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Abstract. Total quenching rate coefficients of Herzberg
states of molecular oxygen and three triplet states of molec-
ular nitrogen in the collisions with O2 and N2 molecules
are calculated on the basis of quantum-chemical approxima-
tions. The calculated rate coefficients of electronic quench-
ing of O∗

2 and N∗

2 molecules show a good agreement with
available experimental data. An influence of collisional pro-
cesses on vibrational populations of electronically excited N2
and O2 molecules is studied for the altitudes of high-latitude
lower thermosphere and mesosphere during auroral electron
precipitation. It is indicated that molecular collisions of
metastable nitrogen N2(A36+

u ) with O2 molecules are prin-
cipal mechanism in electronic excitation of both Herzberg
statesc16−

u , A′31u, A36+
u and high vibrational levels of

singlet statesa11g and b16+
g of molecular oxygen O2 at

these altitudes.

Keywords. Atmospheric composition and structure (Air-
glow and aurora) – Ionosphere (Active experiments; Auroral
ionosphere)

1 Introduction

The study of electronic kinetics of atmospheric components
in the region of high-latitude lower thermosphere and meso-
sphere (80–100 km) is required for a few reasons. Firstly,
high-energetic auroral electrons penetrate to these altitudes
causing the type B aurora (Gattinger and Vallance Jones,
1979; Gattinger et al., 1985). Benesch (1981, 1983), Mor-
rill and Benesch (1996), Kirillov (2008a) have shown that
vibrational populations of the triplet manifolds of molecu-
lar nitrogen are strongly affected by collision processes at
the altitudes. This dependence of vibrational populations of
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electronically excited N2 on the rates of collisional processes
causes a redistribution of First Positive Group (1PG) relative
intensities with the increase in the density of the atmosphere.

Secondly, the concentrations of atomic oxygen, nitric ox-
ide and other atmospheric components are rather less than
concentrations of N2 and O2 and the collisional part of the
kinetics of N2 and O2 can be considered in the frames of
N2−N2, N2−O2, O2−O2 collisions. Therefore the conclu-
sions of the studies for auroral ionosphere can be applied to
the conditions of a laboratory discharge in a mixture of N2
and O2 atmospheric gases and vice versa.

Despite some questions in current understanding of N2
electronic kinetics and processes related with the nitrogen af-
terglow in the laboratory (Guerra et al., 2007), the mixtures
of N2 with O2 have a more complicated kinetics. Oxygen
molecules take part strongly in the quenching of electroni-
cally excited states of N2, making the overall electronic ki-
netics depending on the fractions of O2 and N2 in the mix-
ture. Several investigators have observed an increase in the
N atom concentration in the discharge and in the afterglow
when O2 was added into the active N2 discharge (Nahorny et
al., 1995; Ricard et al., 2001). When no admixture of O2 is
added, the N atom density is usually very low.

Kamaratos (1997, 2006) deduced intensity enhancements
of 1PG afterglow emissions of N2 from experiments when
discharged oxygen was added to active nitrogen mixed
with oxygen. He believed that the reaction of metastable
molecules N2(A36+

u ) and O2(a11g) might play a more im-
portant role in the formation of N2(B35g) in the afterglow
stage. Moreover, Kamaratos (2009) pointed out that the
role of ground state O2 in producing N2(B35g) in a sprite
streamer should also be taken into account. Experimental
measurements by Umemoto et al. (2003) have identified a
production of N2(B35g) in the collisional deactivation of
N2(a′16−

u , v=0) by different atomic and molecular gases.
Their results have clearly shown that N2(B35g, v=0) is ef-
fectively produced in the reactions of N2(a′16−

u , v=0) with
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molecular oxygen but the production by N2 molecules is mi-
nor.

When two oxygen atoms recombine in three-body colli-
sions at the altitudes of lower thermosphere and mesosphere
(85–100 km), a significant fraction of produced oxygen
molecules have the energy near the dissociation limit (Bates,
1988). In the earth’s atmosphere, nightglow emission is ob-
served from all three Herzberg states of O2(A36+

u , A′31u,
c16−

u ). The A36+
u −X36−

g (Herzberg I),c16−
u −X36−

g

(Herzberg II) and A′31u − a11g (Chamberlain) electronic
transitions cause the dominant emissions in the ultraviolet
and blue spectral regions of the nightglow in the earth’s at-
mosphere. Because of long radiative lifetimes of Herzberg
states, collisions play a principal role in electronic kinetics
of O2 in the region of lower thermosphere and mesosphere
and in their emission intensities. Molecular nitrogen takes
part not only in the quenching of the states of O2, but also
the interaction of metastable nitrogen N2(A36+

u ) with oxy-
gen molecules initiates the dissociative processes (Kirillov,
2008b).

Main aim of the paper is the study of electronic kinet-
ics of metastable N2 and O2 in the region of lower ther-
mosphere and mesosphere. Firstly we suggest a set of cal-
culated quenching rate coefficients for the A36+

u , c16−
u ,

A′31u states of O2 and the A36+
u , W31u, B′36−

u states of
N2. Applying the quenching coefficients we will see in this
work that electronic kinetics of N2 influences on the kinetics
of O2 in high-laltitude lower thermosphere and mesosphere.
In order to simplify the study, herein we decided to limit our
investigation on the mixture of two gases O2 and N2.

2 Intramolecular versus intermolecular electron en-
ergy transfer processes in the quenching of O2(c16−

u ,
A′31u, A36+

u ) and N2(A36+
u , W31u, B′36−

u )

Kirillov (2008b) has shown that intermolecular electron
energy transfers play a very important role in the pro-
cesses of the electronic quenching of metastable nitrogen
N2(A36+

u ) in the collisions with N2 and O2 and singlet oxy-
gen O2(a11g, b16+

g ) in the collisions with O2. These inter-
molecular transfers are dominant for many vibrational levels
of the considered states of N2 and O2. By the way, very good
agreement of the calculated rate coefficients with a few avail-
able experimental data was obtained in that paper.

