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Abstract

Direct current N, flowing discharges were generated and conditions for the
pink afterglow were obtained. Emissions from N»(B, C) and N3(B) radiative
states were studied as a function of pressure, flow rate and post-discharge
position. A one-dimensional kinetic model accounting for N»(X, v),

N2(A, B, C, a, a’, a”), N(*S), N7_,(X) and N3(B) species has been
developed in order to describe the experimental observations. The analysis
on the complete set of processes assumed in this paper has provided possible
generation mechanisms for N atoms, N3(B) ions and N»(B, C) electronically
excited states as well as for metastable ones. It has been shown that
ionization, excitation and dissociation processes occur simultaneously at the
post-discharge region when the vibrational distribution function of N, (X, v)
states heats as resulting from the efficient V-V pumping mechanism, which
is very sensitive to pressure conditions. Here, the pink afterglow is
described as a non-equilibrium plasma, i.e. ambipolar diffusion for ions and

the condition of charge neutrality are assumed.

1. Introduction

The pink afterglow has been known to occur in N, flowing
discharges for a long time [1]. The phenomenon consists in
the appearance of a visible pink luminous region, at post-
discharge times of about 1073-5 x 1072, clearly separated
from the discharge by a dark space region [2]. Predominant
emitted light originates from N3(B), N»(B) and N,(C) states,
the ionic emissions being, the first negative system, the
dominant ones in the spectrum. Some experimental works
concerning the non-radiative species in the pink afterglow can
be found. Sadegui et al [3] have shown, utilizing the intracavity
laser absorption spectroscopy and microwave interferometry
techniques, that the N,(A)and electronic (n.) densities present
similar post-discharge spatial profiles as those observed for

0022-3727/02/070689+11$30.00 © 2002 IOP Publishing Ltd Printed in the UK

the radiative species. The same was observed with respect
to the neutral ions Ni, N} and N} [4]. Diamy et al [5]
and Moritts [6] studied the N atoms density in the pink
afterglow for pressures ranging from 2 to 30 Torr. By means
of mass spectrometry and NO titration techniques, they have
shown that N density presents the same behaviour observed
for the other species and that it is sensitive to the pressure
parameter. The higher the pressure, the more pronounced
is the density peak in the spatial profile. Perhaps, because
of this dependence, Mazouffre et al [7] did not find similar
results concerning the N atom density profile, which was
measured by the TALIF technique, since they have worked
at 440 Pa. Very recent theoretical works [8—10] propose some
possible kinetics mechanisms to explain the pink afterglow.
Nowadays, this phenomenon is interpreted as re-ionization and
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re-excitation processes originating mainly from the N, (X, v)
states produced in the discharge and transported by the flow to
the post-discharge region.

In this paper, we present some experimental results
concerning the optical emissions from N(B,C) and N}(B)
species in a pink afterglow generated by a direct current
(DC) source with special emphasis on the pressure parameter.
A kinetic model including the calculated N, (X, v) vibrational
distribution function (VDF) is utilized to describe our
experimental results. Even though the model is not complete
with all possible kinetic processes taking place in the post-
discharge, it provides some qualitative agreement with our
measurements and with other published ones for all species
experimentally studied. In this sense, it may evidence some
important kinetic processes in the pink afterglow. In fact, from
a detailed analysis on the whole set of processes assumed in
this paper, some dominant reaction pathways for the relevant
species are proposed.

2. Post-discharge kinetic model

2.1. General description

The kinetic model used in this paper is essentially a one-
dimensional relaxation model to describe the post-discharge
regime generated by low-pressure N, flowing glow discharges.
In this sense an initial condition concerning specie densi-
ties is required and, from that, a system of rate balance
equations for the most relevant neutral and ionic species, cou-
pled to the N,(X, v) vibrational master equation, is numeri-
cally integrated in time. The model provides the N> (X, v),
N»(A, B, C, a, a, a"), N(*S), N7j_,(X) and N%(B) axial popu-
lations as a function of time for a discharge vibrational tem-
perature (0), flow rate (Q), pressure (p) and tube radius (R).
Gas (T') and electronic (7;) temperatures were considered as
constants along the post-discharge, whose values are 400 [11]
and 2300K (0.3eV) [12, 13], respectively. The initial N, (X)
VDF was supposed to be a Boltzmann distribution function at
equilibrium temperature (6).

The coupled system of equations was integrated
numerically in Matlab 5.1 environment by an ordinary
differential equation (ODE) solver which is appropriate to
solve stiff problems [14]. A detailed discussion on the
numerical integration method itself is furnished in [15]. The
greatest advantage in utilizing this solver is the simplicity of
describing and handling the problem. One can be concerned
only with the kinetic aspects without directly touching the
integration method. Here, the model consistency was checked
by verification of the total density of particles, or mass
conservation, throughout the integration. For that, a specific
set of physical processes was chosen, which does not include
sources or sinks, and the total instantaneous mass difference
At, having as reference value the total mass at r = 0, was
calculated. It was observed that the mass variation presents a
relative error of about 107'% when post-discharge parameters
are varied. The initial densities and VDF distribution were not
directly calculated from a discharge model for the experimental
parameters, but taken from typical ones found in the literature.
We think that the most important discrepancy in the model
is the initial VDF, considered as a Boltzmann one, which
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is quite different from the expected one in an N, discharge
[16]. However, this assumption does not affect the results
much, because the VDF evolutes rapidly to a Treanor—Gordiets
distribution, as can be seen in the text.

