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Abstract. Relative vibrational populations of tripIeEt31'Ig, excited molecule decreases with the increase in atmospheric
W3A,, 3’32; states of N and thebl):j state of @ are  density and therefore intermolecular and intramolecular elec-
calculated for different altitudes of the high-latitude upper tron energy transfers should be dominant in the redistribution
atmosphere during auroral electron precipitation. It is shownof excitation energies between various states pfaNd G

that collisional processes cause a wavelength shift in the dismolecules.

tribution of relative intensities for 1P@v=3 sequence of ~ The emissions of first positive group (the transition
N,. The calculation of relative populations for vibrational B3IT;—A3%;f in molecular nitrogen) and atmospheric
levelsv=1-5 of theb' = state in the auroral ionosphere has bands (the transition' = 7— X33~ in molecular oxygen)
not given an agreement with experimental results. Prelimi-are especially pronounced in the spectra of the aurora (Val-
nary estimation of the contribution of the reactiojNO  lance Jones, 1974), the nigthglow (Broatfoot and Kendall,
to the production of @bx}) on the basis of a quantum- 1968; Shefov et al., 2006), sprites (Morrill et al., 1998),
chemical approximation does not allow for an explanation ofand the laboratory afterglow (Hays and Oskam, 1973; Piper,

the observable vibrational population of théx} state in ~ 1994; Kamaratos, 1997, 2005a, b, 2006).
the aurora. The kinetics of the electronically excited statéIl g isre-

lated to the excitation and deexcitation of other triplet states
of N2. In several papers (Rotem et al., 1981, 1982; Sadeghi
and Setser, 1981; Bachmann et al., 1992, 1993) it was shown
for laboratory conditions that there is a collisional coupling
between theB®I1, state and triplet3s;, W3A,, B3z,
1 Introduction states. A similar coupling between théx; state and

. ) Herzberg states of Owas studied in (Bednarek et al., 1994,
Electronically excited B and G molecules are the sub- 1997: Shiau et al., 1998; Kalogerakis et al., 2000; Pejakovic
ject of intensive theoretical and experimental studies relatedy g 2003). Moreover, Kamaratos (1997, 2005a, b, 2006)
to radia_\tional processes in the auroral upper atmos_pherf.e|as established the enhancementngHg,v) production
(Cartwright et al., 1972; Vallance Jones, 1974; Cartwright, i flowing nitrogen afterglows in the case of the addition of
1978; Morrill and Benesch, 1996), the airglow in the re- gischarged @ He suggested the energy transfer reaction
gion of lower thermosphere — mesosphere (Broadfoot anght the metastable singlet oxygen@'A,) with metastable
Kendall, 1968; Shefov et al., 2006), sprites in the m'ddletriplet nitrogen M(A3Ej[) as a possible mechanism of the
atmosphere above large thunderstorm systems (Morrill et al.gnnancement. Piper (1988) and Schurath (1975) have studied
1998; Bucsela et al., 2003), laser plasmas and gas discharg@ss formation of M(B3l'lg, v) and Q(blE;, v) molecules in

(Delcroix et al., 1976; Kamaratos, 1997, 2005a, b, 2006), . . 3wk
otc. One of the motivations for the studies was to in est._energy pooling reactions betweea(M*>X ", v) and between
' Ve uaies w invest Oz(aA,, v) molecules, respectively.

gate the role of collisional molecular processes in the elec- The main aim of this work is the study of the influence

tronic excitation and deexcitation of molecules of main at- - ) . ! .
mospheric gases. The collisional lifetime of an electronicallyOf collisional processes on vibrational populations of triplet
) states of N and theblzgr state of Q at altitudes of the

Correspondence toA. S. Kirillov high-latitude upper atmosphere. Our study is based on the
(kirillov@pgia.ru) results of calculations of rate coefficients for the electronic
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quenching in collisions with the participation obMind Q
molecules made by Kirillov (2004a, 2008&)bA principal

A. S. Kirillov: Electronically excited molecular nitrogen and molecular oxygen

Therefore here we have included the following processes
of the excitation and quenching of electronically excited N

advantage of those papers was a suggested method allowira;md G molecules.

for the calculation of branching ratios for products of the in-

teraction of electronically excited molecules. Therefore, this 1. The electronic excitation by auroral electron impact

study is devoted to the model of electronic kinetics of N
and Q, taking into account detailed consideration of product
branching ratios for collisions of electonically excited nitro-
gen and oxygen molecules.

