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Laboratoryexperiments
have been performedthat showthe effectsof insertinga spherical
conducting
model,largein comparison
withtheDebyelength,intoa freestreaming
high-energy
(1 kV)
unmagnetized
hydrogen
plasma.Theseexperiments
arethefirstlaboratory
measurements
at energies
andcompositions
directlyrelevantto solarwindandastrophysical
plasmaphenomena.
Theincident
plasma
parameters
wereheldconstant.
Transverse
profiles
of thenetLangmuir
probecurrent,plotted
at various locationsdownstreamin the model wake, are divided into three regions--the 'shadow,' the

'transition,'and the 'boundary.'The followingnew resultsare obtained:(1) enhancements
in the
'shadow' exist at downstreamlocationswhere the Mach ratio is lessthan one; (2) turbulenceexists in

the 'transition'regiononthe shadowedgesandoutsidein the 'boundary'region.Theseresultsappear
to be attributableto theuseof a high-energy
plasmafor thesestudies.A smallcurrentenhancement
is
alsopresentin theboundary
andis attributable
to theplasma/model
interaction,
in closeagreement
with low-energyplasma/model
interactionexperiments.We speculatethat many similarfeatures
observed
byin situspacecraft
downstream
fromplanetary
bodiesarerelativelypermanent
andaredue
to the intrinsicnature of the interactionbetweenthe solarwind plasmaand the obstaclerather than to

transitoryeffectscausedby the presenceof discontinuities
or other transitorycharacteristics
associated with the flow.

INTRODUCTION

radius, 4.1 cm) downstreamfrom the model location the
ambientplasmabeam was determinedto be flat, within

There has been considerable interest in theoretical and

experimentalresearchassociatedwith plasmaflow past

_+10% of maximum current for a transverse distance greater

bodies. However, the results are fragmentary both for
laboratory and for in situ space experiments. Moreover,

than -+8 cm (-+2a) from the model center line. At z/a

most common constituentsof astrophysicalplasmas.

Extensive measurements were then made of the source

locations further downstream the transverse distance over

suchexperimentshave emphasizedthe low-energyplasma which the beam remains flat increasesproportionallywith
flow associatedwith the earth's ionosphere [Hester and the divergenceof the beam. This uniformity was not
Sonin, 1969;Oran et al., 1974;Fournier and Pigache, 1975; achieved in some low-energy plasma interaction experiStone,1981a,b] rather thanthe high-energyflow associated ments [Hester and Sonin, 1969].
Theexperimental
modelsanddetectors
weredesigned
and
with astrophysicalplasmas(e.g., the solar wind, stellar
winds,etc.). The previouslaboratoryexperiments
employed constructedto withstand operating potentials of several
argonor otherinert gasesratherthanhydrogen,oneof the kilovoltsto allow for diagnosticsof the high-energyplasma.
In the University of SouthernCalifornia (USC) AstrophysicalPlasmaLaboratorywe took a more realisticap-

proachin simulating
theeffectsassociated
with obstacles
in
an interplanetary/astrophysical
environment.
We developed
a largefacilityto enablethe useof models,largein comparisonwith the Debye length,in a high-energyfree streaming
plasma.Figure1 is a schematic
of the majorcomponents
of
the facility: the large vacuum chamber, the high-energy
plasmasource,and the detectors.
A steady state (non-pulsed)high-energyplasma source,

characteristics
and the plasmaparametersfollowingmethods similar to those described in Hall et al. [1965] and $ellen
et al. [1965] and $chott [1968].

The sourceproduceda well controlledandrepeatablehigh
energy,collisionfree hydrogenplasmawith the undisturbed

plasmadensitydecreasing
as 1/r2 (wherer is the axial
distancedownstream from the source), an indication of the
collision free status of the beam. The undisturbed plasma

upstream
anddownstream
fromthe plannedmodellocation
was measuredrepeatedlyto ensure reproducibleplasma
parameters.
Thena largespherical
model(a/)•d= 8, whereXd
is the Debyelength)was insertedinto the plasmaand the
incident (upstream)plasma and the downstreamplasma