2.2. Kinetics of vibrationally excited states

The processes taken into account for the N»(X) VDF
calculations are described in table 1. We included V-V
exchange reactions (V1), V-T exchange reactions for both
N,—N, (V2) and N,—N (V3), vibrational deactivation on the
wall (V4) and dissociation promoted by V-V and V-T pumping
(V5), the latter occurring into the 46th vibrational pseudolevel
[17] with a total dissociation velocity (Vy4) [18,19] which
generates a source term (2 x V4) into the rate balance equation
for atomic nitrogen. The N re-association process, occurring
on the wall, is supposed to generate N»(X, v = 0) states with
a probability constant y = 3.2 x 107* [6]. The last constant
was obtained in a mass spectrometry study carried out in the
presence of the pink afterglow regime.

The V-T and V-V constants for molecular nitrogen
are given in [20]. Rate coefficients Pjo(T) for V-T
reactions are calculated by an analytical expression whose
parameters were fitted to compiled experimental data [21].
V-T deactivation rate coefficients for higher levels were
calculated by a scaling function which follows the SSH theory
[22,23] as modified by Keck and Carrier [24]. The V-V
constants are calculated on the basis of the semiclassical
theory [25]. Rate coefficients PJ}) (T) are taken directly from
[25], and for higher levels a scaling function proposed in
[26], which approximates the constants to the semiclassical
ones, was employed. Inverse reactions were considered
and their rate constants calculated from the principle of
detailed balance. The rate constants for multiquantum V-T
exchange reactions between N,—N, consisting of the main N,
vibrational deactivation channel [16,27,28], were obtained
from a fitted function of data presented in [29]. As in [29, 30],
only transitions to the five lower levels were considered
(Jv — w| < 5) with the same probability for each one. Here, no
V-T inverse reactions concerning N,—N were accounted for.
Single quantum molecular vibrational deactivation on the wall
was assumed with a deactivation probability y = 4.5 x 10~
[31]. Energies for N, (X, v) states were calculated by the Morse
oscillator approximation. Other processes influencing the
vibrational kinetics were taken into account, such as reactions
R19-R23 (table 2) and R26-R30 (table 3). It should be
noted that they are V-V exchanging reactions that change
considerably the volume kinetic processes. In this sense,
these vibrational sinks are taken into account here to avoid
overestimated VDFs.

Table 1. Processes concerning N,(X, v) molecules kinetics.

Reaction Ref.
(V1) No(X,v)+No(X, w) [20]

S NX, v+ D+ N X, w—1)
(V2) No(X,v)+N; < No(X,v—1)+N, [20]
(V3) No(X,v)+N —> No(X,v— Av) +N [29]
(V4) No(X,v)+wall - N,(X,v—1) [31]
(V5) No(X,v =45 +N(X, w) [18,19]

S N+N+N, (X, w— 1)
No(X, v =45)+N, - N+ N +N,
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2.3. Kinetics of electronically excited states, N atoms
and ionic species

Processes accounting for kinetics of states, other than N (X)
vibrational ones, were grouped into three principal categories.
The first one, presented in table 2, concerns processes between
nitrogen atoms and molecules. Two- and three-body reactions
and also the spontaneous emission phenomenon have been
included. Diffusion and interaction with the wall have been
considered for N,(A), N»(a) and N,(a’) molecules and for N
atoms. For the wall loss rate for excited N, molecules, one
has adopted the formulation described in [29], assuming a y
probability equal to 1073 for Ny(a) and N»(a’) and equal to
unity for N,(A). For N atoms, the surface loss was discussed
in a later section.

Some observations concerning reactions in table 2 are
carried out. This model does not distinguish different energy
states for N atoms. Accordingly, one should consider that N
atoms are always in the N(*S) configuration, even in reaction
R6. Possible consequences of this choice do not seem to be so
important since the set of reactions does not involve processes
linked to higher energy states of N atoms and, also, because
N(D, 2P) states are converted to N(*S) ones in volume and
surface reactions. Reaction R22 is proposed given that the
N,(a) state is a singlet with energy very close to the N,(a')
one (see reaction R21) and the mixing between these states
is very efficient; see R13 and R16. The Njp(w) state has
not been considered due to its weak population as compared
with the last ones, even when assuming its production by
vibrational pooling mechanisms as R21 and R22. It should
be mentioned here that only the vibrational kinetics of the
fundamental electronic state has been taken into account.

Table 3 presents some possible processes concerning
ionization and ion excitation in an N, afterglow. Here, it has

been considered that almost all ionization processes generate
Ny ions. This assumption should be necessary for reaction
R25 if one strictly considers fundamental vibrational levels of
N,(A) and Nj(a’) species. Also, it allows us to assume lower
vibrational levels in reactions R26—-R29. However, for reaction
R24, one has assumed N ions formation which looks better
from the point of view of energy conservation.