2 Model

The model of the electronic kinetics ofsNand & in the
auroral upper atmosphere in this work is similar to that of
Cartwright et al. (1972), Cartwright (1978), Morrill and Be-
nesch (1996). A main difference in this work consists of a
more detailed consideration of product channels in collisions
of excited molecules. Since here the main attention is paid to
the B3I, state from electronically excited states of molecu-
lar nitrogen, we have therefore not included in our consider-
ation the lowest vibrational level® £6) of theA32;r state.
Also in the study of electronic kinetics of;Gor high-latitude
lower thermosphere and mesosphere by Kirillov (2088b)
it was found that the influence of Herzber§ ", A3A,,
A3%f states on the vibrational population of thes " state

is negligible. Therefore, we neglect the influence of the
Herzberg states on the production 05(@12;) in the au-
roral ionosphere and don't take into account the production
of these three states in this model.

Here we do not consider the energy transfer reactions
O2(alAg)+0z(a'Ay) and G(atAg)+No(A3E;H). Firstly,
we have no branching ratios for the reactions needed to take
into account the interactions in our detailed model of elec-
tronic kinetics of N and Q. Secondly, Gattinger and Val-
lance Jones (1973) have presented ratios of the rates of the
production of Q(alAg) and I\Q(A3E;f) to the values of in-
tensities of the 427.8 nm emission in the IBC Il aurora. The
ratios show that the concentration of metastable oxygen can
be increased to the value of 4a.0® cm=2 only after a few
tens of minutes of auroral precipitation. One of the aims of
this work is the consideration of collisions of electronically
excited N and G with the ground state molecules. So we
have limited this study to the first minutes of auroral precip-
itation, where we can apply steady-state balance equations
for the calculation of concentrations of electronically excited
molecules. The estimation of the contribution of singlet oxy-
gen in electronic kinetics of Nand & in the auroral iono-
sphere during an intensive aurora is the subject of our future
studies.

IKirillov, A. S.: Electronic kinetics of main atmospheric com-
ponents in high-latitude lower thermosphere and mesosphere, Ann.
Geophys., to be submitted, 2008b.
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No(X1, v=0) + e, — No(y, v) + eq,
y =A3w =7, w3 B3 B3 C3, 1)

O2(X3,v=0) + e, — O2(b*, v) + €g. 2)

The effective method of “excitation energy costs”
was suggested by Gordiets and Konovalov (1991);
Sergienko and Ivanov (1993); Kozelov et al. (1995),
where rates of the processes (1), (2) can be calculated
using the value of the energy dissipated by auroral elec-
trons in 1cnd. Here we apply the data presented by
Kozelov et al. (1995).

. The spontaneous radiative transitions with the emis-

sion of bands of the first positive group (1PG), the Wu-

Benesch system (WB), the afterglow system (AG), the
second positive group (2PG), the Vegard-Kaplan system
(VK) for N and atmospheric system (A) forO

N2(B2, v) < Na(A3,v) + hvipe, (3a)
N2(B2, v) < Na(W3,v) + hvwe, (3b)
N2(B3, v) < N2(B"3, v') + hvag, (3c)
N2(C2, v) — Na(B3, v') + hvape, (3d)
N2(A%, v) — Na(Xh, v') + hok, (3e)
O2(bt, v) = O2(X3, V) + hva. (4)

Einstein coefficients for radiational spontaneous tran-

sitions are taken according to Gilmore et al. (1992)

for processes (3a—e) and according to Vallance Jones
(1974) for the process (4).

. Intermolecular electron energy transfers in molecular

collisions

Na(Y, v) + Na(X?t, v=0) - Na(X1,v" > 0)
+ Na(A%, w8, B3 v,

Y =A% >7), WS B (52)
N2(B3, v) 4+ Na(xt, v=0) = Na(x1, v" > 0)
+ N2(B%,v) (5b)

www.ann-geophys.net/26/1159/2008/



A. S. Kirillov: Electronically excited molecular nitrogen and molecular oxygen 1161

with an exchange of electron configurations, 3 Electronically excited N»
N2(Y, v) + Na(X?, v=0) — No(X1, v” > 0) The C311, state of N is only in the model which has the
+ No(B3, v') radiational lifetime sufficiently less than the collisional one

