has moved 68 km. However, part of this
motion may be along the axis of the rope.
We obtained a minimum estimate of the
diameter of the rope by assuming that it
is horizontal and using the altitude varia-
tion of the spacecraft; this lower limit is
1.3 km. A better estimate awaits the de-
termination of the relative orientation of
the axis of these flux ropes and the satel-
lite trajectory.

The existence of flux ropes in the Ve-
nus ionosphere is thus far the major sur-
prise of the magnetic field investigation.
At present we can only speculate on the
source of these ropes; they could come
from either above or below the iono-
sphere. Perhaps the tension in the field
lines draped over the ionopause pulls a
flux bundle down deep into the iono-
sphere. But if so, why are they found so
deep in the ionosphere near the termi-
nator region? Perhaps tubes of flux of an
intrinsic planetary field are bubbling
through the ionosphere on the dayside
and being swept back by the ionospheric
flow to form a planetary magnetotail.
Shears in the flow would twist these
tubes into ropes. We note that the flux
ropes are a ubiquitous feature of the
dayside ionosphere, occurring on every
orbit down to the lowest altitudes.

C. T. RUSSELL
R. C. ErpHIC, J. A. SLAVIN
Institute of Geophysics and Planetary
Physics, University of California,
Los Angeles 90024

References and Notes

1. H. S. Bridge, A. J. Lazarus, C. W. Snyder, E.
F. Smith, L. Davis, Jr., P.J. Coleman, Jr., D. E.
Jones, Science 158, 1669 (1967); N. F. Ness, K.
W. Behannon, R. P. Lepping, Y. C. Whang, K.
H. Schatten, ibid. 183, 1301 (1974); Sh. Sh. Dol-
ginov, Ye. G. Yeroshenko, L. Davis, Kosm. Is-
sled, 7, 747 (1969); Sh. Sh. Dilginov, Ye. G.
Yeroshenko, L. N. Zhuzgov, V. B. Buzin, V. A.
Sharova, Pisma Astron. Zh 2, 8 (1976); K. I.
Gringauz, V. V. Bezrukikh, G. I. Volkov, L. S.
Musatov, T. K. Breus, Kosm. Issled. 8, 431
(1970).

2. M. L. Verigin, K. I. Gringauz, T. Gombosi, T.
K. Breus, V. V. Bezrukikh, A. P. Remizov, G.
1. Volkov, J. Geophys. Res. 83, 3721 (1978).

. C. T. Russell, ibid. 82, 625 (1977).

. Sh. Sh. Dolginov, L. N. Zhuzgov, V. A. Sha-
rova, V. B. Buzin, Ye. G. Yeroshenko, Lunar
Planet. Sci. 9, 256 (1978); C. T. Russell,
Geophys. Res. Lert. 3, 125 (1976); ibid., p. 413;
ibid., p. 589.

S. For further details on the instrumentation, see
R. C. Snare and J. D. Means, IEEE Trans.
Magn. MAG-13, 1107 (1977).

6. J. H. Wolfe, H. Collard, J. D. Mihalov, and D.
Intriligator provided solar wind measurements
obtained with their plasma analyzer.

7. A. Nagy and L. Brace, personal communica-
tion.

8. E. W. Greenstadt, C. T. Russell, V. Formisano,
P. C. Hedgecock, F. L. Scarf, M. Neugebauer,
R. E. Holzer, J. Geophys. Res. 82, 651 (1977).

9. We thank the entire Pioneer Venus team at
Ames Research Center, Hughes Aircraft Com-
pany, and Westinghouse Corporation for suc-
cessful fabrication, testing, and flight of the
spacecraft and our instrument. At UCLA we are
particularly indebted to R. C. Snare ard J. D.
Means for instrument design and testing and to
N. Cline, M. Emig, and B. Litt for data analysis
support. Supported by NASA contracts NAS 2-
8088 and NAS 2-9491.

16 January 1979
748

)

Plasma Waves Near Venus: Initial Observations

Abstract. The Pioneer Venus electric field detector observes significant effects of
the interaction of the solar wind with the ionosphere of Venus all along the orbiter
trajectory. Information is obtained on plasma oscillations emitted by suprathermal
electrons bevond the bow shock, on sharp and diffuse shock structures, and on wave-
particle interaction phenomena that are important near the boundary of the dayside

ionosphere.

Initial measurements by the electric
field detector on the Pioneer Venus or-
biter show that the solar wind interaction
with the Venus ionosphere is strong and
highly variable. Bursts of electron
plasma oscillations are generally detect-
ed everywhere beyond the bow shock,
indicating that suprathermal electrons
are generated at the shock surface. In
most cases the shocks themselves are
well defined in terms of local generation
of intense ion acoustic turbulence and
whistler mode turbulence. The largest-
amplitude plasma waves are frequently
detected at very low altitudes in the
neighborhood of the ionospheric bound-
ary. In this region, a characteristic fea-
ture is the sharp onset of attenuation of
the strong 100-Hz waves as the orbiter
penetrates the dayside ionosphere. If
this 100-Hz plasma wave turbulence rep-
resents whistler mode noise, damping of
the waves by the ionospheric electrons
can be an important interaction mecha-
nism that transfers solar wind energy di-
rectly to the ionosphere.

