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8 Abstract A model of an atmospheric pressure nitrogen glow discharge in high-gas tem-

9 perature regimes is developed. The model considers a fairly complete set of chemical

10 reactions, including several processes with the participation of electronically exited nitrogen

11 atoms describing the energy balance and charged particles kinetic processes in the dis-

12 charge. It is shown that the thermal dissociation of vibrationally excited molecules plays an

13 essential role in the production of N(4S) atoms. The dominant ion within the investigated

14 current range (52–187 mA) is the molecular N2
? with an increasing proportion of atomic

15 N? towards high-current values. The process of production of electrons within the almost
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? e; being the N(2P) atoms mainly produced via quenching

18 of N2(A
3
P

u
?) electronically excited molecules by N(4S) atoms. The results of calculations
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A3 1 Grupo de Descargas Eléctricas, Departamento Ing. Electromecánica, Facultad Regional Venado

A4 Tuerto (UTN), Laprida 651, 2600 Venado Tuerto, Santa Fe, Argentina

A5 2 Instituto de Fı́sica del Plasma (CONICET), Facultad de Ciencias Exactas y Naturales (UBA)

A6 Ciudad Universitaria Pab. I, 1428 Buenos Aires, Argentina

123

Journal : Small 11090 Dispatch : 6-5-2016 Pages : 20

Article No. : 9716 h LE h TYPESET

MS Code : PCPP-16-AM-0059 h CP h DISK4 4

Plasma Chem Plasma Process

DOI 10.1007/s11090-016-9716-3

A
u

th
o

r
 P

r
o

o
f

http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-016-9716-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-016-9716-3&amp;domain=pdf


U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

27 plasma aerodynamics [1–3]. The glow discharge is normally obtained at low-gas pressures,

28 but it can be maintained in a similar form if the pressure is increased up to and above the

29 atmospheric value [2–11]. The experimental data show that both low and high-pressure

30 glow discharges are characterized by a non-equilibrium distribution of energy among the

31 different degrees of freedom of the plasma species [5–10]. Usually each energy distribution

32 can be described by a characteristic temperature; such as the electron temperature (Te),

33 vibrational temperature (Tv), rotational temperature (Tr), and translational (gas) tempera-

34 ture (Tg). In non-equilibrium plasmas created by externally applied electric fields, typically

35 Te[Tv[Tr = Tg [6–8]. The non-equilibrium state allows for the creation of active

36 species without generating excessive heat. However, at pressure levels of the order of the

37 atmospheric value, a strong non-equilibrium plasma state is hardly to maintain due to the

38 thermalization of the discharge, which leads to a sudden (or continuous [4]) transition from

39 the glow to the arc phase [12–15]; being the final stage closer to the thermodynamic

40 equilibrium. The transition is characterized by an increase in the current density and a

41 considerable fall in the discharge voltage (due to the switching of secondary electron

42 emission to thermionic emission of electrons from the cathode surface).

43 The discharge thermalization typically arises due to the so called thermal instability [12,

44 16], which results in a rapid increase in the gas temperature. Generally, the thermal

45 instability can be prevented if the gas residence time in the discharge is small compared

46 with the heating time (which is determined by the rate of energy transfer from the electrons

47 to the translational degree of freedom of the heavy particles). In atomic gases the main

48 mechanism of gas heating is by elastic collisions. For reduced electric fields E/N[ 30 Td

49 (where E is the electric field strength, N the gas number density and 1 Td : 10-21 V m2),

50 the fractional electron power transferred in elastic collisions to gas heating is less than a

51 few times 10-3 [17]. In molecular gases, however, electrons can transfer energy to internal

52 energy states of the molecule, such as the vibrational mode. Since for 30\E/N\ 50 Td

53 the typical electron temperatures in molecular gases (of about 1 eV) are comparable to the

54 characteristic vibrational energy values (0.2–0.5 eV) of the molecules, most of the electron

55 energy (*80 to 98 %) is transferred to vibrational modes, and then partially to gas heating,

56 mainly through the mechanism of vibrational–translational (V–T) relaxation [17, 18]. As

57 inelastic losses are usually greater than elastic ones by one to two orders of magnitude [16],

58 molecular gases typically have higher heating rates and are more susceptible to thermal-

59 ization than atomic gases. This is due to the strong exponential dependence of the V–T

60 relaxation rate coefficient on the gas temperature. Even small increases of the gas tem-

61 perature lead to a significant increase of the V–T relaxation rate, intensification of heating,

62 and then to a further growth of the gas temperature. This process takes typically a relatively

63 long time (*100 ls) in nitrogen gas at atmospheric pressure [18].

64 In direct-current (dc) glow discharges at atmospheric pressure, high-speed gas flows

65 have been used to provide sufficient cooling of discharges at high pressures [19, 20]. If the

66 gas residence time in the discharge is small as compared with the V–T relaxation time, the

67 gas heating is almost suppressed and the molecular gas is in a strongly non-equilibrium

68 state. This state is characterized by a level of vibrational energy that considerable exceeds

69 its equilibrium value. On the other hand, for discharge conditions such that the gas resi-

70 dence time in the discharge is larger than the V–T relaxation time (e.g., still discharges),

71 the molecular gas changes to a state close to the thermodynamically equilibrium one, with

72 a higher gas temperature as in an arc discharge.

