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Translational Energy Relaxation of Hot O(!D) Atoms
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Quantum mechanical calculations of the thermalization of initially energefib)CG{toms in bath gas of N
molecules are carried out. The results are in excellent agreement with measurements of the translational
energy relaxation of GD) atoms produced in the 157 nm photodissociation ef &d the 193 nm
photodissociation of pD in an N, atmosphere.

I. Introduction present here quantum mechanical calculations of the energy and
The role of eneraetic atoms in the heat and ener balanceangular dependence of the collision cross sections and use them
Y . . gy .“to predict the energy relaxation as a function of time. We obtain
of the upper atmosphere is an important aspect of atmospheric ; -
. . . i ; close agreement with the experimental data.

chemistry. Energetic atoms in ground or excited electronic states .

h . . The metastable @D) atoms are quenched at low energies
are produced in the upper atmosphere by dissociative recom-, llisi ith N but f h lculati £ Tull h
bination, collisional quenching, photodissociation, and photo- In collisions with N but from the calculations of Tu ¥ za '

' i - L . . et al.}® and Tachikawa et &P21it appears that the quenching
electron impact dissociation. Their energy is redistributed to S
. . ; oes not effect the thermalization above 0.2 eV.

the surrounding atmospheric bath gases through elastic anad
inelastic collisions. If molecules are present in the bath gas
their rovibrational levels may be excited in collisions with the . o )
atoms or they may undergo chemical reaction. Many exothermic ~ The rate of energy relaxation of an initially energetic atom
chemical reactions result in the formation of products with high With energyE in the laboratory frame (LF) to a final energy
internal excitation. An example is collisions of nitrogen atoms in the LF in collision with a bath gas atom or molecule is given
with O,. Observations aboard the space shuttiected infrared by the kernel of the Boltzmann equation, which we denote by
emissions from highly rovibrationally excited NO, and it was B(E'|E). In an isotropic bath gas whose density is much higher
suggestetithat reactions of energetic nitrogen atoms with O  than the density of the projectile atom, the energy distribution
are responsible. Considerable theoretical €¥f8itas been made  f(E;t) of the projectile is related to the kernel of the Boltzmann
to understand the thermalization of energetic nitrogen atoms in €quation according to the linear kinetic equation
the thermosphere and to calculate their energy distribution

' |l. Boltzmann Kernel

function. D€ = [ BEE)f(EJE —f(ED [BEIE) dE —
The thermalization of hot atoms is determined by the cross ot
sections for elastic and inelastic collisions of the hot atoms with EBFEH+SEY (1)

the bath gas. Not only the energy but also the angular
dependence of the cross section is important in the thermaliza-
tion process. The majority of studies in the past used the hard-
sphere model. The hard-sphere approximation facilitates the
evaluation of the kernel of the Boltzmann equation, but it ignores

the energy and angular dependence of the cross seétiths. oI .
We havgy construgted a Sroceo‘iﬂ’é) for calculating the {p', p'v} in the LF where the subscript b refers to the bath gas.
9 The rate of binary collisions is obtained from the doubly

parameters needed to_descrlbe the thermalization or tranSIat.'onabifferential cross section?d/dQ de according &
relaxation of energetic atoms in a bath gas. An analytical
expression was developetbr the kernel for arbitrary elastic W(P',p'pP.Py) =
or inelastic collision cross sections that takes explicit account
of their variation with energy and with angle.

Sophisticated laboratory experimelits® have been carried
out in which the Doppler profiles of initially energetic metastable M
atoms moving in different bath gases are measured as a function ‘p Mbp b
of time, and effective hard-sphere cross sections were derived
for energy and angular relaxation. Of particular relevance to where the LF momentgp, pp} and{p’, p'v} are related to the
atmospheric chemisttyare the measurements on the collisions initial and final relative collision energies and¢’, Q is the
of energetic O{D) atoms produced in the photolysis of @nd center-of-mass scattering angh, and My, are the masses of
N,O in an atmosphere of :N°>16The cross sections for energy the projectile and the bath gas atom or molecule,arsitheir
and angular relaxation were taken as separate parameters in theeduced mass. The energy relaxation kernel is given by the
interpretation of the data, but they are not independent. We integral of the rate of binary collisions with the bath gas, which
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where SEEt) is the rate of production of fast atoms with an
energyE and§(E) is the rate of the sink reactions that remove
them. An analytic expression f@(E'|E) may be derived by
considering the rate of binary collision&(p',p'v|p,pp) that
change the momenta of the colliding particles frm pp} to

