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Abstract
In this study, we investigate the significance of utilizing measured post-discharge gas temperature profiles versus employ-
ing a representative constant gas temperature value in the kinetic modeling of the pink afterglow (PA) generated by flowing 
nitrogen DC discharges. Both approaches have been employed in the literature for PA kinetic modeling studies yielding 
reliable results. However, until now, no work has explored the kinetics aspects associated to these different methodologies 
in PA modeling. Firstly, we measure the spatial gas temperature variation in the post-discharge region using optical emission 
spectroscopy (OES). These spatial profiles are then converted into temporal profiles. We derive representative constant gas 
temperature values by calculating the mean gas temperature from these profiles. Subsequently we utilize a well-stablished 
kinetic numerical model for the PA, which calculate the densities of 15 distinct electronic states of nitrogen molecules, 
including the N2(X 1Σg

+, 0 ≤ v ≤ 45) vibrational states, as functions of the post-discharge residence time. We analyze the 
post-discharge density profiles of certain singlet and triplet molecular states as well as ions, considering the different gas 
temperature approximations. The excitation rates of these molecular states are also studied. The N2(X 1Σg

+) vibrational dis-
tribution functions (VDF) are investigated. We have observed that the densities profiles and studied excitation rates are very 
similar for the two different assumptions, which validates the use of a representative constant gas temperature approximation 
in the absence of the measured temperature along the post-discharge. We observe global kinetic effects found for the differ-
ent gas temperature approaches and it is demonstrated that these effects results from the VDFs behavior, which depends on 
the vibrational-vibrational (V-V) and vibrational-translational (V-T) rate constants that are functions of the gas temperature.

Keywords  Nitrogen flowing post-discharge · Pink afterglow modeling · Post-discharge gas temperature profiles

1  Introduction

The nitrogen pink afterglow (PA) phenomenon, also 
referred to as short-lived afterglow (SLA) has been inten-
sively studied in the last decades both experimentally 
[1–9] and theoretically [10–18]. The pink afterglow is a 

nitrogen plasma that is generated in the post-discharge 
region of flowing nitrogen discharges, encompassing 
direct current (DC), radio-frequency (RF), and microwave 
discharges. Phenomenologically, the pink afterglow is a 
pink color luminescence [19] that appears in the post-dis-
charge tube downstream the discharge region, separated 
from that by a dark space zone, or a region with low inten-
sity of light emission. The main nitrogen emission systems 
detected in the pink afterglow are the first positive, second 
positive and first negative systems [20], being the last one 
the signature of this phenomenon since it is generated by 
electronic transitions from molecular nitrogen ions that are 
generated by metastable atoms and molecules collisions in 
the post-discharge region. Moreover, the first negative sys-
tem is responsible for the pink color typical of this regime 
of the nitrogen post-discharge. In the absence of the pink 
afterglow phenomenon the nitrogen post-discharge (early 
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afterglow) presents predominant orange color. In this 
case we find the dominance of the second positive system 
(SPS) and first positive system (FPS) of the nitrogen mol-
ecules. When the pink afterglow occurs, the dominance of 
the first negative system (FNS), results in a post-discharge 
luminescence of pink color. The pink afterglow ionization 
mechanisms have been described in the literature from 
kinetic modeling mainly for nitrogen DC flowing dis-
charges [9, 15, 17, 18] and microwave flowing discharges 
[10, 11, 13]. These mechanisms seem to take different 
physicochemical pathways in the DC and microwave 
discharges. The PA ionization mechanisms responsible 
for the production of N2

+(B2Σ+
u) electronically excited 

ions, which are responsible for the emissions of the first 
negative system in the post-discharge, follow a complex 
kinetic pathway in the DC discharge [15, 17, 18]. As the 
main phenomenon in this regime of the post-discharge, 
we find the relaxation process of the N2(X 1Σg

+) VDF 
with the post-discharge residence time. In this relaxation 
process, the VDF is populated in the intermediate and high 
vibrational levels due the V-V exchange reactions. These 
vibrational states initiate the ionization processes. Two 
groups of reactions generate the ionization. First, metasta-
ble atoms and molecules are formed by reactions involving 
the vibrational excited states of the fundamental electronic 
state of the nitrogen molecules N2(X1Σ+

g, v), as follows:

The N(4S) atoms are transported from the discharge 
region and also locally generated in the post-discharge 
region as detailed described in Ref. [16]. Additionally, 
N(2P) metastable atoms are also formed by the following 
reaction [21]:

The formation of N2(A3Σ+
u) metastable in the post-dis-

charge will be analyzed in the discussion section. Then, in 
a certain temporal range (0.1 – 2 ms) of the post-discharge 
residence times [16] the atoms associative ionization reac-
tion is the dominant ionization channel [17, 18], as follows:

In another temporal range (2 – 100 ms), ionization 
occurs via reaction [15, 17, 18]:

(1)N2(X
1Σg

+, v > 8) + N(
4S) → N(2D) + N2(X

1Σg
+),

(2)
N2(X

1Σg
+, v > 13) + N(4S) → N(

2P) + N2(X
1Σg

+), and

(3)

N2(X
1Σg

+, v > 15) + N2(X
1Σg

+, v > 15)

→ N2(a
,1Σ−

u) + N2(X
1Σg

+).

(4)N2(A
3Σ+

u) + N(
4S) → N(

2P) + N2(X
1Σg

+).

(5)N(2D) + N(2P) → N2
+(X2Σ+

g) + e.

The N2
+(B2Σ+

u) excited ions are formed by the reaction:

In the case of ions formed by reaction (6), there are addi-
tional ion converting mechanisms acting in the formation 
of N2

+(X2Σ+
g) ions before their excitation by reaction (7). 

These mechanisms are the reactions:

In those cited works and in our present study, the pink 
afterglow is described as a non-equilibrium plasma, that 
is, ambipolar diffusion for ions and the condition of charge 
neutrality are assumed. Electron collision excitation of elec-
tronic molecular states, dissociation and ionization are not 
considered in the kinetic scheme since the electron tem-
perature in the nitrogen post-discharge presents a low value 
(0.3 eV) as stated in the works of Gorbunov et al. [22, 23].

