
sible to explain the attenuation solely by
decreases in the magnetic field. We also
considered possible instrumental ex-
planations for the attenuation pattern,
but they failed to account for the 100-Hz
observations (4).

It now appears likely that the complete
explanation for the observed 100-Hz am-
plitude variation also involves energy
transfer between the whistler mode
waves and ionospheric electrons, as
Landau damping and resonant cyclotron
damping processes become effective (5).
Landau damping is usually significant
whenever the wave phase speed be-
comes comparable to the thermal elec-
tron speed; however, a suprathermal
electron popuiation can also produce
strong damping. On orbit 4 the 100-Hz
waves started to disappear when B was
near 30 y, with the electron density N
rising above 103 cm-3. For these condi-
tions the phase speed of a 100-Hz whis-
tler wave is typically 3 x I0- m/sec,
which is comparable to the electron ther-
mal speed when the temperature is a few
thousand degrees.
When the ionopause is at low altitudes

during storms, the higher density leads
to small whistler wavelengths; hence ab-
sorption, refraction, or reflection can oc-
cur on much smaller distance scales. The
lowest panel in Fig. 2 shows an ampli-
tude increase of two orders of magnitude
as the spacecraft altitude increased by
800 to 1600 mn during a 1- to 2-second
interval, when the electron density
dropped significantly (3). Since N 2 x
104 cm-3, B : 20 to 40 y, andf= 100 Hz
gives a whistler wavelength of 500 to
800 m, the high-resolution attenuation
profile is consistent with a boundary
scale length of one or two whistler wave-
lengths. Short wavelengths also develop
as B falls so that f. approaches 100 Hz.
These unexpected results suggest that
whistler mode turbulence generated in
the shocked solar wind can be strongly
absorbed in the ionosphere of Venus.
The maximum energy flux available from
the wave damping process is given by
the product of the wave energy density
and the wave speed. In the case of orbit 4
(outbound) the 100-Hz averages yield a
mean whistler mode flux of 0.05 erg/cm2-
sec that could provide a local energy
source for ionospheric and atmospheric
processes. However, the waves appear
to have very large peak amplitudes, with
corresponding sporadic enhancements in
energy flux up to 5 erg/cm2-sec (6).

F. L. SCARF
W. W. L. TAYLOR, 1. M. GREEN

Spacce Sc ienc es Department, TRW
Defenlse and Space Systems Groutp,
Redondo Beach, California 90278
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Initial Observations of the Pioneer Venus Orbiter
Solar Wind Plasma Experiment

Abstract. Initial results of observations of the solar wind interaction with Venus
indicate that Venuts has a well-defined, strong, standing bow shock wave. Down-
stream fromn the shock, an ionosheath is observed in which the compressed and
heated postshock plasma evidently interacts directly wvith the Venus ionosphere.
Plasma ion velocity deflections observed within the ionosheath are consistent with
floiw around the blunt shape of the ionopauise. The ionopause boundary is observed
and defined by this experiment as the location where the ionosheath ion flowi is first
excluded. The positions of the bow1 shock and ionopause are variable and appear to
respond to changes in the external solar wind pressure. Near the terminatotl the bow
shock was observed at altitudes of - 4600 to - 12,000 kilomneters. The ionopause
altitutde ranged fromn as low as - 450 to 1950 kilometers. Within the Venus iono-
sphere low-energy ions (energy per untit charge < 30 'olts) were detected and have
been tentatively idtentified as nonflowing ionospheric ions incident fromn a direction
along the spacecraftivelocity vector.