The last category of processes, listed in table 4, consists
of ionic conversion reactions and ion—electron recombination
processes. Reactions R37, R38 and R44 present an important
role in this model and will be discussed later. It is worth
noting that we have assumed the condition of charge neutrality
in the post-discharge regime; hence the electron density is
obtained from the sum of ion densities at each instant. As
a natural consequence, one assumes ambipolar diffusion for
ions. Furthermore, for our experimental set-up, this choice
is supported by the selection criterion for ionic diffusion
presented in [32], in view of the electronic density measured
[12] and calculated [13,33] in N, post-discharges. Products
of wall reactions after ambipolar diffusion were considered
the same as those of ion—electron recombination reactions
R41-R44. The diffusion of N}(B) ions was supposed to be
the same as for N3 (X).

3. Experimental set-up and
operational conditions

The experimental set-up is shown in figure 1. A DC N,
flowing discharge was generated between two side-armed
electrodes 20cm apart in a pyrex glass tube (1.6cm i.d.,
1.8cm o.d.). The voltage drop through the positive column
was measured by tungsten Langmuir probes. The discharge
current was monitored by an amperemeter connected to the
circuit. The post-discharge tube, with the same characteristics,

Table 2. Processes concerning N, metastable and radiative species kinetics.

Two-body reaction k (cm®s™!)

Three-body reaction k (cm?s71)

Spontaneous emission v(s7h Ref.
R1 Ny (A) + Ny (A) = N (X, v = 0) + N, (B) 7.7 x 10~ [46]
R2 Na(A) + Ny (A) = Nao(X, v = 0) + N, (C) 1.5x 10710 [47]
R3 Na2(A) + N2 (A) = No(X, v = 0) + N(*S) + N(*S) 3 x 1071 [29]
R4 No(A) + N, = No +No(X, v = 0) 3 x 1071 [29]
R5 N3 (A) + N(*S) — Ny (X, v = 0) + N(*S) 2 x 10712 [29]
R6 N, (A) + N(*S) — No(X, v = 0) + N(*°P) 4 x 107" [48]
R7 No(B) + N, — N, + N, (A) 2.85x 107" [19]
RS No(B) + N, — N, + Ny (X, v = 0) 1.5x 10712 [19]
R9 No(B) — Ny(A) + hv 2.4 x 10° [35]
R10 N+N+N, - N,(B) +N, 8.3 x 10™** exp (500/T) [49]
R11 N,(C) +N, — No(a) + N, 101 [29]
R12 N,(C) — N,(B) + hv 2.74 x 107 [35]
RI13 Ny(a) + N, — Ny(@') + N, 9.1 x 1072 [50]
R14 Ny(a) = No(X, v = 0) + hv 1.8 x 10* [51]
R15 Ny(a) = No(@') + hv 1.91 x 10? [52]
R16 Ny(@) +N; — Na(a) + N, 1.82 x 107" exp (—1700/T) [29]
R17 N,(@) + N, — No(B) + N, 1.9 x 1071 [53]
R18 No(@") + N, = No(X, v =0) + N, (X, v = 0) 2.3 x 10710 [54]
R19 No(A) +No(X, 4 < v < 15) = No(B, v < 13) + N»(X, v =0) 2x 1071 [19]
R20 No(X, v > 23) + No(X, v > 23) = Np,(@) + No(X, v =0) 1.6 x 1071 [55]
R21 No(X, v > 15) + No (X, v > 15) = Ny(@') + No(X, v = 0) 2.1 x 107 exp (=700/T) [29]
R22 No(X, v > 15) + N (X, v > 15) — Na(a) + No(X, v = 0) 2.1 x 107" exp (=700/T) p.w.
R23 N, (@) +N,(X, v >3) = N+ N+N,(X, v =0) 10~ p-w.
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Table 3. Processes concerning ionization and ion excitation kinetics.

Two-body reaction k (cm?s™!)
Spontaneous emission v(s7h Ref.
R24 No(@) +Ny(@") — N3(X) + N (X, v =0) +e 10~ [55]
R25 Na(A) +Ny(@) — Ni+e 3.2 x 10712 [29]
R26 No(X,v > 8) +Ny(@”) = Nj +e 107" exp (—640/T) [55]
R27 No(X, v >24)+Ny(a') = Nj +e 10712 [42]
R28 No(X, v >29)+No(X, v >29) - Nj+e 3.5 x 107 exp (—1160/T) [56]
R29 No(X, v > 36) + No(A) — Nj +e 10713 [55]
R30 NI(X) +No(X, v > 11) - Ni(B) + No(X, v = 0) 3 x 107 exp (—4.3 x 1074(T — 700)/T) [56]
R31 N3(B) - N3 (X) + hv 1.6 x 107 [35]
Table 4. Processes concerning ion transfers and ion—electron recombination kinetics.
Two-body reaction k(cm?s™!)

Three-body reaction k (cm®s 1) Ref.

