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A Laboratory Study of the Wakes of Ionospheric Satellites
S. D. HESTER* AND AIN A. SoNiNf

Massachusetts Institute of Technology, Cambridge, Mass.

A steady-state plasma wind tunnel is described in which most of the similarity parameters
governing the flow around ionospheric satellites can be reproduced. A study is presented of
the wakes of bodies (mostly spheres) with dimensions ranging from comparable with the
Debye length to large compared with the Debye length. No magnetic field was applied in
these experiments. The measurements of near wakes agree in essence with available theory
and/or previous experiment. The far wakes of spheres were found to have a wavelike charac-
ter which was largely independent of body potential.

1. Introduction

IN its passage through the earth's ionosphere, a satellite
causes a disturbance in the local ionospheric electron and

ion densities. The main part of this disturbance extends
downstream of the satellite in the form of a diverging wake,
in the interior of which the electron and ion densities differ
from their undisturbed values.1

The structure of this disturbance is of interest for several
reasons. Measurements of geophysical properties with satel-
lite-borne instrumentation must be interpreted with due re-
gard to the perturbation caused by the satellite itself.2 In-
deed, since the disturbance is sensitive to the local ionospheric
properties, it is possible that some of those properties may be
inferred from measurements of the disturbance structure, as
for example in the experiments of Samir and Wrenn.3 A
knowledge of the wake structure is also necessary for the un-
derstanding of radiowave scattering measurements.1'4 Fi-
nally, the problem is of fundamental interest since it involves
many of the basic processes that occur in rarefied plasmas.

The properties of the ionospheric plasma through which a
satellite travels have been discussed elsewhere.1 At altitudes
above about 200 km, the flow over a satellite is collision-free.
Only at very large distances downstream can collisions influ-
ence the wake structure. At altitudes between about 200
and 1000 km, the satellite speed U is large compared with the
ion thermal speed ct-, but small compared with the electron
thermal speed ce. At higher altitudes the ion thermal speed
becomes comparable to the satellite speed. The Debye
length is of the order of a few centimeters, which is small com-
pared with the dimensions of a typical satellite but com-
parable, for example, to the radius of an antenna or instru-
ment boom.

The similarity parameters which govern this problem are
well established.1 These are 1) the speed ratio based on the
ion wave speed U(kTe/mi)~112, 2) the ratio of the body radius
to the Debye length a/Xz>, 3) the dimensionless body potential
efa/kTe (where <f><r is the potential of the body with respect to
the plasma), and 4) the ratio of ion to electron temperature
Ti/Te. Typical ionospheric values of these parameters are
given in Table 1. The geomagnetic field introduces two more
parameters: 5) the ratio of the body size to the electron gyro
radius, and 6) the ratio of the body size to the ion gyro radius.
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Previous work in this area has been discussed in the mono-
graph by Al'pert, Gurevich, and Pitaevskii1 and later by de-
Leeuw.5 The complexity of the governing equations (Vla-
sov's equation applied to the electrons and ions, coupled by
Poisson's equation, with appropriate boundary conditions
specified at the satellite surface) is such that a unified analysis
has so far not been attempted. A large fraction of the avail-
able theoretical work applies to the case of no magnetic
field,1'6"16 and much of it incorporates various further simpli-
fications. Some approximate analyses have, however, been
presented which take into account the influence of the geo-
magnetic field on the wake structure.1-17""19

All the laboratory simulation experiments published to
date have been performed in the absence of an applied mag-
netic field.20"25 The experiments have confirmed qualita-
tively the features of the wake structure predicted by avail-
able theory. Perhaps the most detailed comparison has been
carried out by Maslennikov and Sigov,12 who performed nu-
merical computations of wake structure for the conditions of
Skvortsov and NosachevV3 laboratory experiments. The
agreement was found to be reasonably good, but the compari-
son was somewhat clouded by the suspected presence of slow
secondary ions in the test facility. The same experimental
difficulty has hampered other attempts at laboratory simula-
tion. Some field measurements from satellites and spacecraft
are also available,26""28 and show qualitative agreement with
theory where a comparison can be made. However, the rela-
tive inflexibility and cost of such experiments do not make
them a substitute for a successful laboratory simulation.

