]

30 O2(b1R) ? O(3P) ? O2(a1D) ? O(3P) 8 9 10-14 [41]

31 O2(b1R) ? O(3P) ? O2(X) ? O(1D) 3.39 9 10-11(300/T)0.1 exp(-4201/T) [43]

32 O2(A3R) ? O2(X) ? 2O2(b1R) 2.93 9 10-13 [39]

33 O2(A3R) ? O(3P) ? O2(b1R) ? O(1D) 9 9 10-12 [39]

34 O(1D) ? O2(X) ? O(3P) ? O2(b1R) 2.56 9 10-11 exp(67/T) [44]

35 O(1D) ? O2(X) ? O(3P) ? O2(X) 6.4 9 10-12 exp(67/T) [45]

36 O(1S) ? O3 ? O(1D) ? O(3P) ? O2(X) 2.9 9 10-10 [45]

37 O(1S) ? O3 ? O2(X) ? O2(X) 2.9 9 10-10 [45]

38 O(1S) ? O2(a1D) ? O(3P) ? O2(A3R) 1.3 9 10-10 [46]

39 O(1S) ? O(3P) ? O(1D) ? O(3P) 5 9 10-11 exp(-301/T) [47]

40 O2(a1D) ? O2(X) ? 2O2(X) 2.2 9 10-18(T/300)0.8 [42]

41 O(1S) ? O2(X) ? O(3P) ? O2(A3R) 3.17 9 10-12 exp(-850/T) [48]

42 O(1S) ? O2(X) ? O(1D) ? O2(X) 1.43 9 10-12 exp(-850/T) [48]

43 N2(X) ? e ? N2(A) ? e f(E/N)
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Table 1 continued

No Process Rate constants (s-1) (cm3 s-1)
(cm6 s-1)

Ref

44 N2(X) ? e ? N2(B) ? e f(E/N)

45 N2(X) ? e ? N2(a) ? e f(E/N)

46 N2(X) ? e ? N2(C) ? e f(E/N)

47 N2(X) ? e ? 2 N(4S) ? e f(E/N)

48 N(4S) ? e ? N(2D) ? e f(E/N)

49 N(4S) ? e ? N(2P) ? e f(E/N)

50 O(3P) ? N(2P) ? NO? ? e 1 9 10-12 [26]

51 O2
- ? N2(A) ? O2(X) ? N2(X) ? e 2.1 9 10-9 [49]

52 O- ? N2(A) ? O(3P) ? N2(X) ? e 2.2 9 10-9 [49]

53 O2
- ? N(4S) ? NO2 ? e 5 9 10-10 [50]

54 O- ? N(4S) ? NO ? e 2.6 9 10-10 [51]

55 O- ? NO ? NO2 ? e 2.6 9 10-10 [51]

56 N(4S) ? NO ? N2(X,V = 11) ? O(3P) 1.05 9 10-12 9 (T)1/2 [52]

57 NO ? O3 ? O2(X) ? NO2 4.3 9 10-12 9 exp(-1560/T) [52]

58 N2(A) ? O2(X) ? N2(X) ? 2O(3P) 2.54 9 10-12 [53]

59 N2(A) ? O(3P) ? NO ? N(2D) 2 9 10-11 [54]

60 N2(A) ? N2(A) ? N2(C) ? N2(X) 2 9 10-12 [55]

61 N2(A) ? O2(X) ? N2(X) ? O2(a) 6 9 10-12 [53]

62 N2(A) ? N(4S) ? N2(X) ? N(2P) 5 9 10-11 [56]

63 N2(A) ? O(3P) ? N2(X) ? O(1S) 2.1 9 10-11 [57]

64 N2(A) ? NO ? N2(X) ? NO 1.1 9 10-10 [58]

65 N2(B) ? N2(X) ? N2(A) ? N2 5 9 10-11 [56]

66 N2(B) ? N2(A) ? hm 1.5 9 105 [59]

67 N2(B) ? NO ? N2(A) ? NO 2.4 9 10-10 [58]

68 N2(B) ? O2(X) ? N2 ? 2O(3P) 3 9 10-10 [56]

69 N2(a) ? N2(X) ? N2(B) ? N2(X) 2 9 10-13 [60]

70 N2(a) ? O2(X) ? N2(X) ? O(3P) ? O(3P) 2.8 9 10-11 [60]

71 N2(a) ? NO ? N2(X) ? N(4S) ? O(3P) 3.6 9 10-10 [60]

72 N2(C) ? N2(B) ? hm 3 9 107 [59]

73 N2(C) ? O2(X) ? N2(X) ? O(3P) ? O(1S) 3 9 10-10 [56]

74 O2(a) ? NO ? O2(X) ? NO 2.5 9 10-11 [61]

75 O2(b) ? N2(X) ? O2(a) ? N2(X) 4.9 9 10-15 9 exp(-253/T) [62]

76 O2(b) ? NO ? O2(a) ? NO 4 9 10-14 [63]

77 O2(A) ? N2(X) ? O2(b) ? N2(X) 3 9 10-13 [64]

78 N(2D) ? O2(X) ? NO ? O(3P) 1.5 9 10-12 9 (T/300)1/2 [26]

79 N(2D) ? O2(X) ? NO ? O(1D) 6 9 10-12 9 (T/300)1/2 [26]

80 N(2D) ? NO ? N2(X) ? O(3P) 6 9 10-11 [45]

81 N(2P) ? O2(X) ? NO ? O(3P) 2.6 9 10-12 [65]

82 N(2P) ? NO ? N2(A) ? O(3P) 3.4 9 10-11 [66]

83 O(1D) ? N2(X) ? O(3P) ? N2(X) 1.8 9 10-11 9 exp(107/T) [67]

84 O(1D) ? NO ? N(4S) ? O2(X) 1.7 9 10-10 [45]

85 O(1S) ? NO ? O(3P) ? NO 1.8 9 10-10 [45]

86 O(1S) ? NO ? O(1D) ? NO 3.2 9 10-10 [45]
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87 NO ? e ? N(4S) ? O(3P) ? e f(E/N)

