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Abstract. Analyzed are the proton and heavy ion populations observedby the Pioneer Venus Orbiter plasma
analyzer in the region downstream(11.5 Rv) of Venus. The
ion energy per unit charge (E/Q) ratios for protons and
heavy ions are consistent with the identification of oxygen
(0+) as a prevalent constituentof the heavy ions. The speeds
of the heavy ions and protons are often comparablewith
the number densities of the heavy ions being 1% of those
of the protons. The azimuthal flow anglesfor the heavy
ions and the protons are similar and the polar flow angles
of both are usually within ___7V•.øof the ecliptic plane. The
apparent intermittent nature of the heavy ion fluxes may
be an indication that erosion of the ionosphereis taking
place over a limited spatial range and that the orbit of the
Pioneer Venus spacecraftis such that it doesnot intercept
the "layers" of heavy ions in a continuousmanner. The efficiency of the erosionprocessmay be time variable, e.g.,
dependenton external ionsheath flow conditions,the state
of the ionosphere.Evidence is found of a shear layer, the
presenceof oxygen ions of varying speedsor of other
ionosphericconstituents.The heavy ion observationsare
consistent with a viscous interaction and several other processesthat have been suggestedas giving rise to the
removal and acceleration of ionosphericions. The analyses
reported here may be relevant to an understandingof the
plasma interactions associatedwith comets and Mars and
perhaps even with the subsonicinteraction at Io and at

ble for the removal of ions/neutralsfrom the ionosphereand
their accelerationto ionosheath speeds.The erosion of
ionosphereplasma by the ionosheathflow may have largescale planetary atmosphereconsequencesand interactions
with the neutrals may also effect the evolution of the upper
atmosphere of the planet.
The laboratory results of Intriligator and Steele (1982)
may imply that the many structures (e.g., regions of
plasma depletion, regions of plasma enhancement,and
regions of strong turbulence) downstream of Venus are
relatively permanent features of the interaction and that
the general downstream locations of these features are
relatively permanent for typical solar wind conditions.
The analysesreported here may be relevant to understanding the solar wind interaction at Mars (Intriligator
and Smith, 1979) and comets and to the subsonicinteraction of the Io torus plasma with the atmosphere/ionosphere
of Io and the subsonicplasma interaction at Titan. In each
case there is an interaction of the flowing plasma with the
planetary body and its associatedatmosphere/ionosphere.
Observations

Figure 1 shows ion energy per unit charge (E/Q) spectra
that were obtained

Titan.

Introduction

We have continuedour study (Mihalov et al. 1980) of the
heavy ion componentin the plasma observationsdownstream from Venus by the plasma analyzer experiment on
the Pioneer Venus Orbiter (PVO). The present paper is based on our analysesof the first seasonof PVO orbits with
apoapsisin the tail--orbits 180 through 195 (June 2, 1979
through June 17, 1979)--and providesclear evidencefor the
presenceof heavy ions. We present information on the
heavy ions including intensities, energy distributions,
speed,flow directions,and the relation of the heavy ion
observationsto the simultaneousproton observations.A
secondcomponentin the flow was first reported by
Vaisberg et al. (1976).
The solar wind interaction with a non-magneticbody such
as Venus is of considerable

interest.

of Venus at a distance

of

absenceof measurableions at the energiesassociatedwith
the peak in the 1306 UT and 1315 UT energy scans.
On the basis of the relatively high intensity of the protons and heavy ions during some of the time (e.g., 1200 to
1330 UT) in Figure I we identify this region as the
ionosheath.The magnetometer team (Russell et al., 1981)
identified this as the magnetotail. Figure 2 shows the trajectory plot for orbit 189.
Figure 3 shows a plot from 1000 to 2100 UT on June 11,
1979 of the peak proton intensity, the E/Q location of this
proton peak, the speed associatedwith this proton peak,
and the azimuthal flow direction of this peak proton intensity, and the correspondingparameters for the heavy ions.
All of the quantities shownin Figure 3 were obtained from
our analyses of the plasma analyzer energy scans (Intriligator et al., 1980). The heavy ion speedscalculated

