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Escape of H and D from Mars and Venus by
energization with hot oxygen

Bernic D. Shizgal’

Communications Research Laboratory, Tokyo

Abstract. A kinetic theory collisional production model is used to determine
the product velocity distributions of H and D resulting from collisional energy
transfer with hot oxygen. The energetic oxygen atoms are the products of the
dissociative recombination of Of . Quantum mechanical cross sections for O-H and
O-D collisions are used to determine the production distributions. The distributions
of the particles entering a collision are assumed to be Maxwellian functions. The
fraction of atoms with speeds above the escape 'speed is determined for Venus and
Mars. For Venus, available density and temperature profiles are used to obtain

estimates of the H and D escape fluxes and fractionation ratjos.

1. Introduction

There arc nunmcrous processes in the terrestrial atmo-
sphere and atmospheres of other planets, notably Mars
and Venus, which involve the production of transla-
tional energetic atoms with energies considerably above
thermal energies. These “hot” atoms can play an im-
portaut role in enhanced reaction rates [Lugan and
MeElroy, 1977; Lie-Svendsen et al, 1991; Shizgal and
Lindenfeld, 1979), nonthermal emissions [ Whipple et al.,
1975; Armstrong et el., 1994}, and, in particular, the en-
hanced nonthermal escape of atmospheric species [Shiz-
gal and Arkos, 1996; Hunten, 1991; Fahr and Shizgal,
1983]. Photodissociation of O2 and O3 produces a pop-
ulation of energetic}O(lD) [Logan and McElroy, 1977:
Shizgal and Lindenfeld, 1979], which can react with
other atmospheric species producing an abuundance of
other free radicals. Energetic O('$) atoms are pro-
duced by dissociative recombination of OF . Metastable
0(18) are the source of the 5577 A2 green line cmission
m the F region of the thermosphere [Hays and Walker,
1971; Whipple et al, 1975; Yee and Dalgarno, 1985).
Simiilarly, ion-niolecule reactions can produce energetic
nitrogen atoms, and these can play an important role
n atmospheric nitrogen chemistry [Lie-Svendsen et al.,
1991; Kharchenko et al, 1997; Gérard et al, 1997)].
Exothermic chemical reactions in the Martian atmo-
sphere can produce nonthermal distributions of oxy-
gen and nitrogen atoms and lead to enhanced escape
of these species [Forx, 1993; For and Haé, 1997a,b).
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On the terrestrial planets, there are several processes
that lead to the production of substantial populations of
energetic atoms that can have energies above the escape
speed of the planet. These nonthermal escape mecha-
nisms play an inportant role in the evolution of the
atmospheres of these planets [Shizgal and Arkos, 1996).
The charge exchange process of energetic H+ or D+ in
collision with neutral H can produce a significant popu-
lation of H and D atoms with energies well above ther-
mal [Chamberlamn, 1977; Shizgal and Lindenfeld, 1982;
Hodges and Breig, 1991, 1993; Hartle et al., 1996]. The
dissociative recombination of 0'2*' can produce energetic
oxygen atoms on all three terrestrial planets, and sub-
stantial coronae of hot oxygen are expected on Earth,
Mars, and Venus [Ip, 1988; Lammer and Bauer, 1991].
These energetic oxygen atoms can transfer their energy
to II and D and create additional energetic populations
of H and D [Cooper et al., 1984; Gurwell and Yuny,
1993].

The existence of extended corona of energetic H and
O in the atmospheres of the terrestrial planets is now
well established, both from theoretical models and ob-
servations. There is a continued interest in a better un-
derstanding of the physics of the processes that produce
and maintain these steady state, nonequilibrium distri-
butions. In the rarefied atmosphere of the high-altitude
portions of these planetary atmospheres, collisional re-
laxation of nonthermal distributions is slow. The extent
of the departure from equilibrium distributions depends
on the strengths of the processes that perturb the distri-
butions from equilibrium and the collisional relaxation
processes that restore the distributions to Maxwellians.
If there is a significant population of energetic atoms
with speeds in excess of the escape speed of the planet,
these extended corona can have an important effect on
the rate of loss of atmospheric species, both directly and
indirectly. The indirect loss usually involves the inter-
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actiou of the corona of neutral atoms with the plasma of
the solar wind. A detailed review of these nonthermal
processes has been presented in a recent review [Shizgal
and Arkos, 1996).

In this paper, we cousider the dissocative recombina-
tion of OF producing energetic oxygen atorns, O*, that
is,

0F +e~ - 0*+0O*

where there are several ditferent channels possible with
the product oxygen atoms in different electronic states
[Guberman, 1988; Fox and Hac, 1997b]. This is an
important nonthermal process that- has been consid-
ered in the modeling of the hot oxgen corouae in the
atmospheres of the terrestrial planets [Knudsen, 1973;
Ip, 1988; Lammer and Bauer, 1991; Nagy et al., 1981,
1990]. There is also an analoguus process involving N7
[Walhs, 1978; Lammer and Bauner, 1991; Foz and Hac,
1997a, b]. The main objective of this paper is to reex-
amiue the role of these energetic O atoms in energizing
H and D and the creation of nonthermal populations
via the elastic energy exchange processes,

0O*+H—-O+H*

0*+D-0+D"

The important aspect of these nonthermal processes is
the extent of the nonthermal distributions of the prad-
uct H and D and the subsequent escape fluxes from
Mars and Venus.

'I'his mechanism has a very long history in the dis-
cussion of atmospheric escape [Knudsen, 1973; Walls,
1978]. McElroy and coworkers [McElroy ct al., 1982;
Rodriguez et al., 1984] suggested that this process would
be 100% selective for H escape against D escape. Cooper
et al. [1984] studied the dynamics of O-H collisions with
standard quantum mechanical methods and estimated
the fraction of the product H atoms that would have en-
ergies above the escape energy. They did not consider
O-D collisions, nor did they provide estimates of escape
fluxes. In their calculations of escape fractions, they
also assumed that the distribution of oxygen atoms pro-
duced from dissociative recombination is a delta func-
tion at 2.5 eV, the exothermicity of the dissociative re-
combination reaction. The distribution function of the
product atoms is certainly not a delta function and is
broadened by collisions. Gurwell and Yung [1993] deter-
mined the distribution function of the product oxygen
atoms from a simulation and used this as input to esti-
mate the-extent of the energization of H and D by hot
oxygen. The cross sections for both O-H and O-D col-
lisions were taken to be the same, which is not correct.
The important dynamical isotope effect in the cross sec-
tions [Shizgal, 1999] was not taken into account. They
also based their calculation on the differential cross sec-
tion at a single collision energy taken from the paper
by Cooper et al. [1984]. Thus the energy dependence of
the process was not properly considered.
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Hodges [1993a) repeated the quantum calculations of
O-H and O-D collisions performed earlier by Cooper et
al. [1984] and found several discrepancies in the final re-
sults for the cross sections. A thorough study of the in-
teraction potentials for O-H and an analysis of the quan-
tum calculations of O-H and O-D collisions was recently
reported by Shizgal [1999] with results that differ from
the previous work of Cooper et al. [1984] and Hodges
[1993a]. The differences were attributed to the interpo-
lation procedure used to match the tabulated potentials
and the analytic, long-range behavior. Hodges [1993a]
did not consider the calculation of H aud D energiza-
tion or estimates of escape fluxes. Hodges [1993D] has
subsequently suggested that the escape of H from im-
pact energization by hos O is not an important process.
He based this conclusion on the comparison of O distri
butions resulting from dissociative recombination with
and without O0-O* collisions. He refers to O* distribu-
tion functions that result directly from dissociative re-
combination as “primitive” distributions. With the in-
clusion of O-O* collisions, he found a strong diminution
of the hot energy “tail” of the O* distribution functions
from the primitive distributions, which is not surprising.
Hodges [1993b] concluded from this observation that es-
cape of H by O impact is unimportant, also discussed
by Hartle et al. [1996] and Donahue et al. [1997]. How-
ever, Hodges [1993b] did not calculate H and D escape
fluxes with both sets of hot oxygen distributions, and
the observation that the partial thermalization of the
oxygen hot energy tail mitigates against escape by this
mechanism is inconclusive. A more detailed calculation
of the escape fluxes is required to definitively eliminate
O impact as ap important process.

