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AbstractCalculations are carried out of the elastic scattering and excitation exchange cross-sections in 
collisions of O(‘D) and O(rP) atoms, which determine the degree of thermalization of the O(‘D) atoms 
produced by dissociative recombination in the thermosphere. The effective elastic scattering and excitation 
exchange cross-sections are calculated to be 1.55 x lo- ” and 6.25 x lo-l6 cm’, respectively, at a relative 
collision energy of 1.0 eV. The mutual diffusion coefficient between O(‘D) and O(3P) atoms is also 
presented. 

1. INTRODUCTION 

Metastable O(‘D) atoms are the source of the 6300 8, 
red line emission in the airglow. In the F-region, the 
0( ‘D) atoms are produced at night by the dissociative 
recombination of 0: ions through three possible 
channels : 

O:(X’II,)+e + O(‘D)+O(‘S) (I) 

+ O(‘D)+O(‘D) (2) 

+ 0(‘D)+O(3P). (3) 

The reactions are exothermic with excess energies of 
0.83,3.1 and 5.0 eV in channels 1,2 and 3, respectively, 
assuming that 0: ions are in their lowest vibrational 
level. The excess energy appears as the translational 
energy of the product atoms and is much greater than 
the ambient thermal energy. The steady state energy 
distribution of the O(‘D) atoms thus depends upon 
the thermalization collision frequency which is deter- 
mined by the cross-sections for scattering of the 0( ‘D) 
atoms by ground state 0( ‘P) atoms. 

The 0( ‘D) atoms have a radiative lifetime of about 
110 s (Garstang 1951; Froese-Fischer and Saha, 
1983). It has been assumed that O(‘D) atoms are 
completely thermalized in the region of maximum 
production near 250 km so that the observed 6300 
8, emission line shape may be used to monitor the 
thermospheric neutral temperature (Biondi and Fei- 
belman, 1968 ; Thuillier et al., 1977 ; Hernandez, 1980 ; 
Biondi and Meriwether, 1985). 

Non-thermal signatures were reported by Schmitt 

et al. (1981) and Ignatyev et al. (1984). Schmitt et al. 
found that at altitudes above 600 km the emission 
altitude profile departs from the diffusive equilibrium 
profile, and they attributed the departure to the 
incomplete thermalization of 0( ‘D) at high altitudes. 
Their conclusion was based on model calculations 
which assumed that the non-thermal 0( ‘D) atoms are 
thermalized in a single collision with ambient ground 
state 0(3P) atoms. A thermalization collision cross- 
section of 1.5 x lo- I5 cm2 was derived from the data. 

In practice, two types of thermalization collisions 
occur between an O(‘D) atom and an 0(3P) atom. 
The two atoms may exchange their identities with 
no transfer of momentum or energy in an excitation 
exchange collision, as Schmitt et al. (1981) assumed, 
and they may be scattered in an elastic collision (Mott 
and Massey, 1965). Although excitation exchange col- 
lisions are very efficient in thermalizing the kinetically 
hot 0( ‘D) atoms, the cross-sections are not equal to 
the total collision cross-sections. The gradual ther- 
malization through elastic scattering has also to be 
considered. In this paper, we calculate the two cross- 
sections and evaluate the efficiency of energy transfer 
in the collisions of 0( ‘D) and 0(3P) atoms. 

Another consequence of the long radiative lifetime 
is the importance of transport processes. At high alti- 
tudes, the distribution of the O(‘D) atoms is con- 
trolled by diffusion. The magnitude of the diffusion 
cross-sections determines where diffusion becomes 
dominant. We present calculations of the diffusion 
cross-sections and the mutual diffusion coefficient for 
0( ‘D) atoms moving in an 0( ‘P) atmosphere. 
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TABLE 1. THE INTERACTION POTENTIALS THAT SEPARATED TO 

O(‘P)+O(‘D) 

Separated-atom g-Symmetry u-Symmetry 
limit states states 

O(‘P)+O(‘D) 3Z;,23Z,,33Em 
23rI,,3'II ,43ti, 

3E;, B’X,,2% 

1 ‘A ,2’A, 
23rI,, 33rI”, 43ri” 