Here we continue similar estimations of total quenching
rate coefficients for Herzbergc16−

u , A′31u, A36+
u states of

molecular oxygen and for the A36+
u , W31u, B′36−

u states
of molecular nitrogen according to analytical expressions of
Kirillov (2004a). As in Kirillov (2008b) we use analytical ex-
pressions for the rate coefficients of electronic quenching in
molecular collisions based on quantum-mechanical Landau-
Zener and Rosen-Zener approximations and presented by
Kirillov (2004a). These approximations are very useful in
the cases of the crossing and non-crossing of potential sur-

faces for atom-molecular collisions (see Fig. 8 of Nakamura,
1992, or Fig. 1 of Zhu and Lin, 2006). We apply the Landau-
Zener approximation for the non-adiabatic transition in the
case of the crossing and the Rosen-Zener approximation in
the case of the non-crossing.

Herzberg states of O2 arise from the same molecular
orbital configuration 1σ 2

g 1σ 2
u 2σ 2

g 2σ 2
u 3σ 2

g 1π3
u1π3

g . Princi-
pal difference of the states consists in the distribution of 6
electrons betweenπu+,πg+ andπu−, πg− valence orbitals
(Slater, 1963). Here the subscripts + and− means “positive”
and “negative” orbital projections. For example, thec16−

u

and A36+
u states have odd numbers of the orbitals with “pos-

itive” and “negative” projections, but the A′31u state has
even numbers. We assume in our calculation that there are
the transitions between the valence orbitals during molecular
collisions. Also we take into account 1πg →1πu transitions
with the production of X36−

g , a11g andb16+
g states. There-

fore, our calculation of total quenching rate coefficients for
Herzberg states of molecular oxygen in the collisions with
O2 includes contributions of intramolecular and intermolec-
ular processes

O2(Y,v)+O2(X
3,v=0) → O2(Y ′,Z,X3,v′)+O2(X

3,v=0),

(1a)

O2(Y,v)+O2(X
3,v=0) → O2(X

3,v′′
≥ 0)+O2(Y,Y ′,Z,v′),

(1b)

whereY,Y ′ are thec16−
u , A′31u, A36+

u states andZ are the
a11g , b16+

g states.
Results of our calculations of total quenching rate coeffi-

cients for Herzberg states of molecular oxygen are plotted in
Figs. 1–3. A comparison of the calculated coefficients for the
A36+

u state with experimental data by Knutsen et al. (1994),
Copeland et al. (1994), Slanger et al. (1984) shows a good
agreement for vibrational levelsv=6, 7, 9, 10. By the way,
Copeland et al. (1994) and Slanger et al. (1984) have ob-
tained lowest limits for the coefficients ofv=8 and 10 (Peja-
covic et al., 2007, Table 2). We have not found good agree-
ment of the calculated coefficients for thec16−

u state with
experimental data by Copeland et al. (1996) and Wouters et
al. (2002). But in any case both experimental and calculated
values show some oscillations in the region ofv ≥ 8.

The sums of the corresponding contributions of in-
tramolecular (1a) and intermolecular (1b) processes are also
presented in Figs. 1–3. It is seen that intramolecular pro-
cesses dominate in the quenching of thec16−

u (v ≥ 3),
A′31u(v ≥ 2), A36+

u states.
Since electron energy of the A36+

u state of N2 (∼6.2 eV)
is much greater than the energies of highest vibrational lev-
els of Herzberg states of O2 (∼5.1 eV), so we believe that
intramolecular electron energy transfer processes

O2(Y,v)+N2(X
1,v=0)→O2(Y

′,Z,X3,v′)+N2(X
1,v=0) (2)
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Fig. 1. The calculated quenching rate coefficients of O2(A36+
u ,

v=0-10)+O2 (solid line) are compared with experimental data by
Knutsen et al. (1994) (triangles), Copeland et al. (1994) (star),
Slanger et al. (1984) (cross). Dashed line and dash and three dot-
ted line are the contributions of intramolecular and intermolecular
electron energy transfer processes, respectively.
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Fig. 2. The calculated quenching rate coefficients of O2(c16−
u ,

v=0-16)+O2 (solid line) are compared with experimental data by
Copeland et al. (1996) and Wouters et al. (2002) (triangles at
T =300 K, crosses atT =245 K). Dashed line and dash and three dot-
ted line are the contributions of intramolecular and intermolecular
electron energy transfer processes, respectively.

dominate in the quenching of Herzberg states by molecular
nitrogen. The sums of the contributions of intramolecular
processes for the A36+

u andc16−
u states are compared with

experimental data of Knutsen et al. (1994) and Copeland et
al. (1996), obtained for the quenching by N2, in Figs. 4 and
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Fig. 3. The calculated quenching rate coefficients of O2(A′31u,
v=0-11)+O2 – solid line. Dashed line and dash and three dotted line
are the contributions of intramolecular and intermolecular electron
energy transfer processes, respectively.

5, respectively. Better agreement of our results with experi-
mental data could be received in the case of a normalising of
calculated values by factors 0.6 for the A36+

u state and 0.8
for thec16−

u state.
As in the case of Herzberg states of O2 the main difference

of the A36+
u , W31u, B′36−

u states of N2 from the ground
X16+

g state consists in the 1πu → 1πg transition in molec-

ular orbital configuration. The A36+
u and B′36−

u states are
related with even numbers of electrons on “positive” (πu+,
πg+) and “negative” (πu−, πg−) orbitals, but the W31u state
is specified by odd numbers (Slater, 1963). The calculation
of total quenching rate coefficients for the states of molecu-
lar nitrogen in the collisions with N2 includes contributions
of intramolecular and intermolecular electron energy transfer
processes

N2(Y,v)+N2(X
1,v=0) → N2(B

3,X1,v′)+N2(X
1,v=0),(3a)

N2(Y,v)+N2(X
1,v=0) → N2(X

1,v′′
≥ 0)+N2(Y,Y ′,B3,v′)