3 3 .3 for altitudes of the upper atmosphere. Since rate coefficients
Y =Aw=7), W B~ (5¢) for the electronic quenching for vibrational leveis0—4 of
the state are about (1-10)0-1cm?s~1 by N» molecules
and (3-5x10~%cm3s~1 by O, molecules (Pancheshnyi et
N2(B3, v) + Na(X*', v=0) - Na(X*,v" > 0) al., 2000; Dilecce et al., 2006), so the collisional lifetime
+ Na(A3, W3, B3, v) (5d)  at the altitude of 80 km is about 16s in comparison with
the value 41078s for the radiational lifetime (Gilmore et
with the exchange and the — 7, andz, —o, changes al., 1992). Therefore, in our model we do not consider

in electronic configurations, respectively, and collisional molecular processes for th&I1, state. This
means that the shape of the vibrational population for the
O2(b, v) + Ox(X3, v=0) — Ox(X3,v" > 0) state is universal for all considered altitudes of the upper at-
+ On(at, b1, v) (6) mosphere. Rates of the excitation and quenching for vibra-

tional levels of the state are calculated by taking into account
processes (1) and (3d), respectlvely Other considered triplet
AS%F(v=7), B3I, W3A,, B3%, states have longer radi-
at|onal lifetimes and the mfluence of collisional processes on
vibrational distributions of the states at altitudes of the lower
thermosphere has to be important.
. i . To calculate the populatioV) of the v-th vibrational
tr)nl())lecule are considered according to Kirillov (2008a, level of theY-th electronic state we need a system of steady-
' state equations for all considered vibrational leveld $£

/ _ .
4. Intramolecular electron energy transfers in molecular B3I, W3A,, B3%,, C3M, states. So we used in our

with the exchange. Here we use the results of the cal
culations for rate coefficients made by Kirillov (20044,
2008a, B) Electron energy transfers in collisions of
N2(A3ZF, v=>7) with O, with both the production of
Ox(c's, A®A,, A3%F) and the dissociation of £

collisions calculations the following steady-state equations for the five
electronic states of N
1 _ 3 .7 1
N2(Y, v) + Na(X -, v—O,) — N2(B?, v') + Nao(X+, v=0), ‘Iu + ZABA NB Z k:[l;A[NZ] ) Nf, i
Y =A% =>7), W3 B3 (7a) Y=A.W,B,B/;v/
+ Zk}ﬁ’*([Nz] +[01+ 0D - NF=( ) ALl
v’ v

3 1 . — l 1
N2 (B2, v) + NZ,(X ,v=0) = Na(Y, v") + No(X ", v=0), + ZAﬁv)f + Z k:l:‘/\Y[Nz] +
Y = A%, w3, B (7b) v Y=A,W,B,B";v/

- y . + Zk”B([NZH[Oz]Hop
In a case of similar collisions of an electronically ex-

cited nitrogen molecule with oxygen molecule or atom

we propose similar magnitudes of rate coefficients. + ijoz[OZ]} ' Nf’ (8a)
Intramolecular processes for théx [ state in a colli- Q% - g7 + > AN

sion with an @ molecule are negligible according to Y=A,W,B',C;v

Kirillov (2008a). Rate coefficients for the quenching by + Z kY B[N, - N +

N, and O were measured by Bloemink et al. (1998), P v

Kalogerakis et al. (2002, 2004). The results of their

meagurements are(sometimes )uncertain and limited to + Z k%B([Nz] +102] +[OD - va/
separate vibrational levels of the state. Moreover, now Y=A.W.Bv

we do not have any estimation of branching ratios for = | Z Aff +

the products of the collision processes; therefore, we Y=A,W,B";v

have not taken into consideration the quenching by N + Z k;’jf?Y[Nz]

and O in our model calculations and believe that the Y=A,W.B.B':v'

processes do not principally change relative vibrational

populations in Q(b15{) + D kT (IN2I + [0z + [OD} - N7 (8b)
.

Y=A,W,B";v/

5. An interaction of metastable &p) atom with G q n ZABW NB
molecule will be described in Sect. 4.

www.ann-geophys.net/26/1159/2008/ Ann. Geophys., 26, 11B83-2008
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Table 1. Applied rate coefficients in Eq. (8a).

v k;ﬁAA k:AB k;i;AW k:AB’ k:Aoz kIAB

7 22(13® 82(-13) 8.3(-15) - 3.6C12) 1.2¢13)
8  1.7(-13) 9.9¢14) 2.4(15) - 3.6¢12) 6.7(-15)
9  22(13) 1.6(12) 2.0(15) - 3.2¢12) 1.9¢-13)
10  4.013) 8.6(12) 2.6(14) - 3.2¢12) 2.7¢12)
11 1.1¢12) 15(12) 3.4(13) - 3.0612) 1.0(13)
12 1.4(12) 3.1(12) 9.2¢13) - 2.9¢12) 4.3(-13)

