not the dominant mechanism responsible
for the observed energetic ions.

The shock-drift acceleration process ener-
gizes ions by magnetically driven drift along
the shock electric field. Decker (10) showed
that under appropriate conditions and par-
ticle trajectory geometries ions can be accel-
erated to energies that are up to two orders
of magnitude higher than the “seed” popu-
lation. If one assumes that the observations
of several kiloelectron volt ions at Venus (5,
6, 7) could represent a “seed” population for
the shock-drift acceleration process, the pres-
ent observations of energetic ions into the
120- to 280-keV energy range can qualita-
tively be explained. However, a unique as-
pect of the geometry at Venus is that the ion
energies observed have gyroradii of 1/4 to 1
Ry (H*) or ~1 to 4 Ry, (O*). These sizes
are of the order of or larger than the subsolar
shock radius and imply that the subsolar
shock region is not the site of the observed
ion energization. In fact, the field geometry
during the ion events indicates that the field
line through Galileo intersected the shock a
considerable distance downstream of the
subsolar region.

Although shock-drift acceleration ap-
pears to be the most promising explanation
of the EPD observations at this time, it is
not clear whether the seed population is
the solar wind or planetary pickup ions. A
more detailed analysis of the data coupled
with model calculations should clarify this
issue.
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Plasma Observations at Venus with Galileo

L. A. Frank, W. R. PATERSON, K. L. ACKERSON, E. V. CORONITI,

V. M. VASYLIUNAS

Plasma measurements were obtained with the Galileo spacecraft during an approxi-
mately 3.5-hour interval in the vicinity of Venus on 10 February 1990. Several
crossings of the bow shock in the local dawn sector were recorded before the spacecraft
passed into the solar wind upstream from this planet. Although observations of ions of
the solar wind and the postshock magnetosheath plasmas were not possible owing to
the presence of a sunshade for thermal protection of the iristrument, solar wind
densities and bulk speeds were determined from the electron velocity distributions. A
magnetic field—aligned distribution of hotter electrons or “strahl” was also found in
the solar wind. Ions streaming into the solar wind from the bow shock were detected.
Electron heating at the bow shock, <20%, was notably small, with substantial density
increases by factors of 2 to 3 at the day side of the shock that decrease for shock
crossings further downstream from the planet. A search for pickup ions from the hot
hydrogen and oxygen planetary coronas yielded an upper limit for these densities in the
range of 1072 jon per cubic centimeter, which is consistent with densities expected
from current models of neutral gas densities.

UR CURRENT KNOWLEDGE OF THE
Ointeraction of the solar wind with
the planet Venus has been provided
by a series of Mariner and Venera spacecraft
and by Pioneer Venus Orbiter (7). The solar
wind interacts directly with the planet’s ion-
osphere and atmosphere, and thus the inter-
action is more similar to the situation for a
comet than that of Earth, for which the solar
wind is held off by our planet’s magnetic
field. Measurements have established that a
bow shock exists at Venus and that a plasma
cavity in the solar wind is formed on the
dark side of the planet. Extensive observa-
tions with Pioneer Venus Orbiter provide a
basis for understanding the mechanisms for
the deflection of solar wind flow on the day
side of the planet: at low dynamic pressures
in the solar wind a magnetic barrier forms
above the ionosphere, and at higher pres-
sures ionospheric currents are driven by the
induction electric field provided by the solar
wind.
Electrostatic analyzers were used to pro-
vide plasma measurements over the energy

L. A. Frank, W. R. Paterson, K. L. Ackerson, Depart-
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Postfach 20, W-3411 Katlenburg-Lindau, Germany.