73 In [21], experimental information on the properties of the atmospheric pressure con-

74 stricted discharge in a longitudinal nitrogen flow was published. A steady-state pin-to-

75 plane glow discharge was generated inside a tube where a flow of nitrogen was injected up
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76 to a velocity of 20 m/s. The inter-electrode gap was 15 mm. The results showed that the

77 gas flow rate has a strong influence on the properties of the discharge.

78 In [22, 23], atmospheric pressure glow discharges in a fast longitudinal flow of air and

79 nitrogen plasmas were investigated. The nitrogen gas was preheated up to 1800–2250 K

80 and then was injected through a nozzle in the discharge region at a velocity of about

81 450 m/s. A glow discharge was ignited between two needle electrodes oriented along the

82 axis of the gas stream, and separated a distance of 3.5 cm. The discharge current was

83 I\ 250 mA. Owing to the fast gas flow rate the gas temperature remained practically

84 constant in the discharge region.

85 In [24], an atmospheric pressure glow discharge in a slow longitudinal flow of nitrogen

86 plasma was investigated. Nitrogen was injected through a flow straightener and passed

87 through the discharge region with a velocity of only 20 cm/s. The glow discharge was

88 formed between a pair of platinum pins (separation 0.85 cm) that were vertically mounted

89 along the axis of the gas stream. The discharge was maintained by a dc power supply

90 (I\ 250 mA) in a ballasted circuit. The radial profile of the N2
? concentration and the

91 values of the gas rotational temperature were experimentally inferred for currents I = 52,

92 97, 142 and 187 mA. Peak (centerline) density values around 1018 m-3 and high-rotational

93 temperature values (obtained from Boltzmann plots), ranging from 3100 to 4700 K, were

94 measured in the given current range.

95 In contrast to the relatively large number of works devoted to the experimental char-

96 acterization (mainly spectral and electrical characteristics of constricted discharges) of

97 atmospheric pressure glow discharges in nitrogen (with flowing gas and with still gas) [2–

98 11, 21–24], there are only few published investigations on the energy balance and charged

99 particles kinetics relevant to the sustaining of the non-equilibrium state.

100 In [25], a one-dimensional model of a dc glow discharge with variable nitrogen flow

101 rates (velocities up to 20 m/s) at atmospheric pressure for a low-current regime

102 (I = 5 mA) and for a high-current regime (I = 40 mA); was presented. The results

103 showed that the charged particle generation in both current regimes was mainly controlled

104 by associative ionization involving molecular metastable states, although marked differ-

105 ences in the calculated plasma composition were found. For I = 5 mA the dominant ion

106 was N3
? while for I = 40 mA was N?. Owing to the extremely low value of the

107 recombination coefficient for atomic ions, the dynamic balance of the charged particles

108 was non-local (with a large diffusion of the atomic ions) for the larger current value, while

109 for the lower current value was local (volume electron-ion recombination). However, it

110 should be noted that the calculated composition for I = 40 mA was not consistent with the

111 measured results [24]; which indicated that the dominant ion under similar plasma con-

112 ditions was the molecular one. In [26], another model for non-equilibrium nitrogen plas-

113 mas was presented. The rate constants of reactions involving electrons were obtained by

114 averaging the corresponding cross sections with the Maxwellian electron energy distri-

115 bution function (EEDF). The obtained results suggested that the vibrational temperature

116 was well approximated by the gas temperature at low electron number densities and by the

117 electron temperature at high electron number densities (thus indicating that the plasma

118 switches from a regime where the vibrational levels are mainly equilibrated by collisions

119 with heavy particles to another regime where they are equilibrated by collisions with

120 electrons). In [27], a simplified chemical kinetic model of a slightly-ionized atmospheric

121 pressure nitrogen discharge was given. No energy balance equation was used and the
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122 temperature of the species was imposed. The model was tested against calculations of

123 Saha–Boltzmann equilibrium state, and a reasonable good agreement was achieved. It was

124 found that in equilibrium conditions the electrons are produced by associative ionization

125 involving atoms.

126 In this work, a model of an atmospheric pressure nitrogen glow discharge in high-gas

127 temperature regimes (simulating the conditions of [24]) is proposed. The model includes a

128 fairly complete set of chemical reactions and describes the processes of the energy balance

129 and charged particles kinetic processes governing the discharge. The major difference

130 between the model [25] and that used in this work is the inclusion of several processes with

131 the participation of electronically exited nitrogen atoms. The results of calculations are

132 compared with the available experimental data [24] and a good agreement is found.

133 The Model

134 The model includes the continuity equations for the most important neutral and charged

135 species present in the nitrogen discharge together with the balance equations describing the

136 mean-vibrational energy of the nitrogen molecules and the gas kinetic energy. The

137 numerical calculations were done under the assumption that p = 1 atm, (where p is the gas

138 pressure). The considered species for pure nitrogen are the vibrational manifold of ground

139 state molecules N2(X
1
P

g
?, v), the electronic excited states of nitrogen molecules

140 N2(A
3
P

u
?), N2(B

3Pg), N2(a
01P

u
-) and N2(C

3Pu), the electronic exited states of nitrogen

141 atoms, N(2D) and N(2P), the atomic ground state N(4S), the positive ions N4
?, N3

?, N2
?