The weakness of the

Venus planetary magnetic field permits direct interaction of
the shocked solar wind in the ionosheath

downstream

11.5 Rv on June 11, 1979 (day 162, orbit 189) from 1211
through 1351 UT. The spectra show both the proton and
the heavy ion componentsfrom 1211 through 1342 UT.
There is a variability in the E/Q location and the shape of
both peaks. This variability is indicative of the real
variability and intermittent nature of the proton and heavy
ion populations in this region. Another example of this
variability is the absenceof measurableion fluxes at the
times of the angular scans (Intriligator et al., 1980)
associatedwith the energy spectra at 1306 and 1315 UT.
From comparisonof only the energy scans at 1306 and
1315 UT one could erroneouslyconcludethat the ion fluxes
are rather steady. But there is no doubt from the 1306 UT
angular scan obtained between these two energy scans that
just before the 1315 UT energy scan there was a complete

with the

ionosphereand the upper atmosphere.This leads to the
removal of momentum from the shocked solar wind and
mass addition to the shocked solar wind flow. A number of

processeste.g., charge-exchange,photoionization) are
responsiblefor creating heavy ions. A viscousinteraction
(Dryer, 1970; Perez-de-Tejada,1980), a Kelvin-Helmholtz instability (Wolff et al., 1980) or local turbulenceand largescale electric fields, or other mechanismsmay be responsi-

assume that these ions are 0+ ions. The absence of data

•Also affiliated

Copyright
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1982 by the American Geophysical

points in Figure 3 indicates the absenceof measurable
plasma or that the peak intensity of the measuredplasma
was below 5 x 107ions/cm2secsr. The azimuthal flow angle

Union.

is zero (0 ø) when the flow is from the solar direction; when

the flow is from the west it is positive; when the flow is
from the east it is negative (Intriligator et al., 1980).
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Figure 3 showsthat the proton fluxes were steadierin intensity and E/Q than the heavy ion fluxes;and both the
proton and the heavy ion intensitiesdecreasedto much
lower levels from 1500 to 1650 UT.

From

1340 to 1500

UT there is a decreasein energy associatedwith the peak
intensity of the heavy ions.Theselower energiescouldbe
associatedwith lower peak speedsof the oxygen (e.g., a
shearlayer) or they couldindicatethe presenceof other ion
species.The implicationsof these observationsare discussed below. Following the decreasedlevel of proton intensity
from 1500 to 1650 UT there is a long period of increased
proton intensity accompanied
by depressedheavy ion
intensity.
Figure 3 showsthat the azimuthal flow directionsare
similar for the protons and the heavy ions. With respectto
the polar (north-south)angular distributions,the peak intensitiesof both the protonsand the heavy ions are usually

averageheavy ion speedand the averageprotøn speed.
It is possiblethat additionalheavy ions,movingat
speedscomparableto those of the protons,were present on
these orbits and not included in our samplessincethe E/Q
of the 0+ ions would have been above the range of the instrument. Figure 6 illustrates this point further. Figure 6 is

a scatter plot for each spectrumof the heavy ion speed
associatedwith the peak heavy ion intensity versus the
proton speedassociatedwith the peak proton intensity.
Figure 6 showsthat in many spectra the proton and heavy
ion speedsare comparable.Thus, it is likely that the instrument's 8 kv range limited its ability to detect accelerated
heavy ions.
Discussion

The heavyion peaksin Figure1 are consistent
with their
identificationas oxygenions(0+). Sincethe plasmaanalyzer

recorded on Collector 3, the central collector which

measuresflows within +_ 71/2o of the equatorial plane.
Figure 4 is similar to Figure 3 and showsthe correspond
ing proton and heavy ion parametersfrom 0700 to 2000 UT
on June 8, 1979 (orbit 186). The trends in the data in

Figure 4 are similar to thosein Figure 3. The decreasein
the E/Q of the heavy ion peak from 1130 to 1230 UT is
similar

to that observed

on orbit

189.