using injectedhydrogengas for proton productionand
capableof producing
a stablehighdensityplasmawith well
controlledand repeatableparameters,was designedand
developed
for the facility.The transverse
uniformityof the were repeatedlymapped.
In this paper we present the resultingmeasurednet
beamwas optimized.At z/a = 2.5 (wherea is the model
currentprofilesin thewakeregionsfromz/a of 1.2to 8.1 for
• Also affiliated with the Carmel Research Center, Santa Monica,
a largeconducting
body at zero potentialwith referenceto
California 90406.
theplasma.We comparetheseresultsto thefindings
of Hall
et al. [1964],Hendersonand Samir [1967],Hester and Sonin
Copyright1982by the AmericanGeophysical
Union.
[1969],FournierandPigache[1975],Grabowskiand Fischer
Paper number 2A0624.
[1975],Samir et al. [1974],and Stone[1981a,hi. All of the
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Fig. 1. A schematicof the USC AstrophysicalPlasmaLaboratory plasmafacility, showingthe locationsof various
detectors, the hydrogen plasma source, and the models.
data refer to the model radius a = 4.1 cm and were taken

under the plasma conditions listed in Table 1.

wall and was measured by using a scale on the shaft. The
probe current reading is the net measuredcurrent. Thus it is
indicative

PLASMA FACILITY

DESCRIPTION

The USC Astrophysical Plasma Laboratory contains a
large plasma facility 20 feet long and 15 feet in diameter (see
Figure 1). The vacuum chamber operatingpressureof <5 x

10-6 Torrismaintained
witha 36inchdiffusion
pump.The 12 kV free streaminghydrogen plasma, formed by utilizing a
modified Kaufman ion source with a finely regulated flow of

of the ion and electron

densities

and fluxes.

Plasma parameters are measured for control purposesby
using three separate detectors. Two of the probes are hot
wire Langmuir probes mounted at z/a - - 1.3 and z/a = -8.4
upstream from the model location (all probe locations are
referenced to the model center line, where z = 0) and are
mechanically moved into and out of the beam from outside
the vacuum chamber. The third detector, a Faraday cup with

hydrogengasto controlproton (H+) production,is neutral-

secondary
suppression
capabilities
anda 1 cm2 aperture,is

ized by using a hot filament immersed in the plasma [Bernstein and Sellen, 1963]at a distanceof 1R0• 5 cm (the radius
of the extraction grid on the source) in front of the source.
At a position 61 cm downstream from the source the
plasma is incident upon a highly polished aluminum sphere
with a diameter much larger than the Debye length. The

located on the translator directly below the Langmuir probe
with the aperture in the same plane as the Langmuir probe.
A gold plated tungstengrid with 80% transmissionis placed
acrossthe aperture of the cup and grounded to help shield
the internal fields from the surrounding plasma. This cup
was calibrated by using a second larger Faraday cup (an
'absolute' cup) that was designedso that any measurements

model can be moved into and out of the beam from outside

the vacuum chamber by using mechanical vacuum feedthroughs.Its position is read electrically and displayedon a
digital voltmeter. Thus, all the plasma parameters can be
measured

with

and without

the model

in the beam.

taken with it are 'absolute'

in the sense described

below.

The absolutecup is shielded, ---25cm in diameter and 100

cmlong,with an externalapertureof 1 cm2 andan internal

The

parameters measured without the model were used as a
baseline to enable accurate analysis of the model wake
perturbations.
A Langmuir probe [Langmuir and Mott-Smith, 1924],
consistingof a looped wire 1.5 cm long by 0.008 cm diameter
(similar to those described in Hall et al. [1965] and Sellen et

TABLE

1. Laboratory and Solar Wind Free Stream Parameters
Solar Wind

Parameter

Velocity (km/s), Vi

Density(ions/cm3),Ni
Ion temperature(øK), Ti

al. [1965]), floats at the plasma potential (as determinedby
the point where the In I/V curve deviatesfrom a straightline)
and is steppedin bias voltage to obtain a In I/V curve. It is
mountedon a three axis translator downstreamof the model,
enabling us to obtain three-dimensionalmaps of the model