142 and N?; and the electrons (e). The continuity equations for the active species were solved

143 for the densities of N2(A
3
P

u
?), N2(B

3Pg), N2(a
01P

u
-), N2(C

3Pu), N(
2D), N(2P), N(4S),

144 N4
?, N3

?, N? and electrons. The density of the dominating sort of positive ions N2
?, was

145 obtained from the condition of charge conservation (the electrodes sheaths were not

146 included in the calculations) while the density of the dominant species N2(X
1
P

g
?, v) was

147 obtained from the constancy of the pressure. The continuity equations for the plasma

148 particles were solved in a local approximation

o

ot
Yið Þ ¼

X

j

Sij; ð1Þ

150150 where Yi is the number density and Sij is the rate of production of the ith species in the jth

151 reaction (negative if the species is destroyed). In high-pressure plasmas this approximation

152 is usually justified by the long time scale for diffusive losses (inversely proportional to the

153 collision rate) compared with the relatively short time scale to achieve local equilibrium

154 (proportional to the collision rate) [16]. The time scales for diffusive losses for charged and

155 neutral particles may be estimated as R
2/Dea and R

2/D; where R is the radius of the

156 discharge column, Dea is the coefficient of ambipolar diffusion of electrons in the presence

157 of multiple ions, and D is the coefficient of diffusion of neutral species. The ambipolar

158 diffusion Dea can be estimated in a simplified fashion in terms of the mobility lp of N2
?

159 only, the dominating sort of positive ions in nitrogen under the considered conditions.

160 According to [28], lp = 4.51 9 1021/N m2/V s. For Tg * 4000 K and Te * 9000 K, it

161 results Dea * 2.8 9 10-3 m2/s. The neutral diffusion coefficient D can be estimated for

162 the N(2P) atoms as D = 0.185 9 10-4 (Tg/273)
3/2 m2/s [18]. For the gas temperature
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163 Tg * 4000 K D is about 1 9 10-3 m2/s. For the conditions of [24] the discharge radius is

164 R & 1.4 mm. It follows that the time scales of diffusive losses for charged and neutral

165 species are about 7 9 10-4 and 2 9 10-3 s; respectively. Such a diffusion time values can

166 be compared with the corresponding time scale to achieve local equilibrium. For instance,

167 the time scale for loss of electrons by volume electron-ion recombination (estimated as

168 (b Ne)
-1, where b = 1.8 9 10-13 (300/Te)

0.39 m3/s [29]) is about 1 9 10-5 s for an

169 electron density Ne * 1018 m-3. The time scale for deactivation of N(2P) by collisions

170 with N2(X), whose rate coefficient is k(N(2P) - N2) = 6.0 9 10-20 m3/s [30] may be

171 estimated as (k(N(2P) - N2) N2(X))
-1. It results 8 9 10-6 s for the conditions of [24]. It

172 follows that the diffusion losses plays only a minor role in the experimental conditions

173 analyzed in this work and can be neglected. Also, for conditions as in [24], the motion of

174 the gas has no appreciable effect on the discharge characteristics, since the influence of a

175 longitudinal flow at velocities less than 50 cm s-1 is rather weak [31].

176 The model takes into consideration 52 elementary reactions that influence gas heating,

177 excitation and de-excitation of vibrational and electronic states of nitrogen, dissociation

178 due to electron and heavy particle impact, generation and loss of the charged particles due

179 to direct, stepwise and Penning/associative ionization; and volume electron-ion recombi-

180 nation. The complete set of these processes is summarized in Table 1 (Tg and Te units are

181 in K). The rates for almost all processes are known in the literature and are widely used for

182 nitrogen non-equilibrium discharge modelling (see, for instance, [25, 32]). However, the

183 ionization reactions

N2 A3
X

þ
u

� �

þ N2 a01
X

�
u

� �

! Nþ
4 þ e

! Nþ
2 þ N2 þ e

ð2Þ

185185 and

N2 a01
X

�
u

� �

þ N2 a01
X

�
u

� �

! Nþ
4 þ e

! Nþ
2 þ N2 þ e

ð3Þ

187187 according to reactions (R12)–(R15) in Table 1, have been considered as Penning [33] or

188 associative [32] ionization (i.e., producing N2
?
? N2 ? e or N4

?
? e, respectively) owing

189 to the lack of experimental data. In the present calculation a branching ratio of 0.5 for each

190 of the two possible products of ionization via (2) and (3) was assumed. The same

191 assumption was taken in [34].