R32 N*+N; + No(X, v = 0) - Ny + N¥ 1.7 x 1072300/ T)>! [57]

R33 N*+N+N, - NJ+N, 107 x (300/T) [42]

R34 Ny +N - N"+ N, (X, v =0) 7.2 x 10713(T/300) [40]

R35 NI +N, + N, (X, v =0) - Nj + N, 5.2 x 1072(300/T)*? [57]

R36 NI+N+N; > Nf+N, 0.9 x 107% exp (400/T) [40]

R37 Ni+N = N;+N,(X, v =0) 6.6 x 1071 [40]

R38 Ni+N—-> N +No(X,v=0) 107° [58]

R39 Ni+N, > NI+ N, + No(X, v =0) 2.1 x 107" exp (T/121) [40]

R40 N;+N = N*+No(X, v = 0) + No(X, v = 0) 1071 [40]

R41 Nt+e—> N+hv 3.2 x 10712 [59]

R42 Ny+e— N+N 1.8 x 1077(300/ T,)*3° [60]

R43 Ni+e — N+No(X, v=0) 2.0 x 1077(300/ T,)> [49]

R44 Ni+e— No(C) + No(X, v=0) 2.3 x 107%(300/ T)3 [61]

pressure gauge

|

to reactor =

optical fibre T
id16em |
d.1.8 8| Toroms 5
o.d. 1.8cm robes
monochromator [5_PM % _p =4
spectral link 1 D

1

Ny

Figure 1. Experimental set-up. A: anode; C: cathode; Z,: assumed
origin of post-discharge.

was assembled transversely to the latter one with the aid of
a Wood trap, to avoid discharge light in the post-discharge
region. Gas pressure and flow rate were measured by
means of a baratron gauge (MKS, 626A) and a mass flow
meter (Edwards, EH250), respectively. The N, gas utilized
was a high-purity gas (99.999%). The glow and afterglow
emissions were recorded by means of a monochromator
(Jobin-Yvon, HR640, 1200 grooves mm™!) connected to a
photomultiplier tube (Hamamatsu, R928). A 0.5 mm diameter
optical fibre was utilized to guide the light emitted from several
discharge and post-discharge positions. All spectra records
were accompanied simultaneously by discharge current and
voltage measurements and, from those ones, the reduced
electric field and electronic density were determined.
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The work conditions were pressure (p) between 3 and
10 Torr, flow rate (Q) between 0.4 and 0.5SIm™', 70mA
constant discharge current and voltage (V) between 280 and
510V. The mean power dissipated by the discharge was varied
from 20 to 36 W and the reduced electric field from 5.4 to
2.7 x 107V cm? for the pressure range mentioned above.
The electronic density was estimated from the current density
and drift velocity, which was linearly adjusted as a function
of reduced electric field from data presented in [34]. For our
conditions, . was found between 3.4 and 5.7 x 10'°cm™3.

4. Experimental results

The N3(B,v = 0, 1) ionic and N»(C,v = 0, 1) electronically
excited states were studied by recording spectra in the range
of 375-395 nm comprising emissions from the first negative
and second positive N, systems [35]. The No(B,v = 6-12)
states were studied by spectral emissions from the first positive
system in the range of 570-610nm. Figure 2 reports the
375-395 nm spectra measured at the end of the positive column
and at the beginning of the post-discharge tube (Zy = 2.5 +
0.5cm from the cathode) for p = 1 and 9Torr. A direct
comparison between N} (B, 0-X, 0) emissions, for p = 9 Torr,
shows a decrease of 3.6 times in peak intensity, and thus in
excited ionic nitrogen density, from the end of the positive
column to the beginning of the post-discharge (Zy). When
the same analysis is applied to N»(C, 0-B, 2) intensities, one
finds a decrease of 12 times in N»(C,0) population. The
reduction of both populations clearly results from the EEDF
relaxation since their production occurs, directly or indirectly,
by electronic impact processes in the discharge. A similar
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Figure 3. N3 (B, 0-X, 0) intensity profile at the post-discharge tube
as a function of residence time for conditions Q = 500 sccm,

I =70mA, p = 5Torr (O), p = 7 Torr (O) and p = 9 Torr (A).
The residence time was calculated as a function of position for a
400K fixed temperature along the post-discharge tube of radius

r =0.8cm.

analysis at p = 1Torr shows that N3(B,0) population
decreases 21 times when the discharge peak emission is
compared with the post-discharge one. For N,(C,0), a
decrease of 76 times was measured. It is then verified that
N, (C, 0) density decreases approximately 3.5 times faster than
the NJ(B,0) one at both pressures. This probably indicates
that similar mechanisms are responsible for N,(C) and N%(B)
emissions at the beginning of the post-discharge tube for a
pressure range of 1-9 Torr and that they are amplified as the
pressure rises.