per unit charge (E/Q) range of 0.8 V to 52
kV (2). A record of the instrument respons-
es during the flyby of Venus is shown in the
energy-time spectrograms (3) of Fig. 1 for
two sets of sensors, E2, P2 and E6, P6. The
spacecraft trajectory provided plasma mea-
surements along the dawn flank of the bow
shock and subsequently within the upstream
solar wind (4) (see also Fig. 2). The plasma
instrument was operated during the period
0318 to 0638 universal time (UT). Sensors
E6 and P6 were directed most closely to the
solar direction without being obstructed by
the sunshade, whereas the fields of view of
E2 and P2 allowed detection of electrons
and positive ions, respectively, with velocity
vectors directed generally toward the sun.
Crossings of the bow shock are most
readily identified in the spectrogram for
sensor E2 by the increases and decreases of
low-energy electrons with energies ~10 to
100 eV, for example, at 0447, 0441, 0438,
and 0422 UT. The regions of enhanced
electron intensities occurred when the space-
craft entered the magnetosheath behind the
bow shock. More accurate determinations of
the times for all bow shock crossings were
given by the onboard magnetometer (5).
We list the above crossing times in reverse
chronological order because in the spectro-
gram the electron signatures of bow shock
crossings become weaker with downstream
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distance along the shock, that is, decreasing
UT. During the time interval 0318 to 0340
UT the electron signatures of bow shock
crossings became considerably weaker.
Heated positive ions in the postshock plas-
mas in the magnetosheath were observed
with sensor P6 during the period 0318 to
0441 UT.

The electron densities and average ener-
gies for the energy range 14 to 210 eV are
shown in Fig. 2. The spacecraft potential
was approximately 10 V during the entire
period of observations. From 0448 UT until
instrument turnoff at 0638 UT the space-
craft was in the solar wind. The densities and
bulk flow speeds were ~22 cm™2 and 450
km s™1. These values, determined from the
electron velocity distributions, are similar to
those simultaneously determined from solar
wind ion measurements with the plasma
instrument on Pioneer Venus Orbiter (6).
The presence of the spacecraft in the mag-
netosheath is evidenced by the sporadic pe-
riods of increased densities shown during
0318 to 0447 UT. The density enhance-
ments decrease with increasing downstream
(decreasing UT) distance along the bow
shock.

A notable feature of the postshock mag-
netosheath electrons is the relatively minor
heating, <20% of that of the incoming solar
wind temperatures. The electron plasma ap-

pears to be compressed upon passage
through the shock without substantial elec-
tron heating. The velocity distribution for
the solar wind electrons is shown in Fig. 3.
With the exceptions of the large density
increase and a minor temperature increase,
the velocity distributions in the solar wind
and magnetosheath are similar. Electron
heating in the bow shock at Earth is not well
understood (7). Further analysis of the pre-
sent observations at Venus may provide
further insight. The crossings of the bow
shock at Venus occurred during a quasi-
parallel geometry with the solar wind mag-
netic field directed generally parallel to the
normal to the bow shock (5).

The solar wind electron distribution at
energies above ~100 eV is magnetic field-
aligned as shown in Fig. 3. Rotation of the
spacecraft as the energy spectra were sam-
pled produced the apparent rapid fluctua-
tions shown at these energies in the spectro-
gram for E6 in Fig. 1. These electrons have
been identified with interplanetary measure-
ments with other spacecraft and are called
the “strahl” of the electron velocity distribu-
tion (8). When the magnetic field geometry
(5) was favorable, some of these electrons
propagated upstream from the bow shock to
the spacecraft position. For example, during
the period 0600 to 0638 UT these electrons
exhibited sporadic fluxes as seen in the re-
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Fig. 1. Energy-time spectro-
grams for the positive ion
sensors P2 and P6 and elec-
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Fig. 2. Densities and average energies of electrons
in the energy range 14 to 210 eV during the
Venus flyby. The Galileo trajectory in the X-Y
plane (Venus-centered solar ecliptic coordinates)
and a nominal position of the bow shock are also
shown.

sponses of sensor E2 in Fig. 1. This region is
known as the electron foreshock (9). At
Venus the electron energies are similar to
those propagating from the sun, and the
electrons may be simply reflected by the
magnetic barrier at the bow shock without
substantial acceleration.