192 The model approximation for the vibrational energy distribution function (VEDF) for

193 N2(X
1
P

g
?, v) was assumed as in [25]. The VEDF was divided into three groups. The first

194 vibrational levels (v B v1) closely follow a Boltzmann distribution with temperature Tv
195 [17]. For the middle vibrational levels (v1\ v B v2) it was assumed the existence of a

196 ‘plateau’ where f(v) * 1/(v ? 1); where v1 and v2 are the left and right boundaries of the

197 plateau. After the plateau (v[ v2) there is a sharp slope in the VEDF due to fast V–T

198 relaxation from high-vibrational levels. This slope is characterized by a Boltzmann dis-

199 tribution with temperature Tg. The width of the plateau decreases with an increase in the

200 gas temperature [18]. The dependence of the right boundary of the plateau on the gas

201 temperature was denoted as v2 * exp(-(Tg - 300)/3000) [25]. Hence, the VEDF was

202 finally written as:
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N2 X; vð Þ ¼ N2 X; v ¼ 0ð Þ exp �v
�hx

kTv

� �

; 0\v� v1;

N2 X; vð Þ ¼ N2 X; v ¼ v1ð Þ v1 þ 1

vþ 1
; v1\v� v2;

N2 X; vð Þ ¼ N2 X; v ¼ v2ð Þ exp �ðv� v2Þ
�hx

kTg

� �

; v[ v2;

v1 ¼ 9; v2 ¼ v1 þ ð35� v1Þ exp � Tg � 300

3000

� �

;

9

>

>

>

>

>

>

>

>

>

>

=

>

>

>

>

>

>

>

>

>

>

;

ð4Þ

204204 where k is the Boltzmann constant and rx is the vibrational quantum (=0.29 eV) for the

205 nitrogen molecule. Note that the harmonic oscillator model was employed in (4).

206 The calculation of the rate coefficients for electron-impact excitation (R1)–(R6), dis-

207 sociation (R7) and ionization (R8); was based on finding the EEDF by means of a solution

208 of the electron Boltzmann equation in the classical two-term approximation with the

209 BOLSIG? code [35]. The corresponding cross sections were taken from [36]. The effect of

210 the superelastic collisions with vibrationally excited molecules on the processes with high

211 energy threshold (electronic excitation, dissociation and ionization) was accounted for in

212 the BOLSIG? code by setting the excitation temperature as Tv and the transition energy as

213 the first vibrational threshold (0.29 eV) when solving the Boltzmann equation. Note that

214 the BOLSIG? code solves the electron Boltzmann equation in a homogeneous electric

215 field within uniform and steady conditions. This assumption is valid as long as the

216 relaxation time for achieving a steady state EEDF is short compared with the characteristic

217 time of discharge development, and the length of the electron energy relaxation is much

218 smaller than the effective discharge radius. Under the present conditions the EEDF

219 relaxation time is mu
-1
* 10-9 s (e.g., [18], figure 4.1), which is much smaller than the

220 integration time of (1) to achieve steady conditions (*10-3 s). Furthermore, the length of

221 electron energy relaxation is much smaller than the effective discharge radius under

222 conditions typical of molecular plasmas at atmospheric pressure (e.g., [31]). This means

223 that the EEDF is governed by local values of the reduced electric field E/N, the mixture

224 composition, and the vibrational temperature Tv; which characterizes the first vibrational

225 levels of the VEDF.

226 The conditions of vibrational excitation also facilitate the dissociation of the nitrogen.

227 The dependence of the rate of the reaction (R51) (thermal dissociation of N2(X
1
P

g
?, v)) on

228 Tv was taken into account through the Macheret–Fridman model [37–39]

Z Tg; Tv
� �

¼
1� exp � 3354

Tv

� �

1� exp � 3354
Tg

� � 1� Lð Þ exp �113200
1

Tv
� 1

Tg

� �� �

þ L exp �113200
1

Ta
� 1

Tg

� �� �

; Ta ¼ aTv þ ð1� aÞTg;

L ¼ 2ð1� aÞ
p2a3=4

Tg

113200

� �3=2�n

1þ 7 1� að Þ 1þ ffiffiffi

a
pð ÞTg

2� 113200

� �

ð5Þ

230230 where a = (mA/(mA ? mB))
2 (mA is the mass of an atom in the dissociating molecule and

231 mB is the mass of an atom in the impinging molecule) (=0.25) for the reaction (R51) and

232 n (=-1.5) is the exponent for the temperature Tg in the pre-exponential factor of the

233 Arrhenius form for the rate coefficient of the process (R51). Such a model was found to be

234 the most accurate for nitrogen dissociation under non-equilibrium conditions in a recent

235 study [40].
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236 The rate coefficient of the three-body reaction (R52) (the inverse of the thermal dis-

237 sociation process) was calculated by using the principle of detailed balance; being the

238 corresponding equilibrium constant K52(Tg) : [N2(X)]/([N(
4S)] [N(4S)]). The partition

239 function of the molecules for non-equilibrium conditions was calculated according to the

240 method proposed in [41] using the molecular parameters taken from [42]. The atomic

241 partition function was calculated by using the simplified approach presented in [43].

242 The rate coefficients for stepwise ionization from N2(A
3
P

u
?), N2(B

3Pg) and N2(a
01P

u
-)

243 (R9)–(R11) have been calculated from the cross section data reported in [44] by using the

244 EEDF calculated with the help of BOLSIG?. The electronic excitation by electron impact

245 was assumed to occur only from the vibrational ground state N2(X
1P

g
?, 0) (the rate

246 coefficients for electronic excitation, dissociation and ionization from N2(X
1
P

g
?, v) were

247 assumed to be the same as those from N2(X
1
P

g
?, 0)) [17].

