a factor of 5 at lower altitudes (~180
km), but charge exchange becomes
dominant above about 210 km. The cal-
culated C* values (Fig. 3) are significant-
ly lower than the measured ones. The
major loss process is C* + CO,—
CO™* + CO at the altitudes under consid-
eration; therefore, the calculated C* den-
sities depend on the assumed CO, val-
ues. The uncertainties in these CO, den-
sities are, however, small compared to
the discrepancy in C*. These calcu-
lations appear to indicate that an impor-
tant source mechanism has been ig-
nored; one such possibility is charge ex-
change with neutral carbon.

The calculated N* densities are also
too small; in calculating these densities
the main source mechanism was dis-
sociative photoionization of N, with the
He* charge exchange also making some
contributions. The major loss processes
were charge exchange with CO, and CO.
Atomic nitrogen is probably also present
in the upper atmosphere of Venus (/4),
so that direct photoionization will have
to be considered when some quantitative
information on the abundance of N be-
comes available.

We assumed an NO density of 3 x 108
cm™ at 150 km in order to get general
agreement between the calculated and
measured NO* densities in the region
under consideration. The resulting major
source and loss mechanisms are charge
exchange of NO with O,* and dis-
sociative recombination, respectively.
There is only indirect information avail-
able (/4) on the neutral NO and N den-
sities to provide some limits on these as-
sumptions, and atomic nitrogen could
have also been used to arrive at the mea-
sured NO™* densities.

Both ion mass spectrometers (/1) ob-
served significant signals at mass 28,
which is probably the result of the pres-
ence of both N,™ and CO* ions; CO* and
N,* are created mainly by dissociative
and direct photoionization, respectively;
charge exchange processes also make
some contributions. The calculated CO*
densities are larger by nearly an order of
magnitude than the N,* values. The sum
of these CO* and N," densities (Fig. 3)
does fall short of the measured values.
However, if the measured C* densities
are used in the calculations, a good
agreement is obtained because of the
rapid reaction C* + CO,~ CO* + CO.
This indicates that the difficulty in the
model traces back to problems in ac-
counting for the C* values.

The calculations presented here are
just the beginning of the analysis and in-
terpretation of this great wealth of Pio-
neer Venus data. The comparisons of the
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measured and calculated ion density pro-
files have led to the following con-
clusions. (i) There is a reasonably good
agreement between the calculated and
measured gross behavior of the major
ions except H*, which may be influenced
significantly by convective transport
processes even during quiet conditions.
(ii) Our present understanding of minor
ion chemistry is incomplete at this time.
(iii) The O/CO, ratio and the abundances
of the minor neutral constituents (for ex-
ample, N, NO, and C) play a very impor-
tant role in determining the ion chemis-
try. (iv) The inhibition of diffusion by
quasi-horizontal magnetic fields may be
important. (v) Contributions to the day-
time ion production rates by particle im-
pact may also have to be considered if
the peak density measured by the bus
needs to be explained. Finally, we would
emphasize that the data used in this re-
port were restricted to relatively quiet
conditions; composition and structure
change significantly during disturbed
conditions when convective flows and
other solar wind-ionosphere interaction
processes take over from the diffusive
one at higher altitudes.
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R. H. CHEN
Space Physics Research Laboratory,
Department of Atmospheric and
Oceanic Science, University of
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Venus Ionosphere: Photochemical and Thermal Diffusion

Control of Ion Composition

Abstract. The major photochemical sources and sinks for ten of the ions measured
by the ion mass spectrometer on the Pioneer Venus bus and orbiter spacecraft that
are consistent with the neutral gas composition measured on the same spacecraft
have been identified. The neutral gas temperature (T,) as a function of solar zenith
angle (x) derived from measured ion distributions in photochemical equilibrium is
given by T, (K) = 323 cos'™x. Above 200 kilometers, the altitude behavior of ions is
generally controlled by plasma diffusion, with important modifications for minor ions
due to thermal diffusion resulting from the observed gradients of plasma temper-
atures. The dayside equilibrium distributions of ions are sometimes perturbed by
plasma convection, while lateral transport of ions from the dayside seems to be a

major source of the nightside ionosphere.