6, 

23Au, 33A, 

‘@” 

2. COLLISION CROSS-SECTIONS 

Because of the symmetry, an excited atom and a 
normal atom of the same kind may interact in either 
of two distinct ways, depending on whether the elec- 
tronic wave function for the combined system is sym- 
metrical or anti-symmetrical with respect to the inter- 
change of the nuclei (Mott and Massey, 1965). For 
the case of O(‘D) and 0(3P) atoms, the atoms may 
approach along any one of the 18 O2 molecular sym- 
metry states listed in Table 1. The differential cross- 
section Z(0, u) for elastic scattering at a relative velocity 
v may be written as the weighted sum 

Z@, a) = c Sil~(~)l’ (4) 
I 

where gj is the statistical weight of the jth channel, j 
being the molecular symmetry label, and f;(e) is the 
scattering amplitude at the scattering angle 0 cor- 
responding to the interaction potential V,. In terms of 
the elastic scattering phase shifts r~{ with angular 
momentum quantum number 1, 

J(0) = &T (2Z+ l){exp (2i~j)- l}P,(cos 6) (5) 

where k is the wave number. If p is the reduced mass, FIG. 1. THE INTERACTION POTENTIALS THAT SEPARATED M 
k = p/h. O(‘P) - 0( ‘D) ; (a) g-symrav, (IJ) U-SYMMETRY. 

If we denote the interaction energies by V’(r) for 
the symmetric state and V(r) for the anti-symmetric 
state, where r is the internuclear distance, the total 
collision cross-sections Q and the cross-sections for 
excitation exchange Q~, and for elastic scattering gel 
are given by 

The phase shifts were determined by solving 
numerically the second order differential equation 

d*Fj(r) 
~ + 

dr* 
k*-2pc(r)- Ic’f F{(r) = 0 (9) 

n = (2n/k*) c (21-t l)(sin’ r$ +sin’qr ) (6) 
I 

qr = (s/k*) x(21+ 1) sin’ ($ - r,i;) (7) 

fJe, = (r-(Ttr (8) 

where q,+ and q,- are phase shifts for scattering by the 
potentials V+(I) and V-(r), respectively. 

0.0 

70 

6.0 

5.0 

5: 
2 4.0 

> 

3.0 

2.0 

1.0 

0.0 

8.0 

7.0 

6.0 

5.0 

F 
s 4.0 
> 

3.0 

2.0 

1.0 

0) 
I 

3.0 4.0 5.0 6.0 70 

INTERNUCLEAR DISTANCE (a.) 

0.0 
2.0 31) 4.0 5.0 6.0 

INTERNUCLEAR DISTANCE (a.1 

subject to the conditions F{(O) = 0 and at large r 

F{(r) N sin (kr- kln+q{), (10) 

all quantities being measured in atomic units. 
The interaction potentials V(r) we adopted are the 

results of theoretical calculations (Saxon and Liu, 
1978) modified at larger distances to be consistent 
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with the long range form C,r-‘-CC,rp6. A value of 
17 a.u. was adopted for C,. The values of C5 were 
then obtained by fitting to the theoretical interaction 
potentials at large nuclear separations. The values 

derived are closely equal in magnitude to those cal- 
culated by Chang (1967) for the interaction of two 
ground state 0(3P) atoms but with the opposite sign. 
The interaction potentials are illustrated in Fig. 1. 

For the energy transfer calculations, it is convenient 
to introduce the angular distribution function 
obtained by integrating over the azimuthal angle, 

lJj(@ = 27c4 = 27LjJ(e)l’ (11) 
and the weighted average 

u(e) = 1 Sj"jte). (12) 

j 

The weighted differential cross-sections for exci- 
tation exchange, elastic and total collisions are illus- 
trated in Figs 2a, 2b and 2c respectively as functions 
of scattering angle for a relative energy, E = puZ/2, of 
0.1 eV. The shadow scattering produces a charac- 
teristic sharp forward peak in the elastic collision 
cross-section. Because of the symmetry of the colliding 
species, a strong backward peak occurs in the exci- 
tation exchange cross-section. The oscillatory struc- 
ture results from the existence of many bound states 
in the interaction potentials. Figures 3a, 3b and 3c 
give the cross-sections for a relative energy of 1 eV. 
They show a similar scattering angle dependence. 
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FIG. 2. THE DIFFERENTIAL CROSS-SECTIONS FOR (a) EXCIT- 

ATION EXCHANGE, (b)ELASTlC ANLY (C)TOTAL COLLISIONS AS 

FUNCTlONSOFSCATTERlNGANGLEFORARELATlYEENERGYOF 

0.1 eV. 