248 The mean-vibrational energy ev of the N2(X
1
P

g
?, v) molecule was described by the

249 energy balance equation

o

ot
N2 Xð Þevð Þ ¼ gvrE

2 � N2 Xð Þ ev � ev Tg
� �

sVT
� 2� QD; ð6Þ

251251 where gv is the fraction of the energy input transferred to the vibrational excitation of

252 N2(X
1
P

g
?, v) and r is the electrical conductivity of the plasma. The mean vibrational

253 energy of the nitrogen molecule was related to Tv as ev = rx/[exp(rx/(kTv)) - 1]; being

254 ev(Tg) its equilibrium value. sVT is the time scale of the V–T energy relaxation by

255 molecules and atoms collisions. At values of the reduced electric field E/N = 25–35 Td,

256 realized in conditions similar to that of experiment [24], gv may be estimated with the help

257 of the BOLSIG? code as *0.97 (e.g., [16], figure 5.11). A similar approach was used in

258 [25, 45]. As the BOLSIG? code only considers excitation reactions of the first vibrational

259 levels (v B 8), it might result in underestimated values of this parameter. However, under

260 the conditions of [24] it is expected that the excitation reactions with v[ 8 play only a

261 minor role [17]. The term 2 QD accounts for the rate of vibrational energy loss due to the

262 loss of oscillators during strong vibrational non-equilibrium

QD ¼ eD Z Tg; Tv
� �

k51N2 X1
X

þ
g ; v

� �2

�k52N2 X1
X

þ
g ; v

� �

N 4S
� �2

� �

; ð7Þ

264264 where eD * 9.76 eV is the dissociation energy of the nitrogen molecule. Half of this

265 energy relaxes into kinetic energy [38]. The calculation of sVT included collisions with

266 vibrational ground state molecules as well as with dissociated ground state atoms, in

267 according to the following processes

N2 X1
X

þ
g ; 0

� �

þ N2 X1
X

þ
g ; 1

� �

! N2 X1
X

þ
g ; 0

� �

þ N2 X1
X

þ
g ; 0

� �

; ð8Þ

269269
N 4S
� �

þ N2 X1
X

þ
g ; 1

� �

! N 4S
� �

þ N2 X1
X

þ
g ; 0

� �

; ð9Þ

271271 being the corresponding rate coefficients [18]

k10N2
m3=s
� �

¼ 7:8� 10�18Tg exp � 218

T
1=3
g

þ 690

Tg

" #

1� exp � �hx

kTg

� �� ��1

; ð10Þ

273273 and
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k10N m3=s
� �

¼ 2:3� 10�19 exp � 1280

Tg

	 


þ 2:7� 10�17 exp � 10840

Tg

	 


: ð11Þ

275275 The time scale of the V–T energy relaxation was calculated as [18]

sVT ¼ 1� exp � �hx

kTg

	 
� �

k10N2
N2 X; 0ð Þ þ k10N N 4S

� �

� �

	 
�1

: ð12Þ

277277278 For the conditions of [24] the diffusion time of the nitrogen molecule is about

279 2 9 10-3 s; which is significantly larger than the V–T relaxation time (*100 ls) under

280 the considered conditions. That is, all the vibrational-excited molecules transform energy

281 into heat within the discharge zone. The translational temperature of the gas was described

282 by the equation

o

ot
N2 Xð ÞC�

pTg

� �

¼ QR þ QD þ N2 Xð Þ ev � ev Tg
� �

sVT
� k�

Tg� T1ð Þ
R2
th

; ð13Þ

284284 where C�
p is the heat capacity at constant pressure per molecule, QR is the ‘fast’ gas heating

285 rate term, k* is the gas thermal conductivity, T
?

is the ambient gas temperature (=300 K)

286 and Rth is the radial length-scale for the variation of Tg. The material quantities C�
p and k*

287 were calculated by subtracting from the equilibrium values Cp and k values (taken form

288 [46]), the contributions related to the vibrational excitation of the nitrogen molecules [31]

C�
p ¼ CpmN2

� dev Tg
� �

dTg
; ð14Þ

290290

k� ¼ k� N2 Xð ÞDv

dev Tg
� �

dTg
; ð15Þ

292292 where mN2 is the mass of the nitrogen molecule and Dv its diffusion coefficient. The radial

293 length-scale for the Tg variation was taken as Rth * 2 R, since emission measurements in a

294 similar experimental conditions [23] than those in [24], indicate that the rotational tem-

295 perature profile is significantly wider than the charged species concentration profiles. The

296 same result is shown in a 2-D model of an atmospheric pressure glow discharge [45].

297 The term QR accounts for the heat released from chemical reactions in nitrogen gas, as

298 was described in the model [47]. It included the dissociation reaction (R7) following pre-

299 dissociation via electronically excited states [47–49]

eþ N2 X1
X

þ
g ; 1

� �

! N2 E� ¼ 13 eVð Þ

! N 4S
� �

þ N 2D
� �

þ 0:9 eV;
ð16Þ

301301 the quenching of the electronically excited N2(A
3
P

u
?) states in reaction (R35) [47–49]

N2 A3
X

þ
u

� �

þ N2 X1
X

þ
g ; v

� �

! N2 X1
X

þ
g ; v ¼ 2

� �

þ N2 B3
Y

g

 !