The first in situ ion composition mea-
surements by the Bennett radio-frequen-
cy (RF) ion mass spectrometers on the
Pioneer Venus bus and orbiter space-
craft revealed a complex ionosphere not
fully anticipated by earlier theoretical
models (/). The observed ion composi-
tion, however, is consistent with the

neutral gas composition of the upper at-
mosphere measured by several Pioneer
Venus instruments (2). In addition, di-
rect measurements of the plasma tem-
peratures (3) have important implica-
tions for the distribution of ions at alti-
tudes where plasma diffusion becomes
effective.
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Table 1. Sources and sinks of ions in the Venus ionosphere (5).

Rate constant

Rate constant

Production rate Loss rate
Ton , sec™) (k, cm?® sec™?)
@ (k, cm?®sec™!) @) (a, cm? sec™)
1. H* ky,[O*][H] 7(=10)* kyo[O]H*] 4(-10)
2. He* J, [He] 1(=7) kyo[CO,J[He*] 1(—=9)
3. 0% J5[0] 2(-9) kas[N,][O**] 2(=9)
4. C* ky[Het[CO]T 2(—9) ko[ CO,J[CH] 1(-9)
J4 [Coz]T 5(_8)
5. N* Js5 [Nz]T 8(—8) ksz[coz][N+] 1 (_ 9)
6. O* Js[O] 5(=7) kes[ CO,)[O7] 1(-9)
7. CO* k7, [C*][CO,] 2(=9) a; [0,*][CO*] 7(=7)
J:[CO] 9(=7)
8. NO+ kg i[O ][N, ]t 1(—=12) ag [0, [NO*] 4(=7)
ke[ NTI[CO, T 2(—11)
9. O,* kQI[CO2+][O] 1(—10) Qg |:02+]2 2(=7)
kgo[O*][CO,] 1(=9)
10. CO,* J1[CO,] 1(—6) kyo[O][CO,*] 1(—10)
aw[02+][C02+] 4=7)

*7 X 1071 =7(~10).
concentrations.

An evaluation of the appropriate time
constants (¢) shows that chemical pro-
cesses should be important at altitudes
below about 180 to 200 km, whereas
above this altitude range, plasma dif-
fusion should predominate. Using avail-
able information on neutral composition,
electron temperatures, and ion temper-
atures (2, 3), we have assessed the role
of physical and chemical processes con-
trolling the ion composition to provide a
guide for more detailed modeling investi-
gations. A typical dayside ion composi-
tion of the Venus ionosphere (orbit 12) is
shown in Fig. 1. Based on our evaluation
of ion and neutral composition data (/,
3), the suggested principal sources and
sinks of the ten ions illustrated in Fig. 1
are summarized in Table 1 (5). In addi-
tion to the ions listed here, the *O* (18
amu) isotope of O" has been identified;

tThese production rates seem to be inadequate to account for the observed ion

mass 17 (identifiable as OH") has also
been detected, but a large fraction is
most likely the result of spillover from
the O* mass peak. Consequently, it will
probably be impossible to infer, from
photochemical considerations, the pres-
ence and abundance of H,.

As in the terrestrial ionosphere, H* is
produced and lost by the resonant charge
transfer reaction with O. The observed
H* concentrations are consistent with
the observed O*, O, and H concentra-
tions.

The O%" ion appears to be the result of
direct generation from O; production of
O2* by photoionization of O™ does not
seem to be consistent with the observed
O?** concentration in view of the recently
measured large rate constant for its loss
via N, (6). The altitude distribution of
O%*" in chemical equilibrium favors loss
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Fig. 1. Ion composition of the dayside ionosphere of Venus measured on orbit 12.
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of O% via N, rather than O, in contrast
to the situation at Earth.

There is still a problem in accounting
for the large abundance of the ion of
mass 12, presumably C*. Although the
reaction between He* and CO seems to
be a principal source of C* (/)—direct
photoionization of C not being a possible
source because of the lack of observed
neutral C—the predominant loss pro-
cess, the reaction with CO,, requires a
CO/CO, ratio larger than that indicated
from the neutral mass spectrometer mea-
surements. Further instrumental correc-
tions, however, would tend to increase
rather than decrease the CO/CO, ratio.
An additional source of C* may be the
dissociative ionization of CO,, particu-
larly at lower altitudes. The N* ion can
best be accounted for by dissociative
photoionization of N, an important con-
stituent of the Venus upper atmosphere,
and its loss via CO,.

