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Final Report

NAGW-506

We have been looking into the vibrational distribution
of 02+ in the atmospheres of Venus and Mars to compare them
to that found on the Earth. Vibrationally excited 02+ on
Venus is formed in charge transfer reactions and lost in
dissociative recombination. The vibrational levels are in-
terchanged in quenching reactions and fluorescent scattering.
In order to compute the vibrational distribution, we needed
to compute the execitation rates and transition probabilities
for fluorescent scattering in the second negative system of
02+(A2Hu+xzﬂg). Because the potential curves for the X and
A states of 02+ have minima at very different internuclear
distances, excitations from the X state can populate very
high vibrational levels of the A state, which may then decay
to high vibrational levels of the X state. Published values
of the transition probabilities included only about ten
levels of each state. This was completely inadequate for
our purposes, SO we recomputed the wavefunction and energies
for 61 vibrational levels of the Xzﬂg state, and 34 vibra-
tional levels of the Aznu state, and the oscillator strengths
for all of the transitions between these levels. We then
computed the transition probabilities for the A+X transitions,
and ex2itation rates for absorption of a solar photon using
our oscillator strengths and the solar fluxas of Vernazza

et al. (1976). (See attached preprint).




We have calculated the vibrational distribution of
02+(X2Hg) and 02+(A2nu) in the daytime Venunian ionosphere
for models which are based on Pioneer Venus data. We find
that at low altitudes guenching limits the fraction vibra-
tionally excited to less than 5%. At high altitudes the
vibrational distribution approaches that assumed for the

reaction:

o" «+ co, = 02+(v) + CO . (1)

We have assumed that the reaction proceeds by the formation
of a collision complex so that the available energy is
statistically distributed among the degrees of freedom of
the complex. This is probable for low energy encounters,
Thus we have assumed that all of the available vibrational
levels are populated equally in (1) and the relative popula-
tion of each of vibrational levels 0 to 5 of 02+ approaches
.16 at high altitudes.

The fraction of 02+ vibrationally excited at the exobase,
about 200 km, depends on the assumed value for the rate coef-

ficient for quenching of 02+(v) by atomic oxygen:

02+(v) + 0 - 02+(v—l) +0 . (2)

The rate coefficient for reaction (2) has not been measured.
We first assume that the reaction proceeds with a rate coef-
ficient of 1x10 t%m3s™! and that the vibrational quantum

number changes by only one in each reaction. For this model,

49% are vibrationally excited at the exobase. This will



affect the exothermicity of the reaction:

02+ + e+ 0+ 0O

both because the average vibrational energy is near ,4eV

at the exobase and because the dissociative recombination

may proceed through different channels for different vibra-
tional energy levels {(Guberman private communication, 1983},
Thus the hot oxygen corona will be affected by the vibrational
distribution of 02+(v) at the excbase and therefore the hot
hydrogen corona will also be affected Ly scattering with O
atoms. (See attached preprint of a paper given at the XXVth
COSPAR meeting and submitted for publication in Advances in

Space Research)}.
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The 02+ Vibrational Distribution

in the Venusian Ionosphere
J. L. Fox

Harvard~Smithsonian Center Zor Astrophysics

Cambridge, Massachusetts 02138
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even though 02 is not an important neutral constituent (Taylor

0 is the major ion in the lower ionosphere of Venus,

et al. 1980). 02+ is formed in the reactions

]

o+ o, +co + 0, (v) + 1.33ev , (1)

and -

6"+ co, + co + 0,7 (v) + l.20ev . (2)

2

Reaction (1) is the major source below and reaction (2) above
150km. The ions produced in these reactions will probably be
vibrationally excited. Reaction (1) can populate up to v=6.