(3b)

whereY andY ′ means the A36+
u , W31u, B′36−

u states. It
was obtained in the calculation that intramolecular processes
are negligible in the excitation of the ground X16+

g state and
related mainly with the 1πu → 3σg transition producing the
B35g state. Here we could include the transitions between
these three states of the same molecular orbital configura-
tion, but the potential curves of the states have similar val-
ues of equilibrium internuclear distances, frequency and an-
harmonic constants (Lofthus and Krupenie, 1977) and corre-
sponding Franck-Condon factors in the calculation are very
small.

www.ann-geophys.net/28/181/2010/ Ann. Geophys., 28, 181–192, 2010
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Fig. 4. The calculated quenching rate coefficients of O2(A36+
u ,

v=0-10)+N2 (solid line) are compared with experimental data by
Knutsen et al. (1994) (triangles).
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Fig. 5. The calculated quenching rate coefficients of O2(c16−
u ,

v=0–16)+N2 (solid line) are compared with experimental data by
Copeland et al. (1996) (triangle).

Results of our calculations for total quenching rate coef-
ficient of N2(A36+

u , v=2–23) in the collisions with N2 are
shown in Fig. 6 and compared with experimental data by
Dreyer and Perner (1973). It is seen that there is a good
agreement of theoretical and experimental results in the mag-
nitude and in the tendency of an enhancement with the rise
of vibrational level number forv=2–7. Our calculation has
pointed out that intermolecular process (3b) with the pro-
duction of the A36+

u state dominates in the quenching for
vibrational levelsv=2–6 of the A36+

u state. Moreover, it
is obtained that the product states X16+

g , v′′=1 and A36+
u ,
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Fig. 6. The calculated quenching rate coefficients of N2(A36+
u ,

v=2–23)+N2 (solid line) are compared with experimental data by
Dreyer and Perner (1973) (crosses). Dashed line and dash and three
dotted line are the contributions of intramolecular and intermolecu-
lar electron energy transfer processes, respectively.

v′
= v − 2 are principal in the process (3b). This fact is

in good agreement with experimental conclusions of Dreyer
and Perner (1973). The sum of the processes (3a) and (3b)
with the production of the B35g state is mainly responsible
for the quenching of vibrational levelsv ≥ 7. The efficien-
cies of the processes depend on vibrational levelv. For ex-
ample, the process (3a) prevails for levelsv=14–15 and the
process (3b) prevails for levelv=16.

Results of our calculations for total quenching rate coef-
ficients of N2(W31u, v=0–18), N2(B′36−

u , v=0–13) in the
collisions with N2 are shown in Figs. 7 and 8, respectively.
It is obtained in the calculations that main contributions in
the quenching are from intramolecular processes (3a) and in-
termolecular processes (3b) with the production of two other
states of the same orbital configurationY ′.

The contributions of intramolecular and intermolecular
electron energy transfer processes in the quenching of the
A36+

u , W31u, B′36−
u states are presented in Figs. 6–8. The

dominance of intermolecular processes for lowest vibrational
levels of the A36+

u state is similar to the behaviour of the
c16−

u state of O2. Both states have lowest electron energy
from considered three states of the same molecular orbital
configuration of O2 and N2.

Finally we have calculated the quenching rate coefficients
for the collision of metastable molecular nitrogen N2(A36+

u )

with the ground state O2 molecules. The calculation of to-
tal quenching rate coefficients includes contributions of in-
tramolecular and intermolecular processes

N2(A
3,v)+O2(X

3,v=0) → N2(B
3,v′′)+O2(X

3,v=0) (4a)

Ann. Geophys., 28, 181–192, 2010 www.ann-geophys.net/28/181/2010/
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Fig. 7. The calculated quenching rate coefficients of N2(W31u,
v=0–18)+N2 – solid line. Dashed line and dash and three dotted line
are the contributions of intramolecular and intermolecular electron
energy transfer processes, respectively.
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Fig. 8. The calculated quenching rate coefficients of N2(B′36−
u ,

v=0–13)+N2 – solid line. Dashed line and dash and three dotted line
are the contributions of intramolecular and intermolecular electron
energy transfer processes, respectively.

N2(A
3,v)+O2(X

3,v=0) → N2(X
1,v′′

≥ 0)+O2(Y,v′)

or O(3P)+O(3P,1D) (4b)

whereY means thec16−
u , A′31u, A36+

u , B36−
u states of

molecular oxygen. The calculated total quenching rate co-
efficients for N2(A36+

u , v=0–23) are compared with exper-
imental data by Dreyer et al. (1974); Thomas and Kaufman
(1985); De Benedictis and Dilecce (1997) in Fig. 9. The ap-
plication of Franck-Condon densities for processes (4b) with
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Fig. 9. The calculated quenching rate coefficients of N2(A36+
u ,

v=0–23)+O2 (solid line) are compared with experimental data of
Dreyer et al. (1974) (crosses), Thomas and Kaufman (1985) (trian-
gles), De Benedictis and Dilecce (1997) (squares). Dashed line and
dash and three dotted line are the contributions of intramolecular
and intermolecular electron energy transfer processes, respectively.

the dissociation of oxygen molecule is described by Kirillov
(2008b).

3 Model

The model of vibrational populations of electronically ex-
cited states of N2 and O2 is similar to the one by Kirillov
(2008a). Here we consider three principal processes respon-
sible for the electronic excitation and quenching of triplet N2
and electronically excited O2:

1. The electronic excitation by auroral electron impact

N2(X
1,v=0)+ea → N2(γ,v′)+ea, (5)

whereγ =A36+
u , W31u, B35g, B

′36−
u , C35u and

O2(X
3,v=0)+ea → O2(γ,v′)+ea, (6)

whereγ =a11g, b16+
g , c16−

u , A
′31u, A36+

u . As in
Kirillov (2008a) we apply the method of ”excitation en-
ergy costs” in the estimation of the rates of electronic
excitation by electron impact.