Ion composition
Electron temperature* (øK),
Te
Te/Ti
Debye length (cm),

wake from z/a = 1.2 out to z/a = 80 for the model. This

Ion acoustic Mach no.,

allowsus to directly compareour data with thosepublished
previouslyby others. The x and y locationsof the probe are
varied electrically and measuredwith integral potentiometers and displayed on a digital voltmeter with an accuracy of
-0.1%. The z location is varied mechanicallyby the use of a
shaft inserted through a sliding vacuum seal in the chamber

ha = 6.9 (Te/Ne)1/2
M = Vi/(2kTe/Mi)
1/2
Debye ratio, a/ha

Model radius(cm), a

At Venus

300-700

Laboratory
500

107
104

20-40
1-5 X 104
H+

1-5 x 105
>1

> 102
6
>> 1

6.1 x 108

H+

2x

105
>1

3-6 x 10-1
9
8
4.1

Plasma potential (V)

*Te was determined by using conventional methods associated
with I/V curves, the straightsectionof our In I/V plot was greater
than one order of magnitude.
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aperfureof 1.5 cm2. The outershieldis operatedat ground employed to enable us to compare our results directly with
potential. The size and internal structure minimize the need
for secondary suppression. The cup, constructed without
internal grids which would reduce the total transmission of
particles entering the entrance aperture and collected by the
cup, has been employed since 1967 in the laboratory calibrations of our flight plasma analyzers (e.g., the NASA Ames
plasma analyzers on Pioneer 7, 8, 9, 10, 11, and the Pioneer
Venus orbiter). Its characteristicshave been measured many
times, and we refer to its output as the 'absolute' plasma
parameters. The large size of the absolute cup precludes our
leaving it in the chamber during the wake studies. Initially,
the output of the two cups were recorded simultaneouslyand
used as a calibration of the smaller cup so that reliable data
could be derived from it. The absolute cup was then removed from the translator and the Langmuir probes in-

other published data [Hester and Sonin, 1969; Oran et al.,
1974; Fournier and Pigache, 1975; Stone, 1981a, b]. The x
locations were recorded with the corresponding measured
currentsin a step and pause procedure. An electrical control
system was used to move the detector along the transverse
axis (x) in 0.25 cm steps. After each step the electrometer
zero was checked, reset if necessary, and the output allowed
to stabilize for approximately 30 s.
Figure 3 showstwo current profiles taken at z/a = 2.8 with
the same vertical and horizontal axes as those in Figure 2.
Three separate regions of interest (shadow, boundary, and
transition) are defined for the profile with the model in the
plasma (solid line). The dashed line profile is the ambient
plasma current with the model removed. It shows that for a
transverse distance greater than -+2a the plasma beam was

stalled.

All detector outputs are monitored with sensitive laboratory electrometers to ensure that any changesin the plasma
due to source or pressure fluctuations are measured. This
enablesus to ascertain if there is any extraneous noise in the
ambient plasma. When noise is present, the plasma source is
readjusted and the baseline measurementsretaken. If noise
occursduring a data scan, those data are disregardedand the
scan is repeated.

Ti,,,,T

OBSERVATIONS

The plasma parameters listed in Table 1 were maintained
at their respective values throughout the entire data series
presented in this paper. The profiles shown in Figures 2-5
are indicative of the plasma ion and electron densities and
fluxes and are analogous to the current density profiles
shown in Stone [1981a, b] but are shown as measured net
currents to give the reader a better appreciation of the
shadow structuring. Before and after each sequence of
transversescans,consistingof from two to four different z/a
locations, the model was removed from the plasma and the
ambient plasma parameters were measured to establish
baseline values. The comparisons of the baseline values
were made by the same detector using the same electrometer, and the maximum deviation was -+5%.
Figure 2 shows a series of transverse net current profiles
taken at various locations in z, from z/a = 1.2 through z/a =
8.1 as denoted by the numbers above each profile, downstream from a model. As indicated in Figure 2, the separation in z/a between the first two profiles is only 0.1, whereas
the z/a separation between the other profiles is 0.3 except
between 2.8 and 3.2, 6.8 and 7.2, and 7.5 and 8.1. The