We observe that the PA ionization in the nitrogen flowing 
DC discharge is activated by reactions that depend on the 
N2(X 1Σg

+, v) states (see reactions (1) – (3)). Therefore there 
is a strong dependence on the N2(X 1Σg

+) vibrational distri-
bution function (VDF) [24] in the post-discharge. The same 
dependence has been pointed out for the PA of the flow-
ing nitrogen microwave discharge. However the ionization 
mechanisms acting in its post-discharge are quite different 
as will be shown. As discussed by the Lisbon team [11, 13, 
14], the ionization in the PA of the microwave discharge is 
initiated with the excitation of molecular metastable states 
N2(A3Σ+

u) and N2(a’1Σ−
u):

Then these metastables generate the ionization by Pen-
ning ionization reactions:

The N2
+(B2Σ+

u) ion excitation occurs via reaction (7) as in 
the PA of the DC discharge. We verify that PA ionization mecha-
nisms of the DC and microwave discharges are initiated by excita-
tion reactions depending on the N2(X 1Σg

+, v) states. In this sense 

(6)N2(a
,1Σ−

u) + N2(X
1Σg

+, v > 24) → N4
+ + e.

(7)
N2

+(X2Σ+
g) + N2(X

1Σg
+, v > 11) → N2

+(B2Σ+
u) + N2(X

1Σg
+).

(8)N4
+ + N(

4S) → N3
+ + N2(X

1Σg
+), and

(9)N3
+ + N(

4S) → N2
+(X2Σ+

g) + N2(X
1Σg

+).

(10)
N2(X

1Σg
+), v > 38) + N(

4S) → N(
2D) + N2(A

3Σ+
u) and

(11)N2(X
1Σg

+, v > 37) + N(
4S) → N(

4S) + N2(a
,1Σ−

u).

(12)
N2(a

,1Σ−
u) + N2(a

,1Σ−
u) → N+

2
(X2Σ+

g) + N2(X
1Σ+

g
) + e and

(13)
N2(A

3Σ+
u) + N2(a

,1Σ−
u) → N2

+(X2Σ+
g) + N2(X

1Σg
+) + e.
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ionization strictly depends on the N2(X 1Σg
+) VDF evolution in 

the post-discharge. Still the Lisbon group has described this set 
of reactions as responsible for the ionization, they point out that 
N(2P) states can have an important role in the ionization of the 
PA. Popov [10] has shown that N(2P) states can explain the PA 
ionization in the nitrogen flowing microwave discharges by the 
atoms associative ionization mechanism:

Another kinetic phenomena, as the molecular dissociation 
in the PA of the nitrogen flowing DC discharge, and N2(B3Πg) 
excitation mechanisms in the microwave discharges are dis-
cussed in previous works [6, 16, 25]. It is also observed that 
these mechanisms also strongly depend on the VDF in the 
post-discharge.

As it was shown in the literature [8, 26], the PA presents a 
gas temperature profile in the post-discharge. Gas temperature 
decreases from the end of the discharge down to the end of 
the post-discharge tube. The numerical kinetic models used 
to describe the PA global kinetics can assume two different 
approaches. In the first one, the post-discharge gas temperature 
is considered with a constant value representing a mean value 
of the post-discharge temperature profile, or a representative 
PA gas temperature. This value was assumed as 400 K in our 
previous work [15] and also in the work of Loureiro et al. [11]. 
In another works, we used the mean value of the measured gas 
temperature profile as a constant gas temperature representa-
tive value (T = 370 K) [9, 16, 17]. The second approach con-
sists of measuring the spatial/temporal gas temperature profile 
in the post-discharge and to include it in the numerical kinetic 
model [8, 10, 13]. Both approaches produce reliable results 
in the PA modeling. However, until now, there is not a work 
analyzing the effects of these two different approaches in the 
global kinetics description of the PA phenomenon. Our present 
work provides a detailed analysis of the global kinetic features 
of the PA of the nitrogen flowing DC discharges assuming a 
mean constant value, and the measured gas temperature pro-
files in the modeling. We study the effects of such considera-
tions in the density profiles of the N2

+(B2Σ+
u) excited ions, 

and also in some molecular singlet (N2(a’1Σ−
u)), and triplet 

states (N2(A3Σ+
u), and N2(B3Πg)). The N2

+(X2Σ+
g), N3

+, and 
N4

+ ions density profiles are also studied. We analyze the 
effects of such considerations in the pertinent reaction path-
ways concerning the studied species and N2(X 1Σg

+) VDFs.

2 � Experimental Set‑Up and Results

The experimental set-up utilized in the present work is pre-
sented in Fig. 1.

We studied the pure nitrogen discharges and post-dis-
charges generated in the discharge and post-discharge tubes. 

(14)N(2P) + N(
2P) → N2

+(X2Σ+
g) + e.

The tubes are made of Pyrex glass and have 1.4 cm inner 
diameter. The discharge zone consisting of the positive col-
umn occurs between the side armed electrodes, and initiates 
at the anode and ends at the cathode. The post-discharge 
initiates just at the end of the discharge zone downstream the 
flow of high purity nitrogen gas (99.999%) that is injected 
in the beginning of the discharge tube. Its flow rate is con-
trolled by a flow meter (MKS 247C). The gas pressure 
is measured by a Baratron gauge (MKS 722A). The low 
pressure is maintained by a mechanical vacuum pump of 
25 m3h−1 (E1M18 Edwards). The emissions from the dis-
charge and post-discharge regions are measured by a mono-
chromator (Jobin-Yvon, THR-1000) with a grating of 1800 
gr.mm−1 connected to a photomultiplier tube (Hamamatsu, 
R928). We use an optical fiber to collect the emitted light. 
The discharge electric field is maintained between the two 
side-armed electrodes located 20 cm apart in the discharge 
tube, by a high voltage direct current source. We use Double 
Langmuir probes located 10 cm apart inserted in the mid-
dle of the discharge tube for measurements of the voltage 
drop in the positive column. The discharge electric current 
was measured by an amperemeter connected to the discharge 
circuit. The reduced electric field (E/N) and electron den-
sity (ne) (see the method to estimate the electron density in 
Ref. [27]) values of the positive column are obtained from 
the voltage drop, discharge current, and gas pressure. We 
estimate the N2(X1Σ+

g) vibrational temperature at the end 
of the discharge by Optical Emission Spectroscopy (OES), 
positioning the optical fiber transversely to the discharge 
tube near the cathode (see Fig. 1). We measure the emissions 
from the transitions of the second positive system in the 
range of 360 – 385 nm. We obtained the relative densities of 
the N2(C3Πu, v) states employing the following mathemati-
cal relation between emitted light intensity and the density 
of emitting species:

where Iv,w is the light intensity, C(λv,w) is the optical system 
spectral response, Av,w are the transitions probabilities [20], 
λv,w is the transition wavelength, h is the Planck constant, c 
is the light velocity and [Nv] is the concentration of the emit-
ting state. The N2(C3Πu, v) density distribution is linearized 
by discarding the overpopulated vibrational populations with 
respect to a Boltzmann distribution and the N2(X1Σ+

g, v) 
distribution is calculated on the basis of the Franck-Condon 
factors [28]. This procedure of the vibrational temperature 
estimation has been used in several works [7–9, 15–18, 25, 
29].The vibrational temperature is used in the post-discharge 
kinetic model as input for the initial N2(X1Σ+

g) VDF in the 
post-discharge. Near this range of wavelengths, we find the 
391.4 nm band transitions from the first negative system 

(15)I
v,w

=
C(�

v,w
)hc[N

v
]A

v,w

�
v,w

,
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originated from the N2
+(B2Σ+

u) ions. We use these band 
emissions and Eq. (15) to measure the relative density of 
such ions in the post-discharge. We present a typical spec-
trum relative to the mentioned transitions measured at the 
end of discharge in Fig. 2. The gas temperature was also 
measured by OES at the end of the positive column and 
along the post-discharge. We utilized the transitions of the 
first positive system of nitrogen molecules in the range of 
760 – 780 nm [29, 30]. A typical spectrum of such transi-
tions is shown in Fig. 3. The gas temperature is determined 
for our optical system from the ratio of P1(774.8 nm) and 
P2(773.5 nm) intensities following the work of Hochard 
et al.[30]. The gas temperature in K follows the equation:

In this work, we analyze two different experimental 
conditions where the PA occurs in the post-discharge tube. 
They are: (1) p = 250 Pa (gas pressure), I = 45 mA (dis-
charge current), and Q = 0.6 Sl m−1 (gas flow rate); (2) 
p = 500 Pa, I = 30 mA, and Q = 0.5 Sl m−1. The discharge 
experimental parameters for these experimental conditions 
are expressed in Table 1. The voltage drop measured in the 

(16)T(P1, P2) = 183.3 + 506exp((0.8 − P1∕P2)∕0.23)).

Langmuir probes placed in the middle of the discharge´s 
electrodes are: V = 196 ± 5 V for discharge condition (1) 
and V = 187 ± 4 V for discharge condition (2). These data 
will be utilized as input parameters in the kinetic numeri-
cal models for the positive column and post-discharge. The 
ne, E/N, and ne/N parameters are used in the positive col-
umn kinetic model in the calculation of the electron energy 
distribution function (EEDF) of the discharge [27]. The 
vibrational temperature (Tv) measured at the end of the 
positive column is used as characteristic temperature of a 
Boltzmann distribution considered as the initial N2(X1Σ+

g) 
VDF in the post-discharge modeling [8, 9, 15]. The dis-
charge gas residence time τ is used to determine the time 
corresponding to the end of the discharge. Initial densi-
ties of species considered in the post-discharge model are 
obtained from the positive column kinetic model at the end 
of the discharge residence time.

As a key result in our study, we determined the gas tem-
perature profile in the post-discharge, with measurements 
initiating at the end of the discharge (see Fig. 1) and extend-
ing along the post-discharge tube (see Fig. 1). The tempera-
ture profiles found as functions of the spatial coordinate were 

Fig. 1   Experimental set-up
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converted to gas temperature profiles as functions of the 
post-discharge gas residence time. We use the mathematical 
relation between the post-discharge position (x) and the gas 
velocity (v) for the conversion of the spatial coordinate to 
post-discharge gas residence time. The detailed description 
of such procedure is presented in Ref. [16]. The temperature 

measurements for the studied discharge conditions ((1) and 
(2)) are presented in Fig. 4. The temperature errors were cal-
culated from the error estimated in Ref. [30] merged to the 
P1 and P2 fluctuations for several measurements at the same 
experimental condition and propagated following Eq. (16). 

Fig. 2   Emission spectrum from 
360 – 395 nm wavelengths 
recorded at the end of the 
discharge zone (see Fig. 1). The 
emissions are originated from 
the second positive and first 
negative systems of nitrogen 
molecules [20]

Fig. 3   Emission spectrum from 
760 – 780 nm wavelengths 
recorded at the end of the 
discharge zone (see Fig. 1). 
The emissions are originated 
from the transitions of the first 
positive system of nitrogen 
molecules [20, 29, 30]
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We have fitted the mathematical functions for the gas tem-
perature variation. These functions are:

where t is the post-discharge residence time in seconds. We 
will employ these functions in the calculations of the spe-
cies densities with the post-discharge kinetic model in the 
next section.

3 � Results and Discussion

The aim of this work is to carry out an analysis of the pink 
afterglow kinetic modeling under two different assump-
tions. In the first one, we consider the post-discharge gas 
temperature with a constant representative value [11, 15]. 
In the second assumption, the measured post-discharge 

(17)
T1(t) = 297.26 + 135exp(−t∕0.00667)(discharge condition(1)) and

(18)
T2(t) = 328.4 + 254.61exp(−t∕0.0062)(discharge condition(2)),

gas temperature profile is utilized in the numerical code 
to account for effects of gas temperature variation in the 
several kinetic mechanisms that depend on this parameter. 
To accomplish this task we employed a well-established 
kinetic numerical model for the nitrogen post-discharge 
[7–9, 15–18]. This is a 0-D kinetic model that integrates 
in time the coupled rate balance equations for the consid-
ered species together with the master vibrational equa-
tion (VME) for the N2(X1Σ+

g, v) states, which includes 
the V-V and V-T exchange reactions [15]. The considered 
species are: N2(X1Σ+

g, 0 ≤ v ≤ 45), N2(A3Σ+
u), N2(B3Πg), 

N2(a1Πg), N2(a’1Σ-
u), N2(a’’1Σ+

g), N2(C3Πu), N2
+(X2Σ+

g), 
N2

+(B2Σ+
u), N+, N3

+, N4
+, N(4S), N(2D), and N(2P). We 

consider 66 physical-chemical processes between the neu-
tral and excited molecules, atoms, and ions [8]. The kinetic 
model furnishes the species densities as a function of the 
post-discharge residence time. This model requires as entries 
the initial N2(X1Σ+

g) VDF (t = 0) and the densities of spe-
cies at the end of the positive column, or the beginning of 
the post-discharge. We consider the initial VDF as a Boltz-
mann function with the measured vibrational temperature 
acquired at the end of the discharge [8, 9, 15, 18, 25] (see 
the Tv values in Table 1). The initial N2