For reaction (2}, vibrational levels hp to v=5 are energetically

allowed. 02+ is lost mainly by dissociative recombination

1

0,7 (v) + e~ o3r, o) + o3p,1p,1s) (3)

The potential:curves published by Guberman (1983) show that
the repulsive state of O2 through which the dissociative recom-

hination ormcurs will vary with the vibrational level of the
+
2 L ]
the 0 atoms produced and hence the total exothermicity will

0 Thus the rate of reaction {3), the electronic states of

also depend on the vibrational level of the ion. Guberman

(private communication) has found that the O(ls) yields for

+
2

that for v=0. TIf the productioh rates of 0(15) and O(lD) are

0 in the v=1 and v=2 states are considerably enhanced over

affected, the airglow intensities of lines originating in

these levels wili also be affected.



Abreu et al. (1l983) have examined data from the visible
airglow experiment on Atmosphere Explorer-E and have found
that the quantum yield of O(lS) {0.09-0.23) varies with the
ratio of the electron density to the atomic oxygen density.
This ratio is a measure of the vibrational‘excitation of 02+
in the terrestrial ionosphere (Bates and Zipf, 1981).

Dissociative recombination of 02+ is the major source
of hot oxygen atoms in the upper atmosphere of Venus (Nagy et
al., 198l). The energy distribution of these atoms will depend
on the exothermicity of reaction (3). One mechanism for the
escape of hydrogen from Venus is collision of H atoms with
hot 0 atoms (McElroy et al., 1982; Kumar et al., 1983). The
predicted escape rate will therefore depend on the channel
assumed for reaction (3).

In this paper, we calculate the vibraticnal distribution

of O + in the ionosphere of vVenus for a model based on data

2
from the Piuvneer Venus neutral mass spectrometer (Hedin et al.,
1983; Neimann at al., 1980). This model is essentially the
same as that described by Fox (1982a,b). The calculation of
the ion densities includes both chemistry and diffusion. The
relative populations of the vibrational levels are computed
assuming photochemical equilibrium and are valid to about 230km.
We included vibrational levels v=0 to v=60 of the ground state

XZH of 02+, and v=0 to v=33 of the Azﬂu state.

g



The X2

1  State
g

The sources and sinks of 02+ in the Venusian ionosphere are
summarized in Table l. Reactions (1} and (2) far exceed photo-
ionization and electron impact ionization of 0, as sources of

o.*. 0+(2D) may also react with 002, although only the rate

2

coefficient for charge transfer of fast O+(2D) has been measured
{Moran and Wilcox, 1978). 0+(2D) has been found to react at
near gas-kinetic rates in collisions with several molecules
(cf, Glosick et al., 1978; Rowe et al,, 1980). We assume that
the reaction occurs with a rate coefficient of 8x10-10cm35-1,
near that for N2 and CO, and that the products are CO + 02+,
as they are for reaction of O+(4S). The vibrational distribution
of the 02+ produced in these reactions is unknown. We assume
that the available levels are all populated with equal probability.

As sources of 02+(v=l), reactions (1) and (2) are of
similar magnitude up to 150kw, Above that altitude, reaction
(2) dominates. Dissociative recombination is the major loss
process for 02+ over the entire altitude range of interest.
The value of the dissociative recombination coefficient will
vary with the vibrational level of the ion,‘but no measurements
or calculations of the magnitude of the difference exist. We
therefore assume that the rate coefficient measured by Mul and
McGowan (1979) applies to all the vikrational levels.

In addition to the processes which cause net production
or loss of 02+, there are processes which interchange the vibra-
tional levels. They are presented in Table 2. Fluorescent
+

scattering of sunlight in the second negative system of 02

is such a process. We have computed hew excitation rates and



transition probabilities from the dipole moment computed by
Wetmore et al, (1984), For solar fluxes, we used the values
presented by Vernazza et al. (1976).