13 1.3¢12) 45(12) 3.6(13) 4.4(15) 28(12) 5.2(12)
14  6.2(¢13) 1.3(12) 7.7¢14) 4.8(14) 26(12) 3.2(13)
15  3.6¢13) 4.1¢12) 1.5¢13) 2.1¢14) 25(12) 1.012)
16  2.7¢13) 15(12) 1.6¢12) 1.6¢14) 23(12) 9.9¢12)
17 8.2(¢13) 3.6(12) 1.6(12) 2.4(13) 22(12) 2.9(13)
18  3.3¢13) 8.2(-13) 3.5(13) 3.4(13) 2.1(12) 3.7¢12)
19  1.1¢12) 28¢12) 3.1¢13) 1.2¢13) 2.0(12) 2.6(12)
20 5.3(13) 9.4(13) 1.4(12) 15(13) 1.8¢12) 1.6(12)
21  7.6¢13) 1.8¢12) 1.9¢13) 9.3(14) 1.7¢12) 1.3¢11)
22 56(13) 15(12) 4.7¢13) 1.9¢13) 1.8(12) 1.2¢12)
23 3.4(13) 8.0(13) 7.1¢13) 1.1(13) 1.3¢12) 1.3¢11)

()2.2(—13) means 2.210" 8 cmis~1.

Table 2. Applied rate coefficients in Eq. (8b).

v krBA krBB  pxBW  pxBBEL G tBA G XBW. o TBE
0 5.6(12) - 6.9¢14) - 4.1¢13) 3.6(-10) -
1 21(12) 7.7¢15) 4.0¢13) - 9.7¢14) 9.9¢12) -
2 15(11) 7.2¢15) 3.3¢13) - 2.9¢12) 1.9¢12) -
3 26(12) 4.1¢13) 1.7¢13) - 1.0(-12) 1.8¢12) 7.0¢17)
4 66(12) 15(12) 8.7¢13) 1.2(13) 3.7¢12) 7.6(13) 6.2(13)
5 7.2(12) 1.0(12) 4.6(12) 2.2(13) 25(12) 53(12) 1.3C12)
6 3.8(12) 1.5(13) 6.5(12) 2.1(13) 1.0(11) 4.6(11) 1.7¢12)
7 74(12) 3.8(12) 4.1(12) 21(13) 21(12) 54(11) 1.8(12)
8 29(12) 57(12) 1.0(12) 4.013) 1.011) 1.1¢11) 1.8¢12)
9 50(12) 4.4(12) 29(12) 8.9(13) 2.3(11) 2.4(12) 1.9(12)
10 4.6(-12) 3.2¢12) 7.3(12) 1.5(12) 2.2(11) 3.1(12) 2.5(12)
+ Y KIVING N+ + Zk“*B (IN2] +[Oz] + [O]) - N}
Y=A,W,B,B";v
Zk”‘w (IN21 + [O2] + [O]) - N = ZAW 2 R IN
Y=A,W,B,B’;v
= ZAW, > BTN+ + Zk*B P(INal + [O2] + [OD} - N, (8d)
Y=A,W,B,B";v
twWB
Zk (IN2] + [O2] + [OD)} - NY 8)  oC.qC =3 ACE . N, 8e)
where QY is the production rate of th&-th state by auro-
, ral electrons (in cm®s™1), ¢ is the Franck-Condon fac-
0° Clv + ZABB NP+ Z tor for the tranS|t|onX12+, v=0—Y, v, A¥Z is the spon-
Y=A.W.B.B"v' taneous transition probability for the transititnv— Z, v’,
kjj,’f)B [N2] - Nv, + k;’jvy,z andev’fZ are rate coefficients for intermolecular and

Ann. Geophys., 26, 1153169 2008 www.ann-geophys.net/26/1159/2008/
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Table 3. Applied rate coefficients in Eq. (8c).
100 =

v K WA k¥ WB K ww K WB’ k;rWB - ]

(o] 4
0 4.8(13) 9.8(14) - - 5.1¢10) g .
1 3.9(12) 2.0(13) - - 6.4(12) g - 8
2 23(12) 1.1¢12) 1.7¢15) - 3.4(12) .
3 3.9(12) 9.1(12) 2.2(14) - 3.0€12) 2 10"¢ E
4  13(11) 2.2(11) 6.5(14) 3.0617) 5.2(13) o F ]
5 1.8(12) 9.2¢12) 1.4(13) 1.1¢15) 2.7¢12) o 3 :
6 1.2(12) 1.4(11) 3.3¢13) 1.9(14) 2.9¢11) i ]
7  45(12) 1.3(11) 7.8¢13) 1.2(13) 8.6(11) i
8 22(12) 9.7¢12) 1.3(13) 6.513) 3.4(11) 10°2 | | | L
9 35(12) 8.5(12) 1.5(13) 2.3(12) 3.1¢12) 0 2 4 6 ) 10
10 4.3(12) 45¢12) 7.1¢13) 6.8¢12) 3.1¢12) Vibrational levels
11 25(12) 5.7¢12) 1.5(12) 2.012) 1.1¢11)
12 10¢12) 23¢12) 16¢12) 17¢12) 2.8(11) Fig. 1. Calculated relative vibrational populations
18 12€12) 5.2(12) 26¢12) 2.7612) 55¢11) [N2(B3IT,. v)}/[N2(B3I1,. v=0)] at altitudes 80, 95 and 150 km