Figure 5 presentssomestatisticsfrom the first taft
passage.The scatter plot indicatesfor the downstream
region of eachorbit the averageheavy ion speed(V0+)
associatedwith the peak intensity of heavy ions versus the

averageprotonspeed(Vp)associated
withthepeakintensity
of protons.The ordinateextendsto 310 km/sec,which correspondsto 8 kv the maximum range of the instrument.
The upper panelsin Figure 5 indicatethe number of
samplesin the downstreamregionusedto obtain the
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separatesparticles only by energy/charge(E/Q), it is not
possibleto separate particles with the same mass/charge
ratio and the same speed (Intriligator and Miller, 1981).
However, based on our knowledgeof the solar wind and of
solar wind/planetary interactions we identify the low energy
peak as protons. From our knowledge of the composition of
the atmosphereand ionosphereof Venus and the E/Q ratios
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•SAMPLES

of the protonsandthe heavyions,(E/Q)heavy
ion• 16 (E/Q)p,
it is likely that the heavy ions in Figure I are oxygen ions.
The continuouspresenceof the heavy ions in the spectra
from 1211 through 1342 UT is compellingevidencefor
mass addition to the ionosheathflow. Oxygen ions or other
heavy ions are not noticeably present in the solar wind.
While there is evidence for the occasionalpresenceof ions
other than hydrogen and helium ions in the solar wind the
fluxes associatedwith these additional ions are very low-less than those of the heavy ions in Figure 1. Therefore, the
Venus atmosphereand/or ionosphereis the sourceof these
heavy ions.
With regard to relative densities, the proton number densities associatedwith the intervals of appreciableflux on
June 11, 1979 (e.g., 1000 to 1300 UT, 1800 to 2000 UT) are
20-40 protons/cm3.The heavy ion number densitiesare about
1% or less of the proton number densities.The proton
temperatures are about 105 øK. At times the 0+
temperatures are comparable to this and at other times
(e.g., 1220 UT on orbit 189) the 0+ temperature is almost
four times higher. We calculatedproton and 0+ densities
and temperaturesby a moment calculationsimilar to that
used in Wolfe et al. (1974) since the NASA Ames data
reduction program used for solar wind data is not directly
usable for the protons and oxygen ions in this region. We
calibrated the moment method by comparing parameters
for solar wind spectra obtained from the moment method
with the NASA Ames program's calculated parameters for
these same spectra.
In comparing relative intensities at various E/Q's to infer
relative densities one should recall (Intriligator et al., 1980)
that the range of energies acceptedat an E/Q step is a constant percentageof the nominal energy of that step so the
"energy window" is larger at higher energies.Thus an
energy correctionmust be made before relative densities
can be inferred. Since we assumethe heavy ions are singly
chargedoxygen ions travelling at the same speedas the
protons, no charge or speedcorrectionsneed be made.
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On the basis of the plasma observationsin Figures I and
3 we associate the measurements made on orbit 189 from
1000 to 1330 UT or even to 1400 UT with the Venusian

ionosheath. The exclusion of measurable plasma from 1430
to 1700 UT we associatewith the tail cavity. As shown in
Figure 3, the "magnetotail" has been defined from 1200 to
1700 UT on the basis of the magnetometer observations
(Russell et al. 1981).

The continuousand prolongedobservationsof the heavy
ion componenton orbit 189 by the plasma analyzer were
aided by the relatively low speedsof the solar wind and
ionosheathflow. The spectrum of the heavy ions can only
be measuredwhen it is present below 8 kv. The proton and
heavy ion speedsduring this period were below 250 km/sec
(seeFigure 3). Thus the geometry of the orbit and the low
ionosheathspeedscombinedto provide us with advantageousconditionsfor observingmass addition to the
ionosheath

5

I

flow.

