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Abstract

In this work, we experimentally and theoretically study mechanisms of molecular dissociation
and atomic excitation occurring in a flowing nitrogen DC discharge and its post-discharge. A
specific discharge experimental condition for the pink afterglow plasma occurrence in the
post-discharge tube is analyzed. We employ optical emission spectroscopy (OES) and Langmuir
probes to measure the reduced electric field (E/N), electron density (), gas temperature (T'y)
and N (X! Z+g) vibrational temperature (7) in the positive column. OES was also employed in
the post-discharge for measurements of relative densities of N(*S) and N(’D) atoms in the pink
afterglow. Two well-established numerical kinetic models, one for the positive column and
another one for the post-discharge, were used to calculate the rates of molecular dissociation
and atomic excitation as a function of gas residence time in the positive column and also in the
nitrogen post-discharge. We analyzed the role of 13 molecular dissociation mechanisms, and 8
atomic excitation mechanisms in the positive column and pink afterglow. Results demonstrate
that the positive column dissociation processes are dominated by the direct electron impact
mechanism in the earlier discharge gas residence times and that, for longer times, reactions
between electronically excited states and Ny(X! E+g, v) vibrational states become the dominant
dissociation mechanisms. It is also observed that dissociation processes occurring in the pink
afterglow present relevant rates as compared to the same processes occurring in the positive
column, demonstrating the high effectiveness of such processes in the post-discharge. The
N(D) and N(3P) excitation mechanisms are also examined. We observe that molecular
dissociation and atomic excitation mechanisms strongly depend on the N(X'S+ ¢) vibrational
distribution function of the discharge and post-discharge.
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1. Introduction

N(*S) atoms are important for the thermochemical treatments
of materials carried out in the post-discharge of pure nitro-
gen and nitrogen—argon—hydrogen flowing discharges. Ricard
et al [1] obtained a nitrided +/ layer of 6-10 ym and ¢ layer
of 1 um in a steel surface nitriding treatment carried out in
the post-discharge of 2.45 GHz microwave flowing discharges
for the introduction of H, gas in the nitrogen discharge in
the first initial part (2-3 min) of a 1 h treatment. The lay-
ers are produced due to the high density of N(*S) atoms in
the post-discharge. The nitrogen atomic density is also cor-
related to the growth of the ¢ layer thickness in the post-
discharge surface nitriding of Fe—0.1% C substrate [2]. In
addition to the purposes of material treatment, N(*S) atoms
play an important role in the kinetic processes that occur in
nitrogen discharges and post-discharges. These atoms are the
main source of vibrational deactivation of N, (X' Z+ ¢, V) states
by the vibrational—translational (V-T) exchange reactions [3]
between Nz(XlEJrg, v)-N(*S) species, inducing the multi-
quantum vibrational deactivation processes [4, 5]. Determin-
ation of N(*S) atomic density is crucial to the materials treat-
ments studies, as well as to the studies on the nitrogen plas-
mas kinetics mechanisms. The actinometry experimental tech-
nique is a useful tool in the atom density estimation in the
discharges. Czerwiec et al [6], employed actinometry to ana-
lyze the N(*S) atoms production in low-pressure cylindrical
inductively coupled plasma (ICP) discharges. They utilized
mass spectrometry to validate the data obtained by actino-
metry. Levaton et al [7], obtained the absolute density of N(*S)
atoms in 2.45 GHz surface wave discharges as a function of
discharge gas pressure and power, using the actinometry tech-
nique, together with the nitrogen post-discharge NO titration
method. Volynets et al [8], studied the kinetics of N(*S) atoms
in a DC nitrogen glow discharge employing actinometry and
a 1D radial self-consistent numerical model.

They presented the nitrogen degree of dissociation in these
discharges as a function of the gas pressure parameter.

The role of physical-chemical processes related to the
N(*S) production, or equivalently, the nitrogen molecular
dissociation mechanisms in the nitrogen discharges are of
primary interest in nitrogen plasmas studies [9—11]. Cacciatore
et al [9] studied the effects of electron collisions with the
Ny(X!s+ ¢, V) states and pure vibrational mechanisms (PVM)
in the nitrogen dissociation processes occurring in a nitro-
gen DC glow discharge. They developed a state-to-state kin-
etic numerical model to analyze these dissociation mechan-
isms as functions of the discharge residence time. Kumar
and Ghosh [10], studied the nitrogen dissociation in nitrogen
DC flowing discharges by mass spectrometry and a simple

collisional-radiative numerical model. The degree of dissoci-
ation was fully expressed as a function of the electron density
and electron temperature parameters of the discharges. Guerra
et al [11] obtained the relative dissociation rates and N(*S)
atomic concentrations in nitrogen DC discharges using a self-
consistent kinetic numerical model and the experimental tech-
nique of electron spin resonance. They could determine the rel-
ative contribution in the total molecular dissociation for some
kinetic mechanisms, including electron collisions dissociation
mechanism and dissociation promoted by collisions of elec-
tronically excited states and vibrational excited states, as a
function of the gas pressure parameter of the discharges. They
showed that the participation of excited molecular state colli-
sions increases with the gas pressure parameter and outweighs
the participation of the electron collision dissociation mechan-
ism in the total dissociation rates of the discharges.