2. Spontaneous radiative transitions

N2(B
3,v)↔ N2(A

3,v′)±hν1PG, (7a)

N2(B
3,v)↔ N2(W

3,v′)±hνWB, (7b)

www.ann-geophys.net/28/181/2010/ Ann. Geophys., 28, 181–192, 2010
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N2(B
3,v) ↔ N2(B

′3,v′)±hνAG, (7c)

N2(C
3,v) → N2(B

3,v′)+hν2PG, (7d)

N2(A
3,v) → N2(X

1,v′)+hνVK (7e)

for molecular nitrogen and

O2(A
3,v) → O2(X

3,v′)+hνHI, (8a)

O2(c
1,v)→ O2(X

3,v′)+hνHII , (8b)

O2(A
′3,v) → O2(X

3,v′)+hνHIII , (8c)

O2(A
′3,v) → O2(a

1,v′)+hνC, (8d)

O2(b
1,v)→ O2(X

3,v′)+hνA, (8e)

O2(a
1,v)→ O2(X

3,v′)+hνAIR (8f)

for molecular oxygen. The sign± in the processes (7a–
c) means the evidence of direct and reverse spontaneous
transitions between considered states.

3. Intermolecular and intramolecular electron energy
transfers in molecular collisions described in the Sect. 2
and by Kirillov (2004b, 2008b).

Spontaneous radiational transitions and intramolecular and
intermolecular electron energy transfers are considered as
quenching processes for higher states and as excitation ones
for lowest states. Einstein coefficients for radiational spon-
taneous transitions (7a–e) are taken according to Gilmore et
al. (1992). Einstein coefficients for radiational spontaneous
transitions (8a–d) and (8e, f) are taken according to Bates
(1989) and Vallance Jones (1974, Tables 4.15 and 4.16), re-
spectively.

4 Vibrational population of electronically excited N2

The study of electronically excited N2 is limited only on five
A36+

u (v=0–23), B35g (v=0–12), W31u (v=0–18), B′36−
u

(v=0–13), C35u (v=0–4) triplet states of N2. The quenching
rate coefficients of the A36+

u , W31u, B′36−
u states for the

collisions N2*-N2 and N2(A36+
u )-O2 are taken according to

Figs. 6–9 and for the N2(B35g)-N2 collisions according to
(Kirillov, 2004b). The quenching rate coefficients for low-
est vibrational levelsv=0, 1 of the N2(A36+

u ) molecule in
the collisions with N2 accepted according to experimental
data by Dreyer and Perner (1973). Intramolecular electron
energy transfer process with energetically quasi-resonant vi-
brational excitation of the ground X16+

g state withv=25, 26
is the only possible mechanism of the removal. As in Kir-
illov (2008a) collisional quenching processes for the C35u

state are not included in this consideration since radiational
lifetime is sufficiently less than collisional one for the state at
the altitudes of lower thermosphere and mesosphere. Also in
contrast with Morrill and Benesch (1996) we do not consider
any contribution of E36+

g and D36+
u states in vibrational

populations of mentioned five triplet states. Excitation rates
of these two states according to Sergienko and Ivanov (1993)
are too small to be taken into consideration.

In this paper we pay special attention to the presenta-
tion of vibrational populations of the A36+

u state of N2 for
conditions of auroral lower thermosphere and mesosphere.
Metastable molecular nitrogen N2(A36+

u ) could be consid-
ered as a possible precursor for important chemical processes
(Swider, 1976; Zipf, 1980; Campbell et al., 2007; Campbell
and Brunger, 2007). To calculate the populationNA

v of thev-
th vibrational level of the A36+

u state we use the steady-state
equation:

QA
·qA

v +

∑
v′

ABA
v′v ·NB

v′ +

∑
Y=A,W,B,B′;v′

k∗YA
v′v [N2] ·N

Y
v′

+

∑
v′

k
†BA
v′v ([N2]+[O2]) ·N

B
v′={

∑
v′

AAB
vv′ +

∑
v′

AAX
vv′

+

∑
Y=A,W,B,B′;v′

k∗AY
vv′ [N2]+

∑
v′

k
†AB
vv′ ([N2]+[O2])

+k
†AX
vv′ ([N2]+[O2])+k∗AO2

v [O2]} ·N
A
v , (9)

where QA is the production rate of this state by auroral elec-
trons (in cm−3 s−1), qA

v is the Franck-Condon factor for
the transition X16+

g , v=0→A36+
u , v, ABA

v′v , AAB
vv′ , AAX

vv′ are

Einstein probabilities for the spontaneous transitions B35g,
v′

→A36+
u , v, A36+

u , v →B35g, v′, A36+
u , v →X16+

g ,

v′, k∗YZ
vv′ andk

†YZ
vv′ are the rate coefficients for intermolecular

and intramolecular electron energy transfer processes with
the quenching ofY,v and the excitation ofZ,v′, respectively.
We suggest to consider the rate of an intramolecular process
independent on the kind of the collision with N2 or O2. So
the sum of concentrations [N2]+[O2] is included in steady-
state Eq. (9) for contributions of intramolecular processes.
The main difference of this Eq. (9) from similar Eq. (8a) of
Kirillov (2008a) is the inclusion of intramolecular electron
energy transfer process A36+

u →X16+
g for lowest levels of

the metastable state. The populationsNY
v of B35g, W31u,

B′36−
u , C35u states are calculated according to Eqs. (8b–e)

of Kirillov (2008a). The rate coefficients for all intermolecu-
lar and intramolecular electron energy transfer processes are
presented by Kirillov (2008a).

Figure 10 is a plot of the calculated relative vi-
brational populations of the A36+

u state of N2
([N2(A36+

u ,v)]/[N2(A36+
u ,v=0)]) at the altitudes of

100 and 80 km. This state is the source of Vegard-Kaplan
emissions of molecular nitrogen in auroral ionosphere. The
relative populations derived from experimental observations
of Vegard-Kaplan (VK) intensities in auroral ionosphere and
theoretical estimation are presented in Fig. 4 of Eastes and
Sharp (1987).