14 6.0(13) 6.0¢12) 3.9¢12) 5.6(13) 6.4(11)
15 4.7¢(13) 4.8(12) 27(12) 6.6(13) 7.4(12)
16 5.1¢13) 3.2¢12) 3.6(12) 3.8¢13) 3.9¢12)

(dotted, dashed and solid lines, respectively).

17 3.2(13) 4.7¢12) 1.3(12) 4.8(13) 8.7¢12) ‘
18 2.6(13) 15(12) 3.0(12) 2.0(12) 1.7¢11) 10 F~— E
e ]
1% 100,’ \\\ E
> r R ]
Table 4. Applied rate coefficients in Eq. (8d). § [ N
o 107 E
v K B'A k B'B K B'W k B'B kl‘gB’B % E
0 41(12) 32(12) 3.2(-14) - 2.4(13) ® Jo02- 4
1 91(12) 1.2¢11) 3.4(13) - 5.2(-13) i ]
2 3.0(-12) 4.7¢(12) 2.0(12) 8.4(16) 1.1(12) i ]
3 1.0-12) 6.8¢-12) 4.5(12) 1.2(14) 2.3(12) 08——+ 11
4  14(-12) 5.0(12) 3.1(12) 3.014) 4.7¢12) 0 2 4 6 8 10121416 18
5 3.0-12) 7.2(12) 4.4(12) 58(14) 8.7(12) Vibrational levels
6 22(12) 6.6(12) 1.9¢12) 1.2¢13) 1.5(11)
7 11¢12) 55(12) 8.2¢13) 2.7¢13) 2.3¢11) Fig. 2. The same as in Fig. 1 but for thg3A,, state of N.
8 3.4(-13) 3.012) 1.3(12) 9.4(14) 3.4(11)
9 1.2(-12) 3.4(12) 1.7(12) 6.014) 4.7(¢11)
1(1) igg—ig gg&g ig((jg iggg; gégﬂ; for intermolecular and intramolecular processes in Eq. (8a)
. - . . . . . T Z TYZ
12 14013) 16012) L6(12) 59(13) 90{11) are shown in 'Ekayl)zle 1. Tryezrate coefficiehts andkv.
13 2.0(13) 1.9(12) 6.6(-13) 8.8(13) 1.0(10) mean sums of* ' “ andk,,“ on quantum number’. Sim-

ilar rate coefficients foB3I1,, W3A,, B3, states of N
applied in Egs. (8b—d) are shown in Tables 2—4, respectively.
Results of our calculation of relative vibrational popu-

intramolecular electron energy transfer processes with thations (IN( BT, ”)]/[’\,IZ(BBHA" v=0)], [N2(W3A,, )l
quenching of?, v and the excitation oz, v/, respectively.  [N2(W3A,, v=0)], [N2(B3Z, ", v)/[N2(B3%,, v=0)]) atal-

Here we suggest to consider the rate of an intramoleculafitudes of 80, 95 and 150km of auroral upper atmosphere
process independent of the kind of the collision with, N are shown in Figs. 1-3, respectively. It is seen from Figs. 2
0, or O. So the sum of the concentrations,[NO2]+[O] and 3 that there is the influenpe of collisional processes on
is included in steady-state Egs. (8a—d) for the contributionghe distributions oW3A, and B35, states. For thev3A,

of intramolecular processes. Contributions of intermolecularstate the increase in the density of the atmosphere causes the
electron energy transfer processes in collisionsgfA4x;F,  rise of the population for the vibrational levels 1. For the

v>7) with Oz, with both the production of g1 -, A3A,, B 3_2; state the similar increase causes th(_e rise in th_e pop-
A3Ej) and the dissociation of Omolecule, are included in ulation of the lowesb=0-2 vibrational levels in comparison

Eq. (8a) and rate coefficients are denotedp§©2. Applied ~ With the maximum in the distributions.
rate coefficientd* A4, k*AB [* AW (xAB' jxA02gndgTAB

www.ann-geophys.net/26/1159/2008/ Ann. Geophys., 26, 11B83-2008
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Table 5. Relative intensities of bands for 1P&=3 sequence.