The Ames Research Center Pioneer
Venus orbiter plasma analyzer in-
strument is a quadrispherical, curved
plate, electrostatic analyzer with five
current collectors and electrometer am-
plifiers. It measures the ambient flux of
plasma ions and electrons as a function
of energy per unit charge (EIQ) and di-
rection of incidence. Ions are analyzed
over two EIQ ranges: low energy from 0
to 250 V and high energy from 50 to 8000
V. Electrons are measured over the en-
ergy range 0 to 250 eV. A more complete
description of this experiment is given in
(1).
The results presented here were ob-

tained during the first few weeks of orbit-
al operation of the Pioneer Venus orbiter
mission. During this period only real-
time and incomplete data have been
available, so the results are considered
to be very preliminary.
Values of the peak speed of solar wind

protons (Fig. 1) were obtained daily at
approximately noon universal time (UT);
they represent an interplanetary value
taken several hours upstream from the
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bow shock (2) on the inbound leg of each
orbital pass. After Venus orbit insertion,
the solar wind underwent a general de-
crease in speed until orbit 9. The large
increase in solar wind at orbit 9 has been
tentatively identified with the arrival at
Venus of an interplanetary shock wave
associated with a class 2B solar flare ob-
served at 1909 UT on 11 December 1978.
After the passage of this shock wave the
solar wind convective pressure in-
creased by approximately an order of
magnitude; this was presumably respon-
sible for the lowest ionopause altitude
observed by this experiment in any orbit
for which we have data. The prominent
feature with a peak speed of - 760 km/
sec on orbit 17 is a high-speed solar wind
stream and was probably not associated
with any specific flare activity.

Figure 2 shows a comparison of an in-
terplanetary solar wind ion spectrum and
an ionosheath (3) spectrum obtained dur-
itig relatively quiet conditions. These
data were taken on day 344 (10 Decem-
ber) along the outbound trajectory of or-
bit 6. The interplanetary spectrum, ob-
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tained at 1605:39 UT (spacecraft time),
shows the H+ peak at 400 V and the
He2+ peak at 800 V. A Maxwellian fit
to the data gives a bulk speed i' of 287
km/sec, a proton number density N of 33
cm-, and an isotropic proton temper-
ature T of 20,700 K. For this case the
components of the solar wind flow direc-
tion were +4.2° in azimuthal angle (from
the west when facing the solar direction)
and +0.50 in polar angle (from the north)
measured perpendicular to the Venus or-

bital plane. The corresponding parame-

ters for the ionosheath spectrum, ob-
tained at 1536:46 UT, are v = 254 kin
sec, N = 87 cm-3, T = 67,000 K, azi-
muthal angle = 6.5°, and polar angle =

+17.40.
A comparison of the free stream solar

wind parameters with the postshock con-

ditions shows a decrease in speed and a

large increase in density and temper-
ature, indicating the presence of a

strong, detached, standing bow shock
wave. The observed change in flow di-
rection across the shock is wholly con-

sistent with postshock flow around the
blunt body of the Venus ionosphere.

Quiet conditions are not necessarily
typical, but they serve to minimize tem-
poral effects that can confuse the gross
spatial features. That this pass took
place under quiet conditions is indicated
by the fact that the free stream solar
wind parameters obtained on the in-
bound leg of this orbit were almost iden-
tical to those on the outbound leg. Dur-
ing more disturbed times (higher solar
wind speeds) interplanetary conditions
upstream of the bow shock frequently
show complex spectra indicative of up-
stream disturbances, and the ionosheath
temperatures frequently approach 106 K.

Figure 3 shows a sequence of EIQ
spectra around periapsis on orbit 3. The
first four spectra were obtained in the
free stream solar wind upstream of the
bow shock. The next two were obtained
downstream of the bow shock in the Ve-
nus ionosheath. Both the lower levels of
the peak currents associated with these
spectra and the increased widths indicate
thermalization of solar wind ions across

the bow shock and conversion of stream-
ing qnergy into particle heating. The two
spectra with depressed current levels (at
1435 and 1443 UT) indicate the absence
of mneasurable plasma ion flux in this en-

ergy range in the ionosphere below the
ionopause. The subsequent spectra were

obtained during the outbound portion of
the orbit; they indicate the recrossing of
the ionopause and finally, after 1536 UT,
the reemergence of the spacecraft into
the free stream solar wind.