Vibrationally excited 02+(v>0) may be quenched in colli-
sions with atoms or molecules, The rate coefficient for
quenching by Co, and several other molecules has been reported by
Bdhringer et al. (1983) for v=1 and v=2. We assume that the
rates for higher levels are equal to that for v=2, 02+(v>0)
may alsc be quenched by atomic oxygen (reaction 12). Our stand~-
ard model assumes that the rate coefficient is l:-clO_'mc:m:;shl
for all v, but we also explore the consequences of larger or
smaller values. In these reactions, we assume that the vibra-
tional level of the 02+ changes by only one guantum, as one
would expect for vibration~translation {(V-T) energy transfer
(BShringer et al,, 1983)

At low altitudes, quenching is more important as a source
or sink for wv=1 than the reaétions which cause net production
or loss of 02+. The vibrational distributions at low altitudes
will not directly reflect the distributions produced in reactions
(1) cxr (2).

The computed relative populations of vibrational levels
v=0-2 and v>3 for altitudes from 115 to 250km are shown in Fig. 1.
Below 140km quenching limits the fraction vibrationally excited
to less that 5%. At high altitudes, the populations of vibrational
levels 0 to 5 approach 0.16 , since the major 02+ production
mechanism, reaction (2}, is assumed to produce each of those

levels with equal probability. The fraction found in the ground ,

state decreases gradually above 140km. The rate of this reduction



depends on t..e assumed value for quenching of 02+(v) by atomic

oxygen (reaction 12). Figure 2 alsoc shows altitude profiles of

the fraction found in v=0 for quenching coefficient k12 of

1x10 1 em3s™! and 6x10”*%cmds™t, a quenching coefficient of

(i:-:lu"locm:;s“l should be considered an upper limit, since this
value is essentially gas kinetic. The results of Abreu et al,
(1983), however, probably exclude values this large.

Table 4 gives the fractional population in v=0 to 9 at 205km
for each of the models considered. In the standard model, 59%
are vibrationally excited at that altitude. If k12 is reduced to

lxlo_llcmas_l, the fraction vibrationally excited increases to

10 3 -1

79%; if k.. is increased to 6x10 ~“cm”s - fraction in v>0 decreases

12
to 22%. We also consider a model in which the vibrational level
produced in reactions (1) and (2) is always the highest level
possible. This assumption should give an upper limit to the frac-
tion vibrationally excited. Table 5 shows that for this assumption,
90% of the 02+ are in v>0, and for v=l to 5, the fraction in each
level increases with the vibrational gquantum number.

Fluorescent scattering in the second negative system of 02+
is important as a source of v26., The only other production mecha-
nism for these levels is reaction of O+(2D) with CO,, which may
produce 02+(X2Hu) in vibrational levels up to v=24 and possibly
02+(a4nu) up to v=3, although production of the a4IIu state would
involve a spin change. The second negative band system is weak
and spread’over a large wavelength range. TFigure 2 shows the in-
tegrated overhead intensities summed in 50A bins From 1800A to

9000A. The total intensity is about 640R.



Discussion

The vibrational distribution of 02+ on Venus is significantly
different from that on Earth f(Fox and Dalgarno, 1984}). On Earth,
the major productisn mechanisms are photoionization and electron

impact ionization and the reaction

0++O +0+

' <
2 2 {(v:7) + O ,

The vibrational distribution of 02+ produced in ionization of

O2 is determined by Franck-Condon factors and is different from
the statistical distribution assumed for the charge transfer
reactions. The presence of 02 as a guencher is also important
for Earth. In general 4guenching of a molecular ion by its parent
neutral is efficient. Because the reaction occurs by symmetric
charge transfer, the change in v is not limited to one quantum
number. The final state of the 02+(v) will be influenced by
Franck-Condon factors for 0, + 02+. At high altitudes on Earth
the distribution of 02+(v) approaches 50% vibrationally excited.
Both the rate of dissociative recombination of 02+(v) and the
final electronic states of the O atoms produced will be influenced
by the vibrational level of the ion. The major source of both