+(X2Σ+
g) density 

is assumed equal to the measured electron density (see the 
ne values in Table 1) and the other ions initial densities are 
assumed equal zero [7–9, 15–18, 25]. The ions initial den-
sity distribution rapidly (0.01 ms) reaches a new equilibrium 
distribution due the ion transfer reactions considered in the 
kinetic model [15, 18]. The atomic and molecular states 

Table 1   Experimental discharge parameters: electron density (ne), 
N2(X1Σ+

g) vibrational temperature (Tv), gas residence time (τ), 
reduced electric field (E/N), and degree of ionization (ne/N)

Discharge 
condition

ne 
(× 109 cm−3)

Tv (× 102 K) τ (ms) E/N (Td) ne/N

(1) 42.0 ± 1.0 64 ± 9 4.8 ± 1.0 47 ± 5 10–6

(2) 57.0 ± 2.0 51 ± 8 8.6 ± 1.5 30 ± 3 9 × 10–7

Fig. 4   Post-discharge gas 
temperature as function of the 
post-discharge gas residence 
time. The square symbols refer 
to discharge condition (1). The 
circle symbols refer to discharge 
condition (2)
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initial densities considered in the post-discharge model are 
taken from another kinetic numerical model developed to 
describe the positive column [27]. This discharge model has 
been recently used to describe the kinetics of ionization [18] 
and dissociation [25] phenomena in the flowing nitrogen 
DC discharges. The discharge kinetic model furnishes the 
species densities as a function of the discharge residence 
time. We consider the calculated densities at the end of the 
discharge as the post-discharge initial densities (see the dis-
charge gas residence times in Table 1).

Here, the post-discharge kinetic model assumes two dif-
ferent approaches. In the first, we calculate the species den-
sities for a fixed post-discharge gas temperature value. We 
determined the post-discharge mean gas temperature values 
from our measurements (see Figure 4) and found < T > = 
370 K for the discharge condition (1) and < T > = 420 K for 
the discharge condition (2). In the second, we employ the 
post-discharge gas temperature variation, from Eqs. (17) and 
(18), to calculate the species densities for our experimental 
conditions (see Table 1).

We begin our analysis with the calculation of the 
N2

+(B2Σ+
u) density as a function of the post-discharge resi-

dence time. We calculated the density for the experimental 
condition (1), for a fixed gas temperature of 370 K, and for 
the measured post-discharge gas temperature profile (see 
eq.(17)). The calculated densities were compared to the 
experimental N2

+(B2Σ+
u) density obtained from the transi-

tions of the first negative system at 391.4 nm wavelength 
(see Figure 2). These results are shown in Figure 5. The 
experimental relative ion density was normalized to the 

N2
+(B2Σ+

u) calculated density at the maximum of the PA (t 
~ 10 ms) (see the green curve in Figure 5). We can observe 
that the N2

+(B2Σ+
u) calculated densities present their max-

ima at t ~ 10 ms. The calculated density at the PA maximum 
is a little higher when the post-discharge gas temperature is 
considered with a constant value. The experimental density 
has its maximum value at t ~ 3.5 ms. The minimum values 
of the calculated densities and the experimental one occur 
at t ~ 2 ms. The increasing behavior of the curves, before 
the maximum is attained, is more pronounced in the experi-
mental density than in the calculated ones. In a general way 
there is a reasonable agreement in the behavior of the experi-
mental and calculated densities. This shift in time between 
the calculated and experimental densities behavior has been 
observed in a previous study [17].

Once we have studied the post-discharge excited ion den-
sity profiles we will analyze the N2(A3Σ+

u) and N2(a’1Σ-
u) 

metastable states. The metastables calculated densities for 
discharge conditions (1) and (2) are presented in Figures 6 
and 7, respectively. We have calculated the densities for a 
constant mean gas temperature (T = 370 K for discharge 
condition (1) and T = 420 K for discharge condition (2)), 
and for the measured gas temperature profiles (equations 
(17) and (18)).

In a general way, the calculated densities for the constant 
gas temperature and for the measured gas temperature pro-
files present a very similar behavior. As it has happened 
to the excited ions (see Figure 5), the calculated densities 
for the constant gas temperature are higher than the den-
sities obtained for the measured gas temperature profiles 

Fig. 5   N2
+(B2Σ+

u) experimen-
tal and calculated densities for 
discharge condition (1) (see 
Table 1). The red line is the 
calculated density for a constant 
post-discharge gas temperature 
(T = 370 K). The green line is 
the calculated density for the 
post-discharge gas temperature 
following Eq. (17). The square 
symbols represent the experi-
mental ion density measured by 
OES (see experimental section)

10-4 10-3 10-2 10-1
0.0

5.0x106

1.0x107

1.5x107

2.0x107

2.5x107

3.0x107

3.5x107

N
2+

mc(
ytisned

etulosba)B(
-3
)

Post-Discharge residence time (s)



	 Brazilian Journal of Physics (2024) 54:5555  Page 8 of 17

at the PA maximum. We also observe that the maximum 
densities for the measured gas temperature profiles occur at 
shorter gas residence times when compared to the calculated 
densities for the constant gas temperature. The metastable 

densities minimum values occur at residence times between 
0.2 to 0.7 ms and the maximum values occur at residence 
times between 5.5 and 8.5 ms. Also, the decreasing behavior 
of the densities after the maximum density is reached are 

Fig. 6   Post-discharge 
N2(A3Σ+

u) (black lines) and 
N2(a’1Σ.−u) (red lines) calcu-
lated densities for discharge 
condition (1). The dashed lines 
are the densities for a post-dis-
charge constant gas temperature 
(370 K). The solid lines are the 
densities for the post-discharge 
gas temperature following 
Eq. (17) (see experimental 
section)
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Fig. 7   Post-discharge 
N2(A3Σ+

u) (black lines) and 
N2(a’1Σ.−u) (red lines) calcu-
lated densities for discharge 
condition (2). The dashed lines 
are the densities for a post-dis-
charge constant gas temperature 
(420 K). The solid lines are the 
densities for the post-discharge 
gas temperature following 
Eq. (18) (see experimental 
section)
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more pronounced in the case of the constant gas temperature 
assumption. We will deepen the analysis after the presenta-
tion of the remaining results concerning the other species 
behavior.