The N(*S) density and molecular dissociation mechanisms
were also studied in the nitrogen pink afterglow [12-14].
The pink afterglow is a kind of nitrogen plasma generated
in the post-discharge of nitrogen flowing discharges. It has
been detected in the afterglow of DC [5, 15, 16], radio fre-
quency (RF) [17], and microwave [18, 19] flowing discharges.
The excitation, dissociation, and ionization processes occur-
ring in the pink afterglow plasma of the nitrogen flowing DC
discharges are induced by physicochemical mechanisms that
depend on NZ(XIE+g, v) states as reactants [5, 14]. As the
vibrational distribution function (VDF) of the N, (X' ¥+,) fun-
damental electronic state heats with the post-discharge resid-
ence time, the intermediate and high vibrational levels of the
Ny(X!s+ ¢, V) states are populated, and these states become
the precursors of the reactions responsible for sustaining the
plasma in the post-discharge. The interesting feature of the
pink afterglow is the fact that this nitrogen plasma is gener-
ated in the afterglow region, which is a zone where there is
no direct influence of an external electric field. In our recent
work [20], we studied the ionization and ion transfer mech-
anisms occurring in the positive column and pink afterglow
plasma of nitrogen flowing DC discharges. We have observed
that physical-chemical mechanisms such as the Penning ioniz-
ation and associative ionization between electronically excited
molecules and metastable atoms play a crucial role in the ion-
ization of these plasmas, overcoming the electrons collisions
ionization channels at certain discharges gas residence times
in the positive column of discharges operating at high values of
reduced electric field. Furthermore, we observe that the ioniza-
tion mechanisms occurring in the pink afterglow exhibit signi-
ficant ionization rates relative to the ionization rates achieved
in the positive column. These intriguing characteristics of
the ionization mechanisms of the positive columns and pink
afterglow of flowing DC discharges lead us to ask how do the
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molecular dissociation and atoms excitation mechanisms in
the same plasmas work? In this sense, we will analyze in this
work, the dissociation and atoms excitation processes occur-
ring in a positive column and pink afterglow plasma of the
flowing nitrogen DC discharges. A specific experimental con-
dition of gas pressure, gas flow rate, and discharge current was
chosen in such a way the pink afterglow was generated in the
post-discharge tube. The reduced electric field (E/N), electron
density (n.), discharge degree of ionization (n./N), and gas
temperature (T's) were measured, and these values are input
parameters to the positive column kinetic numerical model
that we have developed to study the discharge kinetics. The
model calculates the rate constants and the densities of 18 dif-
ferent electronic states of nitrogen species as functions of the
discharge gas residence time [21]. The densities of the vibra-
tional states of the electronic fundamental state of the nitro-
gen molecules are also calculated. We find the dissociation and
N(’D), and N(?P) excitation rates from the densities and rate
constants for the analyzed experimental condition. Another
kinetic numerical model has been developed to study nitro-
gen post-discharge [5, 22] and to calculate the atomic dissoci-
ation and excitation rates in a nitrogen-pink afterglow plasma.
The absolute rates of dissociation analysis and atoms excita-
tion in both the positive column and pink afterglow allow us to
compare the effectiveness of such mechanisms in two different
nitrogen plasmas, one under the direct influence of an external
electric field (positive column), and the other without it (pink
afterglow). This is the first time that a considerable group of
molecular dissociation and atoms excitation processes is stud-
ied as functions of the discharge and post-discharge gas res-
idence times. In addition, this is the first time that a compar-
ison of the effectiveness of dissociation and atoms excitation
mechanisms is analyzed in flowing nitrogen DC discharges
and post-discharges.

2. Experimental set-up and results

The experimental set-up utilized in the present work is the
same as those utilized in earlier studies where the experi-
mental schematic was presented in detail [14, 23]. The pos-
itive column and pink afterglow were generated in a flow of
high purity nitrogen gas (99.999%), in discharge and post-
discharge tubes made of Pyrex glass, with 1.4 cm i.d., connec-
ted by a Wood trap arrangement. The positive column electric
field was maintained between two side-armed electrodes loc-
ated 20 cm apart in the discharge tube by a high voltage direct
current source. Double Langmuir probes located 10 cm apart
were inserted in the middle of the discharge tube for posit-
ive column voltage drop measurements. The discharge elec-
tric current was measured by an amperemeter connected to
the discharge circuit. From the voltage drop, discharge current,
and gas pressure measured by a Baratron gauge (MKS 722 A),
we could determine the E/N and n. [21] values of the positive
column. The N, gas flow was controlled by a flow meter (MKS
247 C). The low pressure was maintained by a mechanical
vacuum pump of 25 m* h~! (EIM18 Edwards). The discharge

Table 1. Experimental discharge parameters: electron density (#.),
No(X!'s* ¢) vibrational temperature (), gas temperature (7'g), gas
residence time (7), reduced electric field (E/N), and degree of
ionization (ne/N).

He
(% 1010 cm_3) Ty (K) T, (K) 7 (ms) E/N (Td) ne/N

5.66 £ 0.15 5100 £ 800 470 +50 10.6 £2.0 25+3 73 x 1077

and post-discharge emissions were measured by a monochro-
mator (Jobin-Yvon, THR-1000) with a 1800 g mm~! grating
connected to a photomultiplier tube (Hamamatsu, R928). An
optical fiber was used to collect the light from the end of the
positive column and along the post-discharge tube. The dis-
charge was carried out with the following experimental condi-
tions: gas flow rate Q = 0.5 SIm~!, gas pressure p = 500 Pa,
and discharge current / = 30 mA. The experimental para-
meters of the discharge are specified in table 1 presented
below. The electron density was calculated from a relation-
ship between the experimental electron’s current density and
drift velocity [21]. The N2(X12+g) vibrational temperature
was measured at the end of the positive column by optical
emission spectroscopy (OES). We utilized the transitions of
the second positive system of nitrogen molecules [24] in the
range of 360-385 nm. The method used to estimate the vibra-
tional temperature from OES in nitrogen glow discharges is
detailed and discussed in [25]. The gas temperature was also
measured by OES at the end of the positive column. We used
the rotational transitions of the first positive system of nitro-
gen molecules [24] in the range of 760—780 nm [26]. The dis-
charge gas residence time was calculated from a relationship
between the inter-electrode distance and gas velocity [20]. The
reduced electric field was calculated from the measured elec-
tric field at the Langmuir double probes and the Avogadro
number of particles calculated for the measured gas temperat-
ure (T') and pressure. The discharge degree of ionization was
obtained from the measured electron density and the estimated
number of particles.

We should note that we used a rotary oil pump in the
experiment and that this kind of device can cause the effect
of back flow, which can contaminate the post-discharge tube
with carbon impurities. Evidence of contamination is given
by emissions of CN bands. We did not note contamination
of the system. We monitored the CN(0,0) and CN(1,1) bands
and did not find emissions from these bands. We followed a
cleaning procedure for the system, maintaining the discharge
with a mixture of Ar 10%-90% N, at a high discharge cur-
rent value for 2 h before starting the measurements in the
pure nitrogen discharge and post-discharge. We also mon-
itored the N»+(B)(0,0) band intensity that increased consid-
erably after 30 min from the moment we switched on the dis-
charge. The emissions of the N»+(B)(0,0) band stabilized after
this initial time. We got a strong pink afterglow phenomenon
after the cleaning procedure. It should be noted that pink
afterglow is not formed if contamination is important in the
discharges.
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3. Modeling results and discussion