'--I I I I I T
TI I I I I T

1,,,,,1 l,,,,,l

5.6• 32I•/ol
23

verticalaxiscoversmanyordersof magnitude
(from+ 10-8
A to -10 -8 A, wherea net currentof -+1 x 10-12ampswas
chosenas the background or zero current level). The recorded currents, as read from the electrometer, changed polarity
abruptly as they passedthrough the region of zero net probe
current. When this occurred the electrometer scale polarity
was changedand the zero rechecked before the data taking
continued. Several transverse scans, with both the model in
and out of the plasma, were taken at each z/a location to
ensure repeatibility and each of the contour plots is the
approximate average of all the data scansfor that particular
location with the model in the plasma (the structures were
present in all the 'model in' scans).
The horizontal axis is a dimensionlessparameter x/a, with
zero as its center and a range of -+3. This parameter was

,,,,,T

T
3210123

Fig. 2. A series of transverse net current profiles measured
downstreamof a large (a/?ta= 8) conducting spherical model. The
vertical axes are the measurednet current. Each axis covers many

ordersof magnitude
rangingfrom + 10-8 A to -10 -8 A. The zeronet
current levels are _ 10-•2 A and the vertical scales have been broken
at these locations.

The horizontal

axis is the dimensionless

number

x/a with an amplitude of _ 3, where x is the transverselocation and a
is the model radius. The downstream z/a locations, rangingfrom 1.2
to 8.1, are denoted by the numbers above each profile. The
structuralevolution of the shadowbeginsat z/a = 1.6. The evolution
of a current enhancement in the boundary regions (see Figure 3)
becomesapparent at z/a locationsbeyond 1.2.

6056

INTRILIGATOR

AND STEELE: SOLAR WIND

TRANSITION

REGION
•

BOUNDARY
REGION

o
• ic•e

,SHADOW
REGION

BOUNDARY

PLASMA/MODEL

EXPERIMENTS

energy solar wind plasma/model interactions presented in
this paper and the low-energy plasma/model interactions
previously studied by others. Many authors [Hester and
Sonin, 1969; Oran et al., 1974; Stone, 1981a, b] have
reported orderly transitionswith increasingz/a from a plasma 'void'

in the near wake of a model to an enhancement

peak, and then to 'outwards travelling density peaks' at
locationswhere the ratio of z/a to the mach number ((z/a)/M,
the 'Mach ratio') is greater than one. In contrast, in the case
of our higher energy plasma interaction the 'shadow' is very

z _•0-•z

structured at z/a locations where the Mach ratio is less than

i
2

I
I

i
0

I
I

I
2

x/0
Fig. 3. Transverse current profiles with the three separate regionsdefined.The figurealso showsa comparisonat z/a = 2.8 of the
measured

current

enhancement

downstream

of the model and the

measured ambient current (without the model). The vertical and
horizontal axes are the same as in Figure 2. The profile obtained
downstreamfrom the model shows a large current enhancementin
the shadow region with a peak current slightly larger than the
ambient current. The ambient current profile shows that for a
transversedistancegreater than -+2a the high-energyplasma beam
was flat to within

_+10% and that there was no noticeable

effects in

the undisturbed plasma which would account for the large current
enhancement

in the shadow.

flat to within _ 10%. Comparison of the two contours in
Figure 3 shows that a definite peak is present on the wake
center line behind the model and that the amplitude of the
peak is slightly larger than the net current recorded for the
undisturbedambient plasma. Figure 3 also shows small net
enhancementsat the edges of the shadow.
Figure 4 is a plot on an expanded horizontal scale of the
measured net current in the transition region of the profile
taken at z/a = 3.8. The error bars in this fig• e :;how the
range of the net current fluctuations that occurred at a
frequencyof lessthan 30 Hz and were always presentin this
region when the model was located in the plasma beam. As
shown in Figure 4, the turbulence began at the edge of the
boundary region and increased with maximum fluctuations
(approximately _+70% of the net current) occurring in the
region of polarity reversal at the center of the transition
region and decreasing as the edge of the shadow was
reached. This type of turbulence was seen in the transition
regions in all profiles taken downstream from the model.
Low level fluctuations (_ 10%), also with a frequency less
than 30 Hz, were observed in the boundary region as well.
Figure 5 shows the measured net current on the wake

one and the enhancementpeaks have an evolution throughout this region. This evolution of the peak and its associated
structuringat these Mach ratios appears to be a permanent
feature of the wake in our high energy plasma and may be
indicative of the downstream wake of any body in a high
speedplasma flow; e.g., a planetary body in the solar wind.
Figure 2 indicates that in the shadowregion very close to
the model (z/a < 2.5) the major feature of the observationsis
the absence of measurable net positive current and the