Positive ions streaming into the solar
wind from the bow shock were also detect-
ed. A similar phenomenon has been detected
sunward of Earth’s bow shock and is known
as the ion foreshock (10). The two most
evident cases of upstreaming ions are cen-
tered at 0504 and 0618 UT for sensors P6
and P2, respectively, in Fig. 1. Another
example of upstreaming ions, much nearer
to the bow shock, occurs between the two
shock crossings during 0423 to 0438 UT.
The upstreaming ions are in the E/Q range
of ~1 to 8 kV. In order to propagate
upstream from the bow shock, a proton
must have a speed greater than the solar
wind speed of 450 km s™! or 1 keV. The
spectrograms also show that the energy
range is similar to that for the high-speed tail
of the magnetosheath ions. These are
shocked ions reflected by the magnetic bar-
rier at the bow shock (10).

An example of the three-dimensional ve-
locity distributions is shown in Fig. 4, where
V3 is directed along the magnetic field B.
The velocity distributions are not azimuth-
ally symmetric with respect to B, that is, not
gyrotropic, as noted by their distribution in
the V-V, plane. These velocity distribu-
tions are similar to one of the several types
of upstreaming distributions observed in
Earth’s ion foreshock (10). The present ob-
servations confirm the existence of up-
streaming ions reported by the plasma inves-
tigators for Pioneer Venus Orbiter (11).
Williams et al. (12) report detection of ions
with energies considerably in excess of those
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Fig. 3. Electron velocity distribution f{V) in the
solar wind from 0515:51 to 0517:14 UT. The
coordinate +1/] is taken parallel to the interplan-
etary magnetic field B. For ease of visualization,
the contours at I, < 0 are the reflection of the
contours at 17, > 0 about the Vj-axis.

reported here. The relation, if any, of our
ion observations to those at greater energies
is not clear.

Venus is surrounded by extensive hot
atomic hydrogen and oxygen distributions
(13), or coronas, that interact directly with
the solar wind. Hydrogen and oxygen ions
are created by charge exchange with the
solar wind ions and by photoionization
from solar insolation. These ions are sub-

sequently picked up by the solar wind by'

the V, X B electric field and swept down-
stream with the solar wind with a velocity
dependent on the orientation of the inter-
planetary field. Observations with Pioneer
Venus Orbiter at lower altitudes have de-
tected significant effects interpreted in
terms of ion pickup near the subsolar nose
of the bow shock (14) and the occasional
presence of pickup oxygen ions further
downstream (15). The time period we have
chosen to search for such pickup ions in the
interplanetary medium is 0510 to 0600
UT, a period for which no upstreaming
ions are present.

In the reference frame of the solar wind
a newly created ion has a gyroradius and
speed parallel to B that depend on the
direction of B. Thus, because the direction
of B varies during this time, we transform
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all measurements into a “pickup ion refet-
ence frame” (Fig. 5) (16). In this reference
frame 173 is parallel to B and V, is the
speed of gyration of the ion. In the absence
of scattering, the ion executes motion in a
circle in velocity space about O’. The
spacecraft rest frame is located at O. The
pickup coordinates of the responses of the
instrument are then individually calculated
for the above interval and assigned to four
zones: A (scattered pickup ions) (17), B
(unscattered pickup ions), C (back-
ground), and D (background). The thick-
ness of the pickup disk along 17; is taken as
+0.1 V,, and zone B has a width in the
V-V, plane of 0.2 V.