The experimental data determined in the experimental section
is used as input parameters to the positive column and post-
discharge kinetic numerical models employed for the analysis
of the dissociation and atom excitation rates. The discharge
kinetic numerical model assumes a state-to-state approach
where the electron energy distribution function (EEDF) is
calculated for the E/N, ne, T,, and ("ﬁe) parameters and the
electron collisions excitation, dissociation, and ionization rate
constants are obtained from the integration of the reactions
cross-sections, electron energy, and EEDF on the energy
axis [21]. Once the rate constants have been determined,
the model calculates the relaxation of the vibrational master
equation (VME) for the N2(X12+g, v) states coupled to the
rate balance equations for 17 different species of nitrogen.
The model furnishes the densities of these species as func-
tions of the discharge gas residence time. The species con-
sidered are: No(X'ET,, 0 < v < 45), Np(A3ST,), No(B3IL,),
Na(a'Tly), Na(a' ' 27), Na(w'Ay), Na(@”!' B Fg), Na(W?A),
Na(B’Z ), No(CIL), N (X2 H,), Ni (B2 ), NT, N,
Ni, N(*S), NCD), and N(*P). The integration in time of the
mentioned equations is done in the MATLAB environment,
with an ordinary differential equation solver library specially
designed to solve Stiff problems [27]. A detailed discussion on
the integration method itself is presented in [28]. In addition
to the VME which accounts for electron—vibrational (e-V),
vibrational-vibrational (V-V), and vibrational-translational
(V-T) processes [3], the model accounts for 115 physical-
chemical processes among neutral and excited molecular
states, atoms, and ions [21]. This kinetic numerical model
has been used to study the positive column atoms and
molecules densities [21, 29], and ionization and ion transfer
processes [20, 30].

The kinetic numerical model for the post-discharge has
the same structure as the kinetic numerical model for dis-
charge, i.e. it calculates the VME relaxation coupled to the
rate balance equations for the species by the integration in
time of these equations [5]. The species considered in this
model are: Nz(XlEJrg, 0 < v <45, Ny(A3ET)), N2(B3Hg),
Na(a'Tl), Na(a'' £7), Na(a” ' 21 ), No(CPILy), N (XPE ),
N3 (B2+,), NT, N3, Ni-, N(*S), N(>D), and N(*P). We con-
sider 66 physical-chemical processes between the neutral and
excited molecules, atoms, and ions [22]. The number of pro-
cesses considered in the post-discharge kinetic model is less
than the number of processes in the discharge model since the
processes of excitation, dissociation, and ionization by elec-
tron collision are not considered due to the low average energy
of the electrons in the post-discharge region [5]. The post-
discharge model requires as input parameters the densities of
the considered species at the end of the discharge. The initial
Ny(X!s+ ¢) VDF is assumed as a Boltzmann distribution with
the measured vibrational temperature at the end of the positive
column [5, 14, 22, 23]. Here, in contrast to our earlier works
on the nitrogen post-discharge [5, 14, 22, 23] where we took
the initial molecular and atomic densities for the modeling
from literature, we consider them as the values calculated at
the end of the positive column by the discharge kinetic model.

The post-discharge model furnishes the densities of species as
functions of the post-discharge gas residence time.

In the present work we considered in the discharge and
post-discharge different rate constants for some kinetic pro-
cesses with respect to former works [21, 22]. The first rate
constant concerns the associative ionization process:

N(*P) +N(*P) » N, (X*Et,) +e, (1)

where we use the rate constant proposed in the work of Popov
[31] instead of the rate constant proposed by Matveyev and
Silakov [32]. This was done taking into account the fact that
the recalculation of the rate constant of reaction (1) through the
constant of the reverse process (dissociative recombination) as
done in [32] is not correct, since the direct and reverse pro-
cesses almost certainly go through different auto-ionization
electronic states. The second process for which we considered
a new rate constant is the reaction:

N(P) +No(X'E, ") = N(*S) + No(X'2, ). (2)

We use the rate constant proposed by Salmon et al [33]
since the rate constant used in former works taken from the
work of Lin and Kaufman [34] seems to be overestimated.
Finally, we added in the kinetics the dissociation process [35]:

e+No(X'E, ") = e+ N(*S) +N(*D). (3)

As we briefly described the structure of the kinetic numer-
ical models, we can now analyze the densities of the atoms in
the positive column and pink afterglow plasma. These dens-
ities were calculated as functions of the discharge and post-
discharge gas residence times for the experimental condition
whose parameters are expressed in table 1. In figure 1, we
present the N(*S), N(D), and N(>P) calculated densities in
the positive column. The vertical dashed line indicates the res-
idence time corresponding to the end of the positive column
in our experiment. Focusing on the N(*S) density profile, we
find that its density grows with time presenting three different
slopes. The first one, with the smallest rate of growth, initiates
att = 107" s, and extends up to ¢ ~ 6 ms. The second indic-
ates an abrupt increase in the rate of the density growth, and the
third initiating at # ~ 20 ms indicates a reduced rate of growth
compared to the second. The N(D), and N(CP) density profiles
almost follow the trend of the N(*S) density profile, presenting
a decreasing behavior at times ranging from ~3 x 1073 s to
~3 ms. The N(*S) density at the end of the positive column
is 6.5 x 10" cm~3, and the N(*D), and N(*P) densities are
6.8 x 102 cm™3 and 2.2 x 10" cm™3, respectively. This
N(*S) density corresponds to a discharge degree of dissoci-
ation of 0.09%. We can compare this degree of dissociation
with one obtained in a previous work with a different set-up
for the nitrogen DC discharge [29]. In that work, the discharge
tube radius had 0.3 cmi.d., E/N =94 Td, n. = 1.3 x 10'! cm—3
and gas pressure of 230 Pa. We found a discharge degree of
dissociation of 0.4% at the end of the positive column. If we
consider the E/N and n. of the present work (see table 1), it
should be expected that our discharge degree of dissociation
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Figure 1. Calculated atomic densities in the positive column as
functions of the discharge gas residence time. The N(*S) density
(black line), NCD) (red line), and N(*P) (green line).

would be inferior to that found in the previous work. The beha-
vior of the atom density profiles will be understood with the
analysis of the dissociation and atom excitation rates.

In figure 2, we present the N(*S), N(>D), and N(*P) atomic
densities in the post-discharge. The densities are presented as
functions of the post-discharge gas residence time. The solid
lines are the densities calculated with the post-discharge kin-
etic numerical model. The initial atomic densities atz ~ 107 s
are those calculated with the discharge kinetic numerical
model at the end of the positive column. The experimental
points are the N(*S), and N(*>D) relative densities obtained by
OES from emissions of the first and second positive systems.
The methods for measuring the atom’s relative densities are
discussed in detail in [36, 37]. The error in the experimental
densities is approximately 13%.