presence
of quitelargenet negativecurrents(5 x 10-:ø A
maximum). This phenomenon was also observed and mentioned in passing by Hester and Sonin [1969]. Another
feature of the shadow is its narrowness at z/a locations of 1.2

and 1.3. The width of the shadow at z/a = 1.2 is approximately 70% of the model diameter increasingto approximately 90% of the model diameter at z/a = 1.3. This effect
was carefully checked for accuracy.
The plotsin Figure 2 clearly indicatethat the structuringin
the shadowbeginsat z/a = 1.6 and continuesto increasein
amplitude until at z/a = 2.8 an enhancementpeak is observedthat is slightly greater than the undisturbed(ambient)
net positivecurrent at this location (see Figure 3). This peak
is boundedon either side by large net negative currents (--•3

x 10-:ø A). The appearance
of the enhancement
peakat a
Mach ratio of 0.3 when the model is maintained

I

zii

Z/c•:3.8

ZlIiiI
z

o

l--i•11

center line downstream from the model as a function of z/a.

These currents were obtained by locating the Langmuir
probe at the intersection of the vertical and horizontal center
lines and then systematically moving it to increasing
z/a locations. This plot emphasizes the presence of the
evolving peaks in the measured net current along the wake
center line downstream

from the model.
DISCUSSION

'Shadow' Region

We define the region directly behind the model as the
'shadow' (see Figure 3). The shadow structure shown in
Figure 2 appearsto be the major differencebetween the high-

at zero

potential is in direct contrast to the data publishedfor low-

_3.0XlCfII
._+2.0

•:

ß

0.24

0.12

0.0

Fig. 4. The 'transition' region measuredat z/a = 3.8. This plot is
typical of the turbulent regionin all our profiles. The error bars show
the range of the measured net current fluctuations. These fluctuations occurred at a frequency less than 30 Hz and were always
present in this region when the model was located in the plasma
beam. The vertical axis is the same as that used in Figure 2. The
horizontal axis step size has been decreasedto show the turbulence
measured in this region. The total x/a distance covered by the
horizontal axis is only 0.24. There are two such regions in each
transversecurrent profile and they are essentially identical.
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Fig. 5. A plot of the measurednet current on the model shadow
center line showingthe nature of the evolution of the current in the
wake. The vertical axis is the same as that used in Figure 2 and the
horizontal axis is the dimensionless number z/a.

energyplasmaexperimentswith a body floatingat a few kTe
negativepotential [Hester and Sonin, 1969; Stone, 1981b],
whichpredictthat the enhancementpeak shouldappearat a
Mach ratio of approximately one.
In contrast to this maximum enhancement, a decrease is
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near the center and decreasingtowards the edges(see Figure
4). This turbulence appears to be a direct effect of the
interaction of the high-speedflow with the model since when
the model is removed from the plasma the turbulence is no
longer present and there are no indications of changesin the
baselineplasmaparametersthat would accountfor this type
of behavior. One can speculatethat turbulence was present
in the plasma at all times but that it was maskedby the high
level of the net ambient currents. To investigatethis possibility, we conducted tests with a lower net ambient current
level. While maintaining the transverse location of the
detector, the model was systematically moved into and out
of the plasma, and the respective net currents were recorded. Although a high level of turbulence was present when the
model was in the beam, no measurable turbulence was
detectedin the ambient plasma. Therefore, we conclude that
the fluctuations in this region are a direct effect of the
interaction of the high-energy plasma with the model. Similar fluctuations

at 3.2 kHz were observed

in in situ measure-

ments on the Ariel 1 spacecraft [Samir and Wilmore, 1965].
Very high frequency oscillations (several mHz) in a steady
state laboratory plasma were reported by Bernstein and
Sellen [1963]. These types of fluctuations may have been
overlooked in the other low-energy plasma laboratory experiments and the possibility of their existence should be
investigated.