. . v (B3Mg)—v” (AZ;F) , A (nm)
Experimental data or results of the calculatlorb_)O 451 552 653 754 855 956 107
687.5 6789 6705 6624 6545 6469 6395 6323

Vallance Jones (1974) 0.46 0.96 1 0.73 0.48 0.25 0.12 0.045
130-200 km 0.43 0.87 1 0.83 0.54 0.28 0.12 0.045
110km 0.42 0.91 1 0.87 0.55 0.28 0.13 0.05
95km 0.39 0.89 1 0.97 0.58 0.30 0.15 0.06
80km 0.34 0.79 0.95 1 0.63 0.29 0.18 0.12
45 km (the pressure 1 Torr) 0.50 0.86 0.71 1 0.46 0.24 0.22 0.18
102 of the band intensities on the density of the atmosphere. So

there is a movement of the band of maximal intensity from
the infrared to the red region with the increase in the density
of the atmosphere. This fact is in good agreement with the
conclusions of Benesch (1981, 1983).

10?
4 Electronically excited O,

Relative population

Vallance Jones and Gattinger (1974) and Gattinger and Val-
lance Jones (1976) in their observations of the auroral iono-
100 / sphere at Fort Churchill have measured intensities of atmo-
! ‘ : : : L spheric bands of @originated during spontaneous radia-
0 2 4 6 8 10 12 14 tional transitions from vibrational levels=0-5 of theb' =+
Vibrational levels . .8
state. They emphasised an enhancement as a function of the
height in the relative strength of the 1-1 band in comparison
with bands both fronv=0 and fromv>1. The former be-
haviour was observed by Omholt (1957). The observation of
intensities for normal and high auroras by Gattinger and Val-
The B3I, state does not show sufficient variations in the |ance Jones (1976) has confirmed that the 1-1 atmospheric
relative population (see Fig. 1). We see an evident increas@and shows a strong enhancement with the height of the au-
in the population only fow=9, 10 in the region of high den- rora but, however, for bands with<? <5 there is very little
sities. However, a dependence of 1PG emission intensitieghange with the height relative to bands of the 1PG system
on atmospheric density is important in problems related toof N,. Moreover, authors of those papers discussed possi-
the production of red lower border of auroral arcs (Beneschple mechanisms of high rates of the excitation eff®x ",
1981, 1983; Morrill and Benesch, 1996), a movement of they=3-5) in auroral ionosphere.
electronic excitation to the lowest vibrational levels of the  Henriksen and Sivjee (1990) during spectrophotometric
B3I, state in laboratory afterglow (Pravilov et al., 1988; observations at Spitsbergen have estimated the vibrational
Piper, 1994), a change in relative population of #&1,  population of the)'x] state of molecular oxygen in the au-
state at different altitudes in sprites (Morrill et al., 1998; Buc- roral ionosphere. For their estimation they have used mea-
sela etal., 2003). sured intensities of five oxygen atmospheric bands/(=1—
Benesch (1981, 1983) has suggested that the change in tf8- In a similar way the measurements have shown an anoma-
colour of the lower border in the type B aurora from red to lous high population of vibrational levels=3-5 and con-
deep crimson could be related to an increased collision frefirmed the dependence of the relative intensity of the (1-1)
quency in lower thermosphere. He has considered a wavedands on the height.
length shift of the relative intensities of the 1PG)=3 se- Relative vibrational populations M!S, v=1-
quence from normal auroral observations to results of Iab-5)]/[02(b12;, v=1)] obtained by Vallance Jones and
oratory measurements made at the pressureloforr. A Gattinger (1974), Gattinger and Vallance Jones (1976),
comparison of calculated relative intensities of the bands forHenriksen and Sivjee (1990) for normal and high auroras
the 1PGAv=3 sequence with data of Vallance Jones (1974)are shown in Fig. 4. Also, we have presented here results
is presented in Table 5. The comparison shows a dependenad the theoretical calculation according to our model for the

Fig. 3. The same as in Fig. 1 but for tm—f32; state of N.
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Table 6. Applied rate coefficients in Eq. (9). 141 i
e}
v k;i; ba k;i; bb c 1.2 A B
S