We note that the calculated atomic densities present the typ-
ical behavior of the nitrogen species density profiles in the pink
afterglow generated by nitrogen flowing DC discharges [5, 14,
22, 23], that is, a local generation of neutral and excited atoms
and excited molecules at post-discharge residence times ran-
ging from ~1 to ~20 ms. The same behavior of species dens-
ities is found in the pink afterglow of RF discharges [17], and
microwave discharges [19]. Eslami and Sadeghi [38], meas-
ured the N(>P) absolute density in the pink afterglow of a
microwave nitrogen flowing discharge. Their density profile
is in good agreement with our N(*P) calculated density pro-
file (see solid green line in figure 2). Their maximum dens-
ity was ~8 x 10'' cm™3 at the pink afterglow maximum and
our calculated density is ~10'2 cm™? (see solid green line at
t ~ 10 ms, in figure 2). Popov [31] demonstrated that N(*P)
atoms play an important role in the ionization process of the
pink afterglow of flowing nitrogen microwave discharges. In
his work, he assumed the N(?P) density profile obtained by
Eslami and Sadeghi [38] as input and obtained the electron
density profile in the post-discharge due to the associative
ionization channel via reaction (1). The electron density pro-
file was completely described by this ionization process. Our
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Figure 2. Experimental and calculated atom densities in the
post-discharge as functions of the post-discharge gas residence time
where the solid lines are the calculated values. The experimental
points are the measured densities obtained from OES [36, 37]. The
N(*S) density (black line, square symbols), the N(’D) density (red
line, circle symbols), and the NCP) density (green line).

measured N(*S), and N(*D) relative densities were normalized
by the calculated N(*S) density at the pink afterglow max-
imum (solid black line at # ~ 20 ms, in figure 2). We find a good
agreement between the experimental and calculated densities
concerning the density values and the residence time corres-
ponding to the maximum values. The behavior of the atom
density profiles will be understood with the analysis of the dis-
sociation and atom excitation rates in the post-discharge.

We begin our analysis by the consideration of the dissoci-
ation rates in the positive column and post-discharge. Among
the 115 physical-chemical processes studied in the discharge
[21] and the 66 physical-chemical processes studied in the
post-discharge [22], the reaction mechanisms leading to the
dissociation of molecules are listed in table 2. We take into
account the dissociation mechanisms of electron collisions
(reactions D1-D7), dissociation promoted by collisions of
electronically excited states (reaction D8), dissociation by col-
lisions of electronically excited states and vibrational excited
states (reactions D9-D10), dissociation by collisions of vibra-
tional excited states (reaction D11), and dissociation by V-V
exchange reactions (reaction D12), and inverse V-T exchange
reactions (reaction D13). The reactions occurring in the pos-
itive column are reactions D1-D13, and the reactions occur-
ring in the post-discharge are reactions D§-D13 due to the low
mean electron energy in the post-discharge [5].

The dissociation rates are defined as the product of the
reactants concentrations and rate constant of the dissociation
reactions shown in table 2. We calculated the dissociation rates
of reactions D1-D13 in the positive column for our experi-
mental condition. In figure 3, we present the dissociation rates
concerning the reactions of electrons collisions with neutral
and excited molecular states, or reactions D1-D7. It can be
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Table 2. Physical-chemical mechanisms leading to molecular dissociation in the positive column and post-discharge.

Process: dissociation mechanisms k(ecm®s™1) References
D1 e+ No(X'S,t, v =0) = e + N(*S) + N(*S) f(£,Tg,ne,p) [39]
D2 e+ Ny(APSt) = e+ N(*S) + N(*S) f(£,Tg,ne,p) [40]
D3 e+ No(B’TIy) — e + N(*S) + N(*S) F(%+Tesne,p) [40]
D4 e+ Np@'$7y) — e + N(*S) + N(*S) f(E,Te,ne,p) [40]
D5 e+ Na(a'Tlg) — e + N(*S) + N(*S) f(%.,Tg,ne,p) [40]
D6 e+ No(C’TL) — e + N(*S) + N(*S) f(£,Tg,ne,p) [40]
D7 e+ No(E*SF,) — e + N(*S) + N(*S) f(E,Tg,ne,p) [40]
D8 N2(A*EH) + No(APET,) — N(*S) + N(*S) + No(X!'2, 7, v = 0) 3x 107" [41]
D9 No(A’S ) + No(X! S, T, v > 13) = N(*S) + N(*S) + No(X' S, ', v = 0) 45x 107 e 7" [11]
D10 No(@''S70) + No(X! ', v > 4) — N(*S) + N(*S) + No(X'2, T, v = 0) 5x 107" [14]
D11 2 x No(X'Sg T, v > 18) — N(*S) + N(*S) + No(X' 2, T, v = 0) 35 x 1071 [11]
DI2 No(X!'SH,, v =45) + No(X' ST, w) = N(*S) + N(*S) + No(X'SF g, w — 1) Qw17 (T) [5,21]
DI3 No(X'SF,, v =45) + No(X'£74) = N(*S) + N(*S) + Na(X' 5 Fy) Pys46 (T) [5.21]
10" T T T T T the rates of reactions D8-D11, and additionally the rates of
10" ] renction D1 3§  reaction DI in table 2. We can compare the effectiveness of
o reacton b2 the electron collision dominant dissociation process (reaction
< 1074 reaction D4 1 DIl—see figure 3), and the excited molecules collision disso-
5 10° + reaction DG 4  ciation processes. It is observed that reaction D1 is the dom-
8 100 i inant dissociation channel at residence times from 10~7 s to
© , ~2 ms. From 2 ms to 0.1 s the collisions of molecular excited
s 10°4 1  states become the dominant dissociation processes. The dis-
% 10° 4 4 sociation rates of these mechanisms at the maximum of dis-
2 10° ] sociation (f ~ 15 ms) are more than four orders of magnitude
g \ / superior to the dissociation rates of electron collisions with
107+ E the ground state molecules (reaction D1). The order of the
10° T r . . . collisional dissociation processes between excited molecules
107 10° 1x10°  1x10* 10° 10° 10" is as follows: reactions D10, D11, D9, and D8. Reaction D10

Discharge gas residence time (s)

Figure 3. The dissociation rates of electron collision processes in
the positive column (reactions D1-D7 in table 2). The curves
representing the dissociation rates for each specific reaction are
defined in the figure legend.

seen that electron collisions with the nitrogen molecules in
the fundamental state (reaction D1) represent the main disso-
ciation mechanism among those involving electron collisional
processes. We can also observe that contributions of electron-
ically excited states are less effective, being the collisions of
electrons with the first electronic excited state N>(A3X 1))
(reaction D2) significant at times longer than 10 ms as com-
pared to reaction D1. The contribution of higher molecular
excited states is too low to cause any significant contribu-
tion to the dissociation phenomenon in the positive column.
By the consideration of these dissociation rates profiles, we
cannot explain the abrupt increase of the N(*S) density at dis-
charge residence times of the order of 6 ms (see black line in
figure 1). In this sense, we will analyze the remaining dissoci-
ation processes.