In this paper, we report a series of wake measurements
which were carried out in a steady-state plasma wind tunnel
with no applied magnetic field. Special care was taken to
minimize the background density of slow secondary ions. As
indicated in Table 1, the conditions available in the wind
tunnel are such that most (but not all) of the similarity param-
eters for typical satellite-ionosphere interactions are repro-
duced, for large bodies as well as small bodies like antennas or
Langmuir probes.

The wind tunnel and instrumentation are described in Sec.
2. and the data on the wakes of bodies of strip, cylindrical,
and spherical shapes (mostly the latter) are discussed in Sec.
3. A study of the wakes of small wires is reported in a sep-
arate paper,29 as is a study of Langmuir probe response under
ionospheric flow conditions.30

Some points are to be noted in relating the present data to
actual ionospheric flow conditions. First, all the results are
for the case of no applied magnetic field. Secondly, most (but
not all) experiments were done with a "cold ion" plasma in
which Ti/Te « 1. These conditions are strictly speaking in-
appropriate for modelling a real satellite wake. A magnetic
field would lead to fundamental differences in the sufficiently
far wake, and hotter ions would result in stronger damping of
the wake features than is observed in most of the present mea-
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surements. Finally, we note that the experiments were per-
formed in a somewhat source-like flow, as discussed below,
rather than in a uniform freestream. The results are, how-
ever, felt to be of fundamental interest and should be useful
for comparison with theoretical models.

2. Plasma Wind Tunnel, Flow Conditions, and
Instrumentation

The plasma wind tunnel is a steady-state flow facility in
which a collision free plasma beam is produced by extraction
and electrostatic acceleration of argon ions from a plasma
source. The system (Fig. 1) consists of a 20-in.-diam cylin-
drical vacuum chamber which houses the plasma source and
an instrument carriage for probing the flowfield around models
in the stream. A 20-in. diffusion pump with 18000 liter/sec
capacity maintains the chamber pressure at about 10 "5 torr
under operating conditions. The facility can produce a
broad range of plasma flow conditions (ion number density
from 106 — 108 cm~3, electron temperature from 4000-
60,000°K, flow speed from 1.5 to 15 cm/Vsec) covering iono-
spheric flow conditions in terms of the relevant similarity pa-
rameters (Table 1).

The plasma source (Fig. 2) is based on the design of an elec-
tron bombardment ion rocket,31 as in the facility used by
Clayden and Hurdle.22 Argon was used as the working gas.
The gas is admitted to a cylindrical ionization chamber where
a plasma is produced by means of a discharge between the
hot cathode on the chamber axis and an anode which forms
the circumference of the chamber. An axial magnetic
field of the order of ten gauss is applied to allow the discharge
to operate at as low a pressure as possible. A negatively
biased grid (2.5- to 20-cm diam grids were employed) at one
end of the ionization chamber extracts ions from the plasma
and accelerates them to a high velocity as the ions drop
through the potential difference between the plasma in the
ionization chamber and the plasma stream.

The ion stream emerging from the source is neutralized by a
background of electrons supplied either from hot filaments in
the stream or from the source itself. The hot filaments, biased
several volts positively relative to all surfaces in contact with
the plasma in order to retain the emitted electrons in the
stream, were used when low electron temperatures (of the
order of the filament temperature) were desired. A hotter
electron background (kTe/e > I ev) was obtained when the
background electrons were drawn from the source itself. In
this mode, the source cathode potential was made slightly
negative with respect to the accelerator grid (Fig. 2) so that
electrons could escape, and an equilibrium was established
with the stream plasma potential somewhat positive with re-
spect to the source cathode. The higher electron tempera-
ture mode was used in order to achieve the lower values of the
speed ratio U(kTe/mi)~112. Very nearly Maxwellian elec-
trons were obtained with both neutralizing modes.

Point measurements of ion density, electron temperature,
and plasma potential were made with Langmuir probes. Sur-
veys of ion density were obtained with probes biased at a fixed
negative potential, and continuous surveys of plasma potential
were obtained with emissive probes.