The results of this preliminary search are
shown in Table 1 with the assumptions of
hydrogen and oxygen ions, respectively. The
only statistically significant response, within
30, occurs in zone A for singly charged
oxygen ions. However, these responses are
not corrected for cosmic ray background,
nor is the possibility quantitatively evaluated
that such responses may be due to the
pickup of infalling interstellar helium (18).
The cosmic ray background rates are difficult
to evaluate because of the short duration of
the observations at Venus but are typically
in the range of 5 X 10~2 counts per second.
Data from the mass spectrometers are not
yet analyzed in detail, but their limited
sampling times at Venus are not expected to
further improve the following upper limits
for pickup ion densities. If the responses
shown in Table 1 are assumed to correspond
to a constant phase space density in their
respective volumes, then an upper limit to
the spatial densities of pickup ions can be
obtained. These densities are 2.7 X 1073
and 8.1 x 1072 ions per cubic centimeter
for zones A and B, respectively, for oxygen,
and similarly 2.0 x 1073 and 9.9 x 107*
ions per cubic centimeter for hydrogen. The
phase space volumes are 1.8 x 10> and 9 x
10?! cm? 53 for zones A and B. Rudimen-
tary calculations for the expected pickup ion
densities (19) from the models of the neutral
coronal gases yield ~1072 hydrogen ions
per cubic centimeter and a much smaller

velocity distribution of ions
upstreaming from the bow
shock into the solar wind
from 0618:59 to 0620:24
UT. The phase space densi-
ties are computed with the
assumption that the ions are
protons. The coordinate
+V, is parallel to B. The I,
axis is parallel to B x V,
where V is the antisolar di-
rection.

Table 1. Preliminary results from the search for
pickup ions.

Zone Samples Counts Counts/s (+SD)

H+
A 1483 28 9.4 (+1.8) x 1072
B 2815 25 4.4 (+0.88) x 1072
C 3598 48 6.7 (+0.97) x 1072
D 35628 395 5.5 (+0.28) x 1072
All 43524 496 5.7 (£0.26) x 102
O+
A 1,642 38 11.6(x19) x 102
B 15314 190 6.2 (+0.45) x 102
C 3565 39 5.5 (+0.88) x 102
D 23,003 229 5.0 (+0.33) x 1072
All 43524 496 5.7 (+0.26) x 102
V
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Fig. 5. Velocity coordinates used in the search for
pickup -ions in the vicinity of Venus. O’ is the
center of gyration for pickup ions, and zone B is
the expected location of the ring of pickup ions.

density for oxygen ions. This anticipated ion
density is less than our upper limits noted
above.
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Images from Galileo of the Venus Cloud Deck
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Images of Venus taken at 418 (violet) and 986 [near-infrared (NIR)] nanometers
show that the morphology and motions of large-scale features change with depth in the
cloud deck. Poleward meridional velocities, seen in both spectral regions, are much
reduced in the NIR. In the south polar region the markings in the two wavelength
bands are strongly anticorrelated. The images follow the changing state of the upper
cloud layer downwind of the subsolar point, and the zonal flow field shows a
longitudinal periodicity that may be coupled to the formation of large-scale planetary

waves. No optical lightning was detected.

HE SOLID STATE IMAGING (SSI)
camera on Galileo returned 77 useful
images from Venus documenting the
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dynamical state of the cloud tops during the
week after the encounter on 10 February
1990 universal time (UT). The geometry of
the encounter (1) and the ability of the SSI
camera (2) to image in the near-infrared
(NIR) and the violet allowed an imaging
sequence that probed to different depths in
the cloud layers and that could follow the
evolution of small-scale dynamical phenom-
ena in the atmosphere as it flowed through
the subsolar region and downwind toward
the afternoon terminator. This region of the
atmosphere has not undergone detailed ex-
ploration by previous missions to Venus.
Mariner 10, Pioneer Venus, Vega bal-
loon, and recent ground-based infrared ob-
servations have provided a great deal of
information about the dynamical state of the
venusian clouds (3-5). The pressure level
where the short-wavelength contrasts are
formed is ~50 mbar (6). This is at a level
some 65 to 70 km above the surface, where
the temperature is about 230 K. The cloud
tops are part-of a deep system of haze and
cloud layers, consisting of sulfuric acid drop-
lets, that extends upward above the 45-km
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