Ann. Geophys., 28, 181–192, 2010 www.ann-geophys.net/28/181/2010/
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Fig. 10. The calculated relative vibrational populations
[N2(A36+

u ,v)]/[N2(A36+
u ,v=0)] at altitudes of 100 and 80 km

(dashed and solid lines, respectively).

Results of our calculation are similar to the data presented
by Eastes and Sharp (1987) showing rapid decrease in the
populations with the rise of vibrational level. Nevertheless,
the results shown in Fig. 10 cannot be compared with the
data of auroral observations as far as the intensities of VK
emissions at the altitudes are much less than in E-region of
the ionosphere and the kinetics of the A36+

u state is specified
by collisional processes.

It is seen from Fig. 10 that the processes cause a redistribu-
tion of vibrational populations of the A36+

u state of N2 with
the decrease of the altitude. As in a case with the B35g state
(see Kirillov, 2008a) there is an enhancement of relative pop-
ulation of high vibrational levels with the rise in atmospheric
density. The enhancement can be explained by important role
of intramolecular electron energy transfer processes from the
B35g state and of processes (3a) withY=W31u, B′36−

u (see
Figs. 7 and 8). Therefore the collisional processes could be
responsible for a change of relative intensities of bands in
VK and 1PG systems of molecular nitrogen both in auroral
ionosphere and for conditions of a laboratory discharge.

5 Vibrational population of electronically excited O2

The study of electronically excited O2 is limited on five low-
est electronically excited statesa11g (v=0–33),b16+

g (v=0–

30), c16−
u (v=0–16), A′31u (v=0–11), A36+

u (v=0–10) of
O2. The quenching rate coefficients for singleta11g (v ≥ 1)
andb16+

g (v ≥ 1) states and Herzberg states in the collisions
O∗

2−O2 and O∗

2−N2 are taken according to results of the cal-
culation by Kirillov (2008b) and described in the Sect. 2.

We assume the main contribution in the excitation of
Herzbergc16−

u , A′31u, A36+
u states by auroral electrons

is from the Herzberg pseudocontinuum (Schulz and Dowell,

1962; Wakiya, 1978; Shyn and Sweeney, 2000). Therefore,
it is proposed that the excitation rates of vibrational levels of
the states are proportional to Franck-Condon factors, but the
sums of the factors for every state is far less than 1.

To calculate the populationNY
v of the v-th vibrational

level of theY -th electronic state we need a system of steady-
state equations for all considered vibrational levels ofa11g,
b16+

g , c16−
u , A′31u, A36+

u states. So we used in our calcu-
lations the following steady-state equations for the five elec-
tronic states of O2:

Qa
·qa

v +

∑
v′

AA′a
v′v ·NA′

v′ +

∑
Y=a,b,c,A′,A;v′

k∗Ya
v′v [O2] ·N

Y
v′

+

∑
Y=b,c,A′,A;v′

k
†Ya
v′v ([O2]+[N2]) ·N

Y
v′

= {

∑
v′

AaX
vv′ +

∑
v′

k∗aa
vv′ [O2]

+

∑
Y=X,b,c,A′,A;v′

k
†aY
vv′ ([O2]+[N2])} ·N

a
v , (10a)

Qb
·qb

v +

∑
Y=b,c,A′,A;v′

k∗Yb
v′v [O2] ·N

Y
v′

+

∑
Y=a,c,A′,A;v′

k
†Yb
v′v ([O2]+[N2]) ·N

Y
v′

= {

∑
v′

AbX
vv′ +

∑
Y=a,b;v′

k∗bY
vv′ [O2]

+

∑
Y=X,a,c,A′,A;v′

k
†bY
vv′ ([O2]+[N2])} ·N

b
v , (10b)

Qc
·qc

v +

∑
Y=c,A′,A;v′

k∗Yc
v′v [O2] ·N

Y
v′

+

∑
Y=a,b,A′,A;v′

k
†Yc
v′v ([O2]+[N2]) ·N

Y
v′

+

∑
v′

k∗N2c
v′v [O2] · [N2(A

36+
u ,v′)]={

∑
v′

AcX
vv′

+

∑
Y=a,b,c,A′,A;v′

k∗cY
vv′ [O2]∑

Y=X,a,b,A′,A;v′

k
†cY
vv′ ([O2]+[N2])} ·N

c
v , (10c)

QA′
·qA′

v +

∑
Y=c,A′,A;v′

k∗YA′
v′v [O2] ·N

Y
v′

+

∑
Y=a,b,c,A;v′

k
†YA′

v′v ([O2]+[N2]) ·N
Y
v′∑

v′

k∗N2A′
v′v [O2] · [N2(A

36+
u ,v′)]={

∑
v′

AA′X
vv′ +

∑
v′

AA′a
vv′

+

∑
Y=a,b,c,A′,A;v′

k∗A′Y
vv′ [O2]

+

∑
Y=X,a,b,c,A;v′

k
†A′Y
vv′ ([O2]+[N2])} ·N

A′
v , (10d)

www.ann-geophys.net/28/181/2010/ Ann. Geophys., 28, 181–192, 2010



188 A. S. Kirillov: Electronic kinetics of N2 and O2

 
 
 
 
 
 
 
 
 
 

0 2 4 6 8 10 12 14 1
Vibrational  levels

6

R
el

at
iv

e 
 p

op
ul

at
io

n

100

105

104

103

102

101

1

2

 
 
 

Fig.11. 
 
 
 
 
 
 
 
 
 
 

 37

Fig. 11.The calculated relative vibrational populations of thec16−
u

state of O2 at the altitude of 80 km: 1 and 2 – without and with the
contribution of the process (4b).