Table 1 Values of similarity parameters

•r- PROBE TRAVERSING MECHANISM r~ COLLECTOR

Parameter Ionosphere Plasma wind tunnel

a/\D

e<j><r/kTe

30 at 100 km altitude, 5-100
decreasing to 2 at
3000 km altitude

<1 for antenna or 10~2-102

probe
>102 for satellite body
— 7 to ^0 externally

controlled

PLASMA SOURCE MODEL ^-PLASMA STREAM

Fig. 1 Plasma wind tunnel.

For ion density measurement, cjdindrical probes with their
axes transverse to the flow were used in the wakes of two-di-
mensional bodies such as cylinders and strips, and spherical
probes were used in the wakes of spheres. The probe size
was small compared with the body size in all cases. The re-
sponse of collision-free Langmuir probes has been discussed
elsewhere.32-33 For a negatively biased probe small compared
with the Debye length in a high-speed flow [U(kTe/mi) ~1/2 »
1], the relationship between the total ion current I and the
local ion density n is particularly simple.32 For a cylindrical
probe transverse to the flow,

I = enU2rpL(l + e|<fc,|/-Jm*E72)1/2 , (1)

and for a spherical probe
2) (2)

Here, e is the electronic charge, U is the flow speed, rp is the
probe radius, L is the probe length in the case of a cylindrical
probe, 4>p is the (negative) probe potential relative to the
plasma, and mt- is the ion mass. Equations (1) and (2) were
used to determine the ion density from the probe current once
the plasma potential and the flow speed had been established
(see below) . The ion density distributions in the wakes were
obtained by making surveys of ion current with probes at
fixed negative potential. Since U was virtually constant in
each wake, the ion current at fixed probe potential was simply
proportional to ion number density.

The electron temperature was obtained from the probe
characteristics by the conventional method32'33 of plotting
the logarithm of the electron current vs the probe potential.
The electron energy distribution was to a good approximation
Maxwellian, and the electron temperature was essentially
uniform in the test section.

The plasma potential was determined from the charac-
teristics of conventional probes33 and also with an emissive
probe.32 (The emissive probe proved convenient for making
continuous mappings in model wakes.)
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Fig. 2 Plasma source.
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Table 2 Arrangement of equipment in wake studies
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of ion density
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The flow speed U of the stream ions was calculated on the
assumption that the accelerating potential was the difference
between the source anode potential and the local plasma po-
tential measured in the stream (measurements showed the
plasma within the source to follow the anode potential). A
time-of-flight measurement provided a direct verification of
this velocity (to an accuracy better than 10%) and a repelling
potential energy analyzer34 demonstrated that the spread in
ion kinetic energy was not more than a few volts.

The distribution in the directions of the ions leaving the
accelerator grid results in a gradual spreading of the stream
with distance down the chamber. The radial space-charge
field also contributed to this spreading. Figure 3 shows a se-
ries of ion density profiles transverse to the flow at several axial
positions in a stream originating from a 2.5-cm-diam grid.
The stream spreads out to virtually fill the chamber at the
end of the test section. The radial gradients are sufficiently
small near the axis for the stream to be regarded as approxi-
mately uniform for models several centimeters in diameter.
The stream density drops approximately as the inverse
square of the distance from the source, in the manner expected
for constant velocity, source-like flows. A typical trace of
center line ion density down the chamber is shown in Fig. 4.

The continuity equation was applied to a profile of stream
density similar to Fig. 3 to obtain the ion streamline pattern
shown in Fig. 5. This pattern has also been verified using

100

Fig. 4 Distribution of ion density down the centerline
of the stream shown in Fig. 3; Hi = 1.4 X 10* cm"3.

Figure
no.

8
9

10-13
14
16

Model
radius
a (cm)

0.35
1.27
1.27
2.54
1.27

Source
radius

Rs (cm)

1.27
5
1.27
1.27

10

Source-
model

distance,
Z (cm)

42
23
42
42
23

the directional sensitivity of the Langmuir probe under iono-
spheric flow conditions.25 The ion streamlines curve outward
slightly due to the radial electric field present where the stream
is not uniform. To a good approximation, however, they
may be regarded as straight lines from the source. The di-
vergence of the stream may cause the model wake features to
be somewhat displaced from where they would be in a uniform
stream.