88 O(3P) ? NO ? M ? NO2 ? M f(T, M) [26]

89 O(3P) ? N(4S) ? M ? NO ? M 1.36 9 10-31T-0.5 [26]

90 O(3P) ? NO2 ? M ? NO3 ? M f(T, M) [26]

91 O(3P) ? N2(X,V) ? NO ? N(4S) * [32, 68]

92 O2(b1R) ? O2(X) ? hm 0.085 [59]

93 N2(C) ? N2(X) ? N2(X) ? N2(X) 5 9 10-11 [56]

94 Ar(4p 3D3) ? Ar ? Ar ? Ar 2.2 9 10-10 9 (T/300)0.5 [55]1

95 Ar(4p 3D3) ? O2(X) ? Ar ? O2(X) 2.2 9 10-10 9 (T/300)0.5 [69]

96 Ar ? e ? Ar(4 s3P2) ? e f(E/N)

97 Ar(4p 3P1) ? hm ? Ar(4s 3P2) 7.2 9 106 [59]

98 Ar(4p 3P2) ? hm ? Ar(4s 3P2) 4.4 9 106 [59]

99 Ar(4p 1P1) ? hm ? Ar4s (3P2) 0.7 9 106 [59]

100 Ar(4p 1D2) ? hm ? Ar(4s 3P2) 27.4 9 106 [59]

101 Ar(4p 3D1) ? hm ? Ar(4s 3P2) 5.4 9 106 [59]

102 Ar(4p 3D2) ? hm ? Ar4s (4s 3P2) 9.5 9 106 [59]

103 Ar(4p 3D3) ? hm ? Ar(4s 3P2) 35 9 106 [59]

104 Ar(4p 3S1) ? hm ? Ar(4s 3P2) 18 9 106 [59]

105 Ar(4s 1P1) ? e ? Ar(34s P2) ? e 3.1 9 10-7 [70]

106 Ar(4s 3P0
) ? e ? Ar(4s 3P2) ? e 3.1 9 10-7 [70]

107 Ar(4s 3P1) ? e ? Ar(4s 3P2) ? e 3.1 9 10-7 [70]

108 Ar(4s 3P2) ? e ? Ar(4p 3P1) ? e f(E/N)

109 Ar(4s 3P2) ? e?Ar(4p 3P2) ? e f(E/N)

110 Ar(4s 3P2) ? e ? Ar(4p 1P1) ? e f(E/N)

111 Ar(4s 3P2) ? e ? Ar(4p 1D2) ? e f(E/N)

112 Ar(4s 3P2
M) ? e ? Ar(4p 3D1) ? e f(E/N)

113 Ar(4s 3P2) ? e ? Ar(4p 3D2) ? e f(E/N)

114 Ar(4s 3P2) ? e ? Ar(4p 3D3) ? e f(E/N)

115 Ar(4s 3P2) ? e ? Ar(4p 3S1) ? e f(E/N)

116 Ar(4s 3P2
) ? e ? Ar(4s 1P1) ? e 2.35 9 10-7 [70]

117 Ar(4s 3P2) ? e ? Ar(4s 3P0) ? e 2.35 9 10-7 [70]

118 Ar(4s 3P2) ? e ? Ar(4s 3P1) ? e 2.35 9 10-7 [70]

119 Ar(4s 3P2) ? e ? Ar ? ? e f(E/N)

120 Ar(4s 3P2) ? Ar(4s 3P2) ? Ar ?
2 ? e 1.2 9 10-9 [70]

121 Ar(4s 3P2) ? Ar(4s 3P0) ? Ar ?
2 ? e 1.2 9 10-9 [70]

122 Ar(4s 3P2) ? Ar(4s 3P1) ? Ar ?
2 ? e 2.1 9 10-9 [70]

123 Ar(4s 3P2) ? Ar(4s 1P1) ? Ar ?
2 ? e 2.1 9 10-9 [70]

124 Ar(4s 3P2) ? 2Ar ? Ar2
? ? Ar 11 9 10-32 [70]

125 Ar(4s 3P2) ? Ar ? Ar ?Ar 1.1 9 10-15 [71]

126 Ar(4s 3P2) ? O(3P) ? O(3p3P) ? Ar 1.38 9 10-11 9 (T)1/2 [72]

127 Ar(4s 3P2) ? O2 ? Ar(1S) ? O(1D) ? O(1S) 1.7 9 10-10 [71]

128 Ar ? e ? Ar(4s 3P1) ? e f(E/N)

129 Ar(4p 1S0) ? hm ? Ar(4s 3P1) 0.24 9 106 [59]
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130 Ar(4p 3P1) ? hm ? Ar(4s 3P1) 1.9 9 106 [59]

131 Ar(4p 3P2) ? hm ? Ar(4s 3P1) 8.9 9 106 [59]

132 Ar(4p 1P1) ? hm ? Ar(3P1) 0.02 9 106 [59]

133 Ar(4p 3P0) ? hm ? Ar(4s 3P1) 44 9 106 [59]

134 Ar(4p 1D2) ? hm ? Ar(4s 3P1) 4.6 9 106 [59]

135 Ar(3D1) ? hm ? Ar(4s 3P1) 26 9 106 [59]

136 Ar(4p 3D2) ? hm ? Ar(4s 3P1) 21 9 106 [59]

137 Ar(4p 3S1) ? hm ? Ar(4s 3P1) 5.3 9 106 [59]

138 Ar(4s 1P1) ? e ? Ar(4s 3P1) ? e 3.1 9 10-7 [70]

139 Ar(4s 3P0) ? e ? Ar(4s 3P1) ? e 3.1 9 10-7 [70]

140 Ar(4s 3P1) ? e ? Ar(1S0) ? e f(E/N)

141 Ar(4s 3P1) ? e?Ar(4p 3P1) ? e f(E/N)

142 Ar(4s 3P1) ? e ? Ar(4p 3P2) ? e f(E/N)

143 Ar(4s 3P1) ? e ? Ar(4p 1P1) ? e f(E/N)

144 Ar(4s 3P1) ? e ? Ar(4p 3P0) ? e f(E/N)

145 Ar(4s 3P1) ? e ? Ar(4p 1D2) ? e f(E/N)

146 Ar(4s 3P1) ? e ? Ar(4p 3D1) ? e f(E/N)

147 Ar(4s 3P1) ? e ? Ar(4p 3D2) ? e f(E/N)

148 Ar(4s 3P1) ? e ? Ar(4p3S1) ? e f(E/N)

149 Ar(4s3P1) ? e ? Ar(1P1) ? e 2.35 9 10-7 [70]

150 Ar(4s3P1) ? e ? Ar(4s3P0) ? e 2.35 9 10-7 [70]

151 Ar(4s3P1) ? e ? Ar ? ? e f(E/N)

152 Ar(4s3P1) ? Ar(3P0
) ? Ar ?

2 ? e 2.1 9 10-9 [70]