QA
·qA

v +

∑
Y=c,A′,A;v′

k∗YA
v′v [O2] ·N

Y
v′

+

∑
Y=a,b,c,A′;v′

k
†YA
v′v ([O2]+[N2]) ·N

Y
v′

+

∑
v′

k∗N2A
v′v [O2] · [N2(A

36+
u ,v′)]={

∑
v′

AAX
vv′

+

∑
Y=a,b,c,A′,A;v′

k∗AY
vv′ [O2]

+

∑
Y=X,a,b,c,A′;v′

k
†AY
vv′ ([O2]+[N2])} ·N

A
v , (10e)

where QY is the production rate of the Y-th state by auro-
ral electrons (in cm−3 s−1), qY

v is the Franck-Condon fac-
tor for the transition X36−

g , v=0→Y, v, AYZ
vv′ is the sponta-

neous transition probability for the transition Y,v →Z, v′,
k∗YZ
vv′ and k

†YZ
vv′ are the rate coefficients for intermolecular

and intramolecular electron energy transfer processes with
the quenching ofY,v and the excitation ofZ,v′, respectively.
As for N2 molecule we suggest to consider the rate of an
intramolecular process independent on the kind of the col-
liders O2 or N2. Actually experimental results by Knutsen et
al. (1994) and Copeland et al. (1996) shown in Figs. 1, 2, 4, 5
have indicated that the quenching rates on N2 molecules are
somewhat smaller, but the difference is not so important in
our consideration of the kinetics of electronically excited O2.
Therefore, the sum of concentrations [O2]+[N2] is included
in steady-state Eqs. (10a–e) for contributions of intramolec-
ular processes. Contributions of intermolecular electron en-
ergy transfer processes in collisions of N2(A36+

u , v) with O2

with the production of O2(c16−
u ), O2(A

′31u), O2(A36+
u )

are included in the Eqs. (10c–e) and the rate coefficients of
these interactions are denoted byk∗N2c

v′v , k∗N2A′
v′v , k∗N2A

v′v . Ap-
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Fig. 12. The same as in Fig.11, but for the A′31u state: 1 and 2 –
without and with the contribution of the process (4b).
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Fig. 13. The same as in Fig. 11, but for the A36+
u state: 1 and 2 –

without and with the contribution of the process (4b).

plied rate coefficientsk∗YZ
v andk†YZ

v for intermolecular and
intramolecular processes in the Eqs. (10c–e) for Herzberg
states are shown in Tables 1–3. The rate coefficientsk∗YZ

v

andk†YZ
v mean sums ofk∗YZ

vv′ andk
†YZ
vv′ on quantum number

v′.
Here we consider the processes

O2(a
1,v=0)+O2(X

3,v=0) → O2(X
3,v′′=5)+O2(X

3,v=0)

(11)

and

O2(b
1,v=0)+N2(X

1,v=0) → O2(a
1,v′′=3)+N2(X

1,v=0)

(12)
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Table 1. Applied rate coefficients in Eq. (10c).

v k∗ca
v k∗cb

v k∗cc
v k∗cA′

v k∗cA
v

0 2.3(−14) 2.8(−13) – – –
1 4.1(−13) 5.2(−14) – – –
2 5.3(−14) 1.7(−12) – – –
3 1.8(−12) 2.4(−15) – – –
4 1.1(−12) 4.1(−13) – – –
5 2.2(−14) 3.8(−14) – – –
6 4.2(−12) 1.7(−13) – 1.0(−16) –
7 3.0(−14) 8.3(−14) 1.6(−16) 7.2(−16) –
8 4.9(−13) 2.0(−13) 1.1(−15) 1.1(−15) 2.5(−16)
9 4.2(−14) 1.6(−14) 2.1(−15) 1.0(−15) 2.5(−16)
10 1.0(−13) 5.7(−13) 4.2(−15) 7.6(−15) 4.8(−16)
11 4.4(−14) 1.4(−14) 3.2(−15) 4.0(−15) 8.6(−16)
12 1.2(−13) 2.7(−13) 2.2(−15) 2.0(−14) 2.5(−15)
13 1.6(−13) 2.6(−13) 8.1(−15) 1.9(−14) 5.7(−15)
14 4.1(−14) 2.1(−14) 6.4(−15) 1.5(−14) 2.3(−15)
15 3.9(−14) 1.8(−14) 6.0(−15) 3.3(−14) 9.3(−15)
16 1.1(−12) 2.8(−13) 1.1(−14) 6.2(−14) 7.6(−15)

v k
†cX
v k

†ca
v k

†cb
v k

†cA′
v k

†cA
v

0 – 3.1(−16) 2.9(−16) – –
1 2.6(−16) 2.6(−14) 1.8(−15) – –
2 7.0(−16) 2.9(−14) 2.2(−14) 2.3(−16) –
3 3.6(−14) 3.1(−13) 2.6(−13) 2.0(−16) 2.4(−16)
4 2.9(−13) 1.1(−13) 1.5(−12) 1.6(−16) 2.5(−16)
5 1.6(−13) 2.6(−13) 3.9(−12) 3.7(−16) 1.7(−16)
6 2.7(−13) 8.8(−13) 2.3(−12) 1.6(−15) 1.7(−16)
7 2.4(−12) 3.0(−12) 1.2(−12) 6.9(−15) 6.9(−16)
8 1.4(−11) 2.1(−12) 5.6(−13) 7.6(−15) 3.8(−15)
9 4.1(−12) 4.4(−12) 1.7(−13) 2.4(−15) 2.7(−15)
10 1.8(−13) 9.0(−13) 2.3(−13) 1.1(−15) 8.4(−16)
11 1.2(−12) 6.2(−13) 1.7(−12) 2.5(−15) 7.0(−16)
12 9.8(−12) 1.1(−12) 3.7(−12) 1.2(−14) 2.7(−15)
13 1.0(−12) 1.3(−12) 2.2(−12) 1.6(−14) 1.0(−15)
14 1.2(−12) 4.9(−12) 4.0(−13) 2.1(−14) 1.4(−15)
15 5.6(−12) 1.1(−12) 9.5(−13) 7.0(−15) 3.0(−15)
16 3.2(−13) 1.0(−12) 3.4(−13) 4.5(−13) 2.6(−14)

are main quenching mechanisms of these levels
with the rate coefficients k11=2×10−18 cm3 s−1 and
k12=2×10−15 cm3 s−1 (Morozov and Temchin, 1990). The
interaction of O2(b16+

g , v=0) with O2 is neglected since the
corresponding rate coefficient is sufficiently less thank12
(Kirillov, 2004b) and the concentration of O2 is about one
order less than [N2] at the altitudes of lower thermosphere
and mesosphere.