The calculated density profiles of the triplet state 
N2(B3Πg) for both experimental discharge conditions are 
presented in Figure 8.

We can firstly observe that minimum densities for the 
N2(B3Πg) state present similar values for both the discharge 
conditions. However, the maximum calculated densities 
are stronger for discharge condition (1). In this sense the 
PA is more excited for this discharge condition. The same 
occurs with the N2(A3Σ+

u) and N2(a’1Σ-
u) calculated densi-

ties. This fact can be understood as a direct result of the 

Fig. 8   Post-discharge N2(B3Πg) 
calculated density for discharge 
condition (1) (black lines) and 
condition (2) (red lines). The 
solid lines represent the calcula-
tions for the measured gas tem-
perature profiles (see Eqs. (17) 
and (18)) and the dashed lines 
the calculations for the constant 
gas temperature assumption

Fig. 9   Post-discharge ions 
calculated densities as functions 
of the post-discharge residence 
time. The curves are specified in 
the figure legend
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higher vibrational excitation of discharge condition (1) at 
the beginning of the post-discharge (see measured discharge 
vibrational temperatures in Table 1). As we have observed 
for the N2(A3Σ+

u) and N2(a’1Σ-
u) calculated densities, the 

N2(B3Πg) calculated density profiles for a constant gas tem-
perature and for the measured gas temperature profiles have 
a similar behavior in the post-discharge. Again, the calcu-
lated densities at the PA maximum are a few higher for the 
constant gas temperature assumption. Also, the N2(B3Πg) 
maximum densities occur later in the post-discharge for 
the constant gas temperature approximation. The density 
decreasing behavior after the maximum density is attained 
is more pronounced for the constant gas temperature cases. 
Finally, we present in Figure 9 the calculated ions density 
profiles in the post-discharge. We find that the ions density 
distribution follows the experimentally observed behavior 
in the PA, that is, the N3

+ ion is the dominant ionic species 
followed by the N2

+(X2Σ+
g), and N4

+ ions [1]. As follows 
with the singlet and triplet molecular states, the ions den-
sities are higher at the PA maximum for the constant gas 
temperature approximation. The ions density maxima occur 
in the time interval between 5 and 12 ms. Differently from 
the studied molecular states, the N2

+(X2Σ+
g) and N3

+ maxi-
mum densities occur at shorter residence times when the 
constant gas temperature approximation is assumed. In order 
to get a better understanding on the studied species behav-
ior under the two different approaches, the post-discharge 
constant gas temperature and the measured gas temperature 
profiles approximations, we developed Tables 2 and 3 that 

contain the residence times of species maximum densities 
and their values. We also calculated the ratio between the 
residence times and for the densities for the two gas tempera-
ture approximations.

From Table 2 and 3, it can be more detailed seen the 
behavior of studied species presented in Figs. 6, 7, 8 and 
9. The singlet and triplet molecular states residence times 
corresponding to the maximum densities in the PA occur 
between 5.5 and 8.5 ms, being those ones referring to the 
constant gas temperature approximation longer than the 
residence times corresponding to the measured gas tem-
perature profiles approximation. We see from the residence 
time ratios (5th column in Table 2 and 3) that the differ-
ence in both approaches results in longer residence times 
for the constant gas temperature approximation with maxi-
mum difference value of 33% for the N2(a’1Σ−

u) state in the 
discharge condition (2) (see Table 3). The density values at 
the PA maximum are from 5 to 32% higher in the constant 
gas temperature approximation (see 6th column of Table 2 
and 3), being the highest one that for the N2(A3Σ+

u) state 
at discharge condition (2). At this point, after verifying the 
density profiles behavior of the analyzed species, we can 
argue in favor of the post-discharge constant gas temperature 
approximation as a reliable method to be employed in the 
kinetic numerical modeling of the PA. The differences in the 
density profiles are not too expressive and, in the absence 
of the measured post-discharge gas temperature profiles, the 
constant gas temperature approximation seems a useful tool 
in the post-discharge kinetic modeling. We will now analyze 

Table 2   Residence times 
corresponding to the maximum 
densities in the PA and their 
values (discharge condition (1))

Time for the constant gas temperature approximation (t1). Time for the measured gas temperature T1(t) 
(see Eq. (17)) (t2). Maximum calculated densities for the constant gas temperature approximation (ρ1) and 
for the measured gas temperature (ρ2)

Species dis-
charge condition 
(1)

t1 (370 K) (ms) t2 T1(t) (ms) ρ1 (370 K) (cm−3) ρ2 T1(t) (cm−3) t1/t2 ρ1/ρ2

N2(A) 8.5 8.5 1.1 × 1012 1.05 × 1012 1 1.05
N2(a’) 8.3 7.5 2.6 × 1011 2.1 × 1011 1.11 1.24
N2(B) 7.8 7.6 2.7 × 1010 2.4 × 1010 1.03 1.12
N2

+(X) 11.9 12.1 8.4 × 109 6.6 × 109 0.98 1.27
N3

+ 8.3 8.7 1.4 × 1010 1.3 × 1010 0.95 1.08
N4

+ 6.1 5.5 2 × 109 1.8 × 109 1.11 1.11

Table 3   Residence times 
corresponding to the maximum 
densities in the PA and their 
values (discharge condition (2))

Time for the constant gas temperature approximation (t1). Time for the measured gas temperature T2(t) 
(see Eq. (18)) (t2). Maximum calculated densities for the constant gas temperature approximation (ρ1) and 
for the measured gas temperature (ρ2)

Species discharge 
condition (2)

t1 (420 K) 
(ms)

t2 T2(t) (ms) ρ1 (420 K) (cm−3) ρ2 T2(t) (cm−3) t1/t2 ρ1/ρ2

N2(A) 7.4 7.1 1.1 × 1012 8.3 × 1011 1.04 1.32
N2(a’) 7.3 5.5 2.0 × 1011 1.8 × 1011 1.33 1.11
N2(B) 6.8 5.7 1.9 × 1010 1.6 × 1010 1.19 1.19



Brazilian Journal of Physics (2024) 54:55	 Page 11 of 17  55

the kinetic aspects that bring such differences in the post- 
discharge density profiles for the two different approaches 
concerning the post-discharge gas temperature. An impor-
tant aspect concerning the kinetics of the studied species 
is their excitation rates. The excited states excitation rates 
determine the behavior of the density profiles in the post-
discharge. Here, we will focus in the N2(A3Σ+

u), N2(B3Πg), 
and N2(a’1Σ−

u) states. Our kinetic numerical model accounts 
for 66 physical–chemical processes between the considered 
species [8]. The kinetic processes concerning the N2(A3Σ+

u) 
generation are presented in Table 4. The excitation rates of 
each process are defined as the product of the reactants con-
centration and the rate constant of each reaction.