153 Ar(4s3P1) ? 2Ar ? Ar2
? ? Ar 1.2 9 10-32 [70]

154 Ar(4s3P1
) ? hm ? Ar 1 9 108 [59]

155 Ar(4s3P1) ? O(3P) ? O(3p3P) ? Ar 1.38 9 10-11 9 (T)1/2 [72]

156 Ar(4s3P1) ? O2 ? Ar(1S) ? O(1D) ? O(1S) 2.5 9 10- 10 [71]

157 Ar(4s3P1) ? O2(a1D) ? Ar(1S) ? O2
? 2.9 9 10-14 [73]

158 Ar ? e ? Ar(4s3P0) ? e f(E/N)

159 Ar(4p 3P1) ? hm ? Ar(4s 3P0) 12.5 9 106 [59]

160 Ar(4p 1P1) ? hm ? Ar(4s 3P0) 19 9 106 [59]

161 Ar(4p 3D1) ? hm ? Ar(4s 3P0) 2.6 9 106 [59]

162 Ar(4p 3S1) ? hm ? Ar(4s 3P0) 0.9 9 106 [59]

163 Ar(4s 1P1) ? e ? Ar(4s 3P0) ? e 3.1 9 10-7 [70]

164 Ar(4s 3P0) ? e ? Ar(4p 3P1) ? e f(E/N)

165 Ar(4s 3P0) ? e?Ar(4p 1P1) ? e f(E/N)

166 Ar(4s 3P0) ? e ? Ar(4p 3D1) ? e f(E/N)

167 Ar(4s 3P0) ? e ? Ar(4p 3S1) ? e f(E/N)

168 Ar(4s 3P0) ? e ? Ar(4p 4s 1P1) ? e 2.35 9 10-7 [70]

169 Ar(4s 3P0) ? e ? Ar? ? e f(E/N)

170 Ar(4s 3P0) ? Ar(4s 3P0) ? Ar ?
2 ? e 1.2 9 10-9 [70]

171 Ar(4s 3P0) ? Ar(4s 1P1) ? Ar ?
2 ? e 2.1 9 10-9 [70]

172 Ar(4s 3P0) ? 2Ar ? Ar2
? ?Ar 11 9 10-32 [70]
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173 Ar(4s 3P0) ? O(3P) ? O(3p3P) ? Ar 1.38 9 10-11 9 (T)1/2 [72]