In the ionosphere the ions possess a Maxwellian velocity
distribution and therefore a well-defined temperature. In the
plasma wind tunnel the distribution in the component of ion
velocity transverse to the flight direction arises from the un-
equal deflection of the individual ions as they pass through
the accelerator grid rather than from interparticle collisions.
This velocity distribution is not, in general, easily calculated,
since it depends on the electric field structure around the ac-
celerator grid and this varies with the operating conditions.
However, far from the source (as measured in units of the grid
radius R8), the transverse velocity distribution can be esti-
mated and an equivalent mean thermal speed defined.

Figure 6 shows a sketch of the ion trajectories that can reach
a point near the stream axis a distance Z downstream of the
source (Z/RS » 1). The maximum transverse velocity with
respect to the local stream direction that an ion reaching this
point can have is

Fm U. (3)

If all the ions which reach the point under consideration have
very small deflection angles, i.e., if tan-1(jRs/Z) is sufficiently
small, it is reasonable to assume that ions from all points on
the grid are equally likely to reach this point in the stream (in
other words, one assumes that the probability that an ion is
deflected through a certain angle as it passes through the grid
is the same for all sufficiently small angles). With this as-
sumption, one can readily derive an expression for the trans-
verse velocity distribution of the ions at a point near the
stream axis. For a circular grid, the transverse velocity dis-
tribution function in one dimension is obtained as

F(V) = (2/7r7max)[l - (4)

where V represents the ion velocity component in a particular
direction transverse to the flow, and F(V)dV represents the
fraction of ions at point z with transverse velocity between V
and V + dV.

From Eq. (4), one finds that the average magnitude of V is

In a Maxwellian distribution, the average magnitude of the
component of the thermal velocity in a particular direction is
one half the average thermal speed. We therefore estimate an
effective ion thermal speed by setting

= 2\V\ = (8/3ir)(RsU/Z) (6)

It is clear from the assumptions involved that Eq. (6) repre-
sents an upper bound for c», but should yield a good estimate
when Z ^> Rs (i.e., c» <^ C7), as was the case in most of the ex-
periments described below (Table 2 lists the values of Rs and
Z). For c» ~ 17, however, the estimate is open to question.
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Fig. 5 Ion stream line pat-
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Nevertheless, in all cases, where c» is mentioned below, it has
been estimated from Eq. (6).

In a facility of this sort there are, in addition to the stream
ions, ions which have been produced by charge exchange colli-
sions between the high energy stream ions and the neutral
gas in the test chamber. The slow ions produced in this way
have a much longer residence time in the stream than the
stream ions, and hence even when only a very small fraction of
the stream ions suffer charge exchange collisions, the density
of slow ions may be a significant fraction of the stream ion
density. The presence of an excessive proportion of slow ions
has been a serious drawback in previous facilities22-24 intended
for the study of ionospheric plasma flows. In our facility a
large diffusion pump was employed to lower the chamber pres-
sure, and the open area of the accelerator grid was limited in
order to reduce the effusion of neutral atoms from the ioniza-
tion chamber. This neutral effusion accounts for most
of the mass flow and thus limits the vacuum chamber pressure.

The density of slow charge exchange ions can in principle be
estimated from a balance of the rates of production and loss.
Unfortunately, the rate of loss is not easily estimated. Clay-
den and Hurdle22 and Sajben and Blumenthal24 have sug-
gested various estimates of the loss rate. The highest esti-
mate predicts a background density of about 1% of the stream
density for our typical operating conditions, and the lowest
estimate predicts about 10%. Our own measurements favor
the lower figure for background density.

The slow ion density was measured in the present facility
by two methods. In the first, the electron density was mea-
sured (from the electron current to a probe at local plasma po-
tential) in that part of the near wake of a model which is in-
accessible to stream ions. This density should represent an
upper limit for the possible slow ion density in the freestream.
The second indication used was the ion collection of a plate
shielded from direct impingement by the stream ions. The
plate formed the bottom of a cup oriented transverse to the
flow direction. The background ion density was estimated
from the formula for the saturation ion current drawn by the
plate,

(7)

PLASMA SOURCE

F(v)

where the actual plate area was used for the collection area A
in order to obtain an upper bound on the background ion
density.

The results of these measurements are plotted in Fig. 7.
The background density is expected to be linearly related to
neutral gas pressure for constant stream conditions, hence a
line of unit slope is drawn through the data on the log-log plot.
Under normal operating conditions in the experiments de-
scribed in the following section, the background ion density
was a few percent of the stream ion density, according to the
results.