In this paper, the updated quantum niechanical cross
sections for both O-H and O-D collisions reported by
Shazgal [1999] are used to calculate the nonthermal dis-
tributions of product H and D. The product velocity
distribution functions of H and D are calculated as de-
scribed in section 3. As discussed there, the calculation
of escape fluxes involves detailed, self-consistent distri-
bution functions in velocity or speed and altitude. In
this paper, the distribution functions of O* and H (or
D) entering a collision are assumed to be Maxwellian,
For O*, the temperature varies with altitude, and this
variation indirectly reflects the thermalization of hot
O~. Estimates of escape fractions are given for specific
temperature ratios of H and O*.

It is demonstrated that the detailed angular anisotropy
of the differential elastic cross sections is very inportant
iu the energization process and the calculation of es-
cape fluxes. This was first pointed out by Shuzgal [1985,
1987) in connection with charge exchange collisions and
later confirmed by Hodges and Brewg [1993]. Gurwell
and Yung [1993] have also shown that for O-H colli-
stons the dependence of the differential cross sections
on the scattering angle is very important. Kharchenko
et al. [1997] also recently demonstrated the importance
of taking into account the detailed anisotropy of the
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differential cross sections in O-N collisions. These are
not surprising results since the comparison of calcu-
lated and measured transport coefficients have always
required accurate, differential cross sections [Viehland,
1994]. Isotropic, hard sphere cross sectious provide
useful estimates, but it is often difficult to' know the
value of the hard sphere cross section that fits the re-
sults obtained with the actual differential cross sections
[Karchenko et al, 1997).

The determination of the escape flux requires an in-
tegration of the local escape rates at a given altitude
over a range of altitudes in the vicinity of the exobase.
The density profiles for O* and H (as well as for D)
are required. In section 2 of the paper, the Boltzmann
equation for the distribution of hot atoms is presented
to motivate the derivation of the product velocity distri-
bution functions in section 3. The formalism of section
3 is applied to the energization of H and D by energetic
oxygen on Venus and “Mars in section 4. A discussion
of the calculation of the escape fluxes of H and D from
Venus is discussed in section 5. With the assumption
that the distribution of hot oxygen enteiing a collision
is a Maxwellian, the most iniportant quantity in these
calculations is the temperature of the hot oxygen. This
will vary with altitude being equal to the thermal back-
ground temperature and increasing dramatically at ol-
titudes near the exobase, where collisional thermaliza-
tion is no longer effective. The temperature of hot oxy-
gen is assumed to be given by the local scale height of
hot oxygen density distributions previously reported in
the literature. In the appendix, an approximate solu-
tion of the Boltzmann equation is presented to provide
a qualitative description of the thermalization effects.
These profiles are compared with the profile extracted
from the distributions obtained with Monte Carlo sim-
ulations by Hedges [1993b)].

2. Boltzmann Equation and Collision
Frequencies

The rigorous kinetic theory treatment of the cou-
pled dissociative recombination aud energy transfer pro-
cesses discussed in section 1 involves the solution of sev-
eral coupled Boltzmann equations for the distributions
of all species. This would take iuto account the pro-
duction of energetic oxygen atoms and the subsequent
thermalization by collisions with ambient species. The
approach adopted here is to assume that the product
oxygen atoms are Maxwellian with some altitude de-
pendent temperature. The main objective is to deter-
mine the distributions of the product H* (and D*) after
collision with O*.

In this section, the detailed calculations of section
3 are put into context i terms of an analysis based
on the Boltzmann equation. This Boltzmann equation
is also considered for the calculations in the appendix.
The local Boltzmann equation of some energetic species
labeled 1 in collision with a second species labeled 2
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(which is taken in large excess relative to species 1)
is of the form [Chapman und Cowling, 1970; Gomboss,
1994]

df1(r,vy,t) 1

5 (1)
where S(v,) is some source of hot atoms of type 1. The
effect of collisions between species is taken into account
in the collision operator, .J[fy(v1,t)], defined by,

J[n] = / / A CARF AT AL OS]
x g (g, 8)dSddvy (2)

where the Maxwellian distribution for species 2 is given
by f3*(0) = Na(vha/m)dexp(~Apud) with Ay =
ma/2kpTy. Tu (2), o(g,8) is the differential cross sec-
tion for collisions betweeen species 1 and 2, which de-
pends on the relative speed, g (g = v2 — v1) and the
center-of-mass scattering angle 8. The purpase of this
discussion is to introduce the collision operator, (2). It
is composed of two terius: a gain term with the primed
velocities (the postcollisional velocities) and a loss term
without the primed velocities (the precollisional veloci-
ties). The role of the source function, §(v,), is discussed
in the appendix.

The second term in the collision operator of (2) can
be written in terms of the velocity dependent collision
frequency, which is denoted by

2030 = [ [ 5 lgoto 0pa00ve (3

which can also be written in terms of the total elastic
cross section; that is,

= J[fi(v1, )] + S(v1)

Zioy(ny) = f £ (o)goe(g)dvs  (4)

If the cross section is a hard sphere cross section, md?,
independent of energy, the collision frequency can be
deterniined analytically and the result is well known
[Chapman and Cowling; 1970; Shizgal and Fitzpatrick,

1975] and giveu by
N2d2\/ QWkBTQ/mg[P_MU‘Z +

s ﬁl. T 23/rponerf(v/agva)) (5)

where erf(r) is the error fuuction. The total collision
frequency is therefore given by

Q" = [ )z e

If f1(vy) is taken as a Maxwellian with a temperature
Ty # To. then

hs
zZ) () =

(6)

BkpTess
Ly

QM) = N Nord? (7)

where the effective temperature is a mass-weighted tem-
perature, Ters = (m 1Ty + maTy)/mg with mg = m +
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my and the reduced mass p = mymqo/mg. The number
densities of species 1 and 2 are denoted by N; and Ng,
respectively.

The gain term is more involved since it is determined
by the angular dependence of the differential cross sec-
tion in addition to the relative speed (or energy) depen-
dence. This gain term or production function is

M (v)ga(g, 0)ddv,
(8)
It is clear that the two collision frequencies Z(i)(v1)

and Z(_y(v;) are very different. However, from particle
conservation we have that

f1(M)(1’1)Z(+) (v1) / fi(vy))

Q=/f1(7’1)z(—)(1’1)dvl =/f1(v1)Z(+)(vl)dV1 (9)

Equation (8) gives the rate of production of product
atoms, The speed distribution of these product atoms,
without subsequent thermalization, is then given by

A1) Z (1) (01)
Q

In analogy with (5), the result for the gain collision
term for the hard sphere cross section and both dis-
tribution functions assumed to be Maxwellian at two
different temperatures was derived by Shizgal and Fitz-
patrick [1975] and given by

P(v) = (10)

{hs) Nz‘rrd2 2
= 2F% A
Z (4 (v1) YA 2T()\1!11)[ sexp(hiAi1vy)
=erf(hgy/Agvy) — erf(y/Agvy)] (11)

where hy = 4M 1Mot /(1 +4M{My7), he = (1 +2M;7)/
VI+4AMiMar, 7 = (Tg/T1 - 1), M1 = my1/(m +ma),
and My = ma/(my + my). Equation (11) gives the
rate of production of the products of an elastic colli-
sion with the particles entering the collision given by
Maxwellians at different temperatures, and the cross
section is a hard sphere cross section. If 77 — Ty, then
Z(4)(v1) = Z(~y(v1). Equation (11) was the basis for
the simple model for charge exchange-induced escape of
terrestrial hydrogen by Shizgal and Lindenfeld [1982].
Whapple [1074] has presented a very detailed discussion
of the use of different distribution functions in (8) in
the determiination of Z,y(v1) for reactive collisions for
which energy is not conserved. Equation (10) could be
used to determine the product velocity distribution of
energetic oxygen as a result of dissociative recombina-
tiou or for the distribution of H* (or D*) following an
energy exchange elastic collision, which is the objective
here.

