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Abstract-Intercomparisons are made among the angular distributions of ions in the wake of a body 
moving through a space plasma as computed from three different expressions (models). Both subsonic and 
supersonic relative flows are considered in order to examine the wake current depletion ratios under 
conditions realistic for the topside ionosphere and plasmasphere. Results of these comparisons demonstrate 
the importance of including the thermal flux at low Mach numbers and of taking into account the angular 
acceptance of ion detectors in making theory-experiment comparisons. Gradients in the angular variations 
of the fluxes are found to be steeper near the wake-ambient interface than closer to the maximum 
rarefaction region of all models, although quantitatively there is considerable variation among the models. 
From examining the variations of the wake depletion ratio parametrically with Mach number and nor- 
malized potential over ranges characteristic of the plasmasphere and topside ionosphere, we find con- 
siderable variation with both parameters, with sensitivity to normalized potential increasing dramatically 
with Mach number. Overall. however, the Mach number variation appears to be the more significant over 
this range of parameters. 

1. INTRODUCTION 

Some aspects of the electrodynamic interaction 
between a small scientific satellite and the terrestrial 
plasmasphere were discussed recently in Samir et al. 
(1980). This paper is designated hereafter as paper I. 
The parametric results discussed in paper I, based 
on in situ measurements from the Retarding Ion 
Mass Spectrometer (RIMS) on Dynamics Explorer 1 
(DE-l), show ihe variations of CI 

= I, (wake) I+ (165” c 0 < 180”) 

- I, (ram) = I+ (e=o”*lso) > 

with R,, (= R,/&,,), S (Average), S (Specific), and 
with M, (Average), where R, = effective radius of 
the satellite, 1oi = ion ambient Debye length, S (aver- 
age/specific) = average/specific ionic Mach number, 
M, (average) = average ion mass, and 0 = angle of 
attack of the detector axis. In the above study no 
quantitative conclusions were obtained regarding the 
variation of 

where & = satellite potential (with respect to the 
ambient plasmaspheric plasma) and T = ion tem- 
perature. Furthermore, it was shown in paper I that 
a “neutral approximation”, namely, an approxi- 
mation in which the motion of the ions is treated as 
if they were “neutral” particles, applied reasonably 
well to subsonic/transonic flows corresponding to 
plasmaspheric conditions. Based on earlier studies, 
e.g. Samir et al. (1973), Samir and Willmore (1965) 
and Henderson and Samir (1967), for supersonic/ 
hypersonic flows, corresponding to ionospheric con- 
ditions, it can be stated that the “neutral” approxi- 
mation better describes the situation for a sub- 
sonic/transonic flow regime than it does for a super- 
sonic/hypersonic flow regime. 

The present paper extends the results of paper I, in 
the sense that it further explores properties of “neutral 
approximation” models and another model and pro- 
vides information regarding the relative significance 

1477 



1478 U. SAMIR et al. 

of the ionic Mach number and body potential in deter- 
mining the ion distribution in the wake. More specifi- 
cally, we : (1) compare calculated results of 

1, (6) 
u=l+o 

for several A0 ranges as obtained by three theoretical 
models, two of which utilize the “neutral approxi- 
mation”, while the other employs a Debye sheath 
model; (2) use the Debye sheath model to assess the 
relative significance of the parameter & vs the par- 
ameter Sin determining ct for three angular (0) ranges 
within the satellite wake; and (3) use the Debye sheath 
model to examine the effect of a limited angular 
response, as compared with a full hemispheric 
response, so that geometric and physical effects can 
be separated. This study assumes a single ion species 
plasma, the properties of which are important only in 
their effect on the dimensionless parameters employed 
in the study. 

In this paper we do not discuss in detail the various 
aspects of the “body-plasma” interaction to space 
plasma physics at large. This was done in some detail 
in paper I, for plasmaspheric plasmas, and in Al’pert 
(1983) for a variety of space plasmas. However, a few 
general points regarding the specific interaction of 
a satellite with its environmental space plasma are 
appropriate. First, it should be noted that such an 
interaction can serve as a model for a much wider 
range of interactions directly relevant to solar system 
plasmas. Examples are the interactions between 10, 
Ganymede/Titan with the magnetospheres of their 
parent planets Jupiter/Saturn, and the interaction of 
the moon, Venus, Mars and comets (i.e. non-mag- 
netized bodies) with the solar wind. Second, inves- 
tigating “body’‘-plasma interactions under wide 
ranges of plasma and body parameters will lead 
eventually to a unified approach in dealing with the 
overall problem of body-plasma interactions. 