3. Measurements of Wake Structure and
Discussion

This section describes a series of wake measurements of
bodies (mostly spheres) which are moderate or large in size
compared with the Debye length. All of the data are for the
case of zero magnetic field, and most for cold ions, T;/Te <C 1,
although some examples with significant ion thermal motion
are also shown (only where explicit mention of Ci(kTe/mi)~112

is made is that ratio comparable with unity). The speed ratio
U(kTe/mi)~112 in these tests was in the neighborhood of 10.
The exact values are given in the figure captions, together with
other pertinent data.

Profiles of ion density through wakes are shown in Figs.
8-17. In the figures, z represents the distance measured
downstream from the rear of the model in the flow direction,
and x the distance from the axis in the transverse direction.
Raw data of ion current (proportional to ion density), ob-
tained directly from the recorder, show some of the radial non-
uniformity of the stream. Some data (Figs. 8, 9, 14, and 16)
have been replotted to show only the fractional difference of
the ion density from that of the undisturbed stream in the
absence of the model. To give the reader an idea of the axial
gradients, two values of a/Xz> are given in each figure caption,
one specifying the condition at the model and the other repre-
senting the value at the station of the furthest downstream
ion density traverse. Further information on the model
radius, axial position of model, and accelerator grid size (re-
lated to the effective ion temperature, as described in the
previous section) is provided in Table 2.
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Fig. 6 Transverse velocity distribution of stream ions.
Fig. 7 Density of slow background ions in the plasma
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Z/Q=O. I

3.0

Fig. 8 Wake of a floating cylinder; U(kTe/mi)~1^ == 9,
a/\D = 1.6 at model and 1.2 at last trace, e4><r/kTe = —3.5.

Figure 8 shows the wake of a cylinder with radius only
somewhat larger than the Debye length. The body sweeps
out the ions from the stream and leaves a void immediately
behind it. The ions stream into this void, partly because they
are deflected inward as they pass through the sheath around
the negatively charged body, and partly because they are at-
tracted by the negative space charge which results from the
penetration of the higher energy electrons into the wake re-
gion. (Thermal motion also contributes to this process when
the ions are not cold.) For bodies small compared with the
Debye length, the deflection in the sheath is the primary effect,
but the influence of the space-charge field increases with body
size, and dominates for bodies very large compared with the
Debye length. The wake shown in Fig. 8 is intermediate (in
terms of Debye length to body radius) to the wakes of fine

z/a =0.1

150____—_

Fig .[9 Ion density distribution in the wake of a flat strip
transverse to the ion stream; U(kTe/mi)~1/* = 15, a/^D =
40 at model and 24 at last trace, e<t>ff/kTe = -3, Ci(kTe/

Ill

Fig. 10 Ion density in the wake of a floating sphere;
U(kTe/mi)-1/* = 8, a/3tz> = 1.8 at model and 1.4 at last

trace, e<t>a/kTe — —3.5.

wires and the wakes of large cylinders described by the authors
elsewhere (Refs. 29 and 25, respectively).

In Fig. 8, the ion streams are deflected by the body, con-
verge onto the centerline where they meet and the densities of
the two streams add to form a peak, and then the deflected
streams pass through each other and continue into the plasma
on the opposite side of the wake centerline. At the same time
a rarefaction wave is generated at the body and moves into
the undisturbed plasma on both sides at an inclination of
about the Mach angle, sm~l[(kTe/mi)l^/U].

Taylor13 has calculated the wake of a bar with half-width
1.5A.D and thickness in the stream direction 0.6Xz> in a plasma
where the ion and electron temperatures are equal. The
speed ratio was U(kTe/mi)~'112 = 8.5 and the wake structure
was calculated for two body potentials (e$a/kTe — —2.75
and e<t)<r/kTe = —14). His results are qualitatively similar
to the wake of Fig. 8. His computations show a depen-
dence of the wake angle on body potential, as one would
expect if the wake is formed by the ion streams which are
deflected across the wake centerline. Call35 has made a com-
putation of the wake of a strip of half-width 1.0 Xz>inacold
ion stream with U(kTe/nii)~llz = 5 for two different body
potentials (e^/kT, = 0 and e<f)<r/kTe = -5). These calcu-
lations also show similar wake features and demonstrate
the wake angle dependence on body potential.