M

P—wPo
My 1 do , ,

Edgdeé(p TPy =P—py) (2
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transforms the projectile particle momentyp) = +v2ME to 40
p'| = vV2ME"
N,M*? d?o(e, €, co I
B(E'|E)=b—@f\/£,(’—’,$0x ~ 30
2\/—27WZ € dQ2 de g
p(Py) dpy, d€2, AR, (3) o
Z 20t
where Q, and Q, are the solid angles of initial and final é
momenta in the LF for fixed values ¢p| and [p'| and Ny is 8
the density of the bath gas. The distribution functjgfpy) of 2
the bath gas is the MaxweiBoltzmann distribution at the bath S 10
temperature. Characteristic parameters of the thermalization total cross section x 1/10
process are readily extracted from the kefnEbr example,
the mean thermalization time of the fast atoms may be evaluated ‘ ‘
from 0.0 0.5 10 L5 20
' Kinetic Energy (eV)
_ B dE
t(E) = E E (4) Figure 1. Total elastic cross sectiorx(Ll/10) and momentum transfer
4 cross section for GD) + N collisions as functions of center-of-mass
kinetic energy.
where
S'DMOS -
y(E)= [ BE|E)E — E) dE ()

—

is the average rate of energy loss. We have included only the §4_0x1
first moment of energy transfer in the above expressioryfor

which is a good approximation at energies sufficiently higher
than kT. At longer times, when the energy approaches the
thermal energy of the bath gas, it may be necessary to consider® 1.0<1°":

higher moments of energy transfer with the actual energy mqi
distribution functiont®. -
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Ill. Results

The translational energy relaxation of 10§ atoms in an N
bath gas involves both elastic apd inelastic coIIisi_ons with the Figure 2. Boltzmann kernel in units of eVt s for elastic OID) +
molecule. Here we explore the influence of elastic collisions. N, coliisions for a bath temperature of 298 K and arbiith gas density
Explicit calculations of energy loss of energetic nitrogen and of 3.6 x 10 cm3.
oxygen atoms in their ground electronic states through rotational
and vibrational excitations of Nshow it to be much less
efficient than energy loss through elastic collisi§i8.The 0.4
guantum mechanical approach we used to calculate the elastic
differential cross sections employs a sudden approximation for
the rotational motion and a close-coupled expansion for the 0.2 -
vibrational motion of the molecule. The details of the calculation
are given in a previous publicatidiwe adopted the ab initio
potential energy surface of Tachikawa et?8who performedt
classical trajectory surface hopping calculations to determine
the efficiency of translational relaxation versus electronic (b)
quenching. 06 r 1

In Figure 1 we show the total elastic cross section and the

0.5

Energy (eV)

momentum transfer (transport) cross section as functions of the 04 |
O(D) atom energy. The momentum transfer cross section is 0.2
defined as ’ .
0 I 1 L
do(e,y) 0 100 200 300 400
o(€) = | —ggo (1~ cosy) d@ (6) Time (ns)

Figure 3. Mean energy of OD) atoms in an N atmosphere of 1
where d(e,y)/dQ is the differential cross section for scattering Torr pressure and a temperature of 298 K as a function of time. The
into the solid angle & = 27 sin y dy. The calculated cross solid curve is the present result, and the filled squares are the
sections vary rapidly with the energy, with the total cross section €xPerimental results: (a) comparison with the experimental data of
decreasing from 3.% 1014 cr? at 0.1 eV to 8.5 10715 cn? Matsumi et al%>in which the OtD) atoms are produced with an initial

. . _energy of 0.425 eV in the 157 nm photodissociation of ()
at 2.0 eV and the momentum transfer cross section decreasing,omparison with the experimental data of Matsumi and ChowdHury,

from 4.0x 10 5cn?at 0.1 eV to 1.2x 10 cn¥ at 2.0 eV. in which the OtD) atoms are produced with an initial energy of 0.789
In a study of OfD) atoms in the atmosphere, Shematovich et eV in the 193 nm photodissociation ok®l.
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