The spectra in Figure I clearly indicate that at 1248 UT
there is a definite shift to a lower E/Q of the heavy ion
peak. At 1248 UT the proton peak also shifts, but it does
not decreaseproportionately. As a result at 1248 UT,

(E/Q)heavy
ions
• 14(E/Q)protons.
We associate
thesechanges
in
E/Q with a decreasein the bulk speedof flow of the ions.
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Fig. 4. Proton and heavy ion observations
from 0700 UT to 2000
UT on June 8, 1979 (orbit 186). See Figure 3 caption. The

Fig. 6. Scatterplot for eachspectrumof the heavyion speed
associatedwith the peak heavy ion intensity versusproton speed
associatedwith the peak proton intensity. The numbersbeside

magnetometer
wasturned off duringthis time (Russelleta]. 1981).

some dots denote the number of overlapping dots.
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While it is possiblethat this shift and the changein the
E/Q ratio of the heavy ions to the protons (i.e., it is 14 not
16) is indicative of an absenceof oxygen ions and the
presenceof a different heavy ion species,it appears unlikely. Thus, we tentatively associatethis shift in the high
energ5Tpeak as a decreasein speed of the observed oxygen
ions: at 1239 UT the oxygen ion speed (corrected for aberration) was 230 km/sec and at 1248 UT it was 200 km/sec.

The slow rather continuouschange in E/Q of the peak
heavy ion intensity from 1340 to 1500 UT shown in Figure
3 could also be associatedwith the changein speedof
heavy ions or a change in compositionor both. Figure 2 indicates that during this time the spacecraftis traversing a
limited spatial region. It is also quir,e closeto the optical
shadow. A similar change in E/Q location of the peak heavy
ion intensity is also evident in Figure 4 between 1130 and
1230 UT. Therefore, it is possible that these observations
are indicative of a shear layer or some other boundary layer
or a viscous interaction region (Dryer, 1970; Perez-deTejada, 1980). It is also possible that these observations
are indicative of some temporal variation and may imply a
change in the rate or location of accelerationof ionospheric
ions and/or a change in composition of the accelerated
ionosphericion population. The Venus ionosphericions, initially having low speeds,must undergo accelerationto attain speedscomparable to those of the shockedsolar wind
protons. If there is a direct interaction between the shocked
solar wind and the neutral atmosphere,charge-exchange
can occur leading to the production of a fast neutral. The
E/Q and flux variations in both the solar wind component
and the Venus component of the ion flow could reflect the
varying characteristics of the regions in which these interactions are taking place.
Figures 3 and 4 indicate the similar azimuthal flow angles
associatedwith the peak intensities for protons and heavy
ions. With regard to the polar (north-south)flow, most of
the proton and heavy ion fluxes in this region are observed
on collector 3, the collector detecting flows within +_71/2
ø of
the spacecraft equatorial plane.
Conclusions

the instrument.

Oxygen ions or other heavy ions are not noticeably present in the quiescent solar wind. In contrast, on June 11 the
oxygen ion density was as high as 1% of the proton density, implying that the oxygen ions are the result of the
interaction

of the shocked

solar wind with

Solar

Wind at Venus

vironment and the resulting mass addition to the flow.
There also may be some temporal variability. In the
downstream region the speeds of the protons and the heavy
ions are quite variable. At times there is a change in the
speed of one or the other component. The intermittent
fluxes and variability of the E/Q and angular distributions
of both the protons and heavy ions are consistent with a
dynamic interaction giving rise to the spatial and temporal
changes.
It is anticipated that future analyses of the plasma observations associated with subsequent seasonsof PVO tail
passages and comparisons with the simultaneous plasma
wave, magnetic field, and ionospheric/atmosphericobservations will contribute to our understanding of the significant
physical mechanismsinvolved in this interaction and of the
resulting structures.
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