In addition to the above-mentioned science aspects, 
there is also a practical aspect, namely, the application 
of satellite-plasma interaction results to the correct 
interpretation of low energy particle and field 
measurements made on board spacecraft. This should 
be particularly so for measurements to be conducted 
via the space shuttle and in the future via the space 
station. And last, but not least, is the contribution 
“body-plasma” interaction studies may have for the 
optimal planning, design and location of probes in 
future space missions. 

In the present study we are concerned with the wake 
region only. In this region plasma waves are excited, 
rarefaction waves (or shocks) propagate, instabilities 

are generated, wave-particle interactions take place 
and turbulent regions as well as potential wells exist. 
In principle, such phenomena are to be expected, since 
in the wake region, plasma streams collide, ion fronts 
propagate, ions are accelerated and strong density 
gradients exist at the body-plasma interface (Stone, 
1981a). It now becomes clear that part of the struc- 
tural wake characteristics can be interpreted in terms 
of processes involved in the,expansion of a rarefied 
plasma into a vacuum (e.g. Samir et al., 1983 ; Wright 
et al., 1985, 1986; Singh and Schunk, 1982; Gurevich 
et al., 1973; Gurevich and Meshcherkin, 1981a,b). 

2. PRESENTATION OF THE MODELS 

Three models (Gurevich et al., 1969 ; Samir and 
Willmore, 1965 ; Whipple et al., 1974) are used to 
compute the angular distribution of ion fluxes around 
a conducting body moving through a rarefied plasma. 
It should be noted that these models, frequently used 
in various body-plasma interaction studies, do not 
reflect the large variety of physical processes (noted 
above) which are believed to take place in the wake 
region (e.g. Stone, 1981a,b; Al’pert, 1983; Samir et 
al., 1983 ; Gurevich et al., 1969 ; Raitt et al., 1984; 
Siskind et al., 1984; Murphy et al., 1986). However, 
such models are often used as part of complicated 
spacecraft charging computer codes (e.g. Katz et al., 
1984) for theory-experiment comparisons in wake 
studies (e.g. Al’pert, 1983 ; Samir et al., 1986, 1973), 
when qualitative or semi-quantitative information is 
sought. 

At the present time there is no agreed-upon theor- 
etical model which describes the temporal and spatial 
distribution of charged particles and fields around a 
spacecraft under realistic conditions, particularly not 
for the wake region. This is true even for the elaborate 
numerical model of Parker (e.g. Parker, 1977, 1983 ; 
Samir and Fontheim, 1981). Before the inclusion of 
all of the complicated phenomena noted above in a 
wake model is attempted, it is important first to treat 
correctly the problem of ion flux vs angle-of-attack to 
a surface mounted detector. Since zero-order approxi- 
mations (i.e. simplified models) are frequently used in 
comparisons between theory and experiments, it is 
worthwhile to make intercomparisons between the 
predictions of several such models. Accordingly, we 
have selected three models for comparison. The first 
two models used in this study (Gurevich et al., 1969, 
1973 ; Samir and Willmore, 1965) are essentially “neu- 
tral approximation” expressions. These expressions 
are based on the assumption that ions can be treated 
as neutral particles, which implies that the effect of 
electric fields on particle trajectories can be ignored. 
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They differ primarily in their treatment of the thermal 
flux component. The third model is a Debye sheath 
approximation. This model takes into account effects 
of the spacecraft potential, allowing us to examine 
its significance. This model also readily allows for 
a limited angular response, whereas the two neutral 
approximations assume full hemispheric angular 
acceptance. 