The dissociation rates of reactions concerning the collisions
of excited molecules are presented in figure 4. We present

was proposed to explain the local dissociation process occur-
ring in the pink afterglow of the flowing nitrogen DC discharge
[5, 14]. Reactions D11 and D9 were proposed [11] to explain
the dissociation processes in the nitrogen DC glow discharge
for certain working gas pressures.

We can now correlate the dissociation rate profiles beha-
vior with the N(*S) density profile behavior (see black line
in figure 1). As discussed, the growth of the N(*S) dens-
ity presents different slopes. We can associate the first slope
from 10~7 s to ~6 ms with the dominant dissociation rates
from reaction D1, which extends from 10~7 s to ~2 ms
(see figure 4). The following abrupt increase in N(*S) dens-
ity (see figure 1) from ¢ ~ 6 ms can be directly associated
with the increase in dissociation rates of collisions among
excited molecules, mainly by reactions D10, D11, and D9.
It is observed that after the fast growth of these dissociation
rates, they form a kind of plateau (see figure 4 for 1 > 15 ms).
This dissociation rates’ behavior explains the slower rate of
growth of the N(*S) atoms density at longer discharge res-
idence times (see figure 1, black line at + > 20 ms). The
important role of excited molecule collisions in the dissoci-
ation phenomenon was demonstrated by Guerra ef al [11] due
to increase in the gas pressure of the studied nitrogen glow
discharges. We must take into account that the increase in
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Figure 4. Dissociation rates of electron collisions with the ground
state nitrogen molecules process in the positive column (reaction D1
in table 2). Dissociation rates of excited molecules collision
processes (reactions D8-D11 in table 2). The curves representing
the dissociation rates for each specific reaction are defined in the
figure legend.

the discharge gas pressure results in an increase in the gas
residence time [20]. However, they did not consider the occur-
rence of reaction D10 in their study. Our results evidence
the dominant role of electron collisions with the ground state
molecule dissociation mechanism (reaction D1) at earlier pos-
itive column residence times and the dominant role of reac-
tion D10 at longer discharge residence times. In order to cla-
rify the behavior of the dissociation rates from the collisions of
excited molecules, we present in figure 5 the reactants absolute
densities of such reactions as functions of the discharge resid-
ence time. The first remarkable feature in the densities tem-
poral profiles is the abrupt increase of the vibrational states
densities. The No(X'S, T, v > 4), Ny(X!'S, T, v > 13), and
N2(X'Zg+, v > 18) densities present a significant increase
in the residence time interval between ~1 and ~15 ms. As
reactants of reactions D10, D9 and D11, this behavior cor-
roborates the fast increase in dissociation rates. Moreover, the
electronically excited states’ densities also present a signific-
ant increase in this time interval producing a synergy effect in
the dissociation rates. As will be evidenced in figure 6, the fast
increase of the species densities resulting in the fast increase
of dissociation rates, and finally of the N(*S) density, results
from the N»(X'YT,) VDF heating with the discharge gas res-
idence time. It is observed that the VDF heats considerably
with the residence time; from 1 to 15 ms. At 15 ms, it under-
goes its maximum excitation, and after that, there is a decrease
of excitation of the VDF (see the curve at 100 ms). This VDF
behavior explains the vibrational states density abrupt increase
and the electronically excited states, which are also formed
by reactions that depend on the vibrational states (see reac-
tions in [21]). Under the condition of strong vibrational excita-
tion the main excitation channels for the metastable molecules
N>(A32t,) and Np(a’' ¥ ~,) are reactions:

2x Na(X'S, T, v > 11) = Ny (AYST,) + Ny (X' S, +,v) and
)

1016 T T T T T
'R 10% — N2(A)
E 0 —— N2(a)
= 10" N2(X,v>4)
= —— N2(X,v>13)
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Figure 5. Densities of electronically excited states and No(X' 2+ )
vibrational states as functions of the discharge residence time in the
positive column.
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Figure 6. The N»(X'ST,) VDF in the positive column for
residence times of 1, 15, and 100 ms.
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The rate constant of reaction (4) is assumed as
1077 cm3s~! as proposed in the work of Loureiro et al
[42]. This rate constant was obtained from the principle of
detailed balance under consideration of N(A3XT,) quench-
ing by the No(X!' S, ™, v = 0) molecules reaction rate constant.
The low value for the rate constant of reaction (4) should be
expected since this reaction is forbidden by spin conservation
rules. The rate constant of reaction (5) was obtained from the
work of Gordiets et al [41], its value is scaled as a function
of the gas temperature (k = 2.1 x 1074 e 7 cm’ s~!) and
is 4.7 x 1015 cm?s~! for our measured gas temperature of
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Figure 7. Dissociation rates from electron collisions with molecules
in the ground state (reaction D1), and dissociation rates from pure
vibrational mechanisms (reactions D12 and D13). The curves are
specified in the figure legend.

470 K. Levaton et al scaled this rate constant as a function
of temperature based on the agreement of their measured and
calculated electric field in a wide range of discharge current
and gas pressure values of the studied DC discharge. Reac-
tion (5) plays an important role in the estimation of the electric
field in their work. It has been shown that reaction (5) plays an
important role in the ionization processes of the pink afterglow
[5, 23] in the flowing nitrogen DC discharge. We evidence the
important role of the No(X'$T,) VDF of the positive column
in its dissociation mechanisms for a discharge operating at a
low value of the reduced electric field (see table 1).