The concentration of the major atomic
ion, O*, is consistent with the observed
O/CO, ratio derived from the neutral
mass spectrometer measurements. Its
predominance is directly associated with
the fact that O becomes the predominant
neutral constituent above ~ 150 km. Al-
though the ion observed at mass 28 can
be either N,* or CO", photochemical
considerations favor its identification as
mainly CO*. In view of the relatively
large concentration of C*, its reaction
with CO,, rather than photoionization of
CO, seems to be the principal source of
CO™*, while its loss is controlled by dis-
sociative recombination. Unless neutral
NO is present, NO™ must be principally
formed by charge transfer reactions be-
tween O* and N, and between N* and
CO,, and lost by dissociative recombina-
tion. The principal molecular ion, O,*,
arises, as suggested before, from charge
transfer between CO,™ and O and be-
tween O* and CO,, and is lost by dis-
sociative recombination. The CO,* ion is
produced by photoionization of CO, and
lost by dissociative recombination and
by charge transfer with O. Although the
sources and sinks outlined above repre-
sent the most important and obvious
ones in light of the presently known cen-
tral composition and rate coefficients,
more detailed model calculations seem
to indicate that for some ions the sources
considered here may still fall short (at
least at the lower altitudes) of accounting
for the observed ion concentrations (7).

From the condition ¢ = L, the altitude
distribution of the ions in chemical equi-
librium can be determined. This altitude
distribution usually appears in the form
of products and ratios of constituents in-
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Table 2. Thermal diffusion coefficients after
Schunk and Walker (10).

Ton o
H* -1.2
He* —1.1
ozt -0.4
Cc* -0.3
N+ -0.1
o* 0
CO* 0.8
NO* 0.9
0,* 1.0
CO,* 1.3

volved in the production and loss of a
particular ion. In general, a scale height
with an effective mass resulting from the
involvement of the various neutral con-
stituents can be defined, and for that rea-
son ion distributions in chemical equilib-
rium can be used to determine the neu-
tral gas temperature. This has been
done, using several of the observed spe-
cies for dayside orbits; the result is
shown in Fig. 2.

The analytical fit of the experimental
data implies that the neutral gas temper-
ature at the subsolar point is T, =
323 = 30 K. A test of this estimate for
low solar zenith angles x should become
possible in early June 1979, when the
periapsis of the orbit will cross the noon
meridian. The neutral gas temperature
derived from photochemical relations is
in good agreement with that derived
from the scale height of neutral constitu-
ents measured by the neutral mass spec-
trometers and the ultraviolet spectrome-
ter. Because of the absence of photo-
chemical equilibrium on the nightside,
neutral gas temperatures cannot be de-
rived with confidence from ion composi-
tions for x > 90°. The temperature at the
terminator, however, appears to be al-
ready representative of the nightside
neutral gas temperatures, which range
from 100 to 140 K (8).

Above about 180 km, the time con-
stant for plasma diffusion becomes com-
parable to or shorter than the chemical
lifetime, and the ion density distributions
are therefore ideally expected to follow a
diffusive equilibrium distribution. At
about 200 km, O* reaches a maximum
due to its increase with altitude under
photochemical control and to the polar-
ization field controlling its diffusion in
the O," layer. Above this altitude, O is
the predominant ion and appears to be
generally well represented by a diffusive
equilibrium distribution. In contrast to
the chemical equilibrium distributions,
which reflect T,, the diffusive equilibri-
um distributions reflect the electron and
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ion temperatures and their gradients.
The gradients are of particular impor-
tance in the Venus ionosphere (/).