Figure 4 shows the bow shock and ion-
23 FEBRUARY 1979

opause locations observed for the first 29
orbits, based on preliminary information
about the spacecraft trajectory and ro-

tated into a common plane. Some pos-

sible bow shocks are indicated with ex-

tended limits or are omitted, and many
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ionopause crossings are missing because
of gaps in real-time data. These will be
refined at a later date. In some of these
instances, there were apparently repeti-
tive shock crossings. Each indicated lo-
cation or arc represents at least one bow
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Fig. 1 (!eft). Daily solar wind proton peak speeds measured during December 1978. In most
cases, the data were obtained near noon universal time for each orbit, upstream from the bow
shock. Fig. 2 (right). Comparison of ionosheath and interplanetary ion spectra across the
bow shock during the outbound leg of orbit 6. The parameters derived from these spectra by a

Maxwellian fit are, for the interplanetary case, i' = 287 km/sec, N = 33 cm-3, and T = 20,700
K; and for the ionsheath case; i = 254 km/sec, N = 87 cm-3, and T = 67,000 K.

Z 10-11
z

aU

=) lo-12

I.

4

3

2

Fig. 3. Successive ion spectra
for a portion of orbit 3 cen-
tered around periapsis, show-
ing the change in spectral
characteristics as the space-
craft passes from the inter-
planetary medium across the
Venus bow shock, through the
ionosheath, across the iono-
pause, and back across these
same plasma regimes on the
outbound leg.

500

400
Z 300
0 200

100

0 5 10 15 20 25

E/Q, V
30 35 40

1 { J.uRurzuc Fig. 4 (left). Bow shock and ionopause loca-
tions (or limits) plotted on a common plane,

TOS
/

/ derived from available data from the plasma
analyzer for the first 29 orbits. The dashed

0 I I | | line indicates a calculated bow shock. Fig.
2 1 0 1 ! 5 (right). Typical low-energy ion spectrum

obtained in the ionosphere near periapsis onorbit 7. This spectrum is interpreted as repre-
senting nonflowing ionospheric ions incident from the ram direction and is consistent with
ion species expected (7) in the Venus ionosphere.

751

'I U

I

0+ CO+O2+ Co2+
4 4 4 4
0 0 0

0 0

oO o 0

I I



shock crossing. The bow shock shape in
Fig. 4 is the shape calculated by Spreiter
et al. (4) for Hlr,, = 0.25, where H is the
local atmospheric scale height and ro is
the distance from the ionopause nose to
the center of Venus. Also, an upstream
sonic Mach number of 8 and a ratio of
specific heats of 5/3 were assumed. A
shape associated with Hlr0 - 0.3 would
seem to be most representative of the
measured bow shock locations, although
they undoubtedly have been observed
over a wide range of upstream sonic and
Alfven Mach numbers and solar wind
pressures. The associated ionopause lo-
cations would imply a much thicker ion-
osphere (4) than the one observed, but
inclusion of magnetohydrodynamic ef-
fects can result in lower-altitude iono-
pause surfaces (5). Another feature not
included in the calculations would be ef-
fects of a possible thick ionopause
boundary layer (3, 4, 6).

Observations in the ionosphere near
periapsis were obtained by the plasma
analyzer in its low-energy ion mode. Fig-
ure 5 shows the low-energy ion spectrum
obtained between 0 and 40 V at - 1500
UT on 11 December during orbit 7 when
the spacecraft was at an altitude of - 310
km. The first peak in the spectrum oc-
curs at - 8 V and the maximum of the
broader second peak occurs at - 15 V.
Because of the measured angle of in-
cidence, we interpret these data as in-
dicating nonflowing ions apparently im-
pinging from a direction along the ram
velocity vector of the spacecraft. The
ram speed at this time was - 9.7 km/sec
so that the peak in the spectrum at - 8 V
is consistent with an ion of mass 16, such
as O+, as indicated by the arrow in Fig.
5. Several ions could give rise to the sec-
ond peak, and the mass positions of
CO+, O°,2 and CO,' ions expected at
this altitude in the Venus ionosphere (7)
are shown in Fig. 5.
The electron data obtained thus far are

incomplete. However, preliminary re-
sults indicate the presence in the iono-
sheath of high-temperature electrons
with typical energies in the range 50 to
100 eV. These observations seem con-
sistent with heating of the solar wind
electrons across the bow shock.
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Ionosphere of Venus: First Observations of the
Dayside Ion Composition Near Dawn and Dusk