O(ls) and O(lD) in the Venusian thermosphere is photodissociation

of CO2 (Fox and Dalgarno, 198l). The peak of this source occurs
at altitudes (115km) at which O(lD) atoms are quenched. The total
dissociative recombination rate is comparablz to or exceeds the
production of O(%P) due to all other sources for altitudes above

140km. Thus we e%pect the branching ratio for O(lD) production



in dissociative recombination of 02+ to influence the intensity
and lineshapes of the 63008 0(1D - 3P) gmission,

O(IS) is not as readily quenched and the density of this
species peaks near 115km. The dissociative racombination rate
exceeds the production of O(lS) only for altitudesz above 130km,
Thus, although we do not expect the total overhead intensity
of the emissions from 0(18) at 55777 and 2$72F to e greatly
affected by the value of the yield of O(ls) in (3), the volume
emigsion rate above 130km will reflect the yield if it is signi-
ficant,

Nagy et al. (198l) predicted the presence of a hot oxygen
corona arocund Venus analogous to the terrestrial oxygen corona
(Yee et al., 1980). The major source of hot oxygen atoms was
found to be dissociative recombination of 02+. The exothermicity
of the reaction and therefore the energies of the O atoms produced
will depend on the vibrational state of the 02+ ion. At 205km,
the average vibrational energy is .38eV in the standard model.

If the product atoms are in the O(3P) and O(lD) states,
the energy released is 5.0eV, so the addition of 0.38eV will not
be significant. If, however, the products are o(ls)y+ O(lD),
the exothermicity is only 0.83eV for‘02+(v=0). The addition of
one ol two quanta of vibrational energy may significantly change
the energy distribution of the O atoms produced. Killeen and
Hays (1983) examined line profile measurements of the oxygen
green line in the terrestrial ionosphere and concluded that the
O(lS) + O(lD) channel is favored over:the O(lS) + O(3P) channel

by a factor of four. This is in agreement with the theoretical
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prediction of Guberman (1983) that the majoxr channel for

production of O(lS) is through the repulsive 183 state of 0,
which dissociates into one 0(18) and cne O(lD). If so, the
line profile of the 5577A emission should reflect the vibra-
tional state of the 02+ ion.
More important to the total exothérmicity however, is
the possibility.that the reaction proceeds through different
channels for different initial vibrational levels of 02+.
McElroy et al. (1982} proposed tha£ the escape of hydrogen
from Venus is caused by zollisions of thermal H atoms with hot

O atoms produced in
0," + e~ otlp) + 0’ + 5.1ev .

gumar et al. {(1983) have evaluated the %ource and found that

it is important in the current atmosphére, but that charge
exchange of hot . with H dominated in-Fhe past. Table 3 shows
that near the exobase, the 02+ is consiéerably vibrationally
excited. If recombination in different vibrational levels |
proceeds through different chanrels, the energies of the oxygen

atoms will -change and therefore the hydrogen escape rate due

to this source will be affected.
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Figure Captions

Relative populations of O * in v=0, 1, 2, and v>3
over the altitude range 1IS5 to 250km.

Integrated overhead intensities of the second
negative bands of O (A nu-xzng). The intensities
are summed in 50A blns,

-~




Table I, Sources and Sinks of 02+ in the

Venusian thermosphere

Reaction Ratu(cm3s"l) Reference
+ +, . -10
0 + CO + 0, (VS6) + CO 1.64x10 Fehsenfeld et al.
2 2
1370
+ + -10 . ‘
o + CO2 - O2 (v<5) + CO 9.4x10 Smith et al, 1978
+ - g 0.5
0, + e + 0+ 0 1.9%x10 (300/Te) Mul and McGowan
1978
+ 2 - :
o (“D) + c02 See Text
+
+ 0, (XZHgv524 ; a'm ve3) + CO
0, + M0 » nO* + O, 4.8x10"%0 smith et al. 1978
0" +n > N0+ 0 1.2x10"10 Fehsenfeld 1977
0," + n(*p) » NO" + O 1.8x10"10 Goldan et al. 1966
0, + n(%D) » 0, + NT 4.0x10"+0 estimate of
Dalgarno 1970
O2+ +C +CO" +0 5x10” 11 Prasad and Huntress
. 11 1980
+~ C 4+ 0. 5x10
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Table

3.

