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Abstract. The main aim of the paper is the study of electronic kinetics of N2 triplet states in the middle atmosphere 
during relativistic electrons penetrations taking into account collision processes at the altitudes. The results of 
calculations of emission intensities of first (749 nm and 669 nm) and second (337 nm) positive molecular nitrogen 
systems in the Earth’s atmosphere during the precipitation of relativistic electrons (100 keV - 10 MeV) are presented. 
The calculation takes into account the quenching of triplet states of nitrogen in molecular collisions with the 
participation of N2 and O2 molecules. It is shown that there is a significant decrease in the emission rates of the bands 
of N2 first positive system at lower altitudes in comparison with ones of the bands of N2 second positive system. 
 
1. Introduction 
Relativistic electrons (with energy > 1 MeV) at near Earth space are produced at the outer radiation belt. The 
relativistic electron precipitation into the atmosphere is one of the main mechanisms of the losses of outer radiation 
belt. At altitude about 50 km the relativistic electron precipitations excite bremsstrahlung which can reach the altitude 
20 km. At these altitudes bremsstrahlung is detected by X-ray detectors on the stratospheric balloons [Millan et al., 
2002]. 

The interaction of energetic electrons with main atmospheric components N2 and O2 is an important mechanism of 
ionization and dissociation in the middle atmosphere causing the production of odd nitrogen (NOx) and odd-hydrogen 
(HOx) [Turunen et al., 2009; Newnham et al., 2018]. Enhanced concentrations of these minor atmospheric components 
during relativistic electron precipitations lead to catalytic ozone loss [Roldugin et al., 2000; Seppälä et al., 2015; 
Turunen et al., 2016] changing atmospheric heating and cooling balance.  

Also, energetic relativistic electrons penetrating in the upper and middle atmosphere lead to electronic and 
vibrational excitation of main atmospheric components. Artamonov et al. [2016, 2017] have presented profiles of 
enhanced ionization rates in the upper and middle atmosphere induced by relativistic electrons with energies 100 keV-
100 MeV. One of the indicators of the state of the Earth’s atmosphere is optical emissions of atmospheric components. 
Since N2 gas dominates in the composition of the Earth’s atmosphere, the atmospheric emission spectra have to contain 
a manifold of molecular nitrogen bands radiated from electronically excited states. 

Main aim of the paper is the study of electronic kinetics of N2 triplet states in the middle atmosphere during 
relativistic electron precipitations taking into account collision processes at these altitudes. We will consider the 
influence of the inelastic molecular collisions on volume and column intensities of N2 first and second positive bands.  
 
2. The model of N2 electronic kinetics in the middle atmosphere  
We apply here the model of N2 electronic kinetics in the middle atmosphere presented by Kirillov and Belakhovsky 
[2019]. The authors have taken into account all intramolecular and intermolecular electron energy transfers in the 
electronic quenching of electronically excited triplet nitrogen N2(A3u

+, B3Πg, W3u, В3u
, C3Πu) by the collisions 

with N2 and O2 molecules considered by Kirillov [2010, 2011, 2016, 2019]. It was shown by Kirillov and Belakhovsky 
[2019] that both intramolecular and intermolecular transfer processes are very important in the calculation of 
vibrational populations of N2 triplet states at the altitudes of the middle atmosphere.  

The model includes the consideration of the excitation of five electronic states of molecular nitrogen in the collisions 
of N2(X1Σg

+,v=0) by high-energetic electrons in the middle atmosphere of the Earth 

e + N2(X1Σg
+,v=0)  → N2(A3Σu

+,v'=0-29) + e     (1a) 
   → N2(B3Πg,v'=0-18) + e     (1b) 
   → N2(W3Δu,v'=0-21) + e     (1c) 
   → N2(B'3Σu

–,v'=0-15) + e     (1d) 
   → N2(C3Πu,v'=0-4) + e     (1e) 

The rates of the excitation of vibrational levels of all five states are proportional to the Franck-Condon factor YX
vq '0

of 
the transition X1Σg

+,v=0→Y,v' where Y=A3Σu
+, B3Πg, W3Δu, B'3Σu

–, C3Πu [Gilmore et al., 1992].  
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The electronically excited molecules radiate the bands of Vegard-Kaplan (VK), First Positive (1PG), Wu-Benesch 
(WB), Afterglow (AG), Second Positive (2PG) systems:  