The first model was discussed in detail by Gurevich 
et al. (1969, I973), Gurevich and Pitaevsky (I 975) and 
by Al’pert (1983). In that model, the flux or current 
around a body, normalized to the flux or current in 
the ram direction, was given. The expression used here 
[equation (l)] is a single-ion modified version of an 
approximate expression [equation (98)] given in Gure- 
vich et ~2. (1969). In the original expression (Gurevich 
ef al., 1969), an angle BO, which characterizes the 
position of the boundary of the region of maximum 
rarefaction, was included. This boundary charac- 
teristic is taken here to be represented by 
cos0, = ~0~45” = 0.7071. The angle 0, = 45” is 
indeed an approximation but is reasonably sufficient 
for the purpose of the present study. This con- 
sideration is valid for spacecraft negative potentials 
which are not too large (i.e. for / q5s 1 < kTe/e- Rz3). 
This approximation was used in the past in theory- 
experiment comparisons using Explorer 31 data 
(Gurevich et al., 1969) for situations where [H+] was 
the major ionic constituent of the plasma. As used in 
this study, this expression is given by : 

[I +erf(S-cosD*cosqS,)] 

cIG = [l +e~~((S-cos &)I 

=E [l+erf(0.7071 *secos@)] (1) 

[l ierf(O.7071 - S)] 

(note : B = 180” for the maximum rarefaction zone in 
the wake axis, and 0 = 0” for the ram direction). This 
expression is the one (of the three models used in the 
present study) most used in previous wake studies (see 
Al’pert, 1983 for detailed discussions). 

The second model is based on the same reasoning 
as equation (1) in the paper of Samir and Willmore 
(1965) which is a modification of Whipple (1959) to 
include variation with ram angle. In the model as used 
in this paper, the normalized flux is given by 

GI 
s-j 

nScosf?[l +erf(Scos@)]+exp(-S2cos2@) = 

JxS[l+erf(s)]+exp(-S”) 

(2) 

This will be referenced as the “Samir model”. It will 
be noted that models (1) and (2) are similar except for 
the inclusion of an exponential term in the Samir 

model. This term represents the thermal flux, while 
the other terms give the ram flux associated with the 
body motion. Thus, comparison of these two models 
indicates the importance of including the thermal 
component of ion flux for the given conditions. The 
significance of the ion thermal motion was discussed 
in detail in Samir and Widjaja (1980), using two elab- 
orate numerical models. This model would appear to 
be more appropriate than the “Gurevich” model for 
low Mach number flows. 

The third model used in this study is based on 
equation (19) from Whipple et al. (1974). It assumes 
a spherically symmetric Debye sheath and a circular 
aperture with a specified half-angle acceptance cone. 
The current to a detector is formulated as the fol- 
lowing integral 

J(B) = exp(-&-S*) 

, ss exp[-X-2+2S(X+Z+&)“* COSQCOSct,] 

.I,[ZS(X+Z+cb,)“‘sin8sinoc,]dXdZ (3) 

where : 

I0 is the modified Bessel function of order zero, 
X is the initial transverse (relative to a detector 

aperture) kinetic energy normalized to KT, 
Z is the corresponding initial normal kinetic 

energy, and 
01, is a particle direction at infinity relative to the 

detector normal, 
+N is the satellite potential normalized to KT 

and the angular acceptance is incorporated into the 
integration boundaries. 

This will be referenced as the “Whipple model”. In 
order to use it, the integral is evaluated numerically 
in a thin sheath approximation, which has been found 
to be generally applicable to the plasmasphere (Com- 
fort et al., 1982, 1985). In particular, it was noted by 
Comfort et al. (1985) that when spacecraft potentials 
were most negative ( - 2 to - 4 V), the spacecraft was 
deep in the plasmasphere where the Debye length was 
small (R,, < 0.1). Largest positive potentials occurred 
in the outer plasmasphere where Debye lengths were 
large ; but the numerical results are relatively insen- 
sitive to sheath thickness for positive potentials. 

The depletion ratio c+ is given by the ratio of this 
integral evaluated for the angle of attack of interest 
to the integral evaluated in the ram direction (6 = O*). 
For purposes of comparison, CI~ is evaluated for two 
aperture geometries, For the first, designated Whipple 
(30”), integration boundaries for the DE-I/RIMS 
aperture (30” half-angular acceptance) were em- 
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ployed, as discussed by Comfort et al. (1985). For 
the second, designated Whipple (90”), a full hemi- 
spheric aperture acceptance (90” half-angle) is used so 
that direct comparisons can be made with the “neu- 
tral” approximation models without confusing geo- 
metric and physical effects. Comparisons between the 
results for the two aperture geometries then indicate 
the effects which geometry alone can cause. 