The measurements of plasma wave ac-
tivity near Venus are made by using a
vee-type body-mounted electric dipole
with an effective length of 0.7 m. This
short antenna detects electric compo-
nents of the waves in the spin plane, and
the signals are processed in four inde-
pendent bandpass channels having cen-
ter frequencies at 100, 730, 5400, and
30,000 Hz. In each channel the band-
width is 30 percent of the center frequen-
cy and the wave amplitude is continu-
ously measured with an amplifier with
automatic gain control. At the nominal
spacecraft rate of 1024 bits per second, a
four-channel spectral scan is transmitted
every 1/2 second. This instrument was
designed to provide exploratory informa-
tion on all aspects of the solar wind inter-
action with Venus, and measurements
are made throughout the orbit. The con-
clusions reported here are based on an
analysis of quick-look data that include
the 3-hour periods centered around peri-
apsis for orbits I through 20: short sam-
ples of observations from all other parts
of the orbits have also been examined.

Figure 1 shows summaries of the low-
altitude observations for orbits 1 and 4.
These measurements are typical for days
with low solar activity and relatively
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high periapsis locations (380 km for orbit
1 and 180 km for orbit 4) on the dayside
approaching the western (dusk) termi-
nator. Peaks and averages of the wave
spectral densities are shown along with
preliminary magnetic field (B) profiles
from the UCLA magnetometer and pre-
liminary electron densities derived from
the GSFC electron temperature probe.
Bow shocks (near 1420 and 1625 on orbit
1) are clearly located by increases of B
above the solar wind value; ionosphere
boundaries (near 1508 and 1513 on orbit
1) are easily identified by increased elec-
tron densities and (generally) decreased
B inside the ionosphere.

Since typical solar wind densities near
Venus give plasma frequencies near 30
kHz, we identify the 30-kHz wave level
enhancements detected beyond the bow
shock as electron plasma oscillations
generated by suprathermal electrons (/).
Similar bursts are detected out to
apoapsis, and the cutoff at the shock sug-
gests that these electrons are generated
at the shock surface. The wave measure-
ments in the upstream solar wind and the
observations of high levels of ion acous-
tic turbulence (5.4-kHz and 730-Hz
channels) and whistler mode noise (100-
Hz channel) at the inbound shocks on or-
bits 1 and 4 suggest that strong wave-par-
ticle interactions develop there. Mass
loading by neutral atoms escaping from
Venus into the upstream solar wind (2)
does not appear important at these shock
locations. However, the shocks encoun-
tered outbound on the same orbits are
quite diffuse, with extensive upstream
turbulence, and effects associated with
mass loading by ions of atmospheric ori-
gin may influence the outbound shocks.

Figure 1 shows that some of the most
interesting and novel results are found at
very low altitudes. We very frequently
observe the strongest wave bursts just
outside the dense ionosphere; the 730-
Hz peak at 1447 UT on 8 December 1978
(Fig. 1b) is one example. This peak and
the rise in the 730-Hz average were de-
tected near the outbound ionopause (3)
on orbit 4. Strong currents must flow at
this type of boundary, which separates
the shocked and magnetized solar wind
(hydrogen plasma) from the ionospheric
heavy-ion plasma, and current-driven
plasma instabilities can generate strong
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ion acoustic waves near the interface. At
high time resolution (Fig. 2) a few spo-
radic higher-frequency (5.4 kHz) bursts
were detected near the outbound iono-
pause on 13 December.

Figures 1 and 2 also show the charac-
teristic and dramatic attenuation in the

100-Hz wave levels near periapsis. By
analogy with observations in Earth’s
magnetosheath and in the solar wind, we
assume that 100-Hz turbulence involves
whistler mode plasma waves, which
propagate only when the wave frequency
is less than the local electron cyclotron

frequency f. (=28 B Hz, where B is in
gammas). Figure 1 shows a close correla-
tion between the disappearance of the
100-Hz noise and the decrease in the
magnetic field strength. However, for or-
bit 1 the minimum electron cyclotron fre-
quency is 1 kHz; therefore it is not pos-
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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 ().

It how 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 population can also produce
strong damping. On orbit 4 the 100-Hz
waves started to disappear when B was
near 30 vy, with the electron density N
rising above 10% cm™*. For these condi-
tions the phase speed of a 100-Hz whis-
tler- wave is typically 3 x 10° 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 m during a 1- to 2-second
interval, when the electron density
dropped significantly (3). Since N = 2 X
10*°cm™, B = 20t0 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/cm?*-
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 S erg/cm?-sec (6).

F. L. SCARF
W. W. L. TAYLOR, I. M. GREEN
Space Sciences Department, TRW
Defense and Space Systems Group,
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 Venus has a well-defined, strong, standing bow shock wave. Down-
stream from the shock, an ionosheath is observed in which the compressed and
heated postshock plasma evidently interacts directly with the Venus ionosphere.
Plasma ion velocity deflections observed within the ionosheath are consistent with
Sflow around the blunt shape of the ionopause. The ionopause boundary is observed
and defined by this experiment as the location where the ionosheath ion flow is first
excluded. The positions of the bow shock and ionopause are variable and appear to
respond to changes in the external solar wind pressure. Near the terminator the bow
shock was observed at altitudes of ~ 4600 to ~ 12,000 kilometers. The ionopause
altitude ranged from as low as ~ 450 to ~ 1950 kilometers. Within the Venus iono-
sphere low-energy ions (energy per unit charge < 30 volts) were detected and have
been tentatively identified as nonflowing ionospheric ions incident from a direction

along the spacecraft velocity 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 (E/Q) and di-
rection of incidence. lons are analyzed
over two E/Q 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
).

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-
ing 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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