1 - 1.4(¢11) 5 108 7
2 3.015) 1.5¢12) & 08+ il
3  15(14) 1.5(13) iy o N A
4 7.1(14) 3.2(¢14) 2 06F o .
5 3.2(-13) 1.3(13) [ | = o ]
6 12(-12) 8.2(13) © 04 ® |
7 1.7(12) 5.1(12) 02h " A ]
8 52(13) 3.2¢11) A + . f
9 1.4(-13) 3.6(12) 0-01 é é j 5
10 5.4¢14) 15(13) Vibrational levels

Fig. 4. Relative vibrational populations KWb1E/, v=1-
_ , 5)[02(b1, v=1)]: results of our calculation foh=80km —
altitude 80 km. To calculate the populatioff’ of the v-th crosses; experimental data of Vallance Jones and Gattinger (1974)
vibrational level of the BE; state of molecular oxygen we _ cjrcles, Gattinger and Vallance Jones (1976) for normal and high

used the following steady-state equation: aurora — open and solid triangles, respectively, Henriksen and Siv-
b b «bb b jee (1990) for normal and high aurora — open and solid squares,
0" -q, + Zkv’v [O2] - Ny respectively.
,U/
= (D AN+ Y KO- N, 9
v/ Y=a,b;v'

O(D) production by electron impact is estimated according
whereQ? is the production rate of twelzg state by auroral  to the method of “excitation energy costs” (Kozelov et al.,
electrons4? is the Franck-Condon factor for the transition 1995). For the estimation of the contribution of @issocia-
X3Eg v=0—>b12g+ v, APX is the spontaneous transition tive recombination itis necessary to know the concentrations
L 9 ) VU . . . . .
probability for the transitiorblzg, v—>X32g‘, v k;‘jj’,y is a ofdthe |or_1dand |(()jnosphe_r|c eIectLons at thle cc()jns_|dsred alt|-I
rate coefficient for the intermolecular electron energy trans-ude: Swider and Narcisi (1977) have analysed eight auroral
ion composition measurements and according to their data

fer process with the quenching bfxg, v and the excita- h : p he altitude 150 km is about 0.1
tion of ¥, v/, respectively. We emphasise that it is here as-I"€ concentration o Dat the altitude 150 km is about 0.1—
0.3 from the total ion concentration. So we believe in our cal-

sumed that the quenching 0&@12;, v) in collisions with lati =02 h he | heric el
N, molecules does not principally change the relative distri-S4/2tion [G}1=0.2n., wheren, means the ionospheric elec-

. . 7= . i ~ 3 ;
bution of singlet oxygen shown in Fig. 4. Applied rate co- tron concentratlorj. The value~1.2x10° cm is obtalneq
efficientsk* e, k*b? for intermolecular processes in Eq. (9) from the suggestion of 36 eV for the production of one ion-

v 1 v "

are shown in Table 6. electron pair in auroral electron interaction with main atmo-
For the altitude 150 km we made a similar calculation but SPheric components. Petrignani et al. (2005a, b) have mea-
the contribution of the process sured quantum exits of @), O&D), O(S) atoms for vibra-

L 5 5 L tional levelsv=0-2 of the § (X?I1,) ion in the dissociative
O('D) + O2(X*,v=0) - OCP) + 02(b7,v'=0,1)  (10)  recombination. We use here the value 0.94 for th&Dy(

is taken into account. According to Green et al. (2000) weProduction in the case af=0 according to their measure-
believe the yield of the process (10) in inelastic quenching of €Nts. Therefore we found that the total rate of thém(
metastable atomic oxygen by an oxygen molecule is equal t(product!on .by guroral electron |m§)act and the dissociative
0.95. Branching ratios for the production @0 and 1 are ~ '€combination is equal to2x10*s™,
measured by Kalogerakis et al. (2005). They have obtained Taking into account rate coefficients of the inelastic inter-
ky=1/k,—0=3—4 in contrast to earlier estimations of Gauthier action of OtD) atoms with ¥ and @ molecules (Sander
and Snelling (1974), Lee and Slanger (1978) having valuegt al., 2003; Takahashi et al., 2005) and®P)( atom
in the interval 0.3-1. Therefore we addpt1/k,—0=3.5 in (Closser et al., 2005) we have finally obtained the produc-
our calculation. tion rates for Q') and Qs v=1) as 1.61¢7
Metastable atomic oxygen is produced in auroral iono-and 1.2510?s 1, respectively, at the altitude 150 km. The
sphere mainly in processes of auroral electron impact withast value is about 60 times more than the excitation rate
O(CP) atoms and a dissociative recombination (j'f ons. of oz(blz;r, v=1) by the auroral electron impact on, O
We make the calculation with the energy°HY dissipated  (process 2). So we do not show the calculated vibrational
by auroral electrons in 1 cfrin one second. The rate of the population of theblxg state at the altitude 150 km since
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Fig. 5. Calculated relative rate coefficients for the process (11) forFig. 7. The same as in Fig. 5 but for vibrational lewet2 of the
vibrational levelv=0 of the G} (X2IT,) ion with Ox(X3%,. v), OF (X2T1y) ion.