The near wake of a large strip (with a thickness to half-
width ratio of 0.005) transverse to the flow direction is illus-
trated in Fig. 9. The model was placed relatively near a large
accelerator grid, so that the effective ion temperature was not
small compared with the electron temperature. In this case
the ion deflection by the sheath around the body is much less
important in the wake filling than the negative space-charge
potential in the near wake and the thermal motion of the ions.
As the plasma expands to fill the void behind the body, a rare-
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Fig. 11 Far wake of a sphere when floating and when
negatively biased; U(kTe/mi)~1/2 = 8, a/^z> = 1.8 at model
and 0.7 at last trace; e4>ff/kTe = -3.5 at left, e<t><r/kTe =

— 20 at right.

faction wave, essentially quasineutral, advances into the un-
disturbed plasma stream at an inclination approximately equal
to the Mach angle based on the plasma wave speed, as in the
theory of Lam and Greenblatt.36

The near wake of an electrically floating sphere with a radius
of 1.8 Debye lengths is shown in Fig. 10. The ions are de-
flected toward the wake axis by the inwardly directed force
field around the body and in the near wake. When the ion
streams meet on the wake axis, a strong density peak appears.
The remarkable strength of this peak arises from the focussing
effect of this axisymmetric geometry and from the low ion
temperature which tends to minimize dispersion by thermal
motion. The near wake of Fig. 10 is in qualitative agree-
ment with applicable theory.11'12

Fig. lla takes the wake of Fig. 10 to distances further
downstream. The strong peak on the wake axis is seen to di-
vide into a cylindrically symmetric outward moving peak.
The shape of the peak is substantially preserved as the wake
develops, although some additional structure appears in the
interior portion of the wake.

It is of some interest to inquire whether this outward
moving density peak is made up of a group of ions which were
deflected across the wake axis, as in the cylinder wakes, and
are moving outward through a largely undisturbed back-
ground plasma, or whether the peak is more like a wave
propagating through the collective interaction of all the
plasma through which it passes. In order to try to answer
this question, the influence of body potential on the wake struc-
ture was investigated. If the structure is simply due to ion
streams which have been deflected across the wake axis, then
increasing the amount of the stream deflection should result in
a larger wake angle, as in the wakes of small wires.29 If, how-
ever, the structure is due to a wavelike behavior, then the wake
angle should be primarily a function of the flow conditions
and should not be increased by an increase of the stream
deflection.

Figure lib shows the wake structure for the same flow con-
ditions as in Figs. 10 and lla, but here the body potential is
highly negative. A stronger density peak is observed behind
the body than in the previous case. A small cylindrical peak
separates from the central peak and moves rapidly outward.
This is presumably made up of ions which passed through
the sheath around the body, were deflected across the axis,
and continue to stream outward. This possibility is sup-

12 Far wake of a larger floating sphere; U(kTe/
1/2 = 11.5, a/^D = 7 at model and 2 at last trace,

= -3.5.

Fig.

ported by the fact that the peak amplitude drops approxi-
mately as the inverse of its distance from the wake axis.
Further downstream, the main central peak itself divides into
a cylindrical outward moving disturbance, very much as in
the case of the lower potential. In fact, far downstream the
width of the wake in Fig. lib is actually less than that of Fig.
lla. However, the slope of the advancing front is approxi-
mately equal to the Mach angle, $m~l[U(kTe/mi)~112] in both
cases.

Figure 12 shows the wake of a somewhat larger sphere, with
more strongly developed features. Figure 13a shows the de-
tails of this wake at a station far downstream, and Figure 13b
shows how the wake structure at that station changes when
the sphere potential is changed from —3.5 to —30 dimen-
sionless units. Clearly, the dependence on body potential is
minor. The wake width is merely somewhat less in the
higher potential case.

The wake of a still larger sphere, with a/\D = 14, is shown
on Fig. 14. This figure also includes profiles of plasma po-
tential obtained with an emissive probe.

Fig. 13 Effect of body potential on wake profile at z/a =
58 under flow conditions of Fig. 12; e<t>ff/kTe = -3.5 (as

in Fig. 12), and e^/kTe = -30.