The analytical formulation of the thin sheath limit 
in the ram (@ = 0’) direction was shown by Comfort 
et al. (1982) to reduce to the neutral a~pro~mation 
of Whipple (1959) in the limit of a full hemisphere 
aperture acceptance angle. For other directions, when 
eN = 0, the primary difference between the “Whipple” 
(90° aperture) and ‘“Samir” models is due to the inte- 
grations over the angle variables in the “Whipple” 
model, which results in some differences to be seen 
below. The ‘“neutral” approximation models are 
evaluated directly from their analytical expressions. 

1, (0) 
E==mmj 

with angle of attack (0) for different ionic Mach num- 
bers (S), as obtained from the Whipple (W), Samir 
(S) and Gurevich (G) models [see expressions (3), (2), 
(l), respectively] for the condition &, = 0 (i.e. 4s = 0). 
The values for the ion currents represent averages over 
angle ranges + 15” about the 0 direction. This is an 
effort to simulate conditions typically occurring for a 
spinning satellite. These averages are computed by 
evaluating the models at 5” intervals and averaging 
over the specified range for both the ram and 0 direc- 
tions. It should be noted that for the S = 4.0 case, 
double precision was required in evaluating the error 
function for the maximum wake region. Otherwise, 
values tended to “saturate” near values associated 
with minimum computable numbers rather than eon- 
tinuing to decrease as wodd be expected. In Fig. la, 
corresponding to Mach numbers 0.5, I.0 and 2.0, only 
the Whipple (30”) case is shown. For S = 0.5 and 1 .O, 
the Whipple (90”) curves differ from the Samir curves 
by about 2% or less at all angles, with maximum 
deviations occurring near B = 90”. For S = 2.0 the 
differences between Samir and Whipple (90”) varied 
from about 30% near 0 = 90” to less than 4% at 
t? = 180”, still small relative to the scale of variation 
of the other curves. For S = 4.0, in Fig. 1 b, the differ- 
ences between the Whipple (90”) and Samir models 

are shown, since they are substantial enough to be 
clearly discriminated. Interestingly, even for this case, 
the differences at @ = 180” are only about 20%, the 
largest differences (more than an order of magnitude) 
still occurring near e = 90”. 

From Fig. 1, it is immediately evident that : 

(i) At all Mach numbers, the differences between the 
Whipple (30”) and the Gurevich expressions are 
the largest, with the Gurevich model consistently 
giving the highest values, the W~~ple (30”) 
model the lowest, and the Samir [and Whipple 
(go”)] model giving intermediate values. 

(ii) For any given angular range the differences 
between the models increase with increasing S; 
in particular, the differences are larger for typical 
ionosphere piasmas (S >, 2-4) than they are for 
typicaI pla~sphe~~ plasmas (S - 0.5-2). 

(iii) The differences between the Whipple (both) and 
the Samir models decrease as we proceed toward 
the maximum rarefaction zone (0 = 180”) in the 
wake. 

(iv) The differences between the Gurevich and the 
Samir and Whipple models increase toward the 
maximum rarefaction zone in the wake. 

In paper I, in siru measurements from the RIMS 
probe on board the Dymamics Explorer 1 satellite 
were compared with (essentially) the Samir expres- 
sion. Specifically, f~( 1 80)theory J was compared with 
[a(lSO),,,,,,,,,] in the S(A I’) range of 0.4-1.2 (i.e. 
subsonic/transonic flow), and it was found that 

a(I8O)theory N 2_3 

a(1 8O)expEtiment - ’ 

Such a discrepancy was not considered (by the authors 
of the paper) to be too serious considering the orders 
of magnitude discrepancies that we know exist in 
theory-experiment comparisons for the middle iono- 
sphere (Samir et al., 1973 ; Samir and Fontheim, 
1981). The latter comment is valid even for elaborate 
numerical models like that of Parker (Parker, 1983 ; 
Samir and Fontheim, 198 I). Although the purpose of 
this paper is not to compare theory with experiment, 
the results from Fig. 1 above can be used for a quafi- 
tative assessment of the degree of theoryjex~~ment 
agreement for the Gurevich expression. 