402 

IO’” 

IO’! 

IO”’ 

B 

z = lo“! 

!= 
N 

IO-‘6 

lo-” 

1 
ENERGY=l.OeV 

EXCITATION ENERGY 
TRANSFER 

10-Q 

104’ 

IO“’ 

“r 
u 

$j lo-” 

P 
cu 

lo-‘” 

IO<” 

lo-‘8 

, 

0.0 30.0 60.0 90.0 120.0 1500 II300 

8 

Fro. 3a. FIG. 3b. 

J.-H. YEE and A. DALGARNO 

The total scattering cross-section c and its con- 
tribution from excitation exchange u,, arc shown in 
Fig. 4 as a function of energy E. The cross-sections 
vary slowly except at very low energies where the 
elastic collision cross-section is dominant by its sharp 
forward peak. 

The momentum transfer or diffusion cross-section 

a, = 2n oI(B)(l-cos@sinOdO 
s 

(13) 

is also shown in Fig. 4. The mutual diffusion 
coefficient of 0( ‘D) and O(‘P) atoms is given in terms 
of a, by the formula 

I 

~,@i 
(14) 

where T is the temperature and 

b,(T) = ; s IL 

x2a,(x)exp (-x)dx, (15) 
0 

x being p2/2kT. To an uncertainty of less than 2%, 
the calculated values of D may be expressed as 

2.06x 10’7T-0”‘5 
D= -~ -cm’s_ (16) 
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where no is the number density of oxygen atoms. FIG. 3. THE SAME AS FIG. 2, EXCEPT FOR E = 1.0 ev. 
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3. ENERGY TRANSFER 

The rate coefficient for the production of an O(‘D) 
atom with energy E, in the collision of an 0( ‘D) atom 
with energy E, and ground state 0(3P) atoms with an 
energy distribution f(Ek) may be written 

In defining c?,, and 6,, we have omitted the small 

angle scattering because it does not contribute much 
to the thermalization process and we have considered 
all collisions with scattering angle greater than 160” to 
be excitation exchange collisions (Yee and Dalgarno, 
1985). For a relative energy of 1.0 eV, CeI and Clr 
are found to be 1.55 x lo-l5 and 6.25 x lo-l6 cm *, 

respectively. 
For a thermal gas at a temperature T, 

f(&) = (AT)) 312Ek “* exp (-&//CT). (20) 

Figure 5 shows the production frequencies uij at which 
O(‘D) atoms with initial energies E, of 0.41, 1.55 and 
2.5 eV (one half of the excess energy from each pro- 
duction channel of the dissociative recombination 

+ctrG<if(Ej) (17) source) are transformed to E, as a function of E, by 
collisions with ground state 0(3P) atoms at a tem- 
perature of 1000 K. In calculating ~l,~, we ignored the 
weak dependence of the cross-sections on the collision 
energy. 

where Clr and O,, are the effective hard sphere elastic 
and excitation collision cross-sections respectively, 
defined by Yee and Dalgarno (1985) m, is the mass 
of the oxygen atom, V, is the velocity of the center of 
mass given by 

X+ and x- are the maximum and minimum angles of 
x consistent with an energy transfer E, to E,, and Q, is 
the average relative velocity defined as 

The results are similar to those reported previously 
for energy transfer in collisions of 0(‘S) atoms and 
O(3P) atoms (Yee and Dalgarno, 1985). They are 
important elements in the interpretation of the meas- 
ured emission profiles of the red line (Schmitt et al., 
1982). 
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