In order to complete our analysis of the dissociation mech-
anisms in the positive column, we present in figure 7 the disso-
ciation rates of the vibrational-vibrational (V-V), and inverse
vibrational-translational (V-T) dissociation mechanisms, or
reactions D12-D13. These are the PVM of the discharge [9].
It is observed that the PVM shows a localized contribution in
dissociation rates being significant with respect to the elec-
tron collision dissociation mechanism (reaction D1) only at
residence times of ~10 ms. The contribution of these mechan-
isms is not important compared to the collisional dissociation
mechanisms of excited molecules (see figure 4). This can be
understood since the PVM dissociation reactions depend on
the density of the 45th vibrational level of the N 2(X12+g, V)
molecules (see reactions D12 and D13 in table 2), which does
not reach high values as can be seen in figure 6.

As we have analyzed the dissociation rates in the posit-
ive column, we will study the dissociation mechanisms in the
nitrogen post-discharge. We observed in figure 2 the behavior
of the N(*S) atoms density in the post-discharge. It follows the
typical behavior of nitrogen species in the pink afterglow, that
is, an increase to a maximum density and after a decrease at
times ranging from ~1 to ~100 ms [14, 19]. In figure 8, we
present the dissociation rates of reactions D8-D11 as functions

10" . T T T T
— 1015‘ reaction D8
"o reaction D9
@ 14 ] reaction D10
g 10 reaction D11
8 10"
©
12
_S 10 4
}5 11
8 10"+
[}
2
e 1010_
10° . . . . .
107 10° 1x10°  1x10™* 10° 10 10"

Post-Discharge gas residence time (s)

Figure 8. Dissociation rates of excited molecule collisions
processes in the post-discharge (reactions D8-D11 in table 2). The
curves representing the dissociation rates for each specific reaction
are defined in the figure legend.

of the post-discharge residence time. The contribution of reac-
tions D12 and D13 from the V-V and inverse V-T processes
are too low and will be not presented here. We should point
out that the D1-D7 reactions, which are the collisions of the
electron dissociation mechanisms, are not considered due to
the low electron temperature in the post-discharge [5].

We can observe that the D10 and D11 reactions are the
dominant dissociation mechanisms at typical times for the
occurrence of the pink afterglow, which happens between ~1
and ~80 ms (see the experimental points in figure 2). The
order of importance of the dissociation mechanisms at this
time interval is the following: reactions D10, D11, D9, and
D8. We have found the same importance order for dissociation
mechanisms in a collision with excited molecules in the pos-
itive column at times longer than ~4 ms (see figure 4). As a
very important result, we verify that dissociation rates of reac-
tions D10 and D11 are on the order of 2—4 x 10> cm™3 s~!
at the maximum of the pink afterglow (see the curves for reac-
tions D10 and D11 at ¢ ~ 5-7 ms in figure 8). These values are
close to the maximum dissociation rates reached in the pos-
itive column, which are on the order of 10'® cm—3 s~! (see
curve of reaction D10 at 7 ~ 15 ms in figure 4). This fact evid-
ences the effectiveness of dissociation mechanisms in the post-
discharge. The same behavior has been found for the ioniza-
tion rates of the pink afterglow as compared to ionization rates
reached in the positive column [20]. The dissociation rates of
the D10 reaction are very strong in the early post-discharge
residence times, reflecting the high density of nitrogen-excited
species early in the post-discharge. We should remember that
these initial densities correspond to the densities of nitrogen
species at the end of the positive column. Also, the disso-
ciation rate profiles in the post-discharge present the typical
behavior of the excited species density profiles in the pink
afterglow. These last features of the dissociation rate profiles
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Figure 9. The absolute densities of electronically excited states and
Nox'e+ ¢) vibrational states in the post-discharge.

can be well understood if we analyze the density profiles of
reactants of reactions D8-D11 in the post-discharge. Figure 9,
shows the reactants density profiles of reactions D8—D11 in the
post-discharge. The densities of electronically excited states
follow the typical behavior of nitrogen-excited species in the
pink afterglow [5, 14, 19], with the maximum densities after
the initial decreasing part of the curves occurring at residence
times of ~8 ms. The densities of excited vibrational states also
exhibit similar behavior with their maximum densities occur-
ring at different residence times, these times being longer as
we consider higher vibrational states.

In a general way the residence times corresponding to react-
ants maximum densities (see figure 9) approach the residence
times corresponding to the maximum values of the dissoci-
ation rates in the pink afterglow. As we have found in the pos-
itive column (see figures 4 and 5), the dissociation rate profiles
follow the combined behavior of the reactants density profiles
in the post-discharge. The local dissociation phenomenon in
the post-discharge (see the calculated and experimental N(*S)
density in figure 2) is explained by the local production of the
reactants of the dissociation mechanisms in the pink afterglow.
As occurred in the positive column, the local increase in post-
discharge dissociation rates results from the Ny(X'st ¢) VDF
relaxation with the post-discharge residence time. It should
be remembered that the reactants of the dominant dissoci-
ation mechanisms (reactions D10 and D11) are the vibrational
states, and the N,(a’'X~,) state, which also depends on the
vibrational states as reactants in the post-discharge [5, 22].
Figure 10 presents the NZ(XIEJFg) VDF evolution with the
post-discharge residence time for our experimental condition.
We can observe the heating of the VDF from 1 to 10 ms resid-
ence times. After its maximum excitation at 10 ms, the VDF
is depopulated. This VDF behavior resulting from the V-V
and V-T exchange reactions [5] explains the behavior of the
reactants of the dissociation mechanisms, and finally of the
N(*S) density profile in the pink afterglow. At this point, it is
evidenced the very important role of the Np(X!' L+ ¢) VDFs in

. 3
N,(X,v) absolute density (cm™)

1011

0 10 20 30 40

Vibrational quantum number (v)

Figure 10. The Ny(X'2™T ¢) VDF in the post-discharge for
post-discharge residence times of 1, 10, and 100 ms.

the dissociation mechanisms occurring in the pink afterglow
plasma, and equally in the positive column of a flowing nitro-
gen DC discharge operating at a low value of the reduced elec-
tric field (see table 1).