Comparing the results for Gurevich with those of 
Samir, over the range 0.5 < S < 1.0, we see that the 
Gurevich results are larger than the Samir results by 
factors of -3-7. Hence, in a comparison with the 
above DE experimental data the Gurevich model 
would provide a somewhat worse agreement com- 
pared with that of Samir. Earlier theory-experiment 
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investigations in the ionosphere (i.e. in a super- 
sonic/hypersonic flow regime) have shown that for 
specific cases the Gurevich expression yields results in 
better agreement with observations than results from 
the Samir expression (Gurevich et al., 1969 ; Samir et 
al., 1973). Results from these comparisons for the two 
different plasma flow regimes support the expectation 
that inclusion of thermal fluxes becomes increasingly 
important with decreasing Mach number. However, 
both neutral approximation expressions predicted ion 
fluxes in the wake which are much smaller than those 
observed. 

If we make similar comparisons between the Samir 
and Whipple models, the Whipple (30”) results are 
factors of 2-3 lower than those of Samir over the 
range 0.5 6 S < 1 .a. This would suggest the Whippie 

(30”) model might compare more favorably with the 
observations. Since the aperture geometry for this case 
corresponds to the DE-I/RIMS equivalent aperture, 
an improvement should be expected to occur for this 
model. However, in Fig. 1, the Whipple model is 
evaluated for & = 0, whereas the observations (paper 
1) vary over the range - 3.6 5 &., 6 4-0.9. As we will 
see below, there are significant variations over this 
range of & which might be sufficient to give a different 
outcome in a detailed comparison. Si~larly, for iono- 
spheric comparisons, Fig. 1 would suggest that the 
Whipple model for any aperture half-angle sig- 
nificantly smaller than 90” would underestimate the 
wake flux even more than the neutral models. 
However, the relatively large negative values of #N 
characteristic of ionospheric satellites could sig- 



nificantly increase the Whipple model prediction of 
wake flux (see below). 

Geometric effects can he seen by comparing the 
Whi~ple (30°) model with the Samir model in Fig. la 
or with the tipple (90”) model in Fig. lb. Because 
the plotted E-values represent wake-to-ram current 
ratios, it is not immediately obvious that the smaller 
aperture acceptance should display the smaller ratio 
in the wake region. Wowever, it does become clear 
when we consider the physical situation. The 90” aper- 
ture averages over a larger angular range in all direc- 
tions. When the detector points in the ram (6 = 0’) 
direction, most of the current comes from the region 
near the detector axis ; whereas when the detector 
points in the maximum wake direction (6 = 180”), 
most of the current comes from the outer limits of 
the angular acceptance. The comparison of the two 
detector geometries indicates that the current from 
the angular region which is not common to both 
ge~met~es (30”~90” away from the B direction) is 
more important in the wake direction th‘an in the 
ram direction. The 90” detector receives more current 
(compared with the 30” detector) in the wake than it 
gains in the ram direction, so that the wake-to-ram 
current ratio is larger for the 90* detector. In other 
words, the current gradients with respect to angle are 
stronger behind the satellite than in front of it. The 
wake gradients are examined in more detail below. 

Figure 2 depicts graphically the parametric vari- 
ation of E( 120) ; cl( 150) ; a(,1 80) with the normalized 
potential 

for several values of the ion Mach number S covering 
the range from subsonic to supersonic flows in the 
Whipple model for both 90” and 30” half-angle aper- 
tures. The conclusions derived below from this figure 
are valid for the parameter ranges - 3 < & < 3 ; 
0.5 < S < 4.0, i.e. applicable to plasmas which exist 
in the topside ionosphere and in the plasmasphere. 

Some immediate conclusions are as follows. 

(1) The variations ofcl with (bN for constant S for each 
angle are more pronounced for positive potential 
than for negative potentials in all cases. 

(2) For each group of curves (i.e. for constant S), the 
largest change in a(Aff) for a unit change in A& 
occurs between & = 0.0 and (bN = + 1.0. 

(3) The sensitivity of a(A0) to (bN is seen to increase 
dramatically with ion Mach number. 

(4) 

(5) 

(6) 

In comparing the three curves of each model at 
each value of S, it is seen that ~$120) is somewhat 
less sensitive to Cp, (smaller variation as fp, varies 
from - 3 to + 3) than are ct( 150) and n(l80), which 
are roughly comparable. 
Overall, the ratios M appear to depend more sen- 
sitively on the ion Mach number S than on the 
normalized potential &,. 
For positive potentials, the 30” aperture always 
yields a somewhat smaller no~al~~~d current 
than the 90” aperture. 