The N2(A3Σ+
u) excitation rates of reactions A1 – A5, for 

the discharge condition (2), are shown in Fig. 10. It should 
be noted that this discharge condition produces the highest 
difference in the N2(A3Σ+

u) calculated densities at the PA 
maximum, as can be verified by inspection of Table 2 and 
3. We have calculated the excitation rates for the constant 
gas temperature approximation (T = 420 K) and for the 

measured gas temperature profile (see Eq. (18)). It can 
be seen that the two different approaches for the gas tem-
perature affect all the excitation mechanisms even though 
that only reaction A4 has a direct dependence on the gas 
temperature parameter expressed in its rate constant. It 
is verified that the dominant N2(A3Σ+

u) excitation chan-
nel is the N2(B3Πg) quenching by the nitrogen molecules 
(reaction A1). Focusing on this excitation mechanism, we 
verify that the excitation rates for the constant gas temper-
ature approximation have their maximum value at longer 
post-discharge residence time and with a higher absolute 
value as compared to the excitation rates for the measured 
gas temperature approximation. This fact explains why the 
N2(A3Σ+

u) density profile for the constant gas temperature 
approximation presents a higher value occurring at longer 
post-discharge residence time as compared to the density 
profile for the measured gas temperature approximation 
(see black lines in Fig. 7). Moreover, if we compare the 
excitation rates of reaction A1 after their maximum val-
ues are attained, we verify that the rates are higher for the 

Table 4   N2(A3Σ+
u) excitation 

processes
Process: Two-body reaction k (cm3s−1) Ref.

Spontaneous emission ν (s−1)

A1 N2(B3Πg) + N2(X 1Σg
+) → N2(A3Σ+

u) + N2(X 1Σg
+) 2.85 × 10–11 [31]

A2 N2(B3Πg) → N2(A3Σ+
u) + hν 2.4 × 105 [20]

A3 N2(X 1Σg
+, v > 24) + N(4S) → N2(A3Σ+

u) + N(4S) 10–15 [11, 32]
A4 N2(X 1Σg

+, v = 10) + N(2P) → N2(A3Σ+
u) + N(4S) 8.6 × 10–11 x 

1−e
2062

T

1−e
3353

T e
−1398

T

[33]

A5 2 × N2(X 1Σg
+, v > 11) → N2(A3Σ+

u) + N2(X 1Σg
+, v = 0) 10–17 [11, 32]

Fig. 10   N2(A3Σ+
u) excitation 

rates for the constant gas tem-
perature approximation (dashed 
lines) and for the measured gas 
temperature profile (solid lines). 
The reactions are: A1 (black 
lines), A2 (red lines), A3 (green 
lines), A4 (blue lines), and A5 
(cyan lines) (see Table 4)
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measured gas temperature approximation. This behavior 
explains the slower decrease of the N2(A3Σ+

u) density 
profile after its maximum value is reached in the density 
profile obtained for the measured gas temperature approxi-
mation (see the solid black line in Fig. 7). We will now 
analyze the N2(B3Πg) excitation rates for the two gas tem-
perature assumptions in the post-discharge. The N2(B3Πg) 
excitation mechanisms considered in our kinetic numerical 
model are shown in Table 5.

The excitation rates of reactions B1 – B5, for the dis-
charge condition (2), are shown in Fig. 11. At this discharge 
condition, it occurs the highest difference in the N2(B3Πg) 
calculated densities at the PA maximum, as can be verified 
by inspection of Table 2 and 3. As a first observation, the 
reaction B4 is the main N2(B3Πg) excitation mechanism 
in the post-discharge. This reaction has been evidenced as 
the main production mechanism for this triplet state also in 
the PA of the microwave flowing discharge [6]. As it has 

been verified for the N2(A3Σ+
u) excitation mechanisms (see 

Fig. 10), all the N2(B3Πg) excitation pathways are affected 
by the different assumptions on the gas temperature in the 
post-discharge, even though these mechanisms present rate 
constants that do not depend directly on the gas tempera-
ture parameter (see Table 5). This fact indicates that the 
post-discharge global kinetics is affected by the different 
approaches on the gas temperature. We will return to this 
topic after the complete analysis of the studied species exci-
tation rates. It can also be observed in the rates of reaction 
B4 that those ones concerning the constant gas temperature 
approximation present a higher maximum value occurring 
at a longer residence time with respect to the those ones 
in the measured gas temperature approach. This fact cor-
roborates to the observed N2(B3Πg) density profiles behav-
ior, that is, the maximum density of this state occurring 
later and with a higher absolute value when the constant 
gas temperature assumption is done. Also, the excitation 

Table 5   N2(B3Πg) excitation 
processes

Process: Two-body reaction k (cm3s−1) Ref.
Spontaneous emission ν (s−1)

Three-body reaction k (cm6s−1)

B1 N2(A3Σ+
u) + N2(A3Σ+

u) → N2(B3Πg) + N2(X 1Σg
+, v = 0) 7.7 × 10–11 [34]

B2 N2(C3Πu) → N2(B3Πg) + hν 2.74 × 107 [20]
B3 N2(a’1Σ−

u) + N2(X 1Σg
+) → N2(B3Πg) + N2(X 1Σg

+) 1.9 × 10–13 [35]
B4 N2(A3Σ+

u) + N2(X 1Σg
+, 4 < v < 15) → N2(B3Πg) + N2(X 1Σg

+, v = 0) 2 × 10–11 [31]
B5 N(4S) + N(4S) + N2(X 1Σg

+) → N2(B3Πg) + N2(X 1Σg
+) 2.4 × 10–33 [36]

Fig. 11   N2(B3Πg) excitation 
rates for the constant gas tem-
perature approximation (dashed 
lines) and for the measured gas 
temperature profile (solid lines). 
The reactions are: B1 (black 
lines), B2 (red lines), B3 (green 
lines), B4 (blue lines), and B5 
(cyan lines) (see Table 5)
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rates for the measured gas temperature approach present 
higher values after the maximum value is reached, causing 
a slower density decrease after the maximum in this case 
(see solid lines in Fig. 8).