N2(A3Σu
+,v') → N2(X1Σg

+,v") + hνVK  ,    (2a) 
N2(B3Πg,v') ↔ N2(A3Σu

+,v") + hν1PG  ,    (2b) 
N2(W3Δu,v') ↔ N2(B3Πg,v") + hνWB  ,    (2c) 
N2(B'3Σu

–,v') ↔ N2(B3Πg,v") + hνAG  ,    (2d) 
N2(C3Πu,v') → N2(B3Πg,v") + hν2PG  .    (2e) 

Einstein coefficients for the radiational transitions (2a-2e) are taken according to [Gilmore et al., 1992] in our 
calculations. 

To calculate vibrational populations N of the A3Σu
+, B3Πg, W3Δu, B'3Σu

–, C3Πu triplet states we apply the following 
equations by Kirillov and Belakhovsky [2019] 
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where Y and Z = A3Σu
+, W3Δu, B'3Σu

–; QY, QB, QC are production rates of the Y-th, B3Πg, C3Πu states, respectively; A 
are spontaneous radiational probabilities for the transitions (2b-2e); k* and k** mean the constants of intramolecular 
and intermolecular electron energy transfer processes, respectively; Y

vA '
*  means radiational probability of the transition 

(2a) for the A3Σu
+ state and Y

vA '
* =0 for the W3Δu and B'3Σu

– states. 
Here we consider the following intramolecular processes: 

N2(Y,v') + N2,O2 → N2(B3Πg,v") + N2,O2  ,    (4a) 
N2(B3Πg,v') + N2,O2 → N2(Y;v") + N2,O2  ,    (4b) 

with Y = A3Σu
+, W3Δu, B'3Σu

–,  
intermolecular processes: 

N2(Y,v') + N2(X1Σg
+,v=0) → N2(X1Σg

+,v*≥0) + N2(Z,B3Πg;v")  ,    (5a) 
N2(B3Πg,v') + N2(X1Σg

+,v=0) → N2(X1Σg
+,v*≥0) + N2(Z,B3Πg;v")  ,    (5b) 

N2(C3Πu,v') + N2(X1Σg
+,v=0) → N2(X1Σg

+,v*≥0) + N2(Z,B3Πg,C3Πu;v")  ,    (5c) 

with Y and Z = A3Σu
+, W3Δu, B'3Σu

– for the inelastic collisions with N2 molecules,  
and the electronic quenching by O2 with the transfer of the excitation energy on the oxygen molecules: 

N2(Y,v') + O2(X3Σg
–,v=0) → N2

** + O2
** (O+O)  ,    (6a) 

N2(B3Πg,v') + O2(X3Σg
–,v=0) → N2

** + O2
** (O+O)  ,    (6b) 

N2(C3Πu,v') + O2(X3Σg
–,v=0) → N2

** + O2
** (O+O)  ,    (6c) 

where Y = A3Σu
+, W3Δu, B'3Σu

– and N2
**, O2

** means electronically or vibrationally excited molecules and the energy 
transfer processes (6a-6c) can cause the excitation of repulsive states of O2 with the dissociation of oxygen molecules 
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[Kirillov, 2011]. The rates of the processes (4a,4b), (5a-5c) and (6a-6c) are presented by Kirillov and Belakhovsky 
[2019]. 
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Figure 1. The altitude profiles of ionization rates by Artamonov et al. [2017] and calculated volume intensities of 
337 nm N2 emission for three energies of relativistic electrons 100 keV, 1 MeV, 10 MeV. 
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Figure 2. The altitude profiles of calculated volume intensities of 669 and 749 nm N2 emissions for three energies 
of relativistic electrons 100 keV, 1 MeV, 10 MeV. 
 

