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Abstract--The N~ vibrational distribution in an aurora is investigated. During the auroral 
bombardment the vibrational distribution is non-Boltzmann. The deviation from the 
Boltzmann distribution increases with increasing altitude. Above 200 km the loss rate of O + 
due to the reaction O + + N~ ~ NO + + N is increased by a factor of 1-5 when allowance is 
made for the non-Boltzmann character of the N2 distribution. This increased loss rate persists 
for 1000-2000 sec after auroral bombardment commences. 

1. INTRODUCTION 

During auroral bombardment electrons in the energy range 3 to 6 eV have sufficient 
energy to excite the vibrational levels of N~. The production into a given level depends on 
the magnitude of the nonthermal electron flux and the vibrational cross sections. Vibra- 
tional exchange in N~-N 2 collisions tends to redistribute the vibrational quanta until a 
Boltzmann distribution is attained. However, for the large nonthermal electron fluxes that 
may occur during auroral bombardment, the production in a given vibrational level may be 
large. Consequently, non-Boltzmann N~ vibrational distributions may persist in an auroral 
atmosphere for some time. It is the purpose of this paper to calculate the N2 vibrational 
distribution for an auroral model and to follow the relaxation to a Boltzmann distribution. 

2, THEORETICAL FORMULATION 

Walker (1968) and Walker et  al. (1969) have shown that, in the E- and F-regions of the 
ionosphere, electron quenching of nitrogen vibration is considerably more rapid than either 
quenching in collisions with N 2, Oa, O, He, and H or exchange of vibrational quanta in 
collisions with Oz, NO and H 2. An expression for the lifetime, %, of nitrogen molecules in 
the first vibrational level against quenching by ionospheric electrons is given by 

% = 2  × 109T~ 1/2 1 +65001 n~ 1 q-2200]_] 

where n, is the electron density and T e is the electron temperature (Walker, private com- 
munication). Using this expression we obtain for our auroral model % > 5 × 104 sec at 
all altitude levels. The lifetimes of the higher vibrational levels are longer (Chen, 1964). 
Consequently, for time periods less than 5 × 104 sec quenching by ambient thermal electrons 
will have a negligible effect on the vibrational distribution of molecular nitrogen. 

There are two other processes which may affect the vibrational distribution of molecular 
nitrogen in the ionosphere. These are carbon dioxide quenching at low altitudes and 
molecular diffusion at high altitudes (cf. Walker et  al. ,  1969). For altitudes of interest in 
this paper (greater than 150 km), carbon dioxide quenching is negligible. The effect of 
vertical diffusion is neglected and an estimate of the resultant error is presented later. 

With the above simplifications the equation describing the density of molecules, n~, in 
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vibrational state r is given by 

dnr f k s -  l'Sn n s.s-1 /d_+l'Sn n l . . . .  { ~ . ~ - l n ~ n ~ -  ,-1.,  ~-1 ~+~s + Q. (1) dt ~ r+l.r r+l ~--I kr.r+ln~n,} ~. .s+l 
s = l  s=0  

where k~',~ is the rate coefficient for the process 

na + n, ~ no + na (2) 

in which vibrational energy is exchanged, and Q, is the rate of production of molecules in 
vibrational state r due to photoelectron impact. In deriving (I) we assumed that only single 
quantum jumps are important. This should be a good assumption for neutral gas temper- 
atures of ionospheric interest (cf. Treanor, Rich and Rehm, 1968; Fisher and Kummler, 
1968). 

The calculation of the rate coefficients, ,,a k~, 0, requires a model for the vibrational energy 
spacing in the N 2 molecule. For our calculations we will assume harmonic vibrational 
quantum states. The difference between the harmonic and anharmonic models of N 2 has 
been discussed by Treanor, Rich and Rehm (1968) and Fisher and Kummler (1968). In 
the steady state the difference in the vibrational populations of the first eleven states is small 
for translational ( T ~  1000°K) and vibrational (1800 ~ T, _< 3800°K) temperatures of  
interest in this paper. 

The vibration-vibration exchange probabilities can be calculated using the colinear 
model of Rapp and Englander-Golden (1964). In the harmonic model there is no energy 
defect and the energy-transfer probability per collision is given by (el. Fisher and Kummler 
1968) 

2 2  2 2  2 p~:~ = 167r/z L Vc, bV~d v2 
h2 (3) 

where v is the initial relative velocity of the colliding molecules,/z is the reduced mass, h is 
Planck's constant, L = 2 × 10 -9 cm and the Yah are the harmonic-oscillator matrix ele- 
ments (Sharp and Rapp, 1965). The rate coefficient is obtained by integrating the prob- 
ability per collision over the collision frequency and a one-dimensional, Maxwellian 
distribution of relative velocities (Rapp, 1960), 

k~;~ =- 24X/~  7r7/2L2°'2 V2bV2d(kT)3/2 (4) 
h a 

where k is Boltzmann's constant and o" is the hard sphere collision diameter (~r 2 ---- 
14 x 10 -in cm 2 for N~). 

The harmonic-oscillator matrix elements satisfy the relations 

Yah = vv~ (5) 
and 

/')~+aj = ( j +  1)V~,o (6) 

(Sharp and Rapp, 1965). Consequently, all the rate coefficients can be expressed in terms of 
k°:o 1. With this simplification Equation (1) becomes 

d--'-i = kl'° [(r -[- 1)nr+t -- rnr] sn,_ 1 + [rnr_ 1 --  (r + 1)nr] sn. + Qr. (7) 

In the analysis that follows we consider a 12 level system consisting of the ground state 
and the first eleven vibrational states. The resulting system of coupled, nonlinear differ- 
ential equations is solved using a numerical technique described by Bailey (1969). 
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3. APPLICATION TO THE IONOSPHERE 

Walker et al. (1969) have calculated the sources of  vibrational quanta for the aurora 
which occurred above Fort  Yukon,  Alaska, at 2100 AST on 26 February, 1961 (Belon, 
Romick and Rees, 1966). For this aurora, with an intensity of 30-6 kR of 3914/~ radiation, 
they found that the principle source is that provided by collisions with auroral secondary 
electrons. 