Finally, we will analyze the N2(a’1Σ−
u) excitation rates 

for the discharge condition (1), where the difference in the 
maximum densities obtained for the constant gas tempera-
ture and the measured gas temperature approaches present 
the highest value (see Table 2 and 3). The excitation kinetic 
mechanisms for the singlet state are shown in Table 6. The 
excitation rates are shown in Fig. 12. Again, as observed for 
the other molecular states, the difference in the gas tempera-
ture assumptions affects all the excitation kinetic mecha-
nisms. We should note that only reaction C5 has the gas 
temperature dependence in its rate constant. From Fig. 12, 
it is observed that reactions C2 and C5 are the dominant 
N2(a’1Σ−

u) excitation mechanisms. We should note that the 
N2(a1Πg) state, which is a reactant in reaction C2, also is 
generated by N2(X 1Σg

+, v) states in a reaction similar to 
reaction (3) [8, 27]. Also, we observe that excitation rates 

from reactions C2 and C5 present higher maximum values 
occurring at longer residence times for the constant gas 
temperature approximation as compared to the measured 
gas temperature approach. This fact explains the behavior 
of the N2(a’1Σ−

u) densities for the constant gas temperature 
assumption, which have their maximum densities higher 
than those ones found for the measured gas temperature 
assumption and occurring at longer residence times (see the 
red lines in Figs. 6 and 7). At this point, after the analysis of 
the molecular states excitation rates and density profiles, we 
conclude that a global kinetic effect is occurring in the PA 
modeling for the different post-discharge gas temperature 
assumptions. As it will be shown, this global effect occurs 
due the gas temperature approaches influence in the post-
discharge VDFs. As well discussed in the literature [6, 15, 
25], the atomic, molecular, and ionic states are generated 
directly or indirectly by the N2(X 1Σg

+, v) states that depend 
on the VDFs behavior in the post-discharge. We should note 
that VDFs behavior depends on the vibrational-vibrational 
(V-V) and vibrational-translational (V-T) exchange reactions 

Table 6   N2(a’1Σ−
u) excitation 

processes
Process: Two-body reaction k (cm3s−1) Ref.

Spontaneous emission ν (s−1)

C1 N2(C3Πu) + N2(X 1Σg
+) → N2(a’1Σ−

u) + N2(X 1Σg
+) 10–11 [36]

C2 N2(a1Πg) + N2(X 1Σg
+) → N2(a’1Σ−

u) + N2(X 1Σg
+) 9.1 × 10–12 [37]

C3 N2(a1Πg) → N2(a’1Σ−
u) + hν 1.91 × 102 [38]

C4 N2(X 1Σg
+, v > 37) + N(4S) → N2(a’1Σ−

u) + N(4S) 10–12 [39]
C5 2 × N2(X 1Σg

+, v > 15) → N2(a’1Σ−
u) + N2(X 1Σg

+, v = 0) 2.1 × 10–14e
−700

T [36]

Fig. 12   N2(a’1Σ−
u) excitation 

rates for the constant gas tem-
perature approximation (dashed 
lines) and for the measured gas 
temperature profile (solid lines). 
The reactions are: C1 (black 
lines), C2 (red lines), C3 (green 
lines), C4 (blue lines), and C5 
(cyan lines) (see Table 6)
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[24] whose rate constants are functions of the gas tempera-
ture parameter [15].

In order to conclude our analysis on the aspects concern-
ing the two different approaches for the gas temperature in 
the PA kinetic modeling, we present the calculated VDFs for 
the studied discharge experimental condition (2). The VDFs 
for the discharge condition (1) are not shown here since the 
gas temperature assumptions effects are similar to those ones 
found for condition (2). The VDFs calculated for different 
post-discharge residence times are presented in Figure 13. 
It is demonstrated by our results that the calculated VDFs 
for the measured gas temperature approximation are more 
excited than those ones obtained for the constant gas tem-
perature approximation. The first consequence of such result 
is the manifestation of the excitation rates maxima for the 
molecular states happening earlier in the post-discharge resi-
dence times when the measured gas temperature approach 
is considered in the calculations. This phenomenon is mark-
edly seen in the reactions C2 and C5 related to the N2(a’1Σ-

u) 
excitation rates found in Figure 12, and also observed in the 
other molecular states (see Figures 10 and 11). As a result, 
the maxima of the molecular states densities also occur ear-
lier in the post-discharge residence times when the meas-
ured gas temperature is considered in the calculations (see 
Figures 6, 7 and 8). Another aspect can be inferred by the 
VDFs behavior. As seen the VDFs obtained for the meas-
ured gas temperature are more excited after the maximum 
excitation is reached, which occurs at residence times on 
the order of 10-2 s. If we observe the calculated VDFs at t = 
50 ms, the VDF for the measured gas temperature approach 

is considerably more excited than that one for the constant 
gas temperature assumption. This behavior is in accordance 
with the excitation rates for the molecular states after their 
maxima occur, producing higher excitation rates at these 
residence times and resulting in a slower decrease of the 
molecules densities after the maximum densities are attained 
in the case of the measured gas temperature approximation.

As we have found more excited VDFs for the measured 
gas temperature methodology, this fact can be understood as 
a consequence of the higher vibrational quanta pumping in 
this situation. To gain an understanding on this phenomenon 
we have calculated the V-V rate constants for the discharge 
condition (2) considering the constant gas temperature of 
420 K and the temperature variation from equation (18) as a 
function of the post-discharge residence time. The V-V rate 
constants Q1,0

w,w+1 with 0 ≤ w ≤ 45 for the V-V reactions 
[15] are shown in Figure 14:

These reactions are representative for the vibrational 
quanta pumping mechanism in the post-discharge. As 
observed in the figure, the rate constants present higher val-
ues for post-discharge residence times shorter than 10 ms 
as compared to the rate constants calculated for the fixed 
gas temperature of 420 K. At 10 ms, the rate constants for 
the fixed gas temperature and the measured gas tempera-
ture approximation are very close. This fact corroborates 
to a faster vibrational quanta pumping in this time interval, 

(19)
N2(X

1Σ+
g, v = 1) + N2(X

1Σ+
g, w)

→ N2(X
1Σ+

g, v = 0) + N2(X
1Σ+

g, w + 1).