Abstract. The first in situ measuirelnents of the comizposition of the ionosphere of
Venus are provided by in(lepell(lellt Bennett radio-frequencv ion mass spectrometers
on the Pioneer Venuis bits a(11( orbiter spacecraft, explorin?g the clawin and(ieisksi(Ie
regions, respectivelv. An extensive composition of ion1 species, rich in oxvgen, nitro-
geti, antd carboni chemnistry is idenitifiedl. The loninant topside ioni is O+ Wt'ith C+, N+,
H+, and1C He+ as prominent secondary ionts. In the lower ioniosplhere, the ionzization
peak or F, laver nzear 150 kilometers reaches a conicentration of aboutt 5 x l05 ions
per cubic centimeter, an(ld is composed of tlhe dlominianit molecular ion, O2,, with
NO+, CO+, anid CO.+, constituting less than1 10 percenlt of the total. Belowt the O+
peak niear 200 kilometers, the ionis exhibit sc ale heiglhts conisistetit'ith a nelutral gas
temnperature of (boilt 180 K neacr the terminator. In the tipper ionlosphere, scale
heights of all species reflect the effects ofplasina tranisport, which lifts the composi-
tioni upward to the ofteni abruipt ioniopaiise, or thermal ion7 boundary, w/hich is ob-
served to varY' inl heiglht between 250 to 1800 kilomtieters, in response to solar wind
d'vialinics.

Bennett radio-frequency (rf) ion mass
spectrometers carried by the Pioneer Ve-
nus bus and orbiter spacecraft are pro-
viding the first detailed in situ measure-
ments of the dayside ion composition.
The orbiter instrument began returning
daily profiles of the planetary ionosphere
starting on 5 December 1978, with an ini-
tial periapsis of 379 km at 17.0°N lati-
tude, solar zenith angle (x) of 630, and an
orbital inclination of 1050. The orbit ge-
ometry is such that inbound passes ap-
proach periapsis from the north, with an
orbit plane precession of about 1.50 per
day toward the dusk terminator. On 9
December, the bus instrument obtained
a single profile of the dawnside iono-
sphere, providing measurements down
to about 128 km (X = 590; 420S latitude),
below which instrument performance de-
graded rapidly because of the impact
with the dense neutral atmosphere.
The identical bus and orbiter in-

struments (BIMS and OIMS, respective-
ly) (/) are designed to provide detailed
measurements of the concentration and
variability of as many as 16 possible ion
species, selected originally as the most
prpbable constituents from theoretical
considerations. As the instrument ex-
plores for, and detects the presence of, a

0036-8075/79/0223-0752$00.50/0 Copyright K 1979 AAAS

given species, an in-flight analysis is
made of each ion measurement to ac-
count for the effects of spacecraft veloc-
ity, skin charge, and bulk ion drift. This
analysis also permits the recovery of su-
prathermal ion characteristics induced
by the interaction of the solar wind and
the ionosphere. The instrument oper-
ating modes are automatically sequenced
to alternately explore, then adapt to, re-
peated measurements of prominent ions.
The temporal and spatial sampling reso-
lution for a given ion thus varies, accord-
ing to the number and relative abun-
dance of species detected. In general,
prominent ions are measured at a rate of
about once per second, corresponding to
a height resolution of a few kilometers
between successive samples.
An example of the resolution provided

in the ion measurements is given in Fig.
1, in which all samples of each of three
prominent ions (O+, O+, and H+) are
plotted. To facilitate the data processing,
smooth profiles have been constructed
as a best fit to the measurements, and
such profiles are used in the further illus-
trations in this and in (2). The spread in
the raw data points reflects instrument
sampling adjustments as well as natural
variations, and thus subsequent detailed
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