3. Two Temperature Product Velocity
Distribution Functions

The main objective of this paper is the determination
of the product velocity distributions immediately after
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elastic collisions (O*, H) and (0*,D), where both species
entering the collision are described by Maxwellian dis-
tributions at different temperatures. In addition to the
activation of H and D by energetic oxygen impact, it
also has other potential applications to the study of the
product velocity distributions in (H*,H) and (D*,H)
charge exchange collisions studied in a subsequent pub-
lication. Cooper et al [1984] calculated the product
velocity distributions for H with energetic O impacting
on H with a delta function for the O distribution and
a Maxwellian for the initial H distribution. The choice
of Maxwellian distributions for both species is similar
to the approach adopted by Gurwell and Yung [1993],
Hodges and Brewg [1993), and For and Haé [1Y97a,b].

The product velocity distributions are determined
from the loss term of the Boltzmann equation, (8),
which can be written as

Vig\®
fl(M)(1’1)Z(+)(171)=N1N2( ; 2)
X//e—hvig_"zvzmga(g,Q)dﬂdv2 (12)

We change variables from vy to g (ve = g+ vy) with
v, fixed and write

VvVAiAs 3
fl(M)('vl)Z(+)("1)=N1N2( - )

ff eMAE 3 0 (0 0)aQdYdg  (13)

The solid angles € and £’ give the orientations of g and
v, about the direction of g, taken as the polar axis.
The individual particle velocities can be expressed in
terms of the center-of-mass velocity, G = M vi+Mava,
and relative velocity, g = vo—vy. The primed velocities
that oceur in (13) can be obtained from these equations
and with conservation of momentum, G’ = G. If G is
eliminated from these equanons, we have that v1 =
vi+ Ma(g—g ) and vo = v+ M1g + M>g. Hence,
with! conservation of energy g = g’, the argnment of the
exponential term in (13) can be written in the form

Aqvf +)\202 — Avi+Dgi+av, g+pv- g +vg8 (14)

where A = Aj+X2, B =2M3IA+(ME+ME)g, a=
2Mo(X1 + A2), B = 2(Mjis — MaX1), and v =
2Mq(M1Xg — M3);1). If one examines the form of (14)
and the integrations in (13), it is clear that Z 1y (v1)
can be reduced to a two-dimensional integral over the
relative speed g and the scattering angle 6 and involves
the differential scattering cross section. These two in-
tegrations must be done numerically, except for model
cross sections. Hence, with (14) in (13), we have that
(W—Am)"’e_mg
.y

AM (1) 2y (1) = N1V,

co pl
5 / / e—Be?—19* cosb g (o 9)o (g, 1) g3d(cos B)dg
0 J-1

(15)
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‘The remaining integrations, which can be done analyt-
ically, are collected in K (g, 6), defined by

2%
K(g,8) = /sz/u exp[~av; - g— gv, - g’'ldpd?’

1 2n
27r/ / exp[—avigcosd — Auig
—-1Ju

x(cos @ cos8 + sinfsin g cos #)|dgd(cos 9')
(16)

K(5.0) =

where the addition theorem has been used to express
the coeme of the angle between v; and g in terms of
9, 8" and ¢. The ¢ integral can be expressed in terms
of a Bessel function, Io(z) = (1/#) fo exp(—z cos ¢)dg.
With this result and the definitions of the coefﬁcxents
Dy = agey + Bgercosd and Dy = Bgcisind of cosf’
and sin§, respectively, we have that

1 U ’ ’
K(g,8) = (27r)2f e~ P18 [3(Dysin 8 )d(cos )
-1
K(9,8) = 2(21)2w (17)

\/D1§ + Dg

With D} + D3 = g*v2(a® + % + 2af cos ) we get the

final desired result.

3 2
N1\ —Av
! 2) 20m)2t

v1

f1(M)(U1)Z(+)(‘“1) = N1Ng (

Y 2 2
x/ / e~ B9 =g °°seo-(g,6)g25in20

smh (gviv/a? + 82 + 2aB cos 9)
dédg (18)
Va?+ 8%+ 2afcos b

This result is used in the section immediately following
in the calculation of the H* and D* energetic distribu-
tions resulting from dissociative recombination and sub-
sequent energization with hot oxygen. Hodges [1993b]
and Hodges and Breg [1991] evaluate similar collisional
integrals with a Moute Carlo procedure, which is unnec-
essary. Equation (18) requires a two-dimensional inte-
gration, which can be done efficiently and accurately.

4. Energization of H and D by Hot
Oxygen: Escape Fractions for Venus and

Mars

The product velocity distribution functions of H and
D by collisions with energetic O based on Maxwellian
distributions for the incident atoms, given by (10) and
(18), were employed in the present work. These cal-
culations are based on the detailed quantum mechani-
cal cross sections for O-H and O-D collisions [Shizgal,
1999]. Figure 1 shows the differential cross sections for
O-H collisions at two energies, 0.5 eV and 1.0 eV. The
very sharp, forward scattering peak is clearly evident.
The energy variation of the total cross section is shown
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Figure 1. Differential cross sections (in A2) for O-II

collisions at energy (a) E = 0.5 eV and (b) E = 1.0 V.

in Figure 9 of Shizgal [1999], and there is a distinct iso-
tope effect for O-H and O-D collisions. This effect was
ignored in the work by Gurwell and Yung [1993]. Since
the praduct veloeity distribution funetions are deter-
mined from the average of both angle and energy of the
differential cross sections (equation (18)), both depen-
dencies play an important role.

The product velocity distribution functions for H
atoms on Venus, defined by (10) and (18), are shown
in Figure 2 versus speed defined relative to the escape
speed (z = v/v.s). Particles with reduced energies
greater than unity are those that can escape. The dis-
tributions in Figuie 2a are for Ty = 300 K characteristic
of the dayside exospheric temperature and increasing
oxygen temperature as noted in the caption. The gen-
eration of a high-energy “tail” is clear, which is shown
on an expanded scale in Figure 2b. Here the solid curves
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Figure 2. The product velocity distribution function
of H atoms for Venus that results from O-H collisions;
T = v/vese. Temperatures Ty = 300 K and (a) To is
equal to 5,000 K (curve a), 10,000 K (curve b), 15,000
K (curve ¢), and 29,113 K (curve d). Product veloc-
ity distribution functions for energies above the escape
cnergy. Solid curves are for O-H collisions, and dashed
curves are for O-D collisions; To is equal to 10,000 K
(curve a) and 29,113 K (curve b).

are for O-H collisions, whereas the dashed curves are for
O-D collisions. Significant populations above the escape
energy can be created, provided the oXygen temperature
is sufficiently high; that is, there is a significant non-
thermal oxygen distribution. The distributions shown
in Figure 2 are normalized to unity.

Satellite measurements of the exosphere of Venus
have clearly shown hydrogen atom distribution func-
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tions characterized by two scale heights presumably
from two populations of H atuius, vue culd and the other
hot. In Figure 3, the distribution functions are reploted
versus energy in eV and taking out the z? weight of the
three-dimensional velocity volume in dx. The same Ty
and To values as in Figure 2 were used, and the slopes of
the linear portions of the curves in Figure 3 at low and
high energies give the temperatures noted in the cap-
tion. This is a demonstration of the two-tempersature
exosphere.