After establishing the experimental conditions of the pink
afterglow regime, the emissions of N3(B), N»(B) and N»(C)
states were studied as functions of pressure, flow rate and post-
discharge position. The 391.4 nm emission profile along the
post-discharge tube for different pressure values is reproduced
in figure 3. For a pressure of 5 Torr, the pink afterglow peak
occurs at t ~ 12.5ms. As pressure increases, the afterglow
volume increases and a considerable change occurs in the
emission profile. Figure 4 shows the intensity profiles for
380.5 and 580.4 nm head bands generated by the N»(C, 0) and
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Figure 4. N,(B, 11-A, 7) intensity (A) and N,(C, 0-B, 2) intensity
(O) z-profiles as in figure 3, but for pressure values of 5 and 9 Torr.
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Figure 5. N3 (B, 0-X, 0) intensity as a function of pressure at initial
post-discharge position z = Z, for conditions / = 70 mA,
Q = 500sccm (O) and Q = 400 sccm (@).

Ny (B, 11) states, respectively. They are similar to the first ones,
for excited ions, apparently indicating a close relation in their
generation mechanisms. For the N,(B, v) emissions, similar
profiles coming from the v = 6 to v = 12 vibrational states
were observed.

For our experimental parameters (500sccm flow rate,
70mA discharge current and 2 Torr pressure), no light could
be visualized along the post-discharge tube. The variation of
pressure from 2.0 to 4.0 Torr produced a small pink luminous
volume at the end of the post-discharge tube (z ~ 15 cm). The
further increase in pressure caused the volume displacement
towards the beginning of the post-discharge tube, at the same
time that it would be enlarged. Roughly at 6.0-7.0 Torr the
volume extremity, closer to the discharge, reached the position
Zy and suddenly the full post-discharge tube was filled with
an intense pink afterglow. From this point, a whole intensity
increase could be observed until p = 9-10 Torr, but the peak
position could not be distinguished visually. The described
picture and the post-discharge profiles (figures 3 and 4) well
match the data presented in figure 5. In this study, the fibre
position was fixed at Zy and, for each flow rate value, the
pressure was varied from 3 to 10 Torr. Care has been taken
to remove the discharge light, especially at the low-pressure
range where the SLA light is still weak. It is observed for
both flow rates that intensity increases by almost three orders
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of magnitude when pressure rises from 4 to 7 Torr. The strong
dependence of the radiative species on the pressure parameter
seems to indicate that N»(X, v) vibrational states may be their
precursors. The vibrational populations of intermediate- and
high-energy levels tend to grow, at least, with the square of
pressure until the V-T reactions dominate. Furthermore, the
higher the pressure, the longer the residence time of the species.
So, it is expected that volume reactions, which generate the
light in the post-discharge region, be displaced towards shorter
positions.  Still, it can be observed in figure 5 that for a
higher flow rate, the curve is slightly displaced towards higher
pressure values. The displacement can be understood as
necessary to compensate the decrease in the residence time,
because as the flow rate increases, the VDF is cooled. In
conclusion, information provided by the experiment strongly
supports the assumption that vibrational mechanisms may act
as a source for investigated species.

The variation of the discharge vibrational temperature as
a function of pressure was calculated for the N»(X, v) states.
This was done by means of the N,(C, v) relative populations,
obtained from the second positive emissions [36], and with
the aid of the Franck—Condon factors for the transitions
N> (X, v) = N»(C,v’) [35]. A variation from 3650 to 7500 K
was found as pressure varies between 1 and 9 Torr. At these
pressures, it can be expected that the N»(A) state influences
the N,(C) vibrational populations and, hence, the calculated
vibrational temperature. However, the results obtained can be
utilized as an estimation for model running [37].

5. Results of the model—discussion on
sensitive reactions

5.1. No(X, v) vibrational population

We start presenting the calculated VDFs. For all simulations,
the set of initial conditions was kept fixed. The atomic nitrogen
density was considered as 7.5 x 10 cm™ [6,33]. The
electronic excited states densities were taken from [38], for a
discharge residence time on the order of 1072 s, given that our
experimental conditions are very close to those assumed there.
They are [N2(A)] = 102 cm™3, [No(B)] = 5 x 10" ecm™3,
[N2(O)] = 3 x 108cm™, [Ny(2)] = 102cem™3, [Na(a)] =
10" em ™3 and [N2(@”)] = 10'%cm™3. Ionic densities were
considered as [N3(X)] = 5 x 10"cm™, [Nj;_,] = 0
and [N3(B)] = 5 x 108cm™3. Figures 6 and 7 show
the distributions for p = 5 and 9 Torr, respectively. The
heating effect on the VDF is clearly evidenced when pressure
rises, noticeably at t = 10-3s, when V-T reactions are still
not efficient and the V-V near-resonant pumping mechanism
dominates. At = 1072 s, the curves calculated in the presence
of all mechanisms (solid lines) are almost the same for both
pressure values. This can be explained by the vibrational
quanta consumption for electronic excited species formation
and by the increase in the N-N,(X, v) quenching mechanism
generated by extra N atom production via reaction R23.