174 Ar(4s 3P0) ? O2 ? Ar(1S) ? O(1D) ? O(1S) 2.4 9 10-10 [71]

175 Ar(4s 3P0) ? Ar ? Ar ? Ar 5.7 9 10-15 [71]

176 Ar ? e ? Ar(4s 1P1) ? e f(E/N)

177 Ar(4p 1S0) ? hm ? Ar(4s 1P1) 45 9 106 [59]

178 Ar(4p 3P1) ? hm ? Ar(4s 1P1) 17 9 106 [59]

179 Ar(4p 3P2) ? hm ? Ar(4s 1P1) 23 9 106 [59]

180 Ar(4p 1P1) ? hm ? Ar(4s 1P1) 13 9 106 [59]

181 Ar(4p 1D2) ? hm ? Ar(4s 1P1) 5.3 9 106 [59]

182 Ar(4p 3D1) ? hm ? Ar(4s 1P1) 1 9 106 [59]

183 Ar(4p 3D2) ? hm ? Ar(4s 1P1) 1.4 9 106 [59]

184 Ar(4p 3S1) ? hm ? Ar(4s 1P1) 0.19 9 106 [59]

185 Ar(4s 1P1) ? e ? Ar(4p 1S0) ? e f(E/N)

186 Ar(4 s 1P1) ? e ? Ar(4p 3P1) ? e f(E/N)

187 Ar(4s 1P1) ? e ? Ar(4p 3P2) ? e f(E/N)

188 Ar(4s 1P1) ? e ? Ar(4p 1P1) ? e f(E/N)

189 Ar(4s 1P1) ? e ? Ar(4p 1D2) ? e f(E/N)

190 Ar(4s 1P1) ? e ? Ar(4p 3D1) ? e f(E/N)

191 Ar(4s 1P1) ? e ? Ar(4p 3D2) ? e f(E/N)

192 Ar(4s 1P1) ? e ? Ar(4p 3S1) ? e f(E/N)

193 Ar(4s 1P1) ? e ? Ar ? ? e f(E/N)

194 Ar(4s 1P1) ? 2Ar ? Ar2
? ? Ar 1.2 9 10-32 [70]

195 Ar(4s 1P1) ? hm ? Ar 5 9 108 [59]

196 Ar(4s 1P1) ? O(3P) ? O(3p3P) ? Ar 1.38 9 10-11 9 (T)1/2 [72]

197 Ar(4s 1P1) ? O2 ? Ar(1S) ? O(1D) ? O(1S) 3.1 9 10-10 [71]

198 Ar(4s 1P1) ? O2(a1D) ? Ar(1S) ?O2
? 2.9 9 10-14 [74]

199 Ar ? e ? Ar(4p 3S1) ? e f(E/N)

200 Ar ? e ? Ar(4p 3D3) ? e f(E/N)

201 Ar ? e ? Ar(4p 3D2) ? e f(E/N)

202 Ar ? e ? Ar(4p 3D1) ? e f(E/N)

203 Ar ? e ? Ar(4p 1D2) ? e f(E/N)

204 Ar ? e ? Ar(4p 3S1) ? e f(E/N)

205 Ar ? e ? Ar(4p 1P1) ? e f(E/N)

206 Ar ? e ? Ar(4p 3P2) ? e f(E/N)

207 Ar ? e ? Ar(4p 3P1) ? e f(E/N)

208 Ar ? e ? Ar(4p 1S0) ? e f(E/N)

209 O(3P) ? e ? O(3s3S) ? e f(E/N)

210 O(3p3P) ? O2(X) ? O(1S) ? 2O(3P) 4.62 9 10-11 9 (T)1/2 [69]

211 O(3s3S) ? O2(X) ? O(1S) ? 2O(3P) 9.81 9 10-12 9 (T)1/2 [69]

212 O(3s3S) ? e ? O(3p3P) ? e f(E/N)

213 O(3p3P) ? O(3s3S) ? hm 2.8 9 107 [75]

214 O(3s3S) ? O(3P) ? hm 6.0 9 108 [75]

215 O(3P) ? e ? O(3p3P) ? e f(E/N)
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216 O2(X) ? e ? O(3p3P) ? O(3P) ? e f(E/N)

217 O2(b) ? Ar ? O2(X) ? Ar 2.5 9 10-15 [52]

218 O2(X) ? e ? O(3s3S) ? O(3P) ? e f(E/N)

219 N2O ? e ? N2(X) ? O- f(E/N)

220 O2
- ? N2(X) ? O2(X) ? N2(X) ? e 1.9 9 10-12 9 (T/300)0.5 9

exp(-4990/T)
[19, 26]

221 NO2 ? e ? NO ? O- f(E/N)

222 O(3P) ? O2(X) ? e ? O- ? O2(X) 1 9 10-31 [76, 77]

223 O(3P) ? O2(X) ? e ? O(3P) ? O2
- 1 9 10-31 [26]

224 N(4S) ? NO2 ? N2(X) ? O2(X) 7 9 10-13 [52]

225 N(4S) ? NO2 ? N2(X) ? O(3P) ? O(3P) 9.1 9 10-13 [52]

226 N(4S) ? NO2 ? N2O ? O(3P) 3 9 10-12 [52]

227 N(4S) ? NO2 ? NO ? NO 2.3 9 10-12 [52]

228 O(3P) ? NO2 ? NO ? O2(X) 1.13 9 10-11 9 (T/1,000)0.18 [52]

229 O(3P) ? NO3 ? O2(X) ? NO2 1 9 10-11 [52]

230 O2(X) ? N2(X) ? e?O2
- ? N2(X) 1.07 9 10-31 9 (300/Te) 9

exp(-70/T)
[35]

231 NO ? NO3 ? NO2 ? NO2 1.79 9 10-11 9 exp(110/T) [52]

232 NO2 ? O3 ? O2(X) ? NO3 1.2 9 10-13 9 exp(-2,450/T) [52]

233 NO3 ? NO3 ? O2 ? NO2 ? NO2 5 9 10-12 9 exp(-3,000/T) [52]

234 NO2 ? NO3 ? NO ? NO2 ? O2(X) 2.3 9 10-13 9 exp(-1,600/T) [52]

235 O2
- ? O2(X) ? O2(X) ? O2(X) ? e 2.7 9 10-10 9 (T/300)0.5 9

exp(-5,590/T)
[26]

236 N(2P) ? N(2D) ? N2
? ? e 1 9 10-11 [52]

237 N2(A) ? O2(X) ? N2O ? O(3P) 7.8 9 10-14 [53]

238 O(1D) ? N2O ? NO ? NO 7.2 9 10-11 [67]

239 O(1D) ? N2O ? N2(X) ? O2(X) 4.4 9 10-11 [67]

240 O3 ? e ? O- ? O2 1 9 10-11 [78]

241 O- ? O2(X) ? O3 ? e 5 9 10-15 [76, 77]

242 N(4S) ? O2(X) ? NO(X) ? O(3P) 1.1 9 10-14 9 exp(-3,150/T) [52]

243 H2O ? e ? H(1S) ? OḢ ? e f(E/N)

244 OḢ ? OḢ ? H2O2 1.5 9 10-11 9 T-0.4 [79]

245 OḢ ? OḢ ? O2(X) ? H2O2 ? O2(X) 6.5 9 10-31 9 (300/T)-0.7 [80]

246 OḢ ? OḢ ? H2O ? H2O2 ? H2O 1.5 9 10-31 9 (1/T)2 9 exp(22/T) [27]

247 OḢ ? OḢ ? H2O ? O(3P) 2.9 9 10-20 9 T2.6 9 exp(945/T) [81]

248 OḢ ? O3 ? HO2̇ ? O2(X) 1.9 9 10-12 9 exp(-1,000/T) [80]

249 OḢ ? H(1S) ? O2(X) ? H2O ? O2(X) 6.9 9 10-31 9 T-2 [27]

250 OḢ ? H(1S) ? H2O ? H2O ? H2O 4.4 9 10-31 9 T-2 [27]

251 OḢ ? H(1S) ? H2O 2.7 9 10-14 [82]

252 OḢ ? H(1S) ? H2(X) ? O(3P) 1.38 9 10-14 9 T9 exp(-3,500/T) [81]

253 OḢ ? O(3P) ? O2(X) ? H(1S) 2.01 9 10-11 exp(112/T) [81]

254 OḢ ? H2 ? H2O ? H(1S) 7.69 9 10-12 9 exp(-2,000/T) [81]

255 OḢ ? HO2̇ ? H2O ? O2(X) 4.8 9 10-11 9 exp(250/T) [81]
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256 OḢ ? H2O2 ? H2O ? HO2̇ 2.91 9 10-12 9 exp(-160/T) [81]