To see the fifth point more clearly, we examine the 
range of variations of a(180), first for fixed c#+ over 
the range of S, then for fixed S over the range of 

4 using the Whipple (30”) results for maximum 
vocation with &. We do this for fixed & by taking 
the ratio of ~~(180) at S = OS to ~~(180) at S = 4 for 
$N = - 3.0,O.O and =t 3. For fixed S, we take the ratio 
of a(1 80) at (PN = - 3 to that at & = + 3 for S = 0.5, 
1.0,2.0 and 4.0. Results are presented in Table 1. 

If these ranges of the parameters S and (PN roughIy 
correspond to satellite observations in the plas- 
masphere and ionosphere, as we think they do, these 
results suggest that the greater variation in near-Earth 
observations is associated with S. These results also 
reinforce conclusion (3) that the variation with 4, 
increases with S. 

A significant qualitative difference between the 
results for the 30” and 90” apertures is the fact that 
for the 90” aperture, there is no variation with negative 
spacecraft potential while there is for the 30” aperture. 
While perhaps puzzling at first, the physical reason 
for this difference can be understood upon reflection. 
In the thin sheath approximation, all particles which 
contact the detector aperture (have some component 
of velocity into the detector) will enter the detector 
for the 90” aperture acceptance case. An attractive 

TABLE 1. RANGE OF VARIATION OF c1( 180) BASED ON THE 
WH~PPLE (30”) MODEL [EQUA*S~~~ (3)] 

64 Variation with S for fixed #+ 

#N -3 0 -t3 

a(180; s = 0.5) 
a(l80; s = 4.0) 

4.0 (7) 8.4 (9) 7.1 (14) 

- 

W Variation with c& for fixed S 
-~- 

s 0.5 1 2 4 

(r(i80; #N = -3) 
a(lSO;q& = +3j 

1.4 (1) 1.8 (2) 2.3 (4) 2.4 (8) 
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potential has no effect because of the thin sheath 
approximation, it cannot extend beyond the aperture 
plane : all the particles which can get in will get in, no 
matter what value the negative potential has. For the 
30” aperture, however, those same particles must also 
be within the aperture acceptance cone after passing 
through the thin sheath (which changes the particle 
direction, as discussed by Comfort et al., 1982). The 
effect of an attractive potential is to decrease the angle 
between the particle trajectory and the detector axis, 
thus focusing more particles into the detector. This 
effect increases with the magnitude of the potential. 

Now it must also be recognized that what is plotted 
in Fig. 2 is not current into a detector but ratios 
of currents. For the 90” aperture, which shows no 
variation with &, this makes no difference. However, 
for the 30” aperture, the variation of a with negative 
& will depend on whether the focusing effect is more 
significant in the ram direction or in the wake direc- 
tion. Since c( increases as & becomes more negative, 
focusing must be more important in the wake direc- 
tion. This is reasonable since in the forward direction, 
the electrostatic potential energy would need to be 
comparable with the ram energy to divert (focus) the 
particle, whereas in the wake it would need to be 
comparable with the thermal energy. Consistent with 
this is the increase in the effect of the negative potential 
with increasing S. 

For positive potentials similar considerations 
apply. In this case, the potential is repulsive for ions ; 
so as the potential increases, fewer particles can pass 
through the potential barrier. For the 30” aperture in 
this case, a “defocusing” occurs in addition to the 
exclusion based solely on energy. However, this effect 
appears to be relatively insignificant, since even for 
the most sensitive case, S = 4.0, it makes a difference 
of only about a factor of 3 in the variation range 
(about 106) of CI between & = 0 and & = 3. 

3.3. Gradients of a for different models 
Table 2 gives the ratios of a for different values of 

0 and S in the wake region according to the Whipple, 
Samir and Gurevich models. As in Fig. 1, the values 
of a are averages over + 15” about 0. Column 1 gives 
the value of S. Columns 2, 3,4 give 

according to Whipple’s (30”) model (aW), evaluated 
for & = 0. Columns 5, 6, 7 and columns 8, 9, 10 
give the respective values for the Samir (a,) and the 
Gurevich (aG) expressions. In the Samir columns for 

S = 2.0 and 4.0, the Whipple (90”) values are shown 
in brackets. The ratio 

a(120) 

[ 1 a(180) 

indicates the gradient in a across the entire wake 
region. 