3. The calculation of intensity profiles for N2 first and second positive bands  
The altitude profiles of calculated ionization rates in the middle atmosphere during relativistic electrons penetrations 
have been presented by Artamonov et al. [2017]. Authors have calculated the ion productions for isotropic 
monoenergetic electrons in the energy range 100 keV–100 MeV suggesting ε=35 eV as the average energy necessary 
for production of an ion pair in air. The calculation has shown that ionization rates in the isotropic case have two 
peaks. The first peak is related to the direct ionization of ambient air, the second is due to bremsstrahlung.  

We consider here only the rates related to the direct ionization of ambient air for relativistic electrons penetrations 
with energies of 100 keV – 10 MeV. The method of degradation spectra [Konovalov, 1993] was applied in the 
calculation of average energies ε necessary for the excitation of N2 triplet states by energetic secondary electrons in 
the processes (1a-1e).  

The altitude profiles of ion production according to the calculations by Artamonov et al. [2017] for three energies 
of relativistic electrons 100 keV, 1 MeV and 10 MeV are shown in Fig. 1. Here we consider the profiles of ionization 
rates without ionization induced by bremsstrahlung. Also, the calculated volume intensities of 337 nm N2 emission 
are presented in Fig. 1 at the same energies of electrons. The radiation of N2 second positive 337 nm emission is 
related with the transitions (2e) v'=0→v"=0. Fig. 1 shows that the altitude profiles of volume intensities of the 337 nm 
N2 emission correlate with the profiles of ion production by Artamonov et al. [2017]. 

Also, the calculated volume intensities of 669 nm and 749 nm N2 first positive emissions are presented in Fig. 2. 
The radiation of N2 first positive 669 nm and 749 nm emissions is related with the transitions (2b) v'=5→ v"=2 and 
v'=4→ v"=2, respectively. The altitude profiles of volume intensities of 669 nm and 749 nm emissions show significant 
decrease in comparison with the intensity of 337 nm emission at the altitudes below ~60 km. The decrease can be 
explained by effective quenching of the B3Πg state in molecular processes (4b), (5b), (6b). 
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The dependence of the calculated column intensity ratios I(749 nm)/I(337 nm) and I(669 nm)/I(337 nm) on energies 
of relativistic electrons is presented in Table 1. Also, we show here the same ratios calculated using auroral rocket 
observations on Hays Island on 13.12.1972 published by Kirillov et al. [1987]. There is an agreement of the calculated 
column intensity ratios at the relativistic electron energy of 100 keV with the results of auroral rocket observations. 
The intensity ratios of first and second positive bands depend on the energy of precipitating relativistic electrons and 
could be applied as an indicator of mean energy of the high-energetic particles.  
 
Table 1. The calculated column intensity ratios I(749 nm)/I(337 nm) and I(669 nm)/I(337 nm) on energies of 
relativistic electrons E=100 keV – 10 MeV. 
 
 Kirillov et al. [1987] 100 keV 500 keV 1 MeV 5 MeV 10 MeV 
I(749 nm)/I(337 nm) 1.58 (±30%) 1.41 0.92 0.61 0.25 0.17 
I(669 nm)/I(337 nm) 0.65 (±30%) 0.64 0.42 0.27 0.11 0.074 

 
4. Conclusions 
The altitude profiles of the calculated volume intensities of 337 nm, 669 nm, 749 nm N2 emissions in the middle 
atmosphere are presented for the cases of relativistic electrons penetrations. The calculations are made for energies of 
relativistic electrons [Artamonov et al., 2017] 100 keV – 10 MeV. The electronic kinetics of N2 triplet states A3Σu

+, 
B3Πg, W3Δu, B'3Σu

–, C3Πu in the middle atmosphere of the Earth during relativistic electron precipitation is considered. 
Intramolecular and intermolecular electron energy transfers in inelastic collisions of electronically excited molecular 
nitrogen with N2 and O2 molecules are taken into account in the calculations.  

It is shown that there is a dependence of the calculated column intensity ratios of first and second positive bands on 
the energy of relativistic electrons. The calculated column intensity ratios I(749 nm)/I(337 nm) and I(669 nm)/I(337 
nm) decrease with increasing relativistic electron energy. This fact can be explained by more effective contribution of 
the quenching processes in vibrational populations of the B3Πg state than of the C3Πu state at lower altitudes.  
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