257 H(1S) ? H ? M ? H2(X) ? M 2.7 9 10-31 9 T-0.6 [81]

258 H(1S) ? H2O ? OḢ ? H2(X) 7.6 9 10-16 9 T1.6 9 exp(-9,281/T) [81]

259 H(1S) ? HO2̇ ? H2(X) ? O2(X) 7.11 9 10-11 9 exp(-710/T) [81]

260 H(1S) ? HO2̇ ? OḢ ? OḢ 2.81 9 10-10 9 exp(-440.2/T) [81]

261 H(1S) ? HO2̇ ? H2O ? O(3P) 5 9 10-11 9 exp(-866/T) [81]

262 H(1S) ? H2O2 ? H2O ? OḢ 1.69 9 10-11 9 exp(-1,780/T) [81]

263 H(1S) ? H2O2 ? HO2̇ ? H2(X) 2.81 9 10-12 9 exp(-1,890/T) [81]

264 H(1S) ? O3 ? OḢ ? O2(X) 1.1 9 10-10 9 exp(-480/T) [80]

265 H(1S) ? O3 ? HO2̇ ? O(3P) 1 9 10-10 9 exp(-480/T) [80]

266 H(1S) ? O2(X) ? O ? OḢ 3.7 9 10-11 9 exp(-8,450/T) [80]

267 H(1S) ?O2(X) ? O2(X) ? HO2̇ ? O2(X) 5.9 9 10-32 9 (300/T) [80]

268 O(3P) ? O(3P) ? O2(X) ? O2(X) ? O2(X) 1.3 9 10-32 9 (300/T) 9 exp(-170/
T)

[83]

269 O(3P) ? O2(X) ? H2O ? O3 ? H2O 9.9 9 10-34 9 exp(510/T) [80]

270 O(3P) ? O2(X) ? Ar ? O3 ? Ar 8.99 9 10-33 9 (T/298)-0.88 9
exp(-442/T)

[84]

271 O(3P) ? O2(X) ? O2(X) ? O3 ? O2(X) 6.4 9 10-35 9 exp(663/T) [83]

272 O(3P) ? O3 ? O2(X) ? O2(X) 1.8 9 10-11 9 exp(-2,300/T) [83]

273 O(3P) ? H2(X) ? OḢ ? H(1S) 3.44 9 10-31 9 (T/298)2.67 9
exp(-3,162/T)

[81]

274 O(3P) ? H2O ? OḢ ? OḢ 1 9 10-11 9 exp(-550/T) [80]

275 O(3P) ? HO2̇ ? OḢ ? O2(X) 2.91 9 10-11 9 exp(200/T) [81]

276 O(3P) ? H2O2 ? OḢ ? HO2̇ 1.4 9 10-12 9 exp(-2,000/T) [81]

277 O3 ? O2(X) ? O(3P) ? O2(X) ? O2(X) 7.26 9 10-10 9 exp(-11,400/T) [83]

278 HO2̇ ? O3 ? OḢ ? O2(X) ? O2(X) 1.4 9 10-14 9 exp(-600/T) [80]

279 HO2̇ ? H2O ? H2O2 ? OḢ 4.7 9 10-11 9 exp(-16,500/T) 9 [80]

280 HO2̇ ? HO2̇ ? H2O2 ? O2(X) 2.2 9 10-13 9 exp(600/T) [81]

281 HO2̇ ? HO2̇ ? O2(X) ? H2O2 ? 2O2(X) 1.9 9 10-33 9 exp(-118/T) [27]

282 O2(a) ? H2O ? O2(X) ? H2O 3 9 10-18 [42]

283 O2(b) ? H2O ? O2(X) ? H2O 6.7 9 10-12 [42]

284 O(1D) ? H2O ? OH ? OH 2.8 9 10-10 [67]

285 O(1D) ? H2O ? H2O ? O(3P) 2.8 9 10-10 [67]

286 O(1D) ? H2O ? H2(X) ? O2(X) 2.3 9 10-12 [67]

287 NO ? OḢ ? O2(X) ? HNO2 ? O2(X) 7 9 10-31 9 (T/298)-2.6 [85]

288 NO ? OḢ ?N2(X) ? HNO2 ? O2(X) 7 9 10-31 9 (T/298)-2.6 [85]

289 HNO2 ? OḢ ? NO2 ? H2O 6.24 9 10-12 9 (T/298) 9
exp(-68.5/T)

[86]

290 NO ? HO2̇ ? NO2 ? OḢ 3.4 9 10-12 9 exp(270/T) [64]

291 NO2 ? OḢ ? N2(X) ? HNO3 ? N2(x) 1.6 9 10-30 9 (T/298)-2.9 [87]

292 NO2 ? HO2̇ ? N2(X) ? HNO3 ? N2 ? O(3P) 1.8 9 10-31 9 (T/298)-3.2 [64]

293 NO2 ? OḢ ? NO ? HO2̇ 3.01 9 10-11 9 exp(-3,362/T) [86]

294 O(1D) ? NO2 ? O2(X) ? NO 3 9 10-10 [88]

295 NO2 ? H(1S) ? NO ? OḢ 4 9 10-10 9 exp(-341/T) [89]
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296 NO ? H(1S) ? HNO 2.44 9 10-10 9 (T/298)-0.41 [86]

297 NO ? H(1S) ? N2(X) ? HNO ? N2(X) 1.34 9 10-31 9 (T/298)-1.32 9
exp(-371/T)

[86]

298 NO ? H(1S) ? O2(X) ? HNO ? O2(X) 1.34 9 10-31 9 (T/298)-1.32 9
exp(-371/T)

[86]

299 NO ? H(1S) ?H2O ? HNO ? H2O(X) 1.34 9 10-31 9 (T/298)-1.32 9
exp(-371/T)

[86]