Having studied the dissociation mechanisms of the positive
column and pink afterglow plasmas, we will now analyze their
atoms’ excitation mechanisms. Here, we will study the N(D)
and N(?P) excitation mechanisms. We consider these mechan-
isms between the 115 physical-chemical reactions of the posit-
ive column [21] and 66 physical-chemical mechanisms for the
post-discharge [22]. The excitation mechanisms of the N(D)
atoms are listed in table 3. The excitation mechanisms of the
N(?P) atoms are listed in table 4. We should point out that the
El, E2 and F1 reactions are neglected in the post-discharge
due to its low mean electron energy [5]. The excitation rates
are defined as the product of the reactants concentrations and
rate constant of reactions E1-E5 and F1-F3 of tables 3 and 4,
respectively.

We calculated the rates for the excitation of N(*D) and
N(?P) atoms in the positive column. Figure 11 shows the excit-
ation rates for the reactions E1-E5 concerning the excitation of
the N(?D) atoms. We can observe that electron collisions with
the ground state molecules Nz(XlEg+) dissociative mechan-
ism (reaction E2) is the dominant N(?D) excitation channel in
the positive column from the earlier discharge residence times
up to 0.6 ms. From 0.6 ms up to 3 ms, electron collisions with
the N(*S) atoms (reaction E1) become the dominant excitation
channel for the metastable atoms. After 3 ms, we observe that
reaction E3 becomes the dominant excitation channel for the
N(®D) atoms. Reaction E4 presents a localized contribution to
the excitation rates at times on the order of 10 ms. The rapid
increase in the excitation rates of the E3 reaction, from ~3 ms
to ~20 ms, explains the strong increase of the N(*D) atoms
density in this time interval (see red line in figure 1). Reac-
tion E3 was proposed in [44] to explain the local increase of
the N(’D) density in the pink afterglow of flowing nitrogen DC
discharges [37]. Still, its rate constant presents a relatively low
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Table 3. Physical-chemical mechanisms leading to N(*D) excitation in the positive column and post-discharge.

Process: N(?D) excitation mechanisms k(cm’s™h) References
El e + N(*S) = ¢ + N(D) (Te) [43]
E2 e+ No(X'2, ") — e + N(*S) + N(*D) f(E,Tg,ne,p) [35]
E3 No(X'2, T, v > 8) + N(*S) — NCD) + No(X'Z, 7, v = 0) 7x 1071 [44]
E4 No(X'2, T, v > 38) + N(*S) — N(D) + Np(A’E ) 1071 [45]
E5 NCP) + N(*S) — N(’D) + N(*S) 1.8 x 10712 [32]
Table 4. Physical-chemical mechanisms leading to N(*P) excitation in the positive column and post-discharge.
Process: N(ZP) excitation mechanisms k (cm3s_]) References
F1 e +N(*S) = ¢ + N(°P) F(T0) [43]
F2 No(X'2, T, v > 13) + N(*S) — NCP) + No(X' S, T, v = 0) 10" [22]
F3 N2(A*EF,) + N(*S) — NCP) + No(X' 8, 7, v = 0) 4x 1071 [46]
1017 n T T T T i T T T T T 9
Ko 16 ) '|016 1 4
o 107 reaction E1 Y 7 10 reaction F1
= 15 ] reaction E2 [V ' E reaction F2 E
S 10 reaction E3 s‘,)‘\/ 5 10" ] reaction F3 ]
@ 10" 4 reaction E4 [“ \\ N 2
E 10" ] reaction E5 //‘\ ; -oé 10" 4 .
S 107 i [ ] S 1074
IS o 5
-‘é 10" 4 7N R 10" o
() 1010 1 //7//,,,,j’//#i Y A ‘* \f 1 <>D< 'IO10 E
£ 10 _— “ & 10
z 8 //// \ z 8
1001 ‘ - 10" 4
10’ : . . : T 10’ T T . T T
107 10°  1x10°  1x10* 10° 10 10" 10”7 10°  1x10°  1x10* 10° 10 10"

Discharge gas residence time (s)

Figure 11. Excitation rates for the N(*D) atoms as functions of the
discharge gas residence time. The reactions are specified in the
figure legend (see reactions in table 3).

value (see table 3), the densities of its reactants, N(*S) atoms
(see black line in figure 1) and NZ(XIEg+, v > 8) states (see
the curves for the No(X'E, ™, v > 4) and No(X!' S, 7, v > 13)
states as reference in figure 5), reach considerable values at
times of ~10 ms. As we have observed here in the dissociation
mechanisms of the positive column and pink afterglow, the
No(X!'3, T, v) states also play an important role in the excit-
ation of the N(*D) atoms. Therefore, we have evidenced that
the VDF behavior in the positive column strongly affects the
dissociation and N(*D) excitation mechanisms.

Let us now analyze the N(*P) atoms excitation mechanisms
in the positive column. Figure 12 shows the excitation rates
of reactions F1-F3 (see table 4), concerning the excitation of
N(*P) atoms. We can observe that electron collisions with the
ground state atoms N(*S) excitation mechanism (reaction F1)
play a minor role in the studied range of residence times in the
positive column. Reaction F3 dominates the excitation of the
N(?P) atoms at discharge residence times inferior to ~4 ms.
After 4 ms, reactions F2 and F3 present almost the same
contribution in the excitation rates. Both present an abrupt

Discharge gas residence time (s)

Figure 12. Excitation rates for the N(*P) atoms as functions of the
discharge gas residence time. The reactions are specified in the
figure legend (see reactions in table 4).

increase from times of ~4 ms up to ~20 ms explaining the
strong increase in the density of N(?P) atoms (see green line in
figure 1). The fact that the excitation of N(’P) atoms presents a
low dependence on the electrons collisions mechanism (reac-
tion F1) can be understood as a result of the low value of the
reduced electric field studied here (see table 1).

As a final point, the ND) and N(*P) excitation mech-
anisms were studied in the post-discharge. We calculated
the rates of their excitation mechanisms as functions of the
post-discharge gas residence time. Figure 13 shows the excit-
ation rates of reactions E3-E5 (see table 3) in the nitro-
gen post-discharge. We can observe that reaction E3 is the
dominant N(°D) excitation mechanism in the entire range of
post-discharge residence times analyzed. The rates of such a
mechanism reach values of the order of 10'® cm™3s~! at the
maximum excitation occurring at residence times of ~10 ms
in the post-discharge. These values are significant if we con-
sider the same excitation rates in the positive column (see the
red line at f ~ 10 ms, in figure 11). This fact demonstrates the
high effectiveness of local excitation of N(*D) atoms in the
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Figure 13. N(*D) excitation rates in the post-discharge (reactions
E3-ES in table 3). The curves representing the excitation rates for
each specific reaction are defined in the figure legend.
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Figure 14. N (*P) excitation rates in the post-discharge (reactions
F2-F3 in table 4). The curves representing the excitation rates for
each specific reaction are defined in the figure legend.

pink afterglow. Reaction E4 presents a low contribution to the
excitation rates only at times of the order of ~6 ms. We can
also verify that the N(°D) density profile (see figure 2) follows
the trend of the excitation rates of reaction E3. We verify that
reaction E3 plays a dominant role in the positive column at
times longer than ~3 ms (see figure 11), and also in the nitro-
gen post-discharge. Since one of the reactants of this excita-
tion mechanism are the vibrational states (see table 3), we find
a strong dependence of N(°D) excitation on the VDFs heating
occurring in the discharge and post-discharge (see figures 6
and 10).