Calculated relative vibrational populations of thec16−
u ,

A′31u, A36+
u states of O2 at the altitude of 80 km are pre-

sented in Figs. 11–13. Similar populations at the altitude of
100 km are not shown here as far as there is not any princi-
pal change in the shapes of the curves. Results of the cal-
culation are given in Figs. 11–13 for two cases. At first we
have made the calculation without the inclusion of electronic
energy transfer processes (4b). In the second instance the

Table 2. Applied rate coefficients in Eq. (10d).

v k∗A′a
v k∗A′b

v k∗A′c
v k∗A′A′

v k∗A′A
v

0 1.1(−15) 9.6(−14) – – –
1 1.0(−14) 1.5(−12) – – –
2 5.3(−13) 3.8(−14) – – –
3 1.1(−12) 3.5(−13) – – –
4 1.8(−13) 7.7(−15) 1.7(−16) – –
5 1.9(−12) 1.6(−13) 8.6(−16) – –
6 7.6(−14) 7.7(−14) 1.7(−15) 1.5(−16) 1.9(−16)
7 3.4(−13) 1.1(−13) 1.9(−15) 9.2(−16) 5.2(−16)
8 1.1(−12) 9.8(−14) 4.3(−15) 6.8(−15) 1.7(−15)
9 8.3(−14) 3.0(−13) 7.7(−15) 4.2(−14) 5.5(−15)
10 2.2(−13) 9.9(−15) 1.8(−14) 8.7(−15) 5.2(−15)
11 6.3(−14) 5.6(−13) 2.4(−14) 1.9(−14) 6.8(−15)

v k
†A′X
v k

†A′a
v k

†A′b
v k

†A′c
v k

†A′A
v

0 – 1.3(−15) – 1.3(−16) 4.9(−14)
1 2.6(−16) 8.8(−15) 1.2(−16) 1.6(−16) 3.5(−13)
2 – 3.3(−16) 6.7(−16) 1.4(−16) 8.3(−13)
3 – 1.2(−14) 1.2(−15) 2.1(−16) 1.6(−12)
4 2.3(−15) 5.1(−14) 8.4(−15) 9.5(−16) 2.7(−12)
5 6.7(−14) 4.7(−13) 2.8(−14) 1.7(−15) 4.5(−12)
6 5.1(−13) 2.5(−13) 1.4(−13) 8.9(−16) 7.4(−12)
7 1.4(−12) 2.3(−12) 3.0(−13) 6.2(−16) 1.2(−11)
8 2.9(−12) 1.6(−12) 1.7(−12) 2.0(−15) 1.9(−11)
9 5.3(−12) 4.1(−12) 2.1(−12) 4.1(−15) 3.0(−11)
10 1.0(−11) 5.4(−12) 2.6(−12) 8.1(−15) 2.6(−11)
11 2.2(−12) 3.1(−12) 2.6(−12) 8.4(−14) 2.2(−11)

contribution of the processes (4b) is taken into considera-
tion. The normalising of presented populations is made on
the populations of vibrational level v=0 for the first instance.
Figures 11–13 indicate obviously that these intermolecular
processes are dominant in the population of Herzberg states
at altitudes of lower thermosphere and mesosphere during
auroral electron precipitation and the inclusion of the pro-
cesses (4b) is very important in the study of electronic kinet-
ics of O2.

The calculations for thea11g and b16+
g states have

shown that the population of thev=0 level is much greater
than populations of other levels in both cases. This fact can
be explained by very high rates of the (6) process withγ =a1,
b1 atv=0 and intermolecular processes

O2(a
1,v)+O2(X

3,v=0) → O2(X
3,v′′)+O2(a

1,v′=0),(13a)

O2(b
1,v)+O2(X

3,v=0) → O2(X
3,v′′)+O2(b

1,v′=0).(13b)

Calculated vibrational populations of thea11g (v ≥ 1) and
b16+

g (v ≥ 1) states of O2 at the altitude 80 km are plotted
in Figs. 14 and 15, respectively. As in the case of Herzberg
states our results are presented for two cases of the absence
and inclusion of the contribution of the processes (4b) in the
calculation. The normalising is made on the population of
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Table 3. Applied rate coefficients in Eq. (10e).

v k∗Aa
v k∗Ab

v k∗Ac
v k∗AA′

v k∗AA
v

0 3.9(−15) 1.9(−14) – – –
1 3.6(−13) 1.0(−13) – – –
2 6.2(−14) 3.9(−12) – – –
3 3.8(−13) 2.1(−14) – – –
4 7.5(−12) 2.7(−13) 2.8(−16) – –
5 1.8(−13) 2.4(−13) 5.9(−16) 2.6(−16) –
6 8.5(−15) 6.1(−14) 8.9(−16) 1.5(−15) –
7 7.1(−13) 2.2(−13) 2.0(−15) 6.4(−15) 3.7(−16)
8 9.9(−14) 1.3(−13) 5.2(−15) 1.9(−14) 1.4(−15)
9 8.5(−14) 1.7(−14) 1.0(−14) 1.6(−14) 1.3(−15)
10 8.8(−13) 9.8(−14) 1.9(−14) 2.0(−14) 1.9(−15)