300 HNO ? O(3P) ? OḢ ? NO 5.99 9 10-11 [86]

301 HNO ? O(3P) ? H(1S) ? NO2 4.63 9 10-18 [86]

302 N(4S) ? O3 ? NO ?O2(X) 2 9 10-16 [52]

303 N(4S) ? N(4S) ? M ? N2(A) ? M 8.27 9 10-34 9 exp(500/T) [52]

304 O(3P) ? O(3P) ? N2(X) ? O2(X) ? N2(X) 2.76 9 10-34 9 exp(720/T) [52]

305 O(3P) ? O2(X) ? N2(X) ? O3 ? N2(X) 6.2 9 10-34 9 (300/T)2 [52]

306 N2(A) ? N2O ? N2(X) ? N(4S) ? NO 1 9 10-11 [90, 91]

307 N2(A) ? N2(X) ? N2(X) ? N2(X) 3 9 10-18 [92]

308 O2(a) ? O3 ? O2(X) ? O2(X) ? O(3P) 9.7 9 10-13 9 exp(-1,564/T) [93]

309 O(1D) ? O3 ? O2(X) ? O(3P) ? O(3P) 1.2 9 10-10 [93]

310 NO ? e ? NO? ? 2e f(E/N)

311 OḢ ? HNO3 ? H2O ? NO3 8.3 9 10-15 9 exp(851/T) [94]

312 N2(X) ? e ? N2
? ? 2e f(E/N)

313 O2(X) ? e ? O2
? ? 2e f(E/N)

314 H2O2 ? OḢ ? OḢ 3.0 9 1014 9 exp(-24,430/T) [79]

315 H2O2 ?O2(X) ? HO2 ? HO2 9.0 9 10-89exp(-19,976/T) [95]

316 O3 ? O2(X) ? O(3P) 7.6 9 10-99exp(-12,270/T) [96]

317 N2(A) ? N2(X) ? N2(X) ? N2(X) 1.5 9 10-16 [90]

318 HNO3 ? e ? OH ? NO2
- 1.5 9 10-7 [97]

319 Ar(4s 3P2) ?H2O ? Ar ? OH(A,X) ? H(1S) 4.5 9 10-11 [98]

320 Ar(4s 3P0) ?H2O ? Ar ? OH(A,X) ? H(1S) 4.5 9 10-11 [98]

321 Ar(4s 3P1) ?H2O ? Ar ? OH(A,X) ? H(1S) 4.5 9 10-11 [98]

322 Ar(4s 1P1) ?H2O ? Ar ? OH(A,X) ? H(1S) 4.5 9 10-11 [98]

323 Ar ? OḢ ?H(1S) ? Ar ? H2O 2.59 9 10-31 9 (T/298)-2 [27, 79]

324 Ar(4s 3P2) ? H2(X) ? Ar ? H(1S) ? H(1S) 3.9 9 10-11 [45]

325 Ar(4s 3P0) ? H2(X) ? Ar ? H(1S) ? H(1S) 3.5 9 10-11 [45]

326 Ar(4s 3P1) ? H2(X) ? Ar ? H(1S) ? H(1S) 9 9 10-11 [45]

327 Ar(4s 1P1) ? H2(X) ? Ar ? H(1S) ? H(1S) 1.1 9 10-10 [54]

328 N2(C) ? H2O ? N2(X) ? H2O 3.9 9 10-10 [84]

f(E/N)—was calculated on EEDF. O2(X), N2(X),OH(X), NO(X), H2O, Ar designate the gound electronic
state. O2(A), N2(A), N2(B), N2(C), N2(a) designate A3Ru

?, A3R, 3Pg, 3Pu, and a’1R? states. T—gas
temperature

* was calculated for every vibrational level of N2
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2. Using these values, the equations of vibrational kinetics were solved. The relative

accuracy of calculation was 1 %. Vibrational level distributions were obtained.

3. The composition of plasma was found by solving the quasi-stationary equations of

chemical kinetics of Table 1. The calculation relative accuracy for every concentration

was 1 %.

4. Calculated concentrations and vibrational distributions were returned to point 1 and so

on. The computational procedure was terminated when the particle concentrations

change did not exceed the error limit of 1 %.

The lack of data on water molecules concentrations is the main problem for the mod-

eling. For this reason, we used these values as fitting parameters to satisfy the measured

emission intensities of some Ar lines.

Of course, this approach neglects heterogeneity of plasma since it uses the average

parameters. The appropriate estimates carried out in study [24] confirm that the 0-D

modeling describes well the order of concentration magnitude and their change at variation

of discharge parameters.

Results and Discussion

Figure 3 shows the measured gas temperature at different pressures. The pressure increase

results in a linear gas temperature growth from 1,040 to 1,455 K. At the same time the

specific power [J 9 E = W, J—current density (Fig. 3)] inputted to positive column is

increased faster from 83 to 377 W/cm3. Approximately, such temperature dependence can

be explained in the following way. 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� ðW=kÞ � R2; ð1Þ

where R—discharge radius, T(R)—temperature on the plasma–gas interface. The tem-

perature growth from 1,040 up to 1,450 K results in the increase of k by a factor of 1.28

[28]. R2 is decreased by a factor of 2.5 (see Fig. 4, the increase in a discharge current

density). Therefore, it can be expected that the increase in specific power leads to the

increase in the temperature by a factor of 377/(83 9 1.28 9 2.5) = 1.42. It gives the

temperature of 1,477 K. This value is very close to the experimental one. In addition, it

means that radiation losses of energy give a small input in a total energy balance of plasma.

It is necessary to point out that the value of 1,750 ± 150 K was obtained for the same

discharge at 30 mA in study [3] on the rotational structure of A2R ? X2P (0–0) band of

OH radicals.

Using the measured temperature, we calculated the total concentration of particle

(P = N 9 kT) and values of reduced electric field strengths, E/N. The appropriate results

are shown in Fig. 4. The shape of this dependence is typical for discharges burning in a

diffusion mode.

The emission spectra of the discharge are represented in Figs. 5 and 6 for atmospheric

pressure. At other pressures the spectrum view was qualitatively the same. The OES

measurements showed the following lines and bands. Molecular nitrogen (N2) was pre-

sented by slight bands of second positive system (C3Pu ? B3Pg). As it was mentioned

above the (0–2) band was used for the temperature determination. Atomic oxygen was

represented by two slight lines (777 and 845 nm; transition 3p5P ? 3s5S and
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3p3P ? 3s3S, respectively). OH radicals exhibited two bands: A2R ? X2P (1–0, 0–0).