In Figure 4, similar results for Mars are shown (curves
a and b), except that the fraction of particles above the
escape energy is larger. The distributions for both plan-
ets with the present niodel are the same The difference
arises froni the definition of the reduced energy taken
relative to the escape energy, which is smaller for Mars.
Curves ¢ aud d m Figure 4 are the results with the dif-
ferential cross section replaced with the total isotropic
cross section, l.e., ¢ (E,#) given by o10:(E)/47. As can
be seen from a comparison of curves a and b with curves
c and d, the detailed angular distribution is very impor-
tant in the energization of the products. The isotropic
cross sectiou overestimates the high-energy portion of
the distribution. The dashed curves are the distribu-
tions obtained with hard sphere cross diameters of 4.92
A (curve ¢) and 1.63 A (curve d), obtained by fitting
the collision rates given by (19) to (7).

The total collision rate with the incident particles de-
scribed by Maxwellians at temperatures Ty and T3 is
given by

4 ¥ I L} ' ) B
ol _'
2L ; ]
84 - ' i
T4k -
E i B “
6 d
Sl c -]
1oL b N
i a i
121
L | L I i
0 1 3

2
E (cV)

Figure 3. Variation of In F(E) = In[P(z)/z?] versus
energy F in eV. The distribution function shows an ap-
proximately bi-Maxwellian behavior, characterized by
two temperatures given by the slopes of the linear por-
tions of the cuirve. 7o values are same as in Figure 2.
The cold temperature is about 420 K, whereas Tyt is
equal to 1300 K (curve a), 2300 K (curve b), 3200 K
(curve ¢), and 5400 K (curve d).
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Figure 4. Product velocity distributions of H on
Mars. Ty = 300 K and Tp = 10,000 K (curve a) and
29,113 K (curve b), both calculated with the differential
cross section. Curves ¢ and d are the corresponding re-
sults with o (E, 8) = 0+t (E)/4n. The dashed curves are
the results with the hard sphere diameters 4.92 & (curve
c) and 4.63 A (curve d), determined by fitting to the

collision rate @ in Table 1; see equation (7).

8kTeys ° —y
Q(Tejs) = NoNgy/ s e Yoo (yksTerr)ydy

(19)
where y = E/kT.f5 and g4ot(E) is the toial cross sec-
tion. This reduces to (7) for a hard sphere cross section.
The rate for escape is given by an integral similar to (9)
[with Z(4y(v1)] but with limits from the escape speed
to infinity; that is,

oo
Reoe = 4n

Veac

(v)ZH_)(v)vzdv (20)

The escape fraction is defined by the ratio,
R
o= —== (21)
Q

where @ = Q/NoNp and Rege = Resc/NoNg. These
collision rates, rate coefficients, and escape fractions are
shown in Table 1 and Table 2 for H and D escape from
Venus and in Table 3 and Table 4 for H and D escape
from Mars. There is a slight increase in the total cal-
lision rates with increasing oxygen temperature. Since
the cross section decreases with increasing energy, the
average of the cross section (the y integral in (19)) de-
creases with increasing temperature, but the tempera-
ture dependent factor in front of the integral increases
with temperature, and the net effect is that the collision

Table 1. Escape Fraction of H on Venus

To, K Qa Rese a® x 10% Qlpo X 10°
5,000 20.34 0.0434 0.148 0.897
10,000 33.78 0.4134 122 718
15,000 37.33 1.043 2.79 16.0
20,000 40.36 1,762 4.37 244
29,113 45.01 3.081 6.85 36.9
35,000 47.61 3.891 8.17 43.4

“Q and Rese are in units of 107 ¢m® s~ 1.

bEscape fraction & = Rese/Q.
*Escape fraction a4, is calculated with o (E, 8) = 040t (E)/4r.

rate increases with temperature. The escape rate coef-
ficients and the escape fractions mcrease dramatically
with increasing oxygen temperature, characteristic of a
process with activation energy, which is a good analogy
for the escape process. The last columns in the tables
show the results with the isotropic approximation for
the differential cross section. It is clear that estimates
of nonthermal distributions in planetary exospheres and
escape fractions require an accurate account of the dy-
nantics of collision processes,

5. H and D Escape Fluxes From Venus

'T'he escape rate coefficients are employed in the es-
timates of H and D escape fluxes from Venus. The
calculation of the escape flux follows the formalism by
Shizgal and Lindenfeld [1982]. The flux is given by the
altitude integration of the form

o0
F= [ weheeNo(Nu)dz  (22)
o]
where w(z) is the escape probability given by

w(z) = S Balew)] (23)

y= ”O—H[) No(z)dz (24)

Table 2. Escape Fraction of I on Venus

To. K e Rese a® x 102 af, x 10?
5,000 26.45  0.00900 0.0340 0.262
10,000  31.69 0.1827 0.580 4.97
15000  35.75 0.5766 1.61 1.6
20000  39.14 1.084 2.77 193
29113 44.19 2.087 4.27 31.5
35000  46.65 2.684 5.75 37.8

2@ and Resc are in units of 10710 ¢m® s,

bEscape fraction o = Resc/Q.
“Escape fraction a.s, is calculated with ¢(E, 8) = otot(E)/4r.




[,

14,840

Table 3. Escape Fraction of H on Mars

To, K Qe Rese a® x 10? al,, x 102
500 2377  0.9893 416 5.12
1,000 24 52 1.222 4.98 8 86
2,000 25.00 1.780 6.87 17.3
5,000 20.34 3 491 11.9 38.3
10,000  33.78 5.739 17.0 57.6
15000  37.33 7.451 20.0 67.7
20,000 4036 8847 219 73.9
29,113 45.01 10.92 24.3 80.6
35.000 47 61 12.05 25.3 83.3

20 and R... are in umts of 1071% ¢m® 57!

bEscape fraction a = Resc/Q

<Escape f1action .o is calculated with o(E, 8) = 010:(E)/ 47,

is the “optical depth” of the overlying atmosphere. In
(23), E[2(y)] is the exponential integral. The cross sec-
tion in the definition of y in (24) is a hard sphere cross
section equal to 60 A2, The escape probability tends to
0 rapidly for altitudes below the exobase and tends to
1/2 at high altitudes. For the particular applications
here, w(z) is essentially the asymptotic value of 1/2, so
that the value of co_ g is essentially irrelevant. In this
way, the present model includes implicitly collisions of
nonthermal H* and D* with the thermal atomic oxygen
background, and not every hot atom produced escapes.
Deunsity and temperature profiles for thermal (or cold)
H, D, and O arc required as well as the density and
temperature profiles for ot O* for day and night con-
ditions. These profiles deterniine the altitude varia-
tion of the escape fluxes. A pair of thermal H den-
sities for day and night conditions were derived from
Brinton et al  [1980] in the manner of Kumar et al.
[1980]. The nightime and daytime temperatures were
taken as 110 and 300 K which give scale heights of
102 and 279 km, respectively. The densities at 165 km
were taken from Figure 3 of Brinton et al. [1980], giv-
ing the profiles Ng(z) = 4.5 x 10* exp(—2/279) and
Ng(z) = 5 x 10®exp(—2/102) for day and night, re-
spectively. The deusities are in em™3 and the altitude
z is in km. The night profile fits very well the straight
line of Figure 2 of Brinton et al. [1980]. The profile in
Figure 3 of that paper does not correspond to 285 K as
claimed. The day profile chosen here agrees with the
cold hydrogen profile in Figure 3 of Nagy ct ol. [1981],
A second pair of H profiles were taken from Figure 7 of
the niore recent work of Hartle et al. [1996]. From the
high-dltitude portions of these profiles for night condi-
tions, temperatures of 454 and 164 K were estimated
for solar minimum and solar maximum, respectively,
The deuterium densities were determined by using
one half the scale heights emploved for the hydrogen
densities. The density profile was fixed by setting the
density at 150 km to be 0.025 times the hydrogen den-
sities at that altitude [Hartle et al, 1996], For the
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densities derived from Brinton et al. [1980], we get
Np(z) — 1.19 = 10%exp[—(z — 150)/139.5] for day and
Np(z) = 1.48 x 10% exp[—(z—150)/51.2]. For the night-
time hydrogen densities of Hartle et al. [1996], we get
Np(z) = 1.84 x 10° exp|—(z —150)/201.5] for solar min-
imum and Np(z) = 5.05 x 10% exp[—(z — 150)/75.5] for
solar maximun.