Because of the existence of plasma
temperature gradients (V7,), thermal
diffusion of ions, particularly of minor
ones, should become important (9, 10).
The altitude distribution of an ion X;* (in
terms of an altitude parameter z) under
the control of diffusive processes, in-
cluding thermal diffusion, can be approx-
imated by )

I oLX'] _ n{(mj _ M)L

[X;1] oz T. + T;) kT,
AT + T)/oz a,.aTiJ 1
+ - =
T. + T, T, oz H; )

where m; and Z; are the mass and charge
of the particular ion, m, is the mean ion
mass (that is, the mass of the predomi-
nant ion), g is the acceleration due to
gravity and k is the Boltzmann constant,
T. and T; are the electron and ion temper-
atures, respectively, and «; is the ther-
mal diffusion coefficient depending on
the mass and charge ratios of the minor
ion to the predominant ion. Numerical
values for «; for the ions under consid-
eration are listed in Table 2. The ef-
fective scale height of the ion governed
by the diffusive processes is H;. For the
predominant ion, this scale height can be
expressed by

o kIt T) ®

myg + kV(T, + T

Observed OT-scale heights are generally
in excellent agreement with the mea-
sured electron and ion temperatures and
their gradients.

To assess the importance of thermal
diffusion in the Venus ionosphere, Eq. 1
was evaluated for the ions under con-
sideration, assuming 7. = 27; and
VT.= VT, = VT, =5 K/km. The results

Table 3. Scale height ratios for ions under dif-
fusion control.

VT V7, VT,
HXY)  _ (‘; (no ther-  (ther- Ob-
 — mal mal served
H(O") 5 diffu-  diffu-  ratio
= 2T, . .
sion) sion)
H* -0.6* —1.4 -153 ~-10
He™" -0.8 -2.6 4 ~3
o —16 —4.3 o ©
(o 4 1.9 1.4 ~1
N* 1.6 1.3 1.2 ~1
CO* 0.31 0.42 0.51
NO* 0.28 0.38 0.48 ~0.5
0, 0.25 0.35 0.45
CO,* 0.16 0.26 0.30 ~0.3

*A negative value

implies that H; < 0; that is,
3 In [X;*)/9z > 0.
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Fig. 2. Neutral gas temperature as function of
solar zenith angle, derived from ion density
distributions measured by the ion mass spec-
trometers on the bus and orbiter spacecraft by
using photochemical relations. The temper-
atures are representative of the altitude range
160 < h < 180 km; that is, near the exobase.
For x = 85° cos x is determined by the Chap-
man function ).

of this analysis, expressed in terms of the
ratios of the scale heights of particular
ions to that of the predominant ion O*
(which is not subject to thermal dif-
fusion), are shown in Table 3. The impor-
tant role of thermal diffusion in determin-
ing the scale heights of minor ions is ap-
parent. Particularly sensitive indicators
of thermal diffusion effects are He* and
0%, Without thermal diffusion their den-
sities would increase with altitude, while
with thermal diffusion their densities
would either decrease or be constant
with altitude. Thermal diffusion causes
the scale heights of the heavier minor
ions to increase relative to values other-
wise predicted whether there is a plasma
temperature gradient or not.

Although the dayside ionosphere of
Venus appears to be under diffusive con-
trol for relatively quiet conditions, there
are cases in which diffusive equilibrium
distributions of ions are modified by con-
vective plasma transport processes (/7).
For the nightside ionosphere, however,
simple chemical and diffusive equilibri-
um distributions most often seem to be
inadequate to describe the observations
because of the strong role of lateral
plasma transport of ions from the day-
side (/2).
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Absorption of Whistler Mode Waves in the Ionosphere of Venus

Abstract. It is shown that whistler mode waves from the ionosheath of Venus are
absorbed by Landau damping at the dayside ionosphere boundary. This process
heats the ionospheric electrons and it may provide an important energy input into the
dayside ionosphere. Cyclotron damping of the waves does not occur in the same
region. However, Landau damping of ionosheath waves is apparently not an impor-
tant energy source in the nightside ionosphere. Impulsive events in the nightside
ionosphere seem to fall into two classes: (i) lightning signals (near periapsis) and (ii)
noise, which may be caused by gradient or current instabilities.

The Pioneer Venus mission was de-
signed to provide definitive answers to a
number of important questions about
Venus, including those having to do with
the mechanism of energy transfer from
the solar wind to the ionosphere and up-
per atmosphere. In reviewing plans for
the mission it was noted that the studies
of simple static pressure balance would
have to be combined with an analysis of
dynamical dissipation processes at the
ionosphere boundary (/), and several of
the initial reports on data from the Pio-
neer Venus orbiter made reference to
this problem. It was shown that the day-
side ionopause is characterized by an ap-
proximate pressure balance relationship
(2—4), and it was also shown that during
quiet times, the density and temperature
profiles in the upper ionosphere are con-
sistent with a topside energy deposition
on the order of (3 to 7) x 1072 erg/cm?-
sec (3, 4). The initial analysis of the wave
observations suggested that damping of
100-Hz waves (assumed to be whistler
mode turbulence) at the ionopause could
provide an average of 5 X 1072 erg/cm?-
sec as a local energy source of iono-
spheric and atmospheric processes (5).