Vibrational distributions of 02+ at 205km in the

Venusian ionosphere for several models, The numbers
given are the fraction in each vibrational level.

Model!:

vibrational 1 2 3 4 5

lavel
0 41 .20 .78 .10 .61
1 =15 W17 064 .059 . .062
2 .14 - .17 .054 .090 .068
3 12 .16 .043 .14 .075
4 .098 .15 .030 .22 .082
5 .062 o 017 «35 .090
6 .0053 .0057 .0019 .017 .0048
7 .0033 0022 .0014 . 0050 0017
8 -0027 0017 .0012 0047 L0015
9 .0021 0012 0010 .0036 .0012
10 ~.01
Model:

1. Standard model: ki, = 1x107*Ccn’s™L.

2. k), reduced to 1x10 1tem3s™t,

3. k,, increased to 6x10" 10 em3s™L,

4; Production of 0,7 in reactions (1) and (2) is

assumed to populate the highest vibrational levels
possible.
10 3 -1

Same as 4 but with ky, increased to 6x10 ““cm”s .



References

Abreu, V,J., S.C. Solomon, W.E. Sharp and P.B. Hays. The
Digsociative recombination of 0,%: the quantum yield of
o(ls) and o(!D), J. Geophys. RGs. 88, 4140, 1983,

Arvesen, J.C., R.N, Griffin and B.D. Pearson. Determination
of extraterrestrial sclar spectral irradiance from a
research aircraft, Appl. Optics 8, 2215, 1969.

Bates, D.R. and E.C, Zipf, The O(lS) guantum yield from O *
dissociative recombination, Planet. Space Sci., 28, 1081,
1981, P "‘

Bdhringer, H., M. Durup~-Ferquson, D.W. Fahey, F.C. Pehsenfeld
and E.E. Ferguson. Collisional relaxation of vibrationally
excited 0,% ions. J. Chem. Phys. 79, 4201, 1983.

Dalgarno, A. Metastable species in the ionosphere, Ann. Geophys.
26, 607, 1970.

Fehsenfeld, F.C. The reaction of © * with atomic nitrogen and
NO*t. HaO and N02+ with atomic“oxygen, Planet. Space Sci.
25, 195, 1977,

Fehsenfeld, F.C., D.B. Dunkin and E.E. Ferguson, Rate constants
for reaction of CO,* with O2 and NO; N2+ with O and NO;
and 0,% with NO, Pianet. Space Sci. 18, 1267, 1970.

Fox, J.L. The chemistry of metastable species in the Venusian
ionosphere, Icarus 51, 248, 1982a.

Fox, J.L. Atomic « rbon in the atmosphere of Venus, J. Geophys.
Res. 87, 9211, 1982.

Fox, J.L. and A. Dalgarno, Ionization, luminosity and heating
of the upper atmosphere of Venus, J. Geophys. Res. 86, 629,
1981.

Glosik, J. A.B. Rakshit, N.D. Twiddy, N.G. Adams and D. Smith.
Measurement of the rates of £eaction of the ground and
metastable states of 0,%, NO" and 0" with atmospheric
gases at thermal energy. J. Phys. B. ll, 3365, 1978.

Guberman, S§.L. Potential energy curves for dissociative recombi-
nation, in Physics of Ton-Ion and Electron-ion Collisions,
ed. Brouillard and McGowan, New York, 1983.