Slight intensity bands of NO c-system (A2R ? X2P) were revealed as well. These

intensities were essentially less than emission intensities of the argon lines. The irradiation

of atomic hydrogen was represented by Ha (656) line. The emission lines of argon, which

are listed in Table 2, were the most intensive.

These lines correspond to the transitions of the excited argon atoms in 4p3S1, 4p3D1,

4p3D2, 4p3D3, 4p1D2, 4p3P0, 4p1P1, 4p3P2, 4p3P1, 4p1S0 states to the lower metastable and

resonance levels of Ar in 4s3P0, 4s3P2, 4s3P1 and 4s1P1states. Among ten upper levels we

used the transitions from seven ones since three 4p3D3, 4p3P0,4p1S0 levels give three lines

(811.5, 751.5 and 750.4 nm respectively), which are either mutually overlapped (4p3P0 and

4p1S0) or overlapped with another line (4p3D3 and 4p3D1 at 810.4 nm). The real resolution

of our optical system was 1.3 nm. The results of line intensities measurements are shown

in Fig. 7.
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The calculations showed that the best agreement between the experimental intensities

and the calculation (Fig. 7) is achieved at the water content represented in Fig. 8. The

calculation shows that the water content at the pressure of 1 bar is 1.3 %. At the same time,

the water content was estimated in study [3] as 8 % for 30 mA. The estimation was done

on the base of the time evolution of LIF signal after the laser excitation was turned off.

Authors assumed that the quenching of the upper level is exclusively due to the collisions

with water molecules. Thus, to determine the water content, it is necessary to know the rate

constant of this process at different temperatures. Unfortunately, authors do not give the

constant value used, although they cite the study [29]. In this work, the calculation of

cross-section was carried out at the room temperature only. Supposing that rate constant, k,

can be written as

k ¼ r� V ;

where r—cross-section, V ¼
ffiffiffiffiffiffi
8kT
pM

q
—average velocity, for rate constant the following

expression is obtained:k = 1.47 9 10-11 9 T0.5 cm3 9 s-1. At the temperature of

Fig. 5 The discharge emission
spectrum at atmospheric pressure
for wave length range of
200–400 nm
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1,750 K it gives the rate constant of 6.5 9 10-10 cm3 s-1. In study [3], the decay time was

30–50 ns. Therefore, water concentrations are (5–3) 9 1016 cm-3. At the temperature of

1,750 obtained in [3] and at the atmospheric pressure, the water content will be

(0.7–1.2) %. These values are close to our data. It is interesting that in the next paper [30]

authors used the correct value of the constant (6.8 9 10-10 cm3 s-1).

Calculations showed that OH radical concentrations are slightly increased with a

pressure growth, and it equals to 3.2 9 1015 cm-3 at the pressure of 1 bar (Fig. 8). The

concentration of 2 9 1014 cm-3 was obtained in study [3] at the same conditions. We

assume that such a low concentration is conditioned with the specific features of experi-

mental set-up. Plasma-forming gas was inputted through above-water needle shape elec-

trode having an orifice of 0.5 mm diameter. At a flow rate of 300 sccm it provides the gas

flow velocity of 1.5 9 104 cm s-1. At the gap between the electrode and the water surface

of 0.8 cm, it gives the residence time of *5 9 10-5 s. Such short time means that gas flow

Table 2 The observed Ar emission lines

N Wave length
(nm)

Transition N Wave length
(nm)

Transition

1 696.6 Ar(4p3P1) ? hm ? Ar(4s3P2) 11 811.5 Ar(4p3D3) ? hm ? Ar(4s3P2)

2 706.8 Ar(4p3P2) ? hm ? Ar(4s3P2) 12 826.5a Ar(4p3P1) ? hm ? Ar(4s1P1)

3 727.3 Ar(4p3P1) ? hm ? Ar(4s3P1) 13 840.8 Ar(4p3P2) ? hm ? Ar(4s1P1)

4 738.4a Ar(4p3P2) ? hm ? Ar(4s3P1) 14 842.5a Ar(4p3D2) ? hm ? Ar(4s3P1)

5 750.4 Ar(4p1S0) ? hm ? Ar(4s1P1) 15 852.1a Ar(4p1P1) ? hm ? Ar(4s1P1)

6 763.7a Ar(4p1D2) ? hm ? Ar(4s3P2) 16 866.8 Ar(4p3D1) ? hm ? Ar(4s3P0)

7 772.6a Ar(4p3D1) ? hm ? Ar(4s3P0) 17 912.3a Ar(4p3S1) ? hm ? Ar(4s3P2)

8 794.8 Ar(4p1P1) ? hm ? Ar(4s3P0) 18 922.4 Ar(4p1D2) ? hm ? Ar(4s1P1)

9 801.5 Ar(4p3D2) ? hm ? Ar(4s3P2) 19 965.8 Ar(4p3S1) ? hm ? Ar(4s3P1)

10 794.8 Ar(4p3D2) ? hm ? Ar(4s3P2) 20 978.5 Ar(4p3D2) ? hm ? Ar(4s1P1)

a The lines intensities of which were chosen for measurement

0.2 0.4 0.6 0.8 1.0
0.0

0.4

0.8

1.2

1.6
 1
 2
 3
 4
 5
 6
 7

P, bar

I, 1017 cm-3 s-1Fig. 7 The line intensities
versus pressure. Points—
experiment, lines—calculation.
1—Ar(4p3D1) -772.6 nm; 2—
Ar(4p3D2) -842.5; 3—
Ar(4p1D2) -763.7 nm; 4—
Ar(4p1P1) -852.1 nm; 5—
Ar(4p3P2) -738.4 nm; 6—
Ar(4p3P1) 826.5 nm; 7—
Ar(4p3S1) 912.3 nm

Plasma Chem Plasma Process (2015) 35:107–132 125

123



rate can influence kinetics of some processes. In fact, our calculation showed that the main

process of OH formation is reaction O(3P) ? H2O ? OH ? OH (reaction N 271 of

Table 1, rate is 1.1 9 1020 cm-3 s-1) rather than H2O ? e ? OH ? H (reaction N 240 of

Table 1, rate is 4.8 9 1019 cm-3 s-1) as it is often assumed. The life time of O(3P) in the

reaction N 271 is *7 9 10-4 s. Therefore, the gas flow has to affect strongly the con-

centration of O(3P) leading to its decrease. As a result, OH concentration must drop. Some

studies [3, 31] assume that the reactions with the lower excited states of Ar can play an

important role in a water dissociation. However, the calculation shows that these reactions

(N 316–319) are negligible in comparison with the reactions mentioned above (total rate is

1.2 9 1017 cm-3 s-1) at least under the conditions of given discharge.

The gas pressure increase leads to the dropping E/N (Fig. 4). It results in the changes in

EEDF, which are shown in Fig. 9. Such EEDF changes provide the decrease in the

characteristic and average energies (�e) of electrons (Fig. 10) and their drift velocity. The

latter leads to the growth of the electron density, Ne (Fig. 10). The average energy of

electrons is 3.1 eV at an atmospheric pressure rather than 1 eV as it was estimated in study

[3]. Due to the EEDF deformation the rate constants of electron impact are decreased with

the pressure. The decrease rate depends on the process threshold energy. For the processes

with low thresholds, the rate is less than for those with a higher threshold. As a result, the

process rates can be increased, decreased or pass through maximum. It is clearly observed

from a pressure course of line intensities (Fig. 7) and from the concentrations of lower

states of Ar (Fig. 11). At the same time, the ionization rates for all species are decreased

with pressure (Fig. 12).

The data obtained allow making suppositions on the ionization mechanism. The shape

of E/N dependence on the pressure is typical for dischargers burning in a diffusion mode.

In that mode, ionization rate is equal to charge losses on the plasma–gas interface. Charged

particles reach the interface by means of their diffusion in a field of volume charge. And

the total ionization frequency is equal to the diffusion frequency of charge losses. In the

case of volume losses of charges in recombination processes the E/N dependence on

pressure must be different. The increase in electron concentration and dropping electron

average energy (increase in recombination rate constants) should result in the increase in

the charge loss frequency. Therefore, for discharge supporting the higher ionization
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frequency is required. That is the E/N value must be increased with pressure. In the

diffusion mode, the diffusion frequency, mD, equals to the ionization frequency, zi,

mD � ðDA � 5:76Þ=R2 ¼ zi; ð2Þ

where DA is the coefficient of ambipolar diffusion. The ambipolar diffusion coefficient is

determined as DA = ech 9 l?, where ech is the electron characteristic energy and l?is the

positive ions mobility. The calculation of ionization frequencies (Fig. 12) showed that the

Ar? ions must be primary ones. Further, Ar? primary ions should be fast converted into

Ar2
? ions over the reaction

Arþ þ 2Ar! Arþ2 þ Ar:

The reaction rate constant is 1.5 9 10-31 sm6 s-1 [32] so that the Ar? life time is less than

*10-7 s. The Ar2
? ions mobility in Ar at standard conditions (273 K, 1 bar) is 1.8 cm2/

(V 9 s) [33]. Taking into consideration that l? depends on the total particle density as
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1/N and on the temperature as 1/T, we calculated the R value using ech from Fig. 10.

Comparing these data with the experimental ones (Fig. 13), we make the conclusion that

the diffusion mode is more probable. In all range of pressure under study, the main primary

process is the stepwise ionization of the four lowest excited states of Ar atom. For this

reason, the reduced electric field strengths are essentially less than for the discharge in

ambient air at the same pressure [2]. It necessary to point out that the authors of study [34]

arrive at a conclusion on diffusion mode of discharge as well.

The data mentioned above allow creating the procedure for calculation of plasma

properties using as input parameters only the discharge current density, total concentration

of particles and water content. The output parameters would be the plasma composition,

discharge current, positive column radius, gas temperature and pressure.

The iterative procedure can be the following.

1. The E/N, N, discharge current density, and gas temperature are specified. This is the

first approximation.

2. Boltzmann equation and chemical kinetics equations are solved in a consecutive order.

3. Using equation of charges balance (2) the plasma radius is determined.
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4. The gas temperature is calculated on the heat conductivity Eq. (1).

5. Calculated temperature is returned to point 1 and so on.

After the convergence was achieved it is possible to determine the gas pressure

(P = N 9 kT) and the discharge current (i = pR2 9 J). We plan to carry out such cal-

culation hereafter.

The vibrational temperatures for H2O and O2(X) determined on the population of first

two levels are represented in Fig. 3. Vibrational temperatures for O2(X) and H2O (010)

mode are close to the gas ones. The slight dependence of vibrational temperatures on the

pressure is related with slight dependence of excitation-de-excitation constants by electron

impact for the first vibrational levels on the pressure due to low threshold energy of

vibrational levels excitation. Unlike air plasma [21] it should be noted that the determi-

nation of vibrational distributions is not necessary in the case of argon plasma since

vibrational excited molecules do not really influence both EEDF and processes in a gas

phase.

Also, the results obtained revealed that it is necessary to take into consideration the

emission reabsorption since it affects strongly the calculation results especially under

atmospheric pressure. Thus, the concentration of lower excited states of Ar

(3P1,3P2,3P0,1P1) calculated with reabsorption at atmospheric pressure were 8.8 9 109,

2.4 9 1010, 2.9 9 109 and 8.5 9 109 cm-3, respectively, whereas without reabsorption

they were 7.8 9 108, 1.9 9 1010, 1.8 9 109 and 2.9 9 108 cm-3, respectively.

Conclusion

In the present study, the DC discharge in Ar 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 and intensities of some Ar lines 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 well with measured line intensities. The main species of plasma were

H2O, OH, H2O2, O(3P) and HO2. It was shown that the slow increase in a gas temperature
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with pressure is due to the growth of inputted power and heat conductivity coefficient and

the decrease in a radius of plasma. The ionization mechanism was analyzed. The data

obtained indicate that discharge burns in diffusion mode, at which the stepwise ionization

rate of the four lowest excited states of Ar is equal to the rate of charge diffusion loss.
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