Fig. 13   N2(X 1Σg
+) calculated 

VDFs for discharge condition 
(2). The solid lines are the 
calculations for the measured 
gas temperature T2(t) (see 
Eq. (18)). The dashed lines are 
the calculations for a constant 
gas temperature of 420 K. The 
post-discharge residence times 
are: 10–4 s (black lines), 10–3 s 
(red lines), 10–2 s (green lines), 
and 5 × 10–2 s (blue lines)
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resulting in more excited VDFs for the measured gas tem-
perature approach. We should also note that V-V rate con-
stants are more efficient in reactions involving low lying 
vibrational levels.

We also analyze the V-T processes occurring in the post-
discharge. The kinetic model accounts for V-T processes 
between the excited vibrational states and nitrogen molecules 
and atoms. In between the V-T processes involving nitrogen 
atoms, we consider the V-T mono-quantum deactivation 

Fig. 14   Vibrational-vibrational 
(V-V) Q1,0

w,w+1 rate constants 
calculated for discharge condi-
tion (2). The rate constants are 
calculated for a constant gas 
temperature of 420 K and as 
functions of Eq. (18) for some 
post-discharge residence times. 
The curves are specified in the 
figure legend
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Fig. 15   N2(X1Σ+
g, v)—N(4S) 

multi-quantum V-T rate con-
stants for discharge condition 
(2), at a fixed gas temperature 
of 420 K and with the gas tem-
perature following Eq. (18)
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processes and multi-quantum deactivation processes [15]. 
The last ones are the most efficient in the deactivation of 
vibrational states. We calculated the rate constants of these 
reactions for a constant gas temperature of 420 K and also for 
the variation of the gas temperature following equation (18). 
The rate constants are presented in Figure 15. An important 
feature of the V-T processes is that they are efficient for the 
high vibrational states as can be seen in the figure. A conse-
quence of this fact is the dominant role of the V-V processes 
in times ranging from the beginning of the post-discharge up 
to times on the order of 10 ms. In such times range the high 
vibrational levels are low populated (see Figure 13) and the 
V-V reactions dominate the VDF behavior, pumping energy 
from the low to the intermediate and high vibrational lev-
els. At 10 ms, a density plateau is developed with the V-T 
processes becoming more important due the relevant density 
of high vibrational levels. We can observe for times on the 
order of 50 ms (blue curves in Figure 13) that vibrational 
deactivation is more pronounced in the fixed gas temperature 
approximation. Inspection of Figure 15 shows that V-T rate 
constants of N2(X1Σ+

g, v) - N(4S) collisions are greater for the 
fixed gas temperature approximation with respect to the rate 
constants for t = 50 ms, causing a more pronounced depletion 
of the highly excited vibrational levels.

4 � Conclusion

We studied the effects of considering a post-discharge rep-
resentative constant gas temperature and the measured gas 
temperature variation along the post-discharge on the kinetic 
modeling of the pink afterglow generated by flowing nitro-
gen DC discharges. Loureiro et al. [11] and Levaton et al. 
[15] have considered a representative value of 400 K for the 
gas temperature in the PA modeling of the flowing nitrogen 
microwave and direct current discharges. On the other hand, 
Sá et al.[13] have considered the measured gas temperature 
variation along the post-discharge in the PA modeling. These 
works have produced consistent results. Therefore, a ques-
tion arises on how these different approximations affect the 
PA global kinetic modeling. The aim of our present study is 
to unveil the kinetics aspects of the PA modeling under such 
considerations. We calculated the N2(A3Σ+

u), N2(B3Πg), 
N2(a’1Σ−

u), N2
+(X2Σ+

g), N2
+(B2Σ+

u), N3
+, and N4

+ den-
sity profiles for the two gas temperature approaches. We 
observed that the species density profiles are very similar 
for these different methodologies. Focusing on the molecular 
triplet and singlet states, it was observed a global behavior 
where the maximum densities found in the PA are a few 
higher (5 to 32%) for the constant gas temperature approach, 
and also that the maximum densities occur at longer post-
discharge residence times for this assumption (0 to 33%) 
(see Table 2 and 3). In order to deepen the analysis, we 

calculated the excitation rates of these states. We determined 
the dominant excitation mechanisms and observed that the 
excitation rates for the constant gas temperature assumption 
also present higher maximum values occurring at later post-
discharge residence times supporting the phenomena found 
for the density profiles. We also noted that the dominant 
excitation mechanisms do not depend on the gas tempera-
ture in their rate constants. This fact demonstrated that a 
global kinetic effect occurs for the different gas temperature 
approaches. Then, we analyzed the VDFs for the two cases. 
It was observed that the VDFs for the measured gas tempera-
ture approximation are more excited than those ones found 
for the constant gas temperature approach. This explains 
why the density maxima for the measured gas temperature 
approximation occur earlier than those ones for the constant 
gas temperature. Since all kinetic mechanisms of excitation, 
ionization, and dissociation in the PA depend directly or 
indirectly on the N2(X1Σ+

g, v) states, we have found the 
source of the excitation rates and species densities behaviors 
under the two assumptions. Finally, we calculated the V-V 
and V-T rate constants for the two assumptions. It was veri-
fied that V-V processes dominate the VDFs behavior in the 
earlier post-discharge residence times (t < 10 ms) and the 
V-T processes become important at longer residence times. 
The V-V and V-T rate constants dependence on the gas 
temperature explains the behavior found for the N2(X1Σ+

g) 
VDFs for the two different gas temperature approaches. As 
the main conclusion, considering the studied experimental 
conditions, it was shown that the constant gas temperature 
approximation produces reliable results in the PA kinetic 
modeling, being an acceptable approximation for 0-D kinetic 
studies of flowing nitrogen DC post-discharges, in the lack 
of measured gas temperature profiles.
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