In this report we examine critically the
concept of damping of whistler mode
waves by ionospheric electrons. We use
simultaneous, high-time-resolution orbit-
er measurements of the electron density
and temperature, the magnetic field mag-

nitude, and the 100-Hz wave amplitude,
and we demonstrate that the Landau
damping picture has quantitative validity
at the dayside ionopause. We also dis-
cuss briefly cyclotron damping and the
nightside low-altitude observations,
which are characterized by the detection
of undamped whistler mode signals ap-
parently associated with atmospheric
lightning.

The initial discussion of wave damping
by ionospheric electrons was based on
data averaged over a number of spin pe-
riods from orbit 4 (5). We have selected
orbit 3 in order to present the quan-
titative analysis, and Fig. 1 shows de-
tails. Figure la contains averages (over
one spin period) of the 100-Hz power
levels (more precisely, values of the
electric field spectral density) from the
electric field detector. The electron tem-
perature and density data were averaged
over a single spin period, as were the
magnetic field data. The outbound iono-
pause was crossed between 1437 and
1438 (spacecraft event time), and we ex-
plore here the associated change of the
spectral density in terms of wave damp-
ing and energy transfer to the iono-
spheric electrons.

At the start, it is necessary to consider
again the previous tentative identifica-
tion of these 100-Hz waves as whistler
mode oscillations. The orbiter wave in-
vestigation has limited frequency cov-
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erage; it measures only electric fields;
and the sun-oriented sheath modulation
makes it difficult to carry out a precise
polarization analysis. Nevertheless, we
have analyzed the wave polarization

‘with respect to the magnetic field direc-

tion in the ionosheath (after 1448, for in-
stance), and we find no evidence that
these waves have polarization character-
istic of electrostatic waves. Some addi-
tional guidance comes from a com-
parison of observations in Earth’s mag-
netosheath with these Venus ionosheath
observations. For example, at Earth, si-
multaneous high-time-resolution electric
and magnetic field measurements from
the International Sun-Earth Explorer
ISEE 1 show that for frequencies f = 56
Hz the dominant magnetosheath waves
have essentially identical amplitude vari-
ations (6). Thus these magnetosheath
waves with f << f., the electron cy-
clotron frequency, are certainly electro-
magnetic whistler mode waves, although
the higher frequency turbulence in the
same region (including some waves with
f<f) is likely to be electrostatic (7).
However, since the interplanetary mag-
netic field at Venus is nominally about
1.8 times as high as that value at 1 AU,
the corresponding wave and cyclotron
frequencies must be scaled upward by
that factor. This scaling suggests that in
the Venus ionosheath the 100-Hz chan-
nel corresponds to the 56-Hz channel in
Earth’s magnetosheath, and this extrap-
olation then indicates that the whistler
mode identification is correct for our
100-Hz measurements.

For plasma waves such as obliquely
propagating whistlers, strong wave-par-
ticle interactions occur when a signifi-
cant number of the charged particles in
the plasma move with velocities close to
the phase velocity of the wave. For a
plasma with a thermal (Maxwellian) dis-
tribution of particles, strong damping oc-
curs when the wave phase speed is equal
to the thermal speed (most probable
speed), and this is called Landau damp-
ing. This matching of speeds means that
in its rest frame the ‘‘average’’ charged
particle is acted on by a d-c electric field,
and the particle is accelerated, gaining
energy at the expense of the wave ener-
gy. A related type of resonant damping
occurs when waves appear Doppler
shifted to the gyrofrequency of the parti-
cles. This damping is called cyclotron
damping. The energy of the resonant
particles parallel to the wave velocity
may be computed from the phase veloc-
ity. For whistler mode waves and elec-
trons, the Landau resonant energy is

2
oL - (i)
87N.cos \f,
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