The cold oxygen profiles for night and day counditions
were taken from data at high altitudes in Tables 3a and
3b. respectively, of Hedin et al. [1983]. These are given
analvtically by 8.94 x 102 exp(—2/19.17) for day and
1.98 x 10'® exp(—2/8.4459) for night. Two sets of hot
O* profiles were employed. The first set was taken from
Figure 3 for day and Figure 4 for night in the paper by
Nagy et al [1981] A secound single profile for solar
maximum conditions was taken froni Figure 4 of Nagy
et al. [1990]. This profile lies between the other two
profiles.

It is expected that in the vicinity of the cxobase,
where there are many collisions, the oxygen tempera-
ture would be essentially the temperature of the ther-
nial background. The escape rate coefficients would
be very small, and there is very little contribution to
the nonthermal escape fiuxes from collisions near the
exobase. At higher altitudes, where the collision rate is
lower, the hot oxygen atoms are not completely ther-
malized and the oxygen temperature is expected to in-
crease rapidly and tend toward the temperature equiv-
alent to the exothermicity of the dissociative recombi-
nation reaction. In this paper, we have added together
the barometric fits of the hot and cold O density profiles
together to give a composite density; that is,

No(z) = Nee ™/ He 4 Nyo~*/Hr (25)
where ¢ refers to cold and h refers to hot. The lenr
perature profile for oxygen is then assumed to be given
qualitatively by the lacal scale h‘eight: that is.

mog_l_dNo

- 26

To(z) r Ng s (26)
Table 4. Escape Fraction of D on Mars
To, K Q° Resc a® x 10° al, x 10°
1,000 20.35 0.0484 0.238 109
2,000 22.17 0.2494 1.13 606
5,000 26.45 1.321 4.99 26.6
10,000 31.69 3.026 9.65 48.8
15,000 35.75 4.382 12.3 60.6
20,000 39.14 5.505 14.1 67.6
29,113 44,19 7.160 16.2 75.1
35,000 46 65 8 023 172 78.3

“Q and Resc are in units of 1070 cm® 573,

Escape fraction a = Rese/Q.
°Escape fraction auso is calculated with 0 (£, 8) = oot (E} /4T
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(a) Oxygen density profiles: Open triangles and open squares are the cold oxygen

densities from Hedin et al. [1983] for day and night, respectively. Solid triangles and solid squares
are the hot oxvgen deusities from Nagy et al. [1981] for day and night, respectively. The solid
curves are the sum of the hot and cold densities, equation (25), drawn with the semilogarithmic
fits to the profiles. (b) Temperature profiles (given by (26)) with the densities in Figure 5a for
day (top curve) and night (bottom curve). (c) Same cold oxygen densitics as in Figure 5a, but
with the hot oxygen profile from Nagy et al. [1990] (solid circles). (d) Temperature profiles (given
by (26)) with the densities in Figure 5¢ for day (top curve) and night (bottom curve).

as shown in Figure 5. The fitting procedure for the two
sets of density profiles is shown in Figures 5a and 5c,
and the corresponding temperature profiles are shown
in Figures 5b and 6d. This is clearly an approxima-
tion, but it does implicitly include some collisionality,
and the oxygen temperatures shown in the figures in-
crease rapidly from thermal values to values close but
counsiderably less than the exothermicity of the disso-
ciative recombination reaction of 2.5 eV equivalent to
~ 29,000 K. Nonthermal distributions obtained from a
Boltzmann equation are required to justify these pro-
files. However, in the absence of such calculations, the

profiles defined by (25) and (26) appear quite reason-
able. Only the lower-altitude portions of these profiles
contribute to the escape fluxes. The integral in (22)
converges rather quickly, at altitudes below about sev-
eral hundred kilometers. The day profiles vary more
rapidly than the night profiles, and both approach a
similar limiting temperature at high altitudes. The al-
titude range for the thermalization of hot oxygen is very
narrow,

An approximate solution of the Boltzmann equation,
(1), with species 1 representing hot oxygen and species 2
thermal (or ecold) oxygen, is described in the appendix.
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Figure 6. Temperature profiles for oxygen on Venus.
The curve with the solid circles is derived from the dis-
tributions in Figure 6 of ITodges [1993b]. Curves a aud
b are determined with equation (A4) for day and night
couditions, respectively. Curves ¢ and d are profiles re-
produced from Figure 5b.

Figure 6 shows a comparison of several different temper-
ature profiles. Curves a and b are the results of the cal-
culation in the appendix for day and night conditions,
respectively. Curves ¢ and d, given by (25) and (26), are
reproduced from Figure 5b. The solid circles depict the
temperature profile extracted from the O* distributions
reported by Hodges [1993D] for day conditions. Only re-
sults from the lowest altitudes could be extracted from
his results, as the distributions at higher altitudes con-
tain too much “noise” from the Monte Carlo simula-
tions., The ion and neutral O densities in his work
differ from those chosen here, and the exospheric sit-
nation treated there cannot be directly compared with
the simple BGK [Bhatnager et al., 1954] model used in
the appendix. Nevertheless, the results in Figure 6 in-
dicate the trend to be expected for the thermalization
of hot oxygen in the vicinity of the exobase and above.
The comparison shown in Figure 6 suggests that the use
of (25) and (26) is justified. The hot oxygen distribu-
tions modeled here as Maxwellians with the tempera-
ture profiles in Figures §b and 5d are cooler than the
distributions reported by Hodges [1993b] with thermal-
ization. If the oxygen distributions are indeed hotter,
which they may be, the energization of H and D may
be greater than reported in this paper.

Results for the H and D escape fiuxes for the choice
of density and temperature profiles discussed here are
shown in Table 5 and Table 6. The fractionation factor
in the tables is defined as

1 Fp

=<D/H > Fy @)

f

Table 5. Escape Fluxes From Venus

O and H Densities ~ F{**) Fy Fp  f
Aland H-day  2.23x10° 3.74x10' 70.1  0.075

A2 and H-night  1.07x107  1.79x10° 3160 0.071
B and H-day 1.22x10° 2.02x10% 332 0066
B and H-night 1.55x10® 2.56x10* 30.7 0.048

F is flux and f is fractionation factor. The Al oxygen
profile is based on the cold oxygen day profile in Table 3a
of Hedwn et al [1983] and the hot oxygen day profile is from
Figure 3 of Nagy et al. [1981). The A2 oxygen profile is
based on the cold oxygen night profile in Table 3b of Hedmn
et al. [1983]. and the hot oxygen night profile is from Figure
4 of Nagy et al. [1981). The temperature profiles are derived
from equations (25) and (26) The B profile is based on the
hot oxygen profile from Figure 4 of Nagy et al. [1990] The
cold profiles are as for Al and A2. The hydrogen day and
night. profiles are from Brinton et al. [1980]. The deuterium
densities are derived from the hydrogen densities by halving
the scale heights and adjusting the densities to be 0.025
times the corresponding hydrogen densities.