5.2. Results without excitation by
Ny (X, v) pooling reactions

An interesting insight on the role of vibrational states can
be achieved comparing modelling with and without the
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Figure 6. Calculated VDFs for p = 5 Torr, T = 400 K and

6 = 6000K at (a) 1073, (b) 1072 and (c) 10! s. The solid curves
represent the VDFs in the presence of all possible mechanisms
considered in this paper (see tables 1-4). The dashed curves account
only for N, (X, v) molecules and N atoms mechanisms (see table 1).
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Figure 7. Calculated VDFs, under the same conditions as in
figure 6, but for p = 9 Torr and 6 = 7500 K.

vibrational sources. Initially, these sources (see tables 2 and 3),
that populate the metastable, radiative and ionic states, were
removed from the model, with the exception of reactions R19
and R30 usually proposed in the literature. Thus, the only
source of ionization is assumed to be the pooling reactions
(R24 and R25, table 3) among N»(A) and N,(a") metastables
coming from the discharge. Figure 8 reports the temporal
variations of principal electronically excited species in an
N, afterglow. The initial assumed conditions are the same
as those in figure 6. The [N;(a”)] behaviour reflects the
strong quenching mechanism R18. The N,(B) profile behaves
similarly to the N»(A) one, but presenting a stronger decrease
since it is a radiative state. The N,(C) profile follows that for
N ions (see reaction R44), which present a slight maximum
att ~ 2 x 107%s (see figure 10) resulting from the ionic
mixing reactions, especially from reaction R35. It should be
remembered that [N}] = O at# = 0. A particularly interesting
result concerns the N, (a') state. Even presenting a long lifetime
[35] and a low quenching constant (reaction R17), it is quickly
consumed after 10~*s mainly by reaction R17, as can be
verified in comparing the consumption frequencies of reactions
R17, R24 and R25. Atr = 1073 s, which is the characteristic
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time for the pink afterglow regime, its density is negligible. In
agreement with the latter discussion, the N3 (B) profile, shown
in the same figure, presents a decreasing monotonic behaviour.

As a conclusion, the calculated profiles for N,(B, C)
and N}(B) species cannot reproduce the experimental ones
(see figures 3 and 4) when only reactions R19 and R30
are considered, i.e. if metastable and ionic species are not
created in the afterglow. As follows, the remaining vibrational
mechanisms are taken into account and their effects are
investigated.

5.3. Results with excitation by N, (X, v) pooling reactions

Figure 9 shows the N, excited states for the same initial
conditions as assumed before, but the complete set of reactions
was allowed in simulations, i.e. including vibrational sources.
The N»(B), N»(C) and N3(B) radiative states now present a
profile with a peak at t ~ 10725 in good agreement with our
experimental data (figures 3 and 4). At time corresponding
to the maximum in the curve, the N,(a') density has risen
more than six orders of magnitude as compared with the
former profile presented in figure 8. The N(A) profile has
also changed and a significant increase in its density occurs
simultaneously to that of the Ny(a’) state. This new picture
is in good qualitative agreement with experimental results
presented in the literature. As observed by Supiot et al [2],

10°
1078

105 10% 102 102 107!

Time (s)

107 107

Figure 8. N,(A), N>(B), N,(C), N»(a), N,(a'), N»(a”) and N3 (B)
densities as functions of post-discharge time for the same conditions
as in figure 6. The vibrational sources, R20-R23 and R26-R29, are
not allowed in this case. Only R19 and R30 are allowed.
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Figure 9. The same as in figure 8 with the vibrational sources
included.

the short-lived afterglow (SLA) spatial intensity profiles,
generated from the N, (B, C) and N3 (B) states, are similar and
present a non-monotonic feature along the post-discharge tube.
In those ones, a marked minimum is observed, characterizing
the dark space region, followed by the growth in the SLA
emissions to a marked maximum. The same was observed by
Sadegui et al [3] for n. and N, (A) density profiles. They have
studied the SLA generated by a 433 MHz source in a 3.8 cm
inner tube diameter whose dissipated power was 300 W and the
pressure was equal to 3.3 Torr. For that, at the SLA maximum,
ne =6 x 10°cm™ and [N>(A)] = 5 x 10'° cm ™ was found.
Assuming this pressure and tube diameter and considering
the following initial conditions, ne = 1.2 x 10" cm=3 [11],
[N] = 108em™ [7], & = 10*K [11], Tyischaree = 800K
[11] and other initial values, but the ionic densities which
depend on 7, as indicated in section 5.1, our model predicts,
at the SLA maximum, n. = 3.5 x 10'°cm™3 and [N(A)] =
7.5 x 10'°cm™3. Bromer and Hesse [4] have shown that the
neutral jonic states N3_, also present similar profiles as our
results reproduced in figure 9. They have measured, at the
SLA maximum with p = 4.4 Torr, the ionic density ratios
(N$):(N$):(N3) = 1:1.9:0.64. The calculated profiles for
ions and electron densities are presented in figure 10 under the
same conditions as in figure 9. The model predicts that N}
and N7 ionic densities predominate that for N} in accordance
with [4]. At the SLA maximum, the ratios (N}): (N3): (N})
are 1:5:0.35 and the electronic density is 1.8 x 10'%cm™3.
In [10], the rate constant kgr3g was considered the same as
kr37. In this case, for the same conditions as here, N} and N}
ions predominate the N3 ones, in accordance with [39], and
the maximum electronic density is 8 x 10° cm™3. Interesting
information furnished by the model concerns the initial ionic
configuration which seems to play a minor role in the set of
initial conditions. As a result of the ionic mixing reactions
(table 4), identical ionic profiles for NT_, ions are observed
at times longer than 107> s if the initial electronic density is
kept constant. This has been interpreted as a consequence
of the equilibrium achieved by ionic mixing reactions. This
argues in favour of a simple electronic density experimental
estimation as entry for the model.