Considering nonthermal electrons as the only source, we have calculated the production 
of  vibrational quanta in the individual states using the equilibrium photoelectron fluxes 
presented by Dalgarno, McElroy and Stewart (1969) and the vibrational excitation cross 
sections given by Schulz (1964), Chen (1964), and Engelhardt, Phelps and Risk 0964). 
Since the vibrational cross sections are rapidly varying functions of energy, the production of 
vibrational quanta is not sensitive to the exact shape of the equilibrium flux. We have 
normalized our total production of quanta, at each altitude, to the values used by Walker 
et al. (1969) (Stolarski, private communication). We have found that quenching by the 
nonthermal flux has a negligibly small effect on the vibrational distribution. 

The neutral atmosphere used was the model atmosphere of Jacchia (1964) as modified by 
Walker (1965) with an exospheric temperature of 1000°K. The initial vibrational distribu- 
tion was assumed to be a Boltzmann distribution with T~ ---- 1800°K. The aurora is simu- 
lated by turning on the nonthermal electron flux at t = 0 and off at t ~ 15 min. 

In Table 1 we show the time evolution, at 250 km, of the ratio of the population in level 
r to the population in the energetically equivalent Boltzmann distribution. Also shown in 

TABLE 1. RATIO OF THE POPULATION IN LEVEL r TO THAT IN AN ENERGETICALLY EQUIVALENT 
]~OLTZMANN DISTRIBUTION. ALTITUDE EQUALS 250 km 

Level t(sec) = 10 30 50 100 150 200 300 500 925 1975 
T~(°K) = 1824 1878 1925 2049 2169 2287  2516 2959 3858 3858 

0 1.00 1-01 1,01 1.02 1-03 1'04 1.04 1.05 1-03 1'00 
1 0"98 0"96 0.93 0.89 0.86 0-85 0'84 0-87 0'97 1-00 
2 0.97 0.93 0'89 0.83 0.79 0.77 0.76 0.79 0"90 1"00 
3 1"01 1"04 1.05 1.05 1.04 1"02 0'98 0.93 0.92 1-00 
4 1.29 1"76 2.02 2.32 2'33 2 23 1.93 1.44 1.04 1.00 
5 2-88 5.71 7,09 8.09 7.49 6-50 4 .68  2.59 1"28 1.01 
6 11.6 25"4 30.4 30-1 24.2 18.7 11.0 4 .66  1"63 1-01 
7 39.5 84"1 95.8 82.7 59.3 41"3 20-9 7.16 1"94 1'02 
8 122.0 232"0 242.0  174.0 110-0 70.0 31"1 9.15 2"09 1.03 
9 9.65 50-3 77.1 89.0 69.2 49 -0  24.3 7.76 1"86 1'04 

10 1-27 8"73 19.6 38.2 37-9 30-9 17.8 6.39 1.65 1.05 
11 0.79 1"61 4.5 15.0 19.7 19.0 13"0 5.35 1"50 1.05 

this table is the vibrational temperature of the Boltzmann distribution. The lower levels are 
underpopulated and the higher levels overpopulated relative to the Boltzmann distribution. 
The peak in the ratio at r = 8 occurs because we have not allowed for production of quanta 
in states 9, 10 and 11. Vibrational cross sections were not available for these states. The 
results above 250 km are similar with the magnitude of  the effect greater and the duration 
longer. The reverse is true for the results below 250 km. Our calculations above 250 km, 
however, overestimate the population ratios of the higher levels because we have neglected 
the effects of  diffusion (Walker et al., 1969). Above this altitude level diffusion acts to 
reduce the population ratios because the N S molecules can diffuse to lower altitudes where 
the vibrational exchange rates are greater. 
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Schmeltekopf et al. (1966) have shown that the rate coefficient, kr, for the reaction 
O + + N~ --+ NO + + N is sensitive to the N 2 vibrational distribution. In Fig. 1 we compare 
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the rate of  loss of  O +, ~ krnr,  obtained by using the Boltzmann and non-Boltzmann 
r 

distributions. At 250 km the non-Boltzmann loss rate is a factor of  1.5 greater than the 
Boltzmann loss rate. Using the Franck-Condon factors presented by Benesch et  al. (1966), 
we have also compared the rate of  population of the C3rru state of N~ by secondary electron 
impact using the Boltzmann and non-Boltzmann distributions. At all altitude levels the 
difference between the results is negligible. 

0,1 In order to check the sensitivity of  the results to the vibrational rate coeffÉcient kl.0, we 
have reduced the rate coefficient by a factor of two and repeated the calculations. At all 
altitudes a reduced rate coefficient results in slightly greater population ratios which persist 
for slightly longer times. 

4. CONCLUSION 

Treating the N 2 molecule as a harmonic oscillator and assuming that the only source of  
vibrational quanta arises from a nonthermal electron flux, we have calculated the N~ 
vibrational distribution for an auroral model. During the auroral bombardment the N 2 
vibrational distribution is non-Boltzmann with the lower levels underpopulated and the 
upper levels overpopulated relative to an energetically equivalent Boltzmann distribution. 
Above 200 km the non-Boltzmann distribution yields an O + loss rate which is 50 per cent 
greater than the rate obtained from the equivalent Boltzmann distribution. The population 
of  the CSTru state of  Nz has also been calculated and the results differed insignificantly from 
those obtained from the Boltzmann distribution. 
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