where < D/H > = 0.025 is the globally average abun-
dance ratio [Hartle et al, 1996]. For f = 1 there is
no fractionation and as f — 0, the fractionation of
D over H becomes more efficient. From Table 5, it is
clear that the assumption of an anisotropic differential
cross section overestimates the flux by a factor close to
6. The escape fluxes vary considerably, as there is a
strong dependence on the profiles, which are only rep-
resentative. The H and D escape fluxes reported here
are comparable but somewhat lower than the values of
3.5x10° and 3.1x10% cm™2s7!, respectively, reported
by Gurwell and Yung [1993]. Their work is incomplete,
as they used a cross section at only one energy. It is
not clear how the escape fluxes were estiinated, as an
altitude average analogous to (22) was not discussed in
their paper. The higher fluxes for the profiles in Ta-

Table 6. Escape Fluxes From Venus, Second Set of H
Densities '

O Density  H Density Fy Fp f

Al Smin 3.06x107  1.13x10° 0.148

Al Smax 1.40x10% 3.60x10® 0.103
A2 Smin 6.41x10°  1.86x10® 0.116
A2 Smax 2.25x10%  1.49x10%  0.265

The Al and A2 oxygen profiles are derived as described
in Table 5. The hydrogen densities denoted by Smun and
Smax correspond to the profiles in Figure 7 of Hartle et al.
{1996] for solar minimum and solar maximum conditions on
the nightside. The deuterium densities are derived from the
hydrogen densities by halving the scale heights and adjust-
ing the density at 150 km to 0.025 times the corresponding
hydrogen densities




SHIZGAL: ESCAPE OF H AND D BY HOT OXYGEN ENERGIZATION

ble 6 relative to those in Table 5 arise from the higher
densities used in estimating the fluxes in Table 6. The
corresponding fractionation factors are larger in Table
6 than in Table 5. The fractionation ratios are smaller
than the value f — 0.47 suggested by Gurwell and Yung
[1993], who used < D/H > = 0.014.

The actual hot atom distributions H*, D* as well as
O* should be determined from a solution of the appro-
priate Boltzmann equations to justify steady nouther-
mal distributiéns. This is a formidable problem, and
such an undertaking is not justified at present, given the
lack of detailed data, which might be forthcoming from
the upcoming Mars missions. Rodriguez et al. {1984]
used hot atom sources in a solution of the collisionless
Boltzmann equation, so that nonlocal diffusion in the
planetary gravitational field was takeu into account in
the determination of steady, nonthermal distiibutions.
Collisional thermalization was not included for,H* or
D*, but some type of hot atom transport modeled after
radiative transfer models was included for O*. Kumar
et al. [1980] discussed thermalization of hot H and D in
collision with CO, and O in very qualitative terms, in
terms of average collision numbers. The density of CO,
appears to be too low to contribute much to the ther-
malization. Gurwell and Yung [1993) mention that their
model does not include multiple scattering of O* with
H and D; that is, collisional thermalization was not in-
cluded in their work. However, these authors recognize
that the collisional energy transfer process that can he
considered to thermalize hot atoms is also responsible
for producing them. The present model imposes steady
H™ and D7, distributions and the Boltzmann equation
{1) cannot be used in the present form to determine the
actual distribution, as the collision operator is respon-
sible for both the energization and deexcitation of these
hot atoms as noted by Gurwell and Yung [1993].

The present approach is local, so that the effects of
transport in the gravitational field are not included.
The collisional production of fast atowms is based on the
Boltzmann equation, (1), which is rewritten in the form

d
—(‘-?f:tj_{ = fM 24 0) = FrZ () (28)

The long-time solution of this equation with some back-
ground O™ Maxwellian distribution would give a steady
hydrogen Maxwellian distribution at the oxygen tem-
perature. This would lead to larger escape fluxes than
reported here, The present approach has assumed that
the loss collision frequency, Z(_y(v), in (28) can be re-
placed by the average value Q given by (9). The dis-
tribution equation (10) is then obtained by assuming
some steady state, fy /8t = 0. An alternate choice
would be to retain the velacity dependence in Z(_){(v)
and get, for the steady hot atom distribution,

B F 24 (v)

= 29
fu Z0) (29)
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Either choice is not rigorously justified, as the steady
rtate at infinite time (with the present local model)
would be complete equilibration of H and O. However,
for comparison, (29) was used to estimate the escape
fractions for the escape of II fromn Venus, with P(v)
appropriately renormalized. For night conditions and
the three altitudes, 270, 280, and 300 km correspond-
ing to oxygen temperatures of 5750, 6917, and 7465 K,
respectively, the escape fractions o are reduced by ap-
proximately 40% from the results with Q in place of
Z(~y(v). Hodges [1993b] and Hodges and Breig [1991,
1093] calculate escape rate coefficients with the differ
ence of the collision frequencies, i.e., the full collision
operator, (2). Their approach cannot be interpreted
as based on a product distribution, as for this case,
there are both positive and negative contributions to
the escape fractious; the product velocity distiibution
implicit 1n their work would have negative parts. It is
not clear what the relationship is between these differ-
ent approaches, and a more detailed consideration of
the kinetic theory is warranted.

6. Discussion of Results

The preseut results have demonstrated the impor-
tance of the proper collision dynamics in the calcula-
tionn of nonthermal escape fluxes. Accurate O-H and
O-D differential cross sections [Shizgal, 1999] were em-
ployed in the calenlation of the distribution of energetic
H and D. The escape fluxes of H and D were calculated
for several 1epresentative density profiles and found to
be significant, as high as 3 x 107 cm™2 s~ for H and
10° cm~? 571 for D. These results were obtained for
particular densities and do not represent a global aver-
age. Nevertheless, the results suggest that energization
of H and D by hot oxygen impact is an important es-
cape mechanism. Also, the fractionation ratios varied
from 0.048 to 0.265, lower than the value of 0.47 sug-
gested by Gurwell and Yung [1993). The fractionation
ratio by Gurwell and Yung [1993] is not based on actual
escape fluxes but inferred from their estimates of escape
fractions. The work of Cooper et al. [1984] did not con-
sider O-D collisions, and fractionation ratios were not
repoilted.

Hodges [1993b] calculated, with the full collision op-
eratar (equation (2)), the escape rate ratios yp/vym
for charge exchange, and showed that these were sig-
nificantly below the corresponding ratios reported by
Gurwell and Yung [1993] for energetic oxygen impact
[Hodges, 1993b, Figure 4]. He concluded that charge
exchange encourages high isotopic fractionation, but en-
ergetic oxygen impact dees not. It is important to note
that the ratio vp /vy is a ratio of rate coefficients or
escape fractions and is not the fractionation ratio as
defined by (27), which is expressed in terms of escape
fluxes. A similar comparison using the cscape fractions
in Tables 1 and 2 gives ratios, ap/ay, that vary from
0.23 to 0.70. The actual fractionation ratios for ener-
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getic oxygen impact defined by (27) reported in Tables
5 and 6 are in the range 0.048 - 0.265, comparable to the
results for charge exchange and much smaller than the
escape fraction ratios. The early work by McE!lroy et al
[1982] suggested that the isotopic fractionation was 0.