A further analysis on the mechanisms involving
vibrational states, R20—R22 (table 2) and R26—R29 (table 3),
was carried out to evidence their contribution to ionization
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Figure 10. N}_, and n.densities as a function of post-discharge
time for the same conditions as in figure 9.
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Figure 11. N3(B) density as a function of residence time
(p = 5Torr, & = 6000 K) for some selected groups of vibrational
sources. The specification of curves is given in the text.

occurring in the post-discharge. For that, specific groups
of processes are selected to describe the different ionization
pathways. In figure 11, the N3(B) density is presented as a
function of time for several sets of production mechanisms
for N3 and N} ions at p = 5Torr. In curves (a), (b) and (c),
the N,(a) state is produced by the Np(X,v > 15) pooling
reaction (R21):

No(X, v > 15) +No(X, v > 15) = Np(a') + N (1)

Then, in curve (a), the N} and N} ions are produced by the
metastable pooling reactions R24 and R25,

Na(@) +Na(@) > NF + N, +e,

o @
N2(A) +Ny(@') — NI +e,
in curve (b) by the metastable pooling reaction R27,
N2(@) + N (X, v > 24) — Nj +e, 3)

and in curve (c) by the complete set of ionization mechanisms
R24-R29 (table 3). The N} ions are converted into N} ones
by the mixing reactions presented in table 4 and finally N%(B)
is excited via R30:

N3 (X) + N2(X, v > 11) = N3 (B) + Na. “4)

The effect of the ionization pathway (R28) has also been
considered:

No(X, v > 29) + No(X, v > 29) - NJ +e, 5)

which produces the N3 (B) temporal profile shown in curve (d).
It is clearly deduced from figure 11 that reaction (3)
(corresponding to R27 in table 3) is the main source of N ions
and, consequently, of N (X) and N} (B) ones. The calculated
density ratio of N3(B) at ¢+ ~ 8.5ms (maximum value) and
at t ~ 2.5ms (minimum value), which is 14 for curves (b)
and (c), is near the experimental one as shown in figure 3. Other
ionization mechanisms have also been considered as reactions
R29 and reactions R20 + R26. However, the maximum values
found for N%(B) density are always weaker than those shown
in curves (b) and (c).

To conclude, it has been observed that the set of
reactions (1) and (3) is the main ionization pathway, between
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the ones studied here, producing the N3(B) emissions in the
pink afterglow.

The mixing reactions presented in table 4 were also stud-
ied, and it has been observed that ionic conversion from N}
ions to NI ones is mainly due to reactions R37 and R38.
The consideration of these ionic converting mechanisms per-
mits the increase in the absolute N3 (X, B) densities because
they balance reaction R35. One will arrive at consider-
ably weaker N} (X,B) densities, in the post-discharge, by
disregarding them.

A similar analysis was carried out for N,(B, C) species,
and here we will briefly discuss the dominant mechanisms
found. For N,(B) states, figure 8 clearly expresses the
ineffectiveness of reaction R19 to reproduce the experimental
behaviour in the SLA (see figure 4). The increase in N»(B)
density occurs by reaction R17 when the Ny(a') state is
produced by reaction R21 (reaction (1)). The rise in N,(A)
density follows that for N»(B), mainly by N»(B) quenching
reaction R7, which has a frequency one order of magnitude
greater than the spontaneous emission process R9. However,
it should be mentioned that reaction R19 has an important
participation when N,(A) density rises. The possibility to
explain the production of the N,(B) state from the N,(C)
one is quite improbable if one compares reactions R12 and
R17 at a residence time corresponding to the maximum
density (figure 9). Finally, it was observed that the ion—
electron recombination mechanism R44, which generates the
N,(C) states, can partially reproduce the second positive
system behaviour observed in the pink afterglow (figure 4).
The residence time of the [N,(C)] maximum is in good
agreement with the experimental one. However, the ratio
[N2(C)]/[N3(B)] in the model is weak compared to the
experimental one, deduced from the ratio /330.5nm//391.4nm at
the maximum point, indicating the lack of some source for
N2(C) in the model. It was not explicitly written, but the
excitation of N, (C) is also a stepwise process since it requires
ionization steps R21 and R27 to produce N} ions. N(C)
formation by electron—ion recombination is proposed in [40]
and considered in [41, 42].

The N atoms density temporal profile as a function of
pressure is presented in figure 12. The increase of N atoms in
the post-discharge regime occurs by means of reaction R23.
Moritts [6] has carried out N density measurements into the
pink afterglow utilizing a mass spectrometer. He has observed,
applying also the optical emission spectroscopy technique, that
N»2(B), N»(C) and N%(B) radiative species present an intensity
increase along with the N density in the pink afterglow regime.
Moreover, his experimental results show that the higher the
pressure, the stronger the N atoms peak. In this sense, the
kinetic model presented here is in qualitatively good agreement
with the N atoms behaviour observed by Moritts in the N, pink
afterglow.