The excitation rates of the N(*P) atoms in the post-
discharge are shown in figure 14. We find that the N(*P)
excitation rates of reaction F3, proposed by Piper [46], are
dominant from the earlier post-discharge residence times up to
~0.5 ms. After 0.5 ms, reactions F2 and F3 alternate the dom-
inant role of the N(*P) atoms excitation with the residence time

in the post-discharge. We observe that the maximum excita-
tion rate value reached by reaction F3 is ~5 x 10" cm™3 5!
att ~ 10 ms. This is a significant rate value if we compare the
role of the N(®P) excitation mechanisms in the positive column
(see rates of reactions F2 and F3 at discharge residence times
of ~10 ms, in figure 12). Therefore, as we have observed for
the N(2D) atoms, we also found an effective local excitation

of N(*P) atoms in the pink afterglow.

4. Conclusion

In this work, we studied the molecular dissociation and the
N(D) and N(®P) atoms excitation mechanisms occurring in
the positive column and pink afterglow plasma of a flowing
nitrogen DC discharge operating at 30 mA discharge current,
0.5 SIm~! gas flow rate, and 500 Pa gas pressure. The dis-
charge has characteristics of the experimental parameters an
electron density (n.) of (5.66 & 0.15) x 10 cm—3 and a
reduced electric field (E/N) of 25 + 3 Td (see table 1, for
the complete set of experimental parameters). These experi-
mental conditions have allowed the detection of the pink after-
glow plasma in the post-discharge tube (see section 2). We
constructed two kinetic numerical models, one for the posit-
ive column, and the other for the pink afterglow, that were
utilized in the calculations of the temporal dissociation and
atoms excitation rates of these two different nitrogen plas-
mas. We computed 13 different dissociation mechanisms and 8
atoms excitation mechanisms with the kinetic numerical mod-
els for our experimental condition. Our study permitted the
detailed analysis of a set of dissociation and atomic excita-
tion mechanisms for the experimental condition analyzed. We
should take into account that our observations concern only
a unique discharge condition where the reduced electric field
presents a low value of 25 Td. Moreover, we studied the elec-
tron collision dissociation mechanisms considering only the
fundamental vibrational level of the nitrogen molecules. The
electron collision dissociation mechanisms involving higher
vibrational levels of the nitrogen molecules in the electronic
fundamental state are not considered here. Work is in pro-
gress to unveil the dissociation and atomic excitation mech-
anisms for a wider set of reduced electric field values and with
consideration of the vibrational manifold of the Nz(XlEng)
molecules in the electron collision dissociation mechanism.
Taking into account the limitations of our analysis we have
observed the following kinetics characteristics concerning dis-
sociation and atomic excitation resulting from the present ana-
lysis. Concerning the dissociation mechanisms, we observed
that reaction e + No(X'S, T, v = 0) — e + N(*S) + N(*S)
is the main dissociation channel in the positive column
from the earlier discharge residence times up to ~2 ms.
From 2 ms up to 0.1 s, the collisions between excited
molecules become the main dissociation mechanisms. In
between these collisional processes, the most efficient dissoci-
ation mechanisms are the reactions Np(a’' ©7) + No(X! 2T,
v>4) = N(*S) + N(*S) + No(X'E, 7, v) and 2 x No(X' S, T,
v>18) = N(*S) + N(*S) + Nz(XlEg+, v). We observed in the
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pink afterglow that these last reactions are also the dominant
dissociation channels in the post-discharge. The dissociation
rates found in the maximum of the pink afterglow are signific-
ant as compared to the dissociation rates found in the positive
column. This result evidences the effectiveness of dissociation
mechanisms occurring in the nitrogen pink afterglow. We ana-
lyzed the No(X! ¥, T, v) VDFs in the positive column and pink
afterglow. Our results demonstrate that the dissociation mech-
anisms of the positive column and pink afterglow are strongly
dependent on the VDFs behavior in the discharge and post-
discharge. We also analyzed the N(*D) and N(>P) excitation
mechanisms. We found in the positive column, for times below
0.6 ms, that reaction e + No(X'S,T) — e + N(*S) + N(*°D)
is the main excitation mechanism of the N(*D) atoms.
At the time interval from 0.6 ms up to 3 ms, reaction
e + N(*S) — e + N(®D) is the main N(?D) excitation channel.
For longer discharge residence times the reaction Np(X'E,*,
v > 8) + N(*S) — N(’D) + No(X'E,*, v) becomes the
dominant excitation channel of the N(®?D) atoms. We verified
that the last reaction is also the dominant excitation mech-
anism in the pink afterglow. In this sense, we found that the
N(D) atoms excitation mechanisms of the positive column
and pink afterglow plasma depend strongly on the VDFs of
the discharge and post-discharge. The important role of the
VDFs in the discharge and post-discharge may be under-
stood as a consequence of the low value of the reduced elec-
tric field (E/N = 25 Td) studied in the positive column. The
EEDF for this value of E/N is not too excited, and this fact
brings as results the low efficiency of electrons collisional
processes. In the post-discharge, or in the pink afterglow,
electrons collisional processes are not considered due to the
low electron temperature of the post-discharge. Finally, we
observed that the most efficient N(®P) atoms excitation mech-
anism in the positive column and pink afterglow is the reaction
No(A3ST,) + N(*S) — N(P) + No(X!'2, T, v). However, the
reaction Np(X'2, T, v > 13) + N(*S) = NCP) + N,(X' 2, T,
v) presents a significant contribution to the excitation rates
at certain discharge and post-discharge residence times. Our
work brings for the first time a temporal analysis of the dis-
sociation and atoms excitation mechanisms in two different
nitrogen plasmas, the positive column, and the pink afterglow.
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