Hodges [1993b] also determined the energetic oxygen
distribution from a Monte Carlo simulation of the exo-
sphere. He demonstrated that the effect of O*-O colli-
sions thermalizes the hot energy tail of the oxygen dis-
tribution function, and hence he concluded that this
mitigates against H and D escape by energetic oxy-
gen impact. An examination of the distributions in
his Figures 6 and 7 verifies that the low-velocity por-
tions of the distributions for the four lowest altitudes
are Maxwellian at approximately 250 K, consistent with
the scale height of the therinal oxygen density distribu-
tion in Figure 5. The integral of this Maxwellian gives
the density of thermal oxygen, which when subtracted
from the integration of the full distribution of Figure 6
(with O-O collisions), gives the hot oxygen densities of
1.4x10%, 2x10%, and 1.4x10°% cmn~2 for 190, 270, and
310 km, respectively. The corresponding densities at
the same altitudes without 0-O collisions (Figure 7)
are 6.7x108, 2x 107, and 5.4x10% cm~3, respectively.
Therefore the collisional thermalization has reduced the
hot oxygen densities by factors of 4-10. However, the
hot oxygen densities obtained in this way are much
larger than those employed here, which are of the or-
der of 10% - 10° cm™3. Moreover, the oxygen temper-
atures used in the present calculations are lower than
the temperature profile extracted from the distributions
in Figure 6 of Hodges [1993b] and shown in Figure 6
of this paper. Consequently, the oxygen distributions,
with O*-O collisions reported by Hodges [1993b)], would
vield H and D escape fluxes larger than those reported
in Tables 5 and 6. Energetic oxygen impact remains an
important process to consider in addition to charge ex-
change and the flux due to the charge separation electric
field [Hartle et al., 1996]. Further work toward the ac-
tual nonequilibrinmn H* and D* distributions, obtained
from Boltzmann equation models and estimates of gob-
ally averaged escape fluxes, is ongoing.

Appendix: Hot Oxygen Temperature
Profile, Venus

Hodges [1993b] carried out a Monte Carlo simulation
to determine the distributions including the effects of
subsequent thermalization owing to collisions with ther-
mal oxygen. We employ a much simpler model here
than that employed by Hodges [1993b] and consider a
solution of the Boltzmann equation with the approxima-
tion of the collision operator introduced by Bhatnager
et al. {1054] and referred to as the RGK approximation.
The collision operator describes collisions between hot
and thermal oxygen atoms, considered as two distinct
species. The hot O* source distribution, S(v), is the
one shown in Figure 3 of Gurwell and Yung [1993]. We
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use a Chapman-Enskog type solution of the Boltzmann
equation [Shizgal and Karplus, 1970; Shizgal and Len-
denfeld, 1979; Napier and Shizgal, 1995; Shizgal and
Napier, 1996] and assume that the time dependence of
the distribution function is implicit through the den-
sity; that is, 0f/8t = (df /dNp)(dNp/dt), where Nj(z)
is the density of “hot” oxygen, dNp/dt = K,.Nf, K, =
10~7cm® s~ is the dissociative recombination rate co-
efficient [ Guberman, 1988], and NV,(z) is the 07 density.
The collision operator is written as

F— 0
7(2)

where f = Np(z)F and the second equality is the BGK
approximation of the collision operator. The quantity
7(z) is a relaxation time and is chosen as the reciprocal
of the elastic collision frequency (see (7)); that is,

1 U
No(z)md?\ 8kpTess(z)

J[f) = Nu(2)J[F] = —Nn(z) (A1)

m(z) = (A2)

where N.(z) is the density of “cold” or thermal oxygen.
The BGK approximation effectively replaces the spec-
trum of relaxation times of the collision operator with
one representative value. If these assumptions are in-
troduced into (1), a steady state distribution function
is obtained in the form
Np(z)

F(z,v) = mF(M)(v) +

UL
S (A3

where N,(z) = 7(z)K+N2(z) + Ny(z). The tempera-
ture of the energetic oxygen atoms, which now includes
thermalization with the background thermal oxygen, is
defined by T'(z) = g [ F(=, v)mv?dv and is given by

(2K N2()
N.(2)

_ n(z)
N,.(z) ¢

T(z) T, (A4)
We choose a hard sphere cross: section (rd?) for O-
0O* ‘collisions of 20 A? [Hodges, 1993b}, which yields
m{z)K, = 897 s7!/N(z) with N, in cm™3. To com-
plete this simple calculation, we require the three den-
sity profiles, N¢(z), Nn(2), and N,(z). Notice that this
formalism is local, and the density Np(z) is a parameter.
The cold oxygen densities for day and night conditions
are taken from Brinton et al. [1980] and are given by
the approximate analytic fits, log Nc(day) (z) =13.118 —
0.026702 and log N8 (2) = 18.9235 - 0.068582, with
Ne(z) in units of cm™2 and z in km. The temperature
Ty is determined from the average of mv?/2 with S(v)
and is 21,450 K. The temperature T, is taken from the
scale height corresponding to N, and is 284 K for day
and 132 K for night. The hot oxygen densities are taken
from Nagy et al. [1981] and are given by the approx-
imate analytic fits, log N,(‘day)(z) = 5.762 — 0.001273z
and log N{™#)(;) = 3.283 — 0.001599> with Ny (z) in
units of cm™3 and z in km. The ion density profile is
taken from Nagy et al. [1980].




SHIZGAL: ESCAPE OF H AND D BY HOT OXYGEN ENERGIZATION

Acknowledgments. This research is supported in part
by a grant from the Natural Sciences and Engineering Re-
search Council of Canada. I am pleased to acknowledge the
assistance of K. Marubashi and T. Tanaka for arranging my
visit to the Communications Research T.abhoratory where a
substantial portion of this work was done.

Michel Blanc thanks both referees for their assistance in
evaluating this paper.

References

Armstrong, P. S., S. J. Lipson, J. A. Dodd, J. R. Lowell, W.
A. M. Blumbeig and R. M. Nadile, Highly rotationally
excited NO(v,J) in the thermosphere from CIRRIS 1A
limb radiance measurements, Geophys. Res. Lett., 21,
2425-2428, 1994.

Bhatnager, P. L., E. P. Gross, and M. Krook, A model for
collision processes in gases, 1, Small amplitude processes in
charged and neutral one component systems, Phys. Rev.,
94, 511-525, 1954

Brinton, H.C., H. A., Taylor, H. B. Niemann, H G Mayr, A
F.Nagy, T. E. Cravens, and D. F. Strobel, Venus nightime
hydrogen bulge, Geophys. Res. Lett. 7, 865-868, 1980,

Chamberlain, J W., Charge exchange in planetary corona:
Its effect on the distribution and escape of hydrogen, J.
Geophys. Res., 82, 1-9, 1977.

Chapman, S., and T G. Cowling, The Mathematical Theory
of Nonuniform Gases, Cambridge Univ. Press, New York,
1970.

Cooper, D. L., J H. Yee, and A. Dalgarno, Energy transfer
in oxygen hydrogen collisions, Planet. Space Se., 92, 825-
830, 1984.

Donahue, T. M., D. H. Grinspoon, R. E. Hartle, and R.
R. Hodges Jr., Jon/neutral escape of hydrogen and deu-
terium: Evolution of water, in Venus II Geology, Geo-
physics, Atmosphere and Solar Wind Environment, edited
by S. W. Bougher, D. M. Hunten. and R. J. Phillips, pp.
385-414, Univ of Ariz Press, Tucson, 1997.

Fahr, H J, and B. Shizgal, Modern exospheric theories and
their observational relevance, Rev. Geophys., 21, 75-124,
1983

Fox, J. L, The production and escape of N atoms on Mars,
J. Geophys. Res., 48, 3297-3310, 1993.

Fox, J. L., and A. Haé, The N*®/N!* jsotope fractionation
in the dissociative recombination of N3, J. Geophys. Res.,
102, 9191-9204, 1997a.

Fox. J. L., and A. Haé, Spectrum of hot O at the exobases
of the terrestrial planets. J. Geophys. Res., 102, 24,005-
24,011, 1997b.