Hedin, A.E., H.B. Neimann, w.J. Kasprzak and A. Seiff. Global
empirical model of the Venus thermosplicre. J. Geophys. Res.
83, 73, 1983,



Killeen, T.L. and P B Hays. O(lS) from digsociative recom-
bination of 0 Nonthermal line profile measurements
from Dynamics Explorer. J. Geophys. Res. 88, 10, 163, 1983.

Massie, S.T., D.M. Hunten and D.R. Sowell. Day and night models
of the Venus thermosphere, J, Geophys. Res. 88, 3955, 1983,

McElroy, M.B., H.J. Prather, and J.M. Rodriguez. Escape of
hydrogen from Venus, Science 215, 1614, 1982,

Moran, T F and J.B. Wllco§ Charge transfer reactions of ground
(ot ( $) and excited O ( D) state ions with neutral molecules}
J. Chem, Phys. 64, 1397, 1978.
.

Nagy, A.G., T.E. Cravens, J,H. Yee, A.I.F. Stewart. Hot oxygen
atoms in the upper atmosphere »f Venus, Geophys. Res. Lett. 8,
629, 1981. .

Niemann, H.B., W.T. Kasprzak, A.E. Hedin, D.M. Hunten and N.W.
Spencer. Mass spectrometric measurements of the neutral gas
composition of the thermosphere and exosphere of Venus, J.
Geophys. Res. 85, 7817, 1980.

Prasad, S.8. and W.T. Huntress. A model for gas phase chemistry
in interstellar clouds, I, the basic modél, library of
chemical reactions, and chemistry among C, N, and 0 compoun: 4,
Astrophys. J. Suppl. 43, 1, 1980.

Rowe, B.R., D.W. Fahey, F.C. Fehsenfeld and D. L Albritton., Rate
constants for the reaction of metastable 07 ions with N, and
and 0, at collision energies 0.04 to 0.2eV and the mobilities
of thése ions ats300K , J. Chem. Phys. 73, 194, 1980.

Smith, D., N.G. Adams ‘and T.M, Miller.+ A laboratorx study of the
reactions of N¥, Nyt, N,¥, Ngt, OF, 02+ and NO' ions with
several molecules at 300K , J. Chem. Phys. 63, 308, 1978.

Taylor, H.A., H.C. Brinton, S.J. Bauer, K.E. Hartle, P.A. Cloutier
and R.E. Daniell. Global observations of the composition and
dynamics of the ionosphere of Venus: Implications for the
solar wind interaction. J. Geophys. Res. 85, 7765, 1980.

Vernazza, J.E., E.H. Avrett and R. Loeser. Structure of the solar
chromosphere.Il The underlying photosphere and temperature-
minimum region. Ap. J. Suppl. 30, 1-60, 1976.

Wetmore, R., J.L. Fox and A. Dalgarno. Radiative lifetimes of
the second negative system of 02+, Planet. Space Sci. in
press, 1984, :

vee, J.U., J.W. Meriwether and P.B. Hays. Detection of a corona
of fast oxygen atoms during solar meximum, J. Geophys. Res.
85, 3396, 1980. ‘



[ v4anbiyg

iR 22 e R

un) 3an Ly
052 002

it ai— ]

NOILNBIYLSI3 TYNOILYYHEIA +NO
SNN3IA

20

0

NOILVINdOd TTYNOILOVYA




JEENSE (V) HIONITIAVM

0006 0008 0004 0009 000G 000¥ 000€ 000<c

ﬂ.jw__ 73 f\\ A ( 0

___m._n_________~___*_________H___

L —

: f _
+20 40 SANVE FAILVOAN (NODTS | | -

— JHL 40 SAILISNALNI AVAHIIAQ TVIOL —{ o1

SNANAA -

__I_.-_qi_‘______*___m___lLt._-!_'n_-_L_._ (I _ [ __

g, g e el o

(V 0S/SHOIATAVY) /LISNALNI TVLOL



	GeneralDisclaimer.pdf
	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001A14.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf

