1,

A ic and T i Physics, Vol. 42. pp. 533-543.

*Space Physics Research Laboratory, University of Michigan, Ann Arbor, Michigan 48109, U.S.A. and tDepartment

Pm.monl’xusm 1980, Printed in Northern Irelan:

An assessment of the relative importance of body and plasma
properties in determining the ion current distribution in
the wake of an ionospheric satellite

Urt SamMir* Tand YoraM J. KAUFMAN
of Geophysics and Planetary Sciences, Tel Aviv University, Israel
{Received 10 April 1979; in revised form 26 November 1979}

Abstract—Measurements of ion currents (I,), electron temperatures (T,), values of satellite potential
(¢,), ion concentrations (N.), and composition (M,), from the cylmdncal electrostatic probe and the
Bennett ion mass spectrometer on board the AE-C satellite were used in order to assess the degree
and range of applicability of some simple theoretical wake models. The experimental results cover the
plasma properties and parameter ranges:
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and the theoretical models are based on neutral and quasi-neutral approximations rather than on
rigorous self-consistent solutions of the Vlasov-Poisson equations.

While the present investigation is subject to limitations, partly due to the above mentioned
mathematical and physical simplifications and partly due to idealized body geometry, results were
obtained which can be useful in the planning of space plasma physics experiments (in the area of flow
interactions of supersonic and sub-Alfvenic plasmas with bodies) on board the spacelab/shuttle and/or
any other large space platforms. The present investigation is an approximate theory-experiment
comparison carried out in a parametric manner. We find that the relative H* concentration and
electron temperature are very significant (compared with other plasma properties and parameters) in
determining the ion distribution in the wake of an ionospheric satellite in quite a wide range of
altitudes. We also find that for ionospheric plasmas where the H* concentration is in excess of 30%,
the ion distribution in the wake can ‘satisfactorily’ be described by a simple ‘neutral approximation’
model. This is in agreement with the theoretical predictions of AL’PERT (1976) and GUREVICH et al.
{1970). Furthermore, we find that a combined approximation which is a weighted sum of a neutral
approximation for the H* contribution and a quasi-neutral approximation for the O* contribution

0.85= <20.

gives better results than any of these approximations separately.

1. INTRODUCTION

While it is well known that the motion of a satellite
in the ionosphere creates severe perturbations to its
environment, the magnitude of such perturbations
as a function of space and time is not yet quantita-
tively known. Neither are the strong perturbations
in the wake zone behind the satellite understood in
terms of fundamental plasma parameters andfor
plasma properties.

Now that consideration is being given to the
utilization of large space platforms, (e.g. Spacelab)
as near-earth plasma laboratories where scientific
questions of interest to space plasma physics can be
studied in situ, the knowledge of the real signifi-
cance of the perturbations created by space plat-
forms to the neighboring plasma becomes of critical

importance. It becomes important to know the
variations in space and time of the perturbations as
a function of plasma properties and (non-
dimensional) parameters. Hence being able to
evaluate the guality and reliability of low-energy in
situ measurements, performed by direct measure-
ment devices.

In addition to the above ‘application’ of body-
plasma interaction studies, it is of great scientific
interest to solar system plasma physics {o investi-
gate various aspects of the interaction of rarefied
plasma with magnetized and non-magnetized
bodies in a supersonic and sub-Alfvenic flow re-
gime. Such experiments are planned for the
Shuttle/Spacelab. Hence, studying the various as-
pects of body—plasma interactions is of interest to
both science and technology.
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At the present time, before the shuttle/spacelab
facility becomes available for scientific and tech-
nological research, an attempt should be made to
use selected data from available satellites and per-
form investigations (even partial in nature) that can
contribute to our present knowledge and under-
standing regarding the distribution of ions and
electrons around ionospheric satellites and in par-
ticular attempt to assess the variation of the latter
with some body and plasma parameters. One of the
important relevant questions in this context is that
of the variation of the ion current depletion in the
wake with body and plasma parameters. In fact, the

I, (wake)
I.(ambient)
quantitative measure of the degree of disturbance
the spacecraft motion has on its environmental
spaceplasma. At the present time little is known
experimentally about the variation of y with
parameters such as:

ion current ratio vy =[ ] can serve as a
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R, =satellite radius, Ap=ambient value of the
Debye length, ¢, = satellite potential, T, = ambient
electron temperature, M, (av) = average ionic mass,
v, = satellite velocity, e =electronic charge, k=
Boltzmann’s constant.

Recently (Samir et al. 1979a) measurements of
electron temperature from the cylindrical electro-
static probe (C.E.P.) and measurements of ion den-
sity and composition from the Bennett ion mass
spectrometer (B.ILM.S.) both on the Atmosphere
Explorer C (AE-C) satellite were used to assess the

+

and R :M,

[N(H"]
N(O")=density of oxygen ions, N(H") = density of
hydrogen ions] on y. The present paper is in a
sense a continuation of the above investigation,
attempting to present some information regarding
the parametric and plasma properties interplay be-
tween some body and plasma parameters which
determine v, in the altitude range 410-980 km. The
results of the present study are expected to be
useful in future planning of shuttle/spacelab mis-
sions and for testing the applicability of some
theoretical wake models. Such studies should also

be useful for future studies of flow interactions with
test bodies in supersonic and sub-Alfvenic flow

and B= (T.JT.),

influence of T, [where:

where:
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regimes. The latter is of interest to solar system
plasma physics.

The objective of the present investigation are: (1)
to examine experimentally the interplay between
some plasma parameters and plasma properties in
determining v, (2) to compare experimental results
with some simplified theoretical models i order to
assess their range of validity and applicability, (3)
to provide information that will be useful to the
planning of instrument location on ejectable en-
sembles of probes from the spacelab in future
shuttle/spacelab missions, as well as to the planning
of location of probes on the spacelab itself.

2. MEASUREMENTS AND THEORETICAL
MODELS USED

2.1. Measurements

The data used in the present investigation is
based on electron temperature and ion-current
measurements from the cylindrical electrostatic
probe (C.E.P.) and measurements of ion density
and composition from the Bennett ion mass spec-
trometer (B.I.M.S.), on the Atmospheric Explorer
C (AE-C) satellite. The C.E.P. measurements
(BracE et al., 1973) were made at a distance of
about 0.5 R, from the surface of the satellite
(R, = radius of the satellite) and the B..LM.S. meas-
urements were made at the closest vicinity to the
satellite surface.

Information regarding the utilization of the
above measurements in examining I, = f(68) and

_ f{T [N(O")]

“[N(H"]
b). Here 6 is the angle of attack and I, =ion
current. Detailed discussions on the C.E.P. and
B.ILM.S. experiments are given in Brace et al.
(1973) and BrintON et al., (1973) and will not be
further discussed here.

The first four columns (from left) in Table 1
provide the altitude where the specific measure-
ments were made, the relative hydrogen concentra-
tion, the satellite potential and the ratios ygxp. The
H" concentration was obtained from the B.I.M.S.
experiment and the spacecraft potential (¢;) and
the vgexp values from the C.E.P. experiment. The
&, was obtained in the conventional manner from the
current-voltage characteristics of the probe (BRACE
et al., 1973) and the yexe values are the ratios of
[I.(wake)]: [I.(ambient)] the latter being defined as

I.(ambient) = I.(8 ~ 90°)

} are given in SAMIR et al., (1979a,

where: 6 =angle of attack of the C.E.P. probe
(Samir et al., 1979a). The I.(wake) is the ion
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Table 1. Ratio between experimental and theoretical results for some plasma properties and parameters p*=
[{(®)/i{e) J(n*(8)/n* ()]

(k=n, g, ¢ for each theory; n = neutral approximation; q = quasi-neutral approximation; ¢ = combined approximation.)

Case No.  H(km) T.(k) Wit) &, (v) Yexe Sav Ry [N p? p" [ Y
1 276-313 970 0. —0.802 0.0078 B8.04 135.7 ~9.4 260 30000 26 0.0003
2 269 1425 00002127 0.1 0.02 6.59 251.75 -0.82 17.1 228 162 000123
3 312 2230 0.0004997 02 46.02 5.27 106.21 ~1.04 4.6 22 44  0.0045
4 270 2470 0.000999 -0.1 0.03 5.01 81.52 -0.47 5.4 172 s 0.00597
5 362 2175 ” -0.2 0.02 5.33 99.34 -1.07 4.9 19 4.5 00044
6 295 930 " -1.3 0.02 8.16 133.24 ~16.25 80.5 103 45.8  0.00044
7 308 1400 " -0.1 0.02 6.65 160.86 -0.83 18.0 63 144  0.00138
8 375 1140 ” -0.1 0.01 7.36 223.82 -1.02 183 40 12.8  0.00078
9 450508 948 0.00107 ~0.770  0.025 7.94 83.8 -93 50.0 97 41 0.00052
10 360404 977  0.00127 -0.816 0.017 7.97 116.3 ~9.5 29.0 49 23 0.00055
11 370 2375 0.00138 -0.5 0.03 5.11 74.58 -2.45 59 183 54  0.0056
12 357-411 1039 0.00140 -0.771 0.0090 7.70 162.5 —8.4 17.0 12 12 0.0007
13 403 2029 0.00185 -0.3 0.02 5.52 96.61 -1.72 5.9 18 5.0 0.00403
14 377 2660 0.00227 -0.2 0.03 4.82 71.24 ~0.87 4.5 99 39 0.00767
15 367 1280 0.00383 -0.2 0.04 6.94 128.32 -1.82 48.0 377 219  0.00183
16 463 1200 0.00433 -0.1 0.01 7.17 185.90 -0.97 15.0 89 58 0.00172
17 510 2560 0.0099 ~-0.5 0.06 4.89 60.35 -2.27 9.6 94 358 00103
18 515 1615 ” -0.4 0.04 6.16 74.38 —2.88 22.0 18 8.2  0.0049
19 418 1400 ” ~-0.3 0.04 6.46 101.33 ~2.49 30.0 128 935 0.00422
20 412 760 > -13 0.02 8.99 110.65 -19.89 1230 136 128 0.00156
21 511 1360 ” -0.1 0.04 6.72 156.51 -0.86 39.0 138 107  0.00374
22 492 2775 0.01099 -0.3 0.05 4.70 48.39 -1.26 6.6 63 4.1 00122
23 540 2560 0.01786 -0.6 0.08 4.88 48.26 ~2.73 12.6 7.9 59 0.0136
24 643 3050 0.0196 -0.3 0.08 4.46 38.69 ~-1.14 8.3 56 44 0.0182
25 565 1480 ” -0.2 0.14 6.41 127.31 -1.57 100 2 19.6  0.00715
26 473 855 0.0385 -1.2 0.05 8.36 74.91 -16.32 245 7.7 7.7 0.0065
27 475-538 948  (.0399 -0.732 0.07 7.83 734 -8.8 15 8 8 0.0083
28 630 2700 0.04 ~0.5 0.15 4.70 40.90 -2.15 19.8 49 62 0.0243
29 495 1600 0.0625 -03 0.10 6.03 70.34 ~2.18 49 47 47 0.02158
30 755 3135 0.091 -0.5 0.30 4.25 24.77 -1.86 23 5.7 58 0.0521
31 684 2650 ” -0.5 0.20 4.62 32.71 -2.19 24.4 4.3 44 0.0458
32 653 1520 v -0.5 0.16 6.11 35.75 -3.83 85 5.5 5.5  0.0280
33 501 855 > -1.3 0.09 8.14 62.42 -17.69 355 5.7 5.7 0.0157
34 710 1635 ” -0.3 0.14 5.89 81.57 ~2.13 60 45 45 00309
35 763 1760 0.125 -0.4 0.18 5.57 68.00 -2.64 56 39 40 00446
36 770 2700 0.167 -0.5 .28 4.40 35.76 -2.15 27.5 33 335 00793
37 842 1995 ” -0.4 0.24 5.12 52.91 ~2.33 48 37 37 00644
38 842 3135 0.2 -0.5 0.36 4.00 20.68 ~1.86 24 33 35 0103
39 522 855 ” -1.2 0.10 7.66 48.02 ~16.32 246 29 29 00345
40 603 1770 0.30 ~-0.4 0.23 5.01 47.08 ~2.63 41 2.1 22 0,105
41 650 1760 0.385 -0.5 0.27 4,74 43.12 -3.3 37 2 2 0.132
42 671 1800 04 -0.5 0.29 4.63 41.36 -3.23 36 2 2 0.140
43 558-600 991  0.425 -0.755 0.09 5.93 58. ~8.7 2 1 1 0.0934
44 980 2800 0.5 -0.5 0.41 3.43 22.35 -2.08 15.5 1.7 1.8 0.229
45 764 2000 ” ~-0.5 0.31 406 34.49 -2.91 22 1.6 1.6 0.187
46 592 840 > -1.2 0.14 6.26 37.25 -16.62 86 17 1.7  0.0838
47 1028 2800 0.588 -0.5 0.43 3.15 22,43 ~2.08 123 1.5 1.6  0.268
48 759 1540 0.625 -0.5 0.40 4.08 30.45 -3.78 29 2 2 0.193
49 611 810 0.667 -1.2 0.17 5.36 35.82 -17.23 43 1.6 1.6 0.106
50 822 1500 0.833 -0.5 0.40 3.00 30.53 ~3.88 9 1.6 1.6 0252
51 888 1320 0.909 -0.4 0.40 2.63 30.81 -3.52 6.8 1.6 1.6 0247
52 708 760 ” -1.2 0.19 3.66 3593 ~18.36 9 1.6 1.6 0.115

current (I,) measured in the range 155°=<6<180° o _INO)]

(Brace et al, 1973; Samir et al, 1979a). The “Ner®: R=rrrey In the present study we as-
average ionic Mach number (S,,) was obtained T,

from sume that @8 ::F= 1. The present investigation

(16R+1) 2 covers the plasma property ranges:
v, { s[““""_(R 1) } } 1x 10* =[N, (ambient)]=6.8x 10°cm™
A oo ip—— 760°K <[T, (ambient)] = 3135°K
[M(av)] 01$l¢sl513 V,
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and the plasma parameter ranges:
31sRp=216

2,6=<S,,=9.0
0.85=<|¢pn|=19.9
1x107 ' =R=10".

2.2. Theoretical models

In order to compute the electron density, ion
density and the potential at any point in the flow
field around a rapidly moving conductor in a
rarefied plasma, the Vlasov-Poisson system of equ-
ations (written for each component of the plasma)
should be solved in a self-consistent manner. Since
this is a difficult mathematical task simplifying
physical assumptions and mathematical approxima-
tions are called upon. Often, such simplifications
make the solution for the case of a satellite moving
in the terrestrial ionosphere unrealistic.

In GurevicH et al., 1970, the flow of rarefied
plasmas over bodies of different shapes is com-
puted. A comparison of such models with some
experimental results from the Ariel 1 (Samir and
WrLLMORE, 1965; HEnDERsON and Samir, 1967)
and from the Explorer 31 satellite (Samir and
WRENN 1969), are also given. The theoretical mod-
els, including their validity ranges, the physical
assumptions and the mathematical approximations
are discussed in detail in AL'pERT, 1976. Results of
an attempt to compare an elaborate numerical
wake model (Parker, 1976) with some of the
above experimental results are given by PARKER
(1977). Unfortunately, the latter has not yet been
shown to be practically superior to the much sim-
pler models given by GurevicH et al., 1970 and
ALPERT, 1976 and used in theory—experiment
comparisons with some Ariel 1 and Explorer 31
experimental results. It is therefore very tempting
to use the sample of data given in Table 1 (after:
SAMIR et al., 1979a, b) and attempt a comparison
with some models given in GuUreviCH et al,
(1970).

Since we are interested in a theory-experiment
comparison using the measurements from the
C.E.P. probe on the AE-C satellite, we have mod-
ified the treatment of GuURevicH et al., (1970),
AL’PERT (1976) (given for a very long circular
cylinder with R, > Ap), so as to ‘accommodate’ for
the location of the probe on the satellite.

While we are fully aware of the limitation of such
a comparison, we are interested to find whether
simple theories, composed essentially of analytical
equations can predict the quantitative trend of the

YORAM [J. KAUFMAN
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Fig. 1. Angular and Radii rotation used.

experimental results and assess (on a relative basis)
which of the plasma properties or parameters have
the major influence on the distribution of ions in
the wake of an ionospheric satellite. This approach,
despite its limitation, may be sufficiently beneficial
and adequate for practical cases in future spacelab
missions. The theoretical expressions used here are
based on: (1) the quasi-neutral approximation
given in the Appendix as equation (A-1), and (2)
on equation (A-2), for the neutral approximation.

The quasi-neutral (q) approximation can be writ-
ten in the form.

n(8)* = 0.71{exp [~ vV2S(8 — a)— 1/2(8 — a)?]
+kexp[—S(O+a)—1/2(8+ )L, (1

where k=1for0—a=n/2, k=0for0—a>n/2,
is the shift angle appropriate to the distance of the
collection area of the probe from the body (Fig. 1)
and is given by:

a=1m—sin ' (Ry/r) 2)

Therefore a relates the density of ions at a distance
r from the body with the density at the body’s
surface. We prefer to find « from the experimental
results given by SAMIr et al. (1979b). The « is the
angle at which the ion current begins to meaning-
fully deviate from its ambient value (Samir et al.,
1979b).

For a mixture of hydrogen and oxygen ions each
one with a different value of the Mach number S,
the combined ion concentration is given as a weigh-
ted sum of the contribution of each component:

n(6) = Wo-ng(8)+ Wyng(0). (3)

where Wy and Wy are the relative concentrations
of oxygen and hydrogen ions respectively (=
nondimensional quantity). The neutral approxima-
tion is written in the form:

n"(8)=[1+d(S cos ¢, cos 8)]/[1+D(S cos ¢o)],
4

*Note: n is a normalized (nondimensional) quantity.

Thus n(@)= {[1\;5_9)]
0

according to the quasineutral approximation.

q
} =normalized density computed
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where

1 2 (
cos o zv,—z, d(x)= 7‘;{) e *Vdx’

(=the ‘error function’)

the value of 8’ is taken by:

e'me_(a—’—’)
2 *

in order to take into account the shift due to the
distance of the probe from the surface body. The
shift in the quasi-neutral approximation was taken
as o while in the neutral approximation as «a—3%,
because the ambient value is obtained in these
approximations at the angle of attack 0 and 3
respectively. The contribution of hydrogen ions and
oxygen ions is taken into account in a similar way
to equation (3):

n"(8)= Wong"(8) + Wy-ny"(8).

)

(6)

The comparison of the measured current ratios and
the theoretical density ratios is done under the
approximation:

1(6)/I(e) = [n(8))/[n(e)], ¥

where the ambient value was taken at 8 =  which
is the highest value of the angle of attack where the
current is closest to the ambient current (SaMir et
al., 1979a). The approximation (7} can be ques-
tioned and indeed it imposes a limitation on our
study. This matter was discussed in detail by Samir
et al., (1979b).

From the assumptions on which the quasi-neutral
approximation and the neutral approximation are
based {Gurevich et al.,, 1970), it follows that the
quasi-neutral approximation has to be best suitable
for oxygen ions while the neutral approximation
has to be best suitable for hydrogen ions. Therefore
we shall compare the experimental results with the
‘combined approximation’:

[0 @] . [ra"(0)]
[no(a)] [ne" ()]

which considers the contribution of oxygen ions by
the quasi-neutral approximation, and the contribu-
tion of the hydrogen ions by the neutral approxi-
mation.

n°(8)= Wy

+ Wy 8

3. SOME THEORY-EXPERIMENT COMPARISONS

As mentioned earlier, the experimental results
used here consist of those given in SAmMir et al.,
1979a and 1979b. In Samir et al., 1979b six cases
were used where the ion current was determined as
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a function of the angle of attack (@), in the angular
range: 90°=6=160°. It was shown there that the
‘ambient’ current at 8 =90° is not very different
from the current at 6~ 120°. The value of a was
therefore taken at 6 = 120°.

Figure 2 shows the variation of the normalized
ion current with angle of attack () for 90°=6=<
160° which (as explained above) is in fact for
120° =<6 =< 160°. We will focus here on the compari-
son of the quasi-neutral and neutral approxima-
tions with the experimental results in terms of the
concentration of hydrogen. The experimental re-
sults of: [I(8)])/[1(«)] are given by crosses when the
angle of attack was changed from 90° to 160° and
by full circles when the angle of attack was changed
from 160° to 90°. The results of the neutral, quasi-
neutral and combined approximations are shown by
the unequally dashed, equally dashed and solid
lines respectively. In Fig. 2a, 2c and 2e where a
small amount of hydrogen is present, (of the order
of 107%) it is seen that the quasi-neutral approxima-
tion is closer to the experimental values. On the
other hand, the slopes of the neutral approximation
(in all but Fig. 2a) show trends more similar to
those shown by the experimental results (compared
with the trend due to the quasi-neutral approxima-
tion). The combined approximation gives the best
results for all the six cases.

The general characteristic of the theoretical mod-
els (Fig. 2) is that they give values lower than the
observed. As seen, the difference between the
theoretical and the experimental results increase
with decreasing percentage of [H*].

Detailed values for the theory—experiment com-
parison are given in Table 1. In this table, the
experimental results are ordered with increasing
values of (Wy+). The results consist of the six cases
given in SaMir et al, 1979b (and these are pre-
sented in terms of altitude ranges in the first col-
umn on the left) and the 46 cases after SAMIR et al.,
1979a. For the latter, the latitude refers to the
exact height of the measurement. Cases with simi-
lar [H] concentration are ordered according to
increasing values of Ry,.

The first group (cases 1 to 13) in Table 1 presents
cases for which Wy <2x 1072 It is seen that the
ratio between the experimental results to the
theoretical ones (p} is smallest for the combined
approximation (p°) with p® <p" (where: p° =ratio
for quasi-neutral approximation and p" = ratio for
neutral approximation).

The second group (cases 14-25) for which 2x
1073 < W,y <2x 1072, shows the p° values to be
the smallest, i.e. the combined approximation is
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closest to the experimental results. For the third
group {(cases 26-52) where: 3x10°<Wy. =<
9% 107" we find: p° ~ p" with p° and p" approach-
ing unity as W,,. increases towards unity.

If we are to accept (at the present time), p <10
as an indicator for ‘‘rough applicability” of a
theoretical model to in situ experimental results,

then we find: p <10 for Wy. >3 x 107? and for any
value of the other parameters and p =p" for the
above condition of W;,.. Moreover, we find: p* <
10 for T,>1500°K. It appears therefore that the
applicability of the combined approximation model
to measurements made at a distance of about (RO)

2
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1

5 0 5

1 n

40

20 25 30 35
PERCENTAGE OF HYDROGEN
Fig. 3. The variation of the ratio between the experimen-
tal results (yyp) and the theoretical approximation (p°)
with hydrogen concentration (Wy+). The crosses (+) refer

to the present study and the full circles to the results of
SAMIR et al. (1975).

from the surface of the satellite is essentially similar
to the degree of applicability of the neutral approx-
imation to results obtained by a (surface) flush-
mounted probe (Samir et al., 1975). The main
difference in the theoretical approximation used in
the present study to that used by Samir et al.
(1975) is in the angle a which was not used in the
latter paper since the probe was flush-mounted on
the surface of the Explorer 31 satellite. The be-
havior of I,=f(Wy+) in the present study is in
accord with that shown in Samir et al. (1975), and
with AL’PERT (1976). Figure 3 shows the degree of
agreement between theory and experiment based
on the large sample of results used in the present
study with that used in SAMIR et al. (1975). It is
seen that the behavior of the ratio (p) is similar in
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both studies. For example, this ratio decreases from
p=5 for W;+=0.05(=5%) down to p=1.5 for
Wy =0.5(=50%). The similar behavior for the
surface mounted probe on the Explorer 31 satellite
(Samir et al, 1975) and the cylindrical probe
(BRACE et al., 1973; SAMIR et al., 1979a and 1979b)
on the AE-C satellite indicate that the angle (a)
represents correctly the influence of probe location
and distance (w.r.t. the satellite surface) on the ion
currents in the wake.

As seen from Table 1, the combined approxima-
tion (p°) behaves in a similar way to the quasi-
neutral approximation in the first region and to the
neutral approximation in the third region in provid-
ing the ‘closest’ agreement with the experimental
results.

We now examine the relative importance of ¢y
on the variation of p¢ with Wy,

From Fig. 4 it is seen that in region III the spread
of p°[ = f(Wy+)] is small compared with the spread
of p° in regions Il and I. This implies that for
region IIT p° depends solely on Wy+ and the other
parameters are of less significance. On the other
hand in region I, the p depends on other parame-
ters.

Now we examine whether it is more meaningful
to express the ratio yexp in terms of plasma proper-
ties (e.g. T., ¢,, Wy-) or parameters (e.g. Rp, ¢n,
Sav)- It is clear from Table 1 and Fig. 4 that the
plasma property that influences most the experi-
mental results is Wy+. Figure 5 shows the variation
of yexp With Wy, It is seen that for Wy.=<0.01,
the yexp are very small.

In this range there is no clear dependence of the
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Fig. 4. The variation of the ratio between the experimental results and the combined approximation
(p°) with Wy.. Full circles show results for ¢y <3, crosses show results for ¢ ~9 and x notation
stands for ¢, ~ 16. The solid lines show the envelope of the results in the (p°, Wy+) plane.
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Fig. 5. The variation of the experimental results (ygxp) With Wy, for five ranges of temperatures. The
solid lines depict the slopes.

experimental results on the hydrogen concentration
of electron temperature, thus it follows that in this
region, the oxygen ions determine the wake cur-
rent. This is of great importance at low altitudes.

For Wy->0.01, yexe increases and the slope of
Yexe = f(Wy) is T, dependent, such that for higher
values of T, the slope is steeper.

Also, T, appears more significant compared with
¢, at a distance of (Ry/2) from the surface of the
satellite. This follows from the grouping of the yexp
values along the solid lines which shows little fluc-
tuations. The only exception may be the ygpxp for
Wi+ = 0.02 which corresponds to cases No. 24 and
No. 25. For these cases there is nothing in the
values of the other parameters, that can indicate an
influence of a different parameter tabulated in
Table 1.

From the above discussion follows that the most
convenient way to explain the behavior of the
present experimental results is in terms of Wy and
T.. For the region where Wy-<2x107" we ex-
amined vexe=f(Wur, T.. &, én Rp, Sav) and
found, that yexp=f(T,) was the prominent varia-
tion (Figs. 6 and 7). In fact yexe= f(T.) is linear.
The encircled points in Figs. 6 and 7 refer to high
values of plasma potential. For yexe = f(T,) they
increase yexp by about a factor of 2. This is reason-
able since for lower particle-temperature (i.e. lower
energy) the significance of the plasma potential
increases.

A similar examination was performed for plas-
mas with Wi+ =1x1072 and Wy = 9% 1072, This is
shown in Figs. 8 and 9. From Fig. 8 we see that
vexp is dependent on T, for both plasmas, similar
to the relationship seen for plasmas with Wy <

2x 107 (Fig. 6). Also, it appears that there is a
dependence on the spacecraft potential (¢,) for
|é,|=0.5. The situation for yexe=f(J¢:]) for |é.|>
0.5 is not clear. From Fig. 9 we see that ygxe
decreases with increasing Ry, and Sa.y. Hence, the
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Fig. 6. The dependence of ygyp On some plasma proper-
ties (hydrogen concentration and electron-temperature)
and body potential. The encircled points show the posi-
tion of three experimental values of different behavior
discussed in the text. Results are given for hydrogen
concentration less than 2x 1073,



An assessment of the relative importance of body and plasma properties

.ao* J[ I T

(" I
ooz {1 e D
ool J[ ..
$ 6 & 4 6 B0 1214 16
st
oozt J[ . ]l ]L +
ool + 4 +

oof
T

0.0lr

Fig. 7. The dependence of ygxp On the glasma parame-
ters (¢n, Rp and S,y) for Wy <2x 107>, The encircled
results are the same as in Fig. 5.

0.30

Q.20

0.10]
00¢"

0.04

0.02

ELECTRON TEMPERATURE (°K)
0.30| o

0.2 °

0.0 °
~

Yexe
-+

02 +

G 0Z 04 OB OB 10 12
SPACECRAFT  POTENTIAL
Fig. 8. Same as Fig. 5 but for two hydrogen concentra-
tions Wy.=1x10"2 (crosses) and Wy.=9x1072
(circles).

541

0.30F o

0.20F o

Q.10 °
0.06r +

Yexr

0.04f+ ++

5¢, 20

0.20r °

Q.10 °
~

0.061 t

Texe

004+ t + t

oo2} t

Q.30r °

020 -°

Q.10 °

0.06 +

o tH

0.02 t [
4 % 3 ¥ ] )
MACH NUMBER

Fig. 9. Same as Fig. 6 but for two hydrogen concentra-
tions Wy = 1x 1072 (crosses) and 9 x 1072 (circles).

behavior of yexp for these plasmas should be given
in terms of plasma flow parameters and at the
present time it is difficult to give a unique answer as
to which of the parameters is more significant.
Figure 10 shows the variation of yn{(= v/ W) with
electron temperature, for Wy- in the range 0.5<
Wu-<1.0. Both the solid and the dashed curves
are results of computation while the crosses (+)
depict the experimental data.

Since the Wy is different from case to case it
was assumed that ygxp is proportional to the rela-
tive hydrogen concentration. This assumption is
justified since the ambient current is proportional
to the total ion concentration, while the ion current
in the wake is proportional mainly to the hydrogen
concentration. For Wy.=50% the contribution of
oxygen ions to the current in the wake is negligible.
Therefore yexp is proportional to Wy..

It follows from the previous discussion that yExp
corresponds to yexp When Wy. = 1.0. The solid line
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Fig. 10. The variation of yy(=+y/Wy.) with electron

temperature for 0.5= W,;. <1.0. The solid line depicts

the computation due to the combined approximation and
the dashed line is the latter multiplied by the factor 1.6.

in Fig. 10 shows the p° approximation. It appears
that a multiplication of the latter curve by 1.6
provide excellent agreement with ygxp. Hence the
difference between the theoretical computation and
YExp is by a constant = 1.6. The three points on the
lower left side of this figure correspond to high
potentials (¢n =16-18) whereas the other points
refer to lower potentials (¢y =~ 2-4).

4. SUMMARY

Experimental results of 52 cases were used in
order to assess the degree and range of applicability
of some simple wake models in the study of
satellite~ionosphere interactions. The theoretical
models used are extensions of early models, and
are based on a quasi-neutral approximation for the
oxygen ions and a neutral approximation for the
hydrogen ions, taking into account the distance
between the probe and the body by an appropriate
shift angle.

For ionospheric plasmas with hydrogen concent-
rations greater than 3% or alternatively for electron
temperature larger than 1500°K, it is found that the
ratio between the experimental results (yexp) and
the theoretical approximation (p°) is less than a
factor of 10.

Note that for the purpose of this study we con-
sider a difference of 1.6 between theory and experi-
ment to imply very good agreement.

The trend of y=f(6, Wy, T.) for both theory
and experiment is similar. The examination of ygxp
variation with plasma properties and flow parame-
ters showed that Wy: and T. are most significant.
The spacecraft potential had only a slight influence
at small hydrogen concentrations -and small elec-
tron temperature. The examination of the realistic
influence of the flow parameters does not provide
unique answers as to the relative significance of all

URI SAMIR and Yoram J. KAUFMAN

the parameters. It appears that the variations of
Yexp €an be best described in terms of W;- and T,
However, further systematic investigations are re-
quired in order to solidly substantiate the above.
It is expected that theory-experiment assess-
ments such as performed here should be usefui for
the planning of plasma flow interaction experiments
in the Shuttle-Spacelab era as well as to the better
understanding of body-plasma interactions in a
supersonic and sub-Alfvenic flow regime.
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APPENDIX

Expression A-1

In the present investigation we have chosen to compare
some of our experimental results from the AE-C satellite
(SAMIR et al., 1979) as given in Table 1 with two fairly
simple theoretical wake models given by:

n(8) = {lN(r, 6)]}
N(l

T, V,
= C(T_:){CXP[ _V? (‘n’ — @ ~arcsin %)

3.

*1/2(7r~9—arcsin @) ]
rJ;o

v .
+Kexp[—7“(1r—0+arcsin92)
AN r

s

o\ 2
~1/2(7r~0+arcsin—(-') ]},
r

where: ¢(T/T,)=0.7-0.4 for (T,/T,) varying between
one and large values. The constant K is equal to-either 1 or
0 according to whether the angle 6 (between the radius
vector and the —V, direction is greater or less than
(m/2 — arcsin p,/r) i.e. whether the observation point lies
outside or inside the geometric shadow of the body (which
in this case is a cylinder whose circular radius p, » Ap), as
formed by the tangents to its cross-section parallel to its
velocity vector (AL'PERT, 1976; GUREVICH et al., 1970).

Expression (A-1) written for 8 =0° (i.e. on the axis)
behind a round disc with p,> A, was used by GUREVICH
et al. (1970) in a comparison with measured electron
currents from the Ariel 1 satellite. The measurements
were made by a probe flush-mounted on the surface of
the satellite. The theoretical model (A-1) seems to de-
scribe the experimental trend I, =f(8) quite reasonably
but for the maximum rarefaction region, i.e. on the axis
behind the satellite) there was a quantitative - difference
(e.g. AL’PERT, 1976). However, the comparison of (A-1)
with the experimental results yielded values which are by

(A-1)
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several orders of magnitude better than those obtained by
the conventional ‘neutral approximation’ (see for exam-
ple: SAMIR et al., 1975; Av’pert, 1976). The same ex-
pression was used for comparison with some experimental
results from the Explorer 31 satellite (SAMIR and WRENN,
1969). For specific cases, in particular when the jonos-
pheric plasma contained mainly O* jons the (A-1) was
also very useful and displayed the trend of the experimen-
tal results but yielded values different to those obtained in
the experiment for the maximum rarefaction region (e.g.
AL’PERT, 1976).

Expression A-2

For ionospheric plasmas with H* as the major ionic
constituent, GUREVICH et al. used the expression (A-2)
given by:

n"(8) = {{N(8)}/N,y} = N(O")/
No{{1+erf(Sg+ - cos dycos )}/[1+erf(Sys +c0s do)

+[NHN{[1+ erf(Sy: +cos ¢, cos 6)]
1+erf(Syrcos dp)}  (A-2)
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where: ®(z) = erf(z) = 2/V'wf5e* dt and Sy+ and Sy« rep-
resent the ionic Mach number for O* and H* ions respec-
tively. Expression (A-2) is expected to be valid when the
relative value of protons (H") in the plasma exceeds 30%
(AL’PERT, 1976). It should be noticed that {A-2) is essen-
tially a ‘neutral-approximation’ expression. It was shown
by SAMIR et al., 1975 that (A-2) provides a reasonable
description for electron currents in the wake (this is
discussed in greater detail in AUPERT, 1976).

Expression A-3

As mentioned above, the expression (A-2) represents a
‘neutral-approximation’ where the influence of both
magnetic (B) and electric (E) fields on particle trajec-
tories is ignored. In other words the trajectories are those
given for neutral particles. The influence of the B and E
fields on the trajectories at different distances from the
satellite {downstream) is given in detail in ALPERT, 1976
and will not be discussed here. It is, however, worth
mentioning that results regarding the influence of E on
the ion motion in a multi-component plasma were used to
show that (A-2) is valid for quite a number of practical
situations in the ionosphere.
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