þ 0:4 eV;

ð17Þ
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303303 and (R36) [47–49]

N2 A3
X

þ
u

� �

þ N2 X1
X

þ
g ; v

� �

! N2 X1
X

þ
g ; v ¼ 8

� �

þ N2 C3
Y

u

 !

þ 2:0 eV;

ð18Þ

305305 and during the electron-ion recombination processes (R19) [47–50]

eþ Nþ
2 ! N 4S

� �

þ N 4S
� �

þ 5:82 eV

! N 4S
� �

þ N 2D
� �

þ 3:44 eV

! N 4S
� �

þ N 2P
� �

þ 2:25 eV

14:3 %

77:1 %:

8:6 %

ð19Þ

307307308 Thus, the energy which goes to gas heating due to reactions (R19) results 3.7 eV. The

309 fast gas heating term also included the heating at fast translational–translational T–T

310 relaxation (due to the transfer of energy from electrons to molecules in elastic collisions) in

311 according to the reaction (R1); as well as the rotational–translational R–T relaxation of the

312 nitrogen molecule in according to (R2).

313 An estimation of an effective electron temperature Te as two-thirds of the mean-electron

314 energy was obtained by means of the BOLSIG? code. The electric field strength was

315 obtained from the Ohm’s law [46] for a given value of the discharge current density J and

316 the plasma composition

J ¼ Nee
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pTeme

p
NQe�n

E; ð20Þ

318318 where me is the mass of electrons and Qen is the average momentum transfer cross-section

319 for electron-nitrogen collisions. For Te * 9500 K, an average momentum transfer cross-

320 section Qe-n = 1.08 ± 0.05 9 10-19 m2 was used [51]. Owing to the low-ionization

321 degree of the discharge (d 10-5) in the conditions of [24], the average collision frequency

322 between electrons and heavy particles was dominated by collisions with neutrals. During

323 the calculations the consistency of the approximate expression for the electron drift

324 velocity employed in (20) was checked by replacing it by the calculated one on the basis of

325 the EEDF by the BOLTSIG? code. No large differences in the model results were

326 obtained.

327 The input parameter of the model was the discharge current density J inferred from the

328 experimental data of [24]. Initial conditions for all the plasma quantities were used to start

329 the solution procedure (Ne = N2
?
* 1017 m-3 � N?, N3

?, N4
?; N2(X) = p/(k Tg) -

330 N2(A), N2(B), N2(C), N2(a
0), N(4S), N(2D), N(2P); being Tg = Tv * 3000 K and

331 Te * 9000 K). The specific values used for these initial conditions did not impact on the

332 final converged results. From a given value of J and the initial plasma composition the

333 electric field strength was calculated from de Ohm’s law. Once that the EEDF was found

334 with the help of the BOLSIG? (from the values of E/N and Tv), the rate coefficients for the

335 process involving electrons (and also the effective electron temperature) were obtained.

336 Then, the continuity equations for atoms (N(2D), N(2P) and N(4S)) and the other different

337 charged (N4
?, N3

?, N? and electrons) and excited species (N2(A
3
P

u
?), N2(B

3Pg), N2-

338 (a01
P

u
-) and N2(C

3Pu)) and the gas thermal and vibrational balance equations were solved

339 to obtain new values of those quantities. Note that in these calculations the charged particle

340 concentrations were constrained through the plasma quasi-neutrality condition. This cal-

341 culation provided new values for the N2
? density. The new values for the N2(X

1
P

g
?,
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342 v) density were obtained from the constancy of the pressure. The last obtained values of all

343 the plasma quantities were then taken as new initial values for the next iteration. The

344 iteration procedure continued until the equilibrium values were reached.

345 The continuity Eq. (1) for the plasma species are quite stiff, i.e., there is a wide range of

346 time scales associated with the equations, which reduces the time step needed for accurate

347 numerical integration. This arises because of the wide range of densities and corresponding

348 source terms for the various species, typically amounting to ten orders of magnitude. The

349 balance equations were solved numerically by a finite-difference explicit method with the

350 second-order approximation in time. Because of the stiffness of the equations, a short time-

351 step for integration (=1.0 9 10-10 s) was used. The Eq. (1) were integrated for times of

352 *10-3 s, and it was sufficient for the density of each species to converge within an error

353 of about 10-3 to its equilibrium value.

354 Results of Calculations and Discussion

355 The model calculations correspond to the experimental conditions of [24]; where as quoted

356 previously, the radial profile of the N2
? concentration and the values of the gas rotational

357 temperature were experimentally inferred for currents I = 52, 97, 142 and 187 mA. In

358 order to make comparisons with the model results, the current density at the center

359 J(r = 0), was determined by dividing the measured current by the effective discharge area

360 A*; i.e., J(r = 0) : I/A*; namely [23, 24]

J r ¼ 0ð ÞA� � 2p

Z

R

0

J rð Þrdr; ð21Þ

362362 being r the radial distance measured from the center of the discharge. As the rotational

363 temperature profile is significantly wider than the charged species concentration profiles

364 [23], the local current density J(r) is approximately proportional to the electron density

365 profile [23, 24]. By assuming that the electron density is proportional to the measured N2
?