Op(atAg, v), Ox(b1={, v) productions — squares, circles and

crosses, respectively.

for vibrational levels)=0-5 of the ground stat&?I1,, of the
‘ ‘ molecular oxygen ion. As possible channels of the reaction
we consider the production of the molecule @ X3Eg—,
alAg, b3 states. For nitric oxide ion we take into account
the production of the onlx 1 =+ state since the energy of the
first exciteds®+ state is more than the allowed exothermic
one, according to the reaction.

Calculated relative rate coefficients for the vibrational lev-
els v=0-2 of the groundX?Il, state of G with three exit
channels are shown in Figs. 5—7. The normalising is made
on partial rate coefficients of vibrational leveis2, v=5 and

B ¢ 0° v=3 of theblzéF state of @, respectively. It is seen from

4 6 8 10 12 Fig. 5 that the calculation of the rate coefficients for the pro-
Vibrational levels cess (11) (originally suggested by Slanger, 1986) with the
lowest vibrational level=0 of the ground state ion of molec-
Fig. 6. The same as in Fig. 5 but for vibrational lewstl of the  ular oxygen points out the dominancewf2 in the produc-
05 (X2ITg) ion. tion of Oz(blE;'). The exits for levele=3-5 are 1-2 orders
of magnitude lower than the one for2. The results of the
calculation forv=0 of O} (X?I1,) do not allow one to ob-
concentrations of gb* >, v>1) are negligible in compar-  tain a higher vibrational population fo=3 of the state than
ison with the one ob=1. for v=2 observed by Henriksen and Sivjee (1990), since the

Henriksen and Siviee (1990) have mentioned, originally quenching rate coefficient far=3 is on one order of mag-
suggested by Slanger (1986), chemical ion-molecular reacnitude lower than the one far=2 (Kalogerakis et al., 2002;
tion Kirillov, 2008a).

Calculations forv=1 and 2 of the groun&I1, state of
Og, shown in Figs. 6 and 7, point out an effective produc-
as a possible explanation of the high population of vibra-tion of v=5 and 3 of Q(b*<}). Similar estimations for
tional levelsv=3-5 of Q(b12+) in aurora. Itis to note v=3-5 have given maximal rate coefficients for9—-11 of
that Gattinger and Vallance Jones (1976) have also consid@2(b*E7). So for the correct calculation of the produc-
ered this reaction as a possible mechanism of the effectivéion of oz(blzg, v) in the auroral ionosphere we need a full
production of Q(blzg) in the auroral ionosphere. To ver- model of vibrational kinetics of molecular oxygen ion. Nev-
ify this suggestion we try in this work to calculate the quan- ertheless, our preliminary calculation of the rate coefficients
tum efficiencies of all possible channels of the process (11)for the production of electronically excited,Gn the pro-
We use formulas of Kirillov (2004b) received on the basis cess (11) have not shown any pronounced high magnitudes
of the Rosen-Zener approximation. Calculations are maddor levelsv=3-5. Therefore we believe that it is necessary

100

10

EEELL SR

102

Relative rate coefficients

—
o
w
+*
e}
L \\\m\‘

+*
O

—_—

<
o
N

—_
IS

0,1 (X2, v) + NO(X2, v=0) — O,* + NOt (XL, v), (11)

Ann. Geophys., 26, 1153169 2008 www.ann-geophys.net/26/1159/2008/



A. S. Kirillov: Electronically excited molecular nitrogen and molecular oxygen 1167

to consider other mechanisms of thQ(b’)’LE;) production Slanger (1986), for the explanation of the experimen-

in auroral ionosphere to explain this high vibrational popula- tally observed distribution. It was found in the cal-

tion of v=3-5. Maybe the high vibrational population of the culation that the quantum exits of the production of

v=3-5 levels is related to the energy transfer in the collision O,(b1x}, v=3-5) in the reaction of @(XZHg, v=0)

of metastable atomic nitrogen ) with molecular oxygen ion with NO molecule are insufficient to explain the

O- (Gattinger and Vallance Jones, 1976). high vibrational populations of the levels=3-5 esti-
mated from measurements of atmospheric band intensi-
ties.
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