1096 S. D. HESTER¥AND A. A. SONIN AIAA JOURNAL

x/a
0 I 2

190

—— 29.0

Fig. 14 Ion density and plasma potential in the far wake
of a large sphere; U(kTe/mi)-1^ = 10.5, a/3t/> = 14 at model

and 5 at last trace, e<f>ff/kTe = —3.5.

We are led to conclude that the far wake of a spherical body
has a wavelike character; that is, the disturbance propagates
through the collective interaction of all the plasma through
which it passes, moving at the ion acoustic speed, rather than as
a pseudowave in which the ions stream through an essentially
undisturbed background plasma.

The following picture emerges of the wake of a sphere.
The inwardly directed electric field in the sheath and near
wake deflects the ions toward the wake axis, the deflection be-
ing greatest for those ions which pass closest to the sphere
and progressively less for those which pass at larger distances.
As the ions arrive at the axis a density peak, and with it a
positive potential peak, builds up. The first ions will al-
ways cross the axis (e.g., Fig. lib), but the ones arriving
further downstream possess progressively less inwardly
directed kinetic energy, and at some point downstream the
ions will be turned back by the potential peak before reach-
ing the axis. At about this point the peak on the axis will
start to divide into a cylindrical outward moving peak. (This
picture of the initial wake formation is also shown clearly in
the theoretical calculations of Maslennikov and Sigov.11) Our
experiments suggest that downstream of this point, the
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Fig. 15 The apparent wake angle and the wake angle
with respect to the local streamline direction, for wake of

Fig. 12.

Z/Q=O.I

2.0

5.0

8.0

12.0

16.0

24.0

Fig. 16 Far wake of a sphere in temperate plasma;
)-1^ = 9, a/^D = 10 at model and 6 at last trace,

= -3.5,

wake has a predominantly wavelike character. The mean
features are carried at approximately the Mach angle based
on the ion acoustic speed, and are not dominantly influenced
by Debye length or body potential, even for spheres with radii
as small as a Debye length.

For the more strongly biased spheres, the division of the
axial peak occurs somewhat further downstream (Fig. 11)
apparently because with a greater initial deflection, the point
at which the central potential peak reaches sufficient strength
to stop the inward motion occurs further downstream. Since
the wavelike structure of the far wake starts at this point,
the wake of a more highly biased body is actually somewhat
narrower at a given downstream station, as shown in the
figures.

We note that it is the axisymmetry of the sphere wake which
results in conditions favorable for a wave behavior in the far
wake. Experiments have shown29 that for cylinders (at least
for those comparable with or smaller than the Debye length)
the far wake is dominated by those ions which were deflected
across the stream centerline in the near wake, and wake angle
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is dependent on a/\D and body potential and is not in general
equal to the Mach angle. (Note that approximate theories
have been formulated which imply far wakes oriented at the
Mach angle for both spheres and cylinders.1-6'7)

The fact that the wake angle for the sphere far wake was
virtually constant and to a good approximation equal to the
Mach angle is actually somewhat surprising, since the wake is
formed in the diverging source-like ion stream of the wind
tunnel. In such a flow disturbance which moves outward at
the ion wave speed with respect to the local plasma would give
rise to a wake angle which increases with distance downstream
from the body. In Fig. 15, we compare the apparent far wake
angle of Fig. 12 as measured with respect to the flow axis with
the wake angle relative to the local flow direction. (The latter
is calculated by assuming rectilinear ion trajectories from the
source, so that

scted == "apparent - tan-Kr/2) (8)

where r is the radial distance from the stream axis, and Z is the
distance downstream from the source.) The wake angle with
respect to the local flow starts at about the Mach angle and
then decreases gradually to about half its initial value at the
furthest downstream measurement. This result may be due
to the stream divergence, in which case it would not occur in
the ionosphere where the flow is uniform. It is possible that
the source-like flowfield may contribute to some details of the
observed far wake structure.

Finally, the effect of ion thermal motion on the wake of a
sphere is illustrated in Figs. 16 and 17. A qualitative simi-
larity with the cold ion wakes persists, but the thermal motion
enhances the rate of wake filling, reduces the magnitude of the
ion density peaks, and generally moderates the sharp features
observed in a cold plasma. We would caution the reader
against reading too much detail from these wakes, however,
since the ion velocity distribution was not Maxwellian and
our estimate for the effective c» is in this case only an upper
bound (see Sec. 2).