It should be emphasized that, at this stage of the work, the
set of proposed dominant reactions can explain qualitatively
the behaviour of active species in the pink afterglow. However,
other mechanisms have to be analysed in detail for a better
global comprehension of this phenomenon. Loureiro et al
[8] present an extensive discussion about some of these
mechanisms. Here, we will briefly discuss some of them taking
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Figure 12. Calculated N atom density as a function of residence
time for p = 2 Torr and & = 4500K (O), 5 Torr and & = 6000 K (O)
and p = 9 Torr and 8 = 7500K (A).

into account our calculated VDF. Potential reactions proposed
in [8] are

No(X, v > 24) + N(*S) = Na(A) + Ns, (6)
No(X, v > 30) + N(*S) — N,o(B) + Ny, )
No(X, v > 37) + N(*S) = No(@) + N,. (8)

The only reaction that should play an important role in our
kinetics is reaction (6) because the other reactions involve
too high vibrational levels, which, following our calculated
VDF, present too low populations. If reaction (6) produces
N, (A) sufficiently, this should change mainly the dominating
pathways to the creation of N,(B) and N, (C) states. However,
as discussed in [3], this is a spin-forbidden reaction and the
reverse process is inefficient [43]. So, in a first analysis this
process was discarded. As shown in [3], another important
source of the N, (A) state is the reaction

No(X, v > 9) + N(PP) — Ny(A) + N(*S). )

At the present time, the model cannot account for N atoms in
excited states. Therefore, the importance of this mechanism,
along with reaction (6) and the influence of the three-body
reactions, will be discussed in a future work when the model
is implemented to account for N excited states and for
temperature gradients in the post-discharge.

6. Comparison of experiment and
modelling results

The calculated N3 (B) profile and the first negative emission
intensity are presented in figure 13 at 5 Torr pressure. Both
data were normalized by the peak values. By comparing
the experimental and theoretical results, it is found that the
theoretical ones are displaced towards lower residence times.
Also, the experimental curve is sharper than the calculated one.
Nevertheless, the general behaviour qualitatively describes
the experiment. Figure 14 shows the comparison between
the calculated N3(B) density and the first negative measured
intensity (see also figure 5) as a function of pressure, at Z,
position and 400sccm flow rate. The model predicts an
increase in Nj(B) density of about three orders of magnitude
as approximately does the experimental curve.

Intensity (a.u.)

0 1 2 3 4
Time (x 107%s)

Figure 13. Experimental 391.4 nm intensity (O) and calculated
N?#(B) density (——) for p = 5 Torr, 70 mA current and
Q = 500sccm.
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Figure 14. Experimental 391.4 nm intensity (O) and calculated
N3 (B) density (--- - - - ) as a function of pressure for a 70 mA
discharge current and Q = 400 sccm at z = Z,.

7. Conclusion

A DC flowing glow discharge apparatus was constructed,
and experimental conditions for the generation of the pink
afterglow regime were determined. The emissions of N»(B, C)
and N3 (B) radiative states were studied in the post-discharge.
The influence of flow rate, pressure and post-discharge
position have been considered. The complete pink afterglow
phenomenon was kinetically interpreted as dependent on the
N2(X) VDF in the post-discharge region. The last conclusion
was based mainly on the strong dependence of post-discharge
emissions on the pressure parameter which acts directly on
the V-V pumping mechanism and on the residence time of
the species.

In order to support the latter affirmations, a kinetic
numerical model has been developed. The model requires
several entries, among those, the initial electronic density and
the discharge vibrational temperature, which were furnished by
experimental measurements. Between the assumed processes,
one has considered vibrational sources for N atoms, metastable
and ionic species (R19-R23 and R26-R30 in tables 2 and 3).
The whole set of reactions considered in the simulations
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has provided good qualitative agreement between model
predictions and experimental behaviour concerning the SLA.
In addition, a detailed study of these reactions has pointed out
the dominant ones in the SLA generation.

The ionization pathway proposed for the pink afterglow
(reactions R21 and R27) should also be considered in N,
discharges. In fact, considering the discharge VDFs calculated
in [16,38] and the N,(a’) density [38], it is possible to verify
that the two-step mechanism, reactions R21 and R27 (see
tables 2 and 3), will be dominant in the discharge as compared
with the similar one described by reactions R21, R24 and R25.
These processes could be investigated with the aid of an N,—H,
discharge, where a small admixture of H, to Nycan be used as
a probe to evaluate the relevant reactions [44]. In this case, the
two-step ionization mechanism involving N, (X, v > 24) states
should respond with more sensitivity for H and H, species, so
that similar electric field behaviour, as described in [45], for
N,—-H; discharges should take place.

A Kkinetic process involving Nj(a’) metastable and
N»(X, v) species (R23 in table 2) qualitatively reproduced the
measured N atom behaviour [5, 6]. A new process for N, (C)
production (reactions R21, R27 and R44 in tables 2-4) was
proposed in the N, SLA.

This work has provided the description of the pink
afterglow phenomenon as a plasma in considering the different
ionic species and their interchange reactions.
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