Gérard, J.-C., D V Bisikalo, V. 1. Shematovich, and J. W.
Duff, An updated model of hot nitrogen atom kinetics
and thermospheric nitric oxide, J. Geophys. Res., 102,
285-204, 1997

Gombosi, T. A., Gas Kinctic Theory, Cambridge Univ.
Press. New York, 1994.

Guberman, S. L., The production of O(* D) from dissoicative
recombination of OF, Planet. Space Scu., 36, 47-53, 1988.

Gurwell, M. A., and Y. L. Yung, Fractionation of hydro-
gen and deuterium on Venus due to collisional ejection,
Planet. Space Sci., 41, 91-104, 1993.

Hartle, R. E., T. M. Donahue, J. M. Grebosky, and H. G
Mayr, Hydrogen and deuterium in the thermasphere of
Venus: Solar cycle variations and escape, J. Geophys.
Res , 101, 4525-4538, 1996.

Hays, P. B., and J. C. G. Walker, Doppler profiles of the
5577 A? airglow, Planet Space Scu., 14, 1331-1337, 1971,

Hedin, A. E., H B Niemann, W. T. Kasprzak, and A.
Seiff, Global empirical model of the venus thermosphere,
J. Geophys. Res., 88, 73-83, 1983.

14,845

Hodges, R. R., Jr., Collision cross sections and diffusion’
parameters for H and D in atomic oxygen, J. Geophys.
Res., 98, 3799-3805, 1993a.

Hodges, R. R., Jr., Isotopic fractionation of hydrogen in
planetary exospheres due to ionosphere-exosphere cou-
pling: Implications for Venus, J. Geophys. Res., 98, 10,833-
10,838, 1993b.

Hodges, R. R., Jr., and E. L. Breig, Ionosphere - exosphere
coupling through charge exchange and momentum trans-
fer in hydrogen-proton collisions, J. Geophys. Res., 96,
7697-7708, 1991.

Hodges, R R., Jr, and E. L. Breig, Charge transfer and
momentum exchange in exospheric D-H and H-*D col-
lisions, J Geophys. Res., 98, 1581-1588, 1993.

Hunten, D. M., Kuiper prize lecture: Escape of atmospheres,
ancient and modern, Icarus, 85, 1-20, 1991.

Ip. W.-H., On a hot uxygen coruna on Mars, [curus, 76,
135-145, 1988.

Kharchenko, V., J. Tharamel, and A. Dalgarno, Kinetics
of thermalization of fast nitrogen atoms beyond the hard
sphere approximation. J. Atmos. Sol. Terr. Phys., 59,
107-115, 1997

Knudsen, W. C., Escape of *He and fast O atoms from Mars
and inferences on the *He mixing ratio, J. Geophys. Res.,
78 , 8049-8054, 1973.

Kumar, S, D. M Hunten, and J. B. Pollack, Nonthermal
escape of hydrogen and deuterium from Venus and impli-
cations for the loss of water, Icarus, 55, 369-389, 1980.

Lammer, H., and S. J. Bauer, Nonthermal atmospheric es-
cape from Mars and Titan, J. Geophys. Res., 96, 1819-
1825, 1991.

Lie-Svendsen, O., M. H. Rees, and E. C. Whipple, The ki-
netics of hot nitrogen atoms in upper atmospheric neutral
chemistry, Planet. Space Sci., 89, 929-943, 1991.

Logan, J. A., and M. B. McElroy, Distribution functions for
energetic oxygen atoms in the Earth’s lower atmosphere,
Planet. Space Sea., 25 117-122, 1977,

McElroy, M. B., M. J. Prather, and J. M. Rodriguez, Escape
of hydiogen from Venus, Science, 215, 1614-1615, 1982.
Nagy, A. F.,, T. E. Cravens, S. G. Smith, H. A. Taylor Jr.,
and H. C. Brinton, Model calculations of the dayside iono-
sphere of Venus: Ionic composition, J. Geophys. Res., 85,

7795-7801, 1980.

Nagy, A. F., T. E. Cravens, J. H. Yee, and A. I. F. Stew-
art, Hot oxygen atoms in the upper atmosphere of Venus,
Geophys. Res. Lett., 8, 629-632, 1981.

Nagy, A. F.,, J. Kim, and T E. Cravens, Hot hydrogen
and oxygen atoms in the upper atmospheres of Venus and
Mars, Ann. Geophys.. 8, 251-206, 1990,

Napier, D. G., and B. D. Shizgal, Nonequilibrium effects in
model reactive systems. The role of species temperatures,
Phys Rev. E, 52, 3797-3811, 1995.

Rodriguez, J M., M. J. Prather, and M. B. McElroy, Hydro-
gen on Venus: Fxapsheric distribution and escape, Planet.
Space Sc., 32, 1235-1255, 1984,

Shizgal, B., Analysis of the dynamics of (H* H) charge ex-
change collisions in the production of nonthermal H (ab-
stract), Fos Trans. AGU, 66, 1002, 1985.

Shizgal, B., Hot hydrogen and deuterium in the exosphere
of Venus, Adv. Space Scu., 7(12), 73-77, 1987.

Shizgal, B. D., An analysis of O-H interaction potentials, O-
H and O-D collision cross sections, and O-H vibrational
states, Planet. Spuce Sci., 47, 163-174, 1999.

Shizgal, B. D., and G. G. Arkos, Nonthermal escape of the
atmospheres of Venus, Earth and Mars, Rev. Geophys.,
34, 483-505, 1996.

Shizgal, B., and J. M. Fitzpatrick, Temperature relaxation
in & binary gas, I, Steady state solution, J. Chem Phys.,
63, 131-137, 1975.




14,846

Shizgal, B, and M. Karplus, Nonequilibrium contributions
to the rate of reaction. Perturbation of the velocity dis-
tribution function, J. Chem. Phys., 52, 4262-4278, 1970,

Shizgal, B , and M. Lindenfeld, The distribution function for
hot O(*P) atoms in the Earth’s lower atmosphere, Planet.
Space Scu., 27, 1321-1332, 1979

Shizgal, B, and J. M Lindenfeld, A simple kinetic theory
calculation of terrestrial atomic hydrogen escape fuxes
induced by charge exchange collisions, J. Geophys. Res,
87, 853-858, 1982.

Shizgal, B D., and D G Napier, Nonequilibrium effects in
reactive systems. The effect of reaction products and the
validity of the Chapman-Enskog method, Physica A, 228,
50-86, 1996.

Viehland, L. A., Velocity distribution functions and trans-
port coefficients of atomic i10ns in atomic gases by a Gram-
Charlier approach, Chem Phys., 179, 71-92, 1994,

Wallis, M. K. Exospheric density and escape fluxes of
atomic isotopes on Venus and Mars, Planet Space Sci.,
26, 949-953, 1978

SHIZGAL: ESCAPE OF H AND D BY HOT OXYGEN ENERGIZATION

Whipple, E. C., Use of the scattering kernel approach to
certain gas kinetic problems, Phys. Fluids, 15, 988-9%4,
1972.

Whipple, E. C., Theory of reaction product velocity distri-
bution, J. Chem. Phys., 60, 1346-1353, 1974

Whipple, E C, T. E. Van Zandt, and C. H. Love, The
kinetic theory of warm atoms; non-Maxwellian velocity
distributions and resulting Doppler-broaden emission pro-
files, J Chem. Phys., 62, 3204-3030, 1975

Yee, J. H., and A Dalgarno, Energy transfer of O(*§) atoms
in collision with O(" P) atoms, Planet Space Sc1 , 33, 825-
830, 1985.

B. D. Shizgal, Department of Chemistry, University of British
Columbia, 2036 Main Hall, Vancouver, B.C., Canada V6T 1Z4.
(shizgal@theory.chem.ubc.ca)

(Recetved June 18, 1998, revised February 22, 1999;
accepted March 18, 1999.)