4. Conclusions

The experiments described here have revealed some of the
basic features of the wakes of bodies in hypersonic, collisionless
plasma flows. The wavelike nature of the far wakes of
spheres is, to the author's knowledge, demonstrated experi-
mentally here for the first time. Although these experi-
ments were performed in the absence of a magnetic field and
in most cases in a cold ion plasma, the results are expected to
be fundamentally pertinent to the problem of the disturbance
caused by a satellite in the earth's ionosphere.
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Electrostatic Field in the Trail of Ionospheric Satellites
R. VAGLIO-LAURIN* AND G.

New York University, Bronx, N. Y.

Conceptual similarities between the electrostatic near wake of an ionospheric satellite and
the fluid-dynamic near wake of a blunt-base body in low-speed flow are noted. A simplified
model of the electrostatic wake is constructed accordingly. There are recognized distinct
regions where different approximate solutions of the Poisson equation are valid, namely: 1)
an outer region, conceptually analogous to the external inviscid flow, where the self-induced
electric field due to the charge separation develops independently of the boundary conditions
on the body; 2) an inner region, analogous to the recirculation zone, where the electric field
configuration is largely governed by the vehicle shape, whereas the field intensity is controlled
by the flight condition (the ion Mach number) and by the difference between the body floating
potential and the minimum potential characteristic of the flow; 3) an intermediate region,
analogous to the fluid-dynamic free shear layer, where a rapid adjustment between the two
aforenoted solutions is attained. Analyses appropriate to the various regions are presented
and their combination to obtain a composite solution is described. The merit of the model
resides in its ability to provide rapid estimates of the electrostatic wake; its validity is cor-
roborated by heuristic arguments as well as by comparisons with the results of numerical
solutions for axisymmetric configurations.

I. Introduction

ADETAILED knowledge of flowfields around iono-
spheric satellites is required in many data reduction

problems, e.g., the interpretation of on-board measurements
and of radar observations, the calculation of drag, etc. The
gross features of the flow can easily be identified by con-
sidering the set of parameters characteristic of the physical
processes in the plasma, by comparing their relative magni-
tudes in the situation of interest, and by determining accord-
ingly the dominant physical effects. However, detailed
analysis remains rather elaborate, particularly with regard
to the charged components of the gas in the trail where
self-induced electric fields and externally imposed magnetic
fields dominate the behavior of charged particles over re-
gions having extent comparable to or larger than the typical
vehicle dimension.

The interaction between satellites and charged particles
in the ionosphere has received considerable attention in re-
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cent years1'2; as a result, the roles of electrostatic and mag-
netostatic fields are understood. For typical ionospheric
conditions (altitudes between 150 and 1500 km) and typical
vehicle dimensions of the order of meters, the effect of the
magnetic field is manifested mainly in the structure and de-
cay of the far trail,1'3'4 whereas the effect of the electric
field is confined to a thin Debye sheet on the windward side
of the vehicle, and to a near trail region, hereafter called the
electrostatic wake, on the leeward side.1'5""7 The transversal
scale of the electrostatic wake is comparable to the typical
body dimension a, while its streamwise scale is of the order
of Mid, Mi being the ion Mach number.

The present paper is concerned with the electrostatic wake
in the context of the simplified over-all description of the
trail initiated in Refs. 3 and 4. Specific attention is devoted
to the extension of previous physical-analytical models1-7

with a view toward obtaining improved agreement between
approximate analysis and the results of numerical solutions
of the governing equation5-6 (the Poisson equation). The
formulation of the model is guided by several conceptual
similarities between the present problem and the fluid-
dynamic near wake downstream of a blunt-base body in low-
speed flow. In this vein the electrostatic wake is divided in
distinct regions where different approximate solutions of the
Poisson equation are valid. Broadly, the regions represent
the counterparts of the external inviscid flow, the free shear
layer and the recirculation zone.

The paper touches on various aspects of the investigation
in the following sequence: upon a brief restatement of the
problem and a heuristic justification of the model (Sec. 2),