v k
†AX
v k

†Aa
v k

†Ab
v k

†Ac
v k

†AA′
v

0 – 2.9(−15) 1.1(−16) 2.4(−13) 2.2(−12)
1 2.0(−15) 6.7(−15) 2.0(−16) 8.6(−13) 2.9(−12)
2 4.8(−16) 4.1(−15) 3.0(−16) 3.9(−13) 4.0(−12)
3 3.8(−15) 9.6(−14) 2.5(−15) 4.0(−13) 5.8(−12)
4 3.3(−14) 1.8(−13) 5.3(−15) 2.8(−13) 8.7(−12)
5 1.2(−13) 2.2(−13) 3.1(−14) 1.7(−12) 1.4(−11)
6 2.4(−13) 1.6(−12) 6.4(−14) 2.2(−13) 2.3(−11)
7 9.1(−13) 9.5(−13) 8.8(−13) 2.4(−13) 3.8(−11)
8 2.9(−12) 3.6(−12) 9.8(−13) 7.9(−13) 6.6(−11)
9 9.6(−12) 4.2(−12) 1.2(−12) 8.4(−13) 6.6(−11)
10 1.4(−12) 2.6(−12) 1.1(−12) 1.9(−12) 6.8(−11)
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Fig. 14. The same as in Fig. 11, but for thea11g state: 1 and 2 –
without and with the contribution of processes (4b).

vibrational level v=1 without the consideration of the pro-
cesses (4b). It is seen from Figs. 14 and 15 that there is an
influence of these intermolecular processes on the population
of high vibrational levels of singlet states at the altitudes of
auroral lower thermosphere and mesosphere. This is related
with cascades from Herzberg states to thea11g andb16+

g

states by radiational and collisional electron energy transfers.
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Fig. 15. The same as in Fig. 11, but for theb16+
g state: 1 and 2 –

without and with the contribution of processes (4b).

The calculation has shown that the influence of intermolec-
ular processes (4b) on the populations of lowest vibrational
levels of these singlet states is negligible. Obtained popula-
tions of lowest vibrational levels are explained by the excita-
tion mainly in the (6) process. Considerable increase of the
population for the v=3 level of thea11g state is related with
intramolecular electron energy transfer process (12).

Emissions from Herzberg states of O2 are observed in
the nightglow of the atmosphere. The A36+

u −X36−
g elec-

tronic transition (Herzberg I bands) is the dominant emis-
sion from the Herzberg states in the earth’s atmosphere, but
the c16−

u −X36−
g (Herzberg II bands) and A′31u − a11g

(Chamberlain bands) transitions have also been identified
(Broadfoot and Kendall, 1968; Slanger and Huestis, 1981).
The emissions are located in the ultraviolet and blue regions
of the spectrum. Since the bands of First Negative Group
(1NG) of N+

2 and of VK and Second Positive Group (2PG)
of N2 are very intensive in the regions of the spectrum of
an aurora (see Figs. 4.2 and 4.3 of Vallance Jones, 1974), so
any registration of the O2 emissions in auroral observations
seems problematic.

Vallance Jones (1974) (Tables 4.15 and 4.16) and Henrik-
sen and Sivjee (1990) in their observations of auroral iono-
sphere have measured intensities of bands resulting from the
transitions from low vibrational levels of thea11g (v=0–1)
andb16+

g (v=0–5) states. The emissions are located in in-
frared and near infrared regions of the spectrum of the aurora.
The atmospheric bands of O2 (transitionb16+

g −X36−
g ) are

overlapped with the bands of Meinel system of N+

2 and of
1PG of N2 (see Figs. 4.2 and 4.3 of Vallance Jones, 1974), so
an observed auroral spectrum needs a correct synthetic anal-
ysis.

Therefore, we consider our conclusion about the principal
role of the N2(A36+

u )+O2 interaction in the kinetics of five
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electronic states of O2 at the considered altitudes in auroral
ionosphere as preliminary. Unfortunately, available experi-
mental data from measurements of the O2 bands in auroras
do not allow to faithfully reproduce the mechanisms of the
electronic excitation of molecular oxygen at the altitudes of
high-latitude lower thermosphere and mesosphere. May be
studies related with laboratory investigations of a discharge
in the mixture of N2−O2 shall help in the understanding of
the role of these intermolecular processes in electronic kinet-
ics of O2.

6 Conclusions

Here we presented the results of our calculation of the
quenching rate coefficients for Herzberg states of molecu-
lar oxygen and three triplet states of molecular nitrogen in
collisions with O2 and N2 molecules comparing the contri-
butions of intamolecular and intermolecular electron energy
transfer processes in the quenching. The calculated rate co-
efficients are applied in the study of electronic kinetics of N2
and O2 at the altitudes of high-latitude lower thermosphere
and mesosphere.

The main results of these calculations are as follows.

1. It is obtained that both intramolecular and intermolecu-
lar electron energy transfer processes are important in
the quenching of thec16−

u , A′31u, A36+
u states of

molecular oxygen and of the A36+
u , W31u, B′36−

u

states of molecular nitrogen in the collisions with N2
and O2 molecules. Results of the calculation of total
quenching rate coefficients have shown a good agree-
ment with available experimental data.

2. The study of vibrational populations of electronically
excited N2 at the altitudes of high-latitude lower ther-
mosphere and mesosphere during auroral electron pre-
cipitation has shown that collisional processes cause an
enhancement in the population of high vibrational levels
of the A36+

u state with the rise in atmospheric density.
The behaviour of this state correlates with the behaviour
of the B35g state considered by Benesch (1981, 1983),
Morrill and Benesch (1996), Kirillov (2008a).

3. It is obtained preliminary that molecular collisions
of metastable nitrogen molecules N2(A36+

u ) with O2
molecules dominate in electronic excitation of molecu-
lar oxygen O2(X36−

g ) to Herzberg statesc16−
u , A′31u,

A36+
u in auroral lower thermosphere and mesosphere.

Similar estimations of vibrational populations fora11g

and b16+
g singlet states have shown that there is the

principal influence of the N2(A36+
u )+O2 interaction on

the populations of high vibrational levels of the states.
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