observedin the amplitudeof the enhancementpeak at z/a =

3.2, where+8 x 10-12A is measured,
boundedby currents 'Boundary' Region

of---

-1 x 10-•ø A. The shadow structure continues
Figure 3 definesthe 'boundary' region. The location of the
evolving, at z/a - 3.5 there is a broad central peak (with boundary region is a direct function of the distance (z/a)
considerablefine structure) consistingof only measurednet downstream from the model. At z/a - 1.2, the edges of the
negativecurrent. A small net positive current enhancement shadow are located at x/a • -+0.9 from the model center line
occursat z/a = 3.8 (a Mach ratio of 0.42), although it is not
(see Figure 2). At increasing z/a locations the boundary
symmetricabout the model center line. This nonsymmetry region moves outward until at z/a - 8.1 the edges of the
shadow are observed at x/a --- -+2 from the model center line.
of the enhancementpeak was also shown to occur at zero
volts bias on the model in Hall et al. [1964] (see their Figure
Prior to photoreductionthe profiles in Figure 2 showed
11). This second enhancementis in direct contrast to the that the boundary region develops a fine structure that
low-energyexperimentsthat showthat with a fixed zero bias becomesa permanentfeature of the data beyond z/a = 2.8.
on a sphericalmodel there is only one main enhancement Similar fine structure was seen by Fournier and Pigache
peak occurring at a Mach ratio of approximately one. [1975] (see their Figures 10 and 11). Figure 3 also showsthat
However, multiple enhancementsdo occur with small posi- there is a small current enhancement at the edge of the
tive bias on very small cylinders [Hester and Sonin, 1970] shadowbeyond z/a = 1.3 which appearsto be a permanent
and have been theoreticallypredictedfor symmetricmodels feature of the boundary region in all of our profiles. To
further examine and calibrate this effect, the model was
[Call, 1969;Maslennikov and Sigov, 1965]. At z/a = 4.4 the
enhancement has evolved, decreasing in amplitude and
removed from the plasma beam after each transverse scan
and a profile was taken of the ambient current at each z/a
consistingof only net measurablenegative current with a
location. These ambient profiles show no increasesin cursubstructureof a series of smaller peaks. As indicated in
Figure 2, the evolution of the enhancementsand their rent in the regions where enhancements occur when the
model is present. Therefore, we attribute this effect to the
associatedstructuresis repeated out to z/a = 8.1.
Figure2 alsoshowsthat as the shadowbecomesgradually interaction of the high-energyplasma beam with the model.
The density profiles in Stone [1981a, b] show similar edge
wider with increasingz/a it also becomes shallower. This
comparesfavorably with the findingsof Hester and Sonin enhancementsin the region where the Mach ratio is less than
one. Low amplitude fluctuations (< -+10%) with similar
[1969]and Fournier and Pigache [1975]. Figure 5 showsthe
net measured current on the wake center line as a function of

z/a. The evolution of the current structure downstream of
the model is evident. These results are similar to the axial

density oscillationspredicted by Grabowski and Fischer
[1975] (see their Figure 8).

characteristics to those seen in the transition region were
observedin the boundary region. These fluctuationsdid not

appearin the ambientplasmawhen the modelwas removed.
All of these boundary phenomena--increasingwidth of
the boundary region, fine structure, and the net positive
current enhancement--are

evident in all of our observations.

'Transition' Region

The underlyingmechanismsresponsiblefor these phenome-

Figure 3 definesthe 'transition' regionin the profile. This
narrow region, in which the net measuredcurrent changes
from positiveto negativevalues,usuallyis <0.5 cm wide. It
is a very turbulent region with the fluctuationsincreasing

na are not known.

Similar effects were observed in in situ

measurementsin the wake of the Ariel 1 spacecraft[Henderson and Samir, 1967; Samir et al., 1974]. However, other
authors studyingthe low-energy plasma/modelinteraction
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[Hester and Sonin, 1969; Oran et al., 1974; Stone, 1981a, b]
have attributed similar phenomena to outwardly moving
densitypeaks. It is possiblethat a viscousinteraction [Perezde-Tejada, 1980] could also give rise to these same features.
CONCLUSIONS

The profiles presented above demonstrate that the highenergy plasma interaction with the model appears to be
much more complex than the interaction reported in comparable low-energyplasmaexperiments.Significantwake phenomena occurred at z/a locations where the ratio of z/a to

Mach number (the 'Mach ratio') was less than one. In
previously reported low-energy interactions this was a region where the major feature was the absenceof measurable
ion currents [Stone, 1981b]. In contrast, we have shown that

the high-energyplasma/modelinteractionsproduce permanent current structures in this region. Stone [1981b] discusseshow a potential on the model can affect the location of
the enhancement.