366 at each radial position [24]; A* was calculated as

Fig. 1 Electric field strength and

reduced electric field versus the

discharge current
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A� � 2p

Nþ
2 r ¼ 0ð Þ

Z

R

0

Nþ
2 rð Þrdr: ð22Þ

368368 Thus Eq. (22) was employed to derive the current density at the center of the discharge

369 column by using the measured radial profiles of N2
? ([24], figure 5) for each current value.

370 The calculated values of J(r = 0) for I = 52, 97, 142 and 187 mA, were *0.8, 1.6, 2.2

371 and 3 A/cm2; respectively. The electric field strength together with the plasma composition

372 and the electron and gas temperature, as well as the vibrational temperature characterizing

373 the first vibrational levels of the nitrogen ground state molecules were calculated from

374 these values of current density. As a consequence, the model output gives estimations of

375 the discharge variables evaluated at the center of the discharge under the experimental

376 conditions of [24].

377 Figure 1 shows the values of the electric field and also the reduced electric field versus

378 the discharge current. The electric field decreases when the current increases, resulting in a

379 negative slope in the E–I characteristic of the discharge. A similar trend is observed for the

380 reduced electric field. This behavior was observed in several works for this kind of dis-

381 charge [4, 5, 7].

382 Figure 2 shows the values of the electron temperature, the gas temperature and the

383 vibrational temperature of the nitrogen molecules versus the discharge current. As it can be

384 seen, the vibrational temperature values are higher than the gas temperature in the given

385 current range (thus indicating that the nitrogen molecules are in vibrational non-equilib-

386 rium state) being its difference smaller as the discharge current increases. This is expected

387 since the rate of V–T energy transfer (12) and (13) increases exponentially with Tg. A

388 noticeable difference between the Te and Tg values is also observed. The Te values

389 (*9500 K) are typical of this kind of low-current discharges in molecular gases [31, 45].

390 As it can be seen, as the discharge current increases the electron temperature softly

391 decreases while the gas temperature increases (with rather high values, above 3000 K); and

392 consequently the plasma non-equilibrium degree decreases; but it is still maintained at a

393 relatively high level Te/Tg s 2. The calculated gas temperature values show good agreement

394 with the experimental data [24] (within the experimental error of ±8 %) in the whole

395 current range.

Fig. 2 The electron, vibrational

and gas temperatures versus the

discharge current
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396 Figure 3 shows the densities of the electronic molecular and atomic metastable states

397 and the electronic atomic ground state versus the discharge current. The rather high-gas

398 temperature together with the vibrational non-equilibrium leads to the production of dis-

399 sociation products as N(4S), N(2D) and N(2P); mainly due to non-equilibrium thermal

400 dissociation (see Fig. 4). The nitrogen dissociation degree varies in the range *0.2 to

401 1.6 % in the whole current range. About 99 % of the atoms are in the ground state. The

402 density of N(2P) is higher than that of N(2D) due to the production of the N(2P) by the

403 quenching of the N2(A
3
P

u
?) states through the reaction (R38) (see Fig. 5); thus producing

404 a decrease in the density of the molecular metastable N2(A
3
P

u
?) and an increase in the

405 density of N(2P) as the discharge current increases. An increase in the density of the N(2D)

406 state for the larger values of the discharge current is also observed because the N(2D) is

407 mainly created by dissociative recombination (R19) in Table 1. The density of N2(a
01P

u
-)

408 is lower than that of N(2D) almost in the whole current range (except for the smaller values

409 of the discharge current).

410 Figure 4 shows a comparison between the electron-impact dissociation (R7) in Table 1

411 with the thermal dissociation for vibrational excited molecules, accounted for by using the

412 multiplicative non-equilibrium factor (5) in the rate coefficient of the reaction (R51) in

Fig. 3 Densities of the

electronic molecular and atomic

metastable states and the

electronic atomic ground state

versus the discharge current

Fig. 4 Dissociation

contributions versus the

discharge current
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413 Table 1. As it can be seen, several orders of magnitude exist between both dissociation

414 rates; thus suggesting that the electron-impact dissociation process is not important under

415 the considered low-electric field conditions; but the thermal dissociation of vibrationally

416 excited molecules plays an essential role in the production of N(4S) atoms. It should be

417 noted that the used Macheret–Fridman model imposes no restriction onto the values of Tg
418 and Tv, and does not depend on any semi-empirical parameter [37, 38].

419 Figure 5 shows the rates of the atomic metastable N(2P) production and loss via dif-

420 ferent mechanisms versus the discharge current. It is observed that the dominant process of

421 production of N(2P) (marked with a dashed line in Fig. 5) within the whole current range is

422 the quenching of the N2(A
3
P

u
?) state through the reaction (R38)

N2 A3
X

þ
u

� �

þ N 4S
� �

! N2 X1
X

þ
g ; v

� �

þ N 2P
� �

; ð23Þ

424424 while the loss is almost due to the quenching of N(2P) in collisions with N2(X
1
P

g
?,

425 v) molecules through the reaction (R45) in Table 1; being both processes in a sort of

426 detailed balance. The low difference between the rates of such processes for the larger

Fig. 5 Rates of the atomic

metastable N(2P) production and

loss via different mechanisms

versus the discharge current

Fig. 6 Ion composition of the

plasma versus the discharge

current
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427 current values is due to the increasing importance of the ionization associative process

428 (R18). Under the analyzed conditions, the excitation rate of the N2(A
3
P

u
?) state due to

429 mutual collisions of strongly vibrationally excited molecules in according to the reaction

430 (R49), is much lower than the excitation rate due to collisions of energetic electrons with

431 molecules in according to the reaction (R3). That is, the excitation rate of the N2(A
3
P

u
?)

432 state is determined by the EEDF (calculated by the help of the BOLSIG? code) and not by

433 the approximation model of the VEDF.

434 Figure 6 shows the ion composition of the plasma versus the discharge current. As it can

435 be seen, the dominant ion within the whole current range is the molecular N2
?, in

436 according to experimental data [24]. Approximately 92, 88, 86 and 80 % of the ions are

437 N2
?, the remainder is almost the atomic N?. The following inequality holds:

Nþ
2 þ Nþ � Nþ

3 þ Nþ
4 : ð24Þ

439439440 The results on the plasma composition are quite different from those found in the model

441 [25] for a current I = 40 mA, but the present results show good agreement (within the

442 experimental error of ±10 %) with the peak values of the N2
? radial profiles measured in

443 [24] in the whole current range. Note that it is quite irrelevant to consider reactions (R12)–

444 (R15) as Penning or associative ionization processes, since the density of N4
? ions are

445 quickly converted in N2
? due to the ion conversion reactions (R25)–(R34) in Table 1.

446 Figure 7 shows the rate of the electron production and loss via several mechanisms versus

447 the discharge current. As it can be seen, the dominant process of production of electrons

448 within the almost whole current range is the associative ionization in atomic collisions

N 2P
� �

þ N2
2P
� �

! Nþ
2 þ e; ð25Þ

450450 in according to the process (R18) in Table 1. Only for low-current values *50 mA or

451 lower, the rate of the Penning/associative ionization process through reactions (R12) and

452 (R13) in Table 1,

N2 A3
X

þ
u

� �

þ N2 a01
X

�
u

� �

! Nþ
4 þ e

! Nþ
2 þ N2 þ e;

ð26Þ

Fig. 7 Rates of the electron

production and loss via several

mechanisms versus the discharge

current
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454454 approaches to the rate of the process (R18). This is because the gas temperature is not high

455 enough; however an increase in the current values (and thus in the gas temperature) leads

456 to an exponential increase in the rate of the process (R18) until it is balanced with the

457 dissociative recombination process (R19) (marked with a solid line in Fig. 7). For the

458 larger current values, also the rate of ionization in according to the process (R17)

N 2P
� �

þ N2
2D
� �

! Nþ
2 þ e; ð27Þ

460460 exceeds the rate of the processes (R12) and (R13) due to the strong increase in the density

461 of the N(2D) state (as is shown in Fig. 3). The processes of direct electron-impact ion-

462 ization (R8) as well as the stepwise ionization from the metastables N2(A
3
P

u
?), and

463 N2(a
01P

u
-), in according to reactions (R9) and (R11) respectively; are not important under

464 the present conditions.

465 According to these results, the associative ionization in atomic collisions might plays a

466 non-negligible role in the production of electrons under the conditions of [25], because the

467 high-gas temperature (Tg * 3600 K) predicted by that model at I = 40 mA for the

468 nitrogen gas at rest.

469 Figure 8 shows the electron power and the fraction of it converted into heat versus de

470 discharge current. As it can be seen, a very large fraction (up to *94 %) of the electron

471 power is converted into heat. The major source of gas heating is the V–T relaxation of

472 nitrogen molecules owing to the rather high-gas temperature values of the discharge. The

473 heat released from chemical reactions does not play any relevant role under these condi-

474 tions because the fraction of the electron power transferred to the electronic excitation of

475 the nitrogen is low (\2 %).

476 Conclusions

477 A model describing an atmospheric pressure glow discharge in nitrogen gas to simulate the

478 experimental conditions of [24], accounting for several processes with the participation of

479 electronically excited atoms, was developed. The basic processes sustaining the discharge

480 at a current range of 52–187 mA were identified. A good agreement between the calculated

481 results and the experiment [24] was found. The model has shown that:

Fig. 8 Electron power and the

fraction of it converted into heat

versus the discharge current
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482 1. The thermal dissociation of vibrationally excited molecules plays an essential role in

483 the production of N(4S) atoms. The electron-impact dissociation process is not

484 important under the considered low-electric field conditions.

485 2. The dominant ion within the investigated current range is the molecular N2
? with an

486 increasing proportion of atomic N? toward high-current values. The dominant process

487 of production of electrons within the almost whole current range is the associative

488 ionization in atomic collisions

N 2P
� �

þ N2
2P
� �

! Nþ
2 þ e:

490490

491

492 3. The dominant process of production of N(2P) within the whole current range is the

493 quenching of the N2(A
3
P

u
?) electronically excited molecules by nitrogen atoms

N2 A3
X

þ
u

� �

þ N 4S
� �

! N2 X1
X

þ
g ; v

� �

þ N 2P
� �

:

495495

496

497 4. A very large fraction (up to*94 %) of the electron power is converted into heat. The

498 major source of gas heating is the V–T relaxation of nitrogen molecules owing to the

499 rather high-gas temperature values of the discharge.
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