Since our model was maintained

at zero

potential, he would predict, on the basis of the low-energy
studieswith a body floating at a few kTe negative potential,
that the enhancementpeak would occur further downstream
where the Mach ratio is one. Ions might have been deflected
into the wake if there were a low-energy tail to our high
energybeam or a significanttransversetemperaturecomponent. However, our initial calibrations of the plasma beam
showed that the beam was monoenergetic and that no
significantlow-energy ions or transverse temperature components were present. Thus we conclude that the existence
of structuresat z/a locations ranging from 2.8 to 8.1 (Mach
ratios < 1) is a new phenomenon resulting from the interaction of the high-energyplasma with the model and that they
are permanent features of this interaction.
We have shown that some of the same 'wake filling'
phenomena, which may be attributed to crossing plasma
streams, are seen in both the high energy and low energy
interactions We see that at increasing z/a locations downstream the shadow region increases in width and becomes
shallower.

We have found a transition region that shows very strong
fluctuations.These fluctuations appear to be a permanent
feature of the wake and were not present when the model
was rotated out of the plasma. We conclude that the fluctuations are a direct result of the interaction of the high-energy
plasma and the large model.
Another permanentfeature of our profilesis the boundary
region. This region showsa small enhancementand low level
turbulence in all our profiles beyond a z/a of 1.3 with the
model in the beam. The structuring, which is present in the
shadow region, appears to a lesser degree in the boundary
region. These features may be attributable to either outwardly moving density peaks or to a viscous interaction [Dryer,
1970; Perez-de-Tejada, 1980].
Stone [1981a] pointed out that there still exist many
unansweredquestionsconcerning the nature of the midwake
and the effects of scale size and test body geometry on the
structuresin the wake. In the present study we have begun
answeringsome of these questions. We have also shown the
feasibility of studyingthe plasma interactionsutilizing highenergy plasma techniques. Additional studies of the highenergy/model interactions should be conducted at Mach
ratios greater than one. This would extend the comparative
results of the low and high energy plasma/model interac-
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tions, which would lead to a fuller understandingof the
complex structuringprocessespresent in these interactions.
Although some laboratory studies of the magnetic field/
plasma interaction have been performed [Podgorny, 1976],
more researchis neededto understandthe effectsof magnetic fields in these interactions. Studies employingmagnetic
fields in conjunction with low- and high-energy plasma
beams would contribute to our understandingof the basic
physical mechanismsassociatedwith these interactions. In
addition, studies that include temporal variations in the
incident plasma beam parameters would be useful for understandingthe laboratory interactions and extrapolating them
to astrophysical situations.
It is tempting to speculate that the substructures and
turbulence

observed

downstream

from

the model

in our

laboratory experiments may also be permanent features of
the interactionof high-energysolar systemand astrophysical
plasmas with planetary, lunar, and astrophysical objects.
For example, unlike the solar wind/planetary magneticfield
interactionsat earth and Jupiter, the flow past Venus [Intriligator and Smith, 1979] is a solar wind/atmospheric/ionospheric interaction where the convective pressure of the
preshockedsolar wind is balancedby the ionosphericpressure [Intriligator and Smith, 1979]. A relatively small obstacle is formed, the solar wind interacts directly at the ionopausewith the ionosphere/atmosphere
of the planet, a bow
shock is formed upstream, and the postshock heated and
compressed solar wind flows past the planet in the ionosheath. This flow past Venus is similar to our laboratory
plasma flow past the model. Table 1 summarizes this comparison.
It is possible that there are specific substructuresdownstream of Venus that may appear transitory or fragmentary
owing to the trajectories and orbital characteristics of the
spacecraft that traverse them and/or due to the instrumental
limitationsof flight hardwarethat probe them. At times these
structuresmay be perturbed owing to temporal variations in
the solar wind but, generally on the basis of our laboratory
experiments,we suggestthat they may be relatively permanent features of the interaction

of the solar wind with Venus

rather than transitory phenomena attributable to temporal
variations

in the solar wind.
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