For all models, it is clearly seen that : 

(9 the values of 

(ii) 

a(120) 

[ 1 a(180) 

increase significantly with increasing S; that is, 
the current vs angle profiles get steeper with 
increasing S ; 
the values of 

a(120) 

[ 1 a(150) 

are larger than the 

a(150) 

[ 1 a(180) 

values for all values of S, demonstrating that the 
major part of the depletion in ion current in 
the wake takes place in the angular range 
120” < f3 < 150”, which is the region of the wake 
closest to the undisturbed plasma. This behavior 
is also seen clearly in Fig. 2 for the Whipple 
models. 

The reason for such a behavior may be connected 
with the region of quasineutrality where self-similar 
solutions hold. 

It is possible that sophisticated numerical models 
which incorporate wave-particle interactions, tur- 
bulence, heating processes, etc., all of which are 
expected to take place in the wake region, may alter 
conclusion (ii). Although such processes are not 
included in the models used here, it would, never- 
theless, be useful to examine conclusion (ii) with 
actual measurements. 

3.4. Observational conditions 
In considering the variation of a with Mach number 

and normalized potential, it should be noted that S 
and & tend to vary systematically together over an 
elliptical satellite orbit, although for somewhat inde- 
pendent reasons. At low altitudes (N 1000 km) the 
spacecraft velocity is near 8 km ss’, the species is O+, 
densities are of the order of lo4 cmm3, with tem- 
peratures around 2000 K, resulting in high ionic Mach 
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TABLE 2. RATIOSOF~FORDIFFERENTMODELSANDDIFFERENTVALUFSOF~AND SFORPLASMASPHERIC IONOSPHERICCONDITIONS 

s 

0.50 
1.0 
2.0 

4.0 

120 
180 

1.55 
3.18 
9.00 

65.2 

aw (30”) 

150 
180 

1.17 
1.35 
1.68 

2.11 

120 
150 

1.32 
2.36 
5.36 

31.0 

as 

120 150 120 
180 180 150 

1.75 1.18 1.48 
4.05 1.53 2.65 

65.0 4.24 15.3 
[53.4]* [4.06]* [13.2]* 

2.92 (6) 5.89 (2) 4.96 (3) 
[9.81 (4)]* [2.11 (2)]* [4.66 (2)]* 

120 
180 

1.30 
1.94 
7.11 

1.14 (3) 

a9 

150 
180 

1.08 
1.22 
1.91 

15.9 

120 
150 

1.20 
1.59 
3.72 

71.5 

[ ]* Whipple (90”) values 

numbers (- 54) and negative spacecraft potentials. 
On the other hand, at high altitudes, where the satellite 
velocities are around 34 km SC’, the primary ion 

species is H+, number densities are - 10’ cmm3, and 
temperatures are around 10,000 K, resulting in low 
ionic Mach numbers (- 0.2) and positive potentials. 
And with potentials being normalized to KT, the low 
temperatures at low altitudes and high temperatures 
at high altitudes tend to result in the magnitude of &., 
being larger for negative potentials than for positive 
potentials (e.g. see Paper 1). 

Also, in applying the results of model calculations 
to actual spacecraft, it must be recognized that it is 
the potentials in the vicinity of the detector aperture 
that have the greatest influence on the particles enter- 
ing the detector and ultimately being counted. This 
can differ substantially from the “average” spacecraft 
potential unless great care has been taken in the design 
of both the spacecraft and the detector. 

A comment regarding the role of H+ in explaining 
discrepancies associated with the neutral approxi- 
mation in theory-experiment comparisons is in order. 
In earlier studies (e.g. Gurevich et al., 1973 ; Samir et 

al., 198 1; Samir and Fontheim, 198 1; Parks and Katz, 
1983 ; Al’pert, 1983) it was suggested that considering 
relatively small concentrations of H+ in the plasma 
may reduce theoryexperiment discrepancies par- 
ticularly in the low and middle ionosphere. In Samir 
et al. (1981), Samir and Fontheim (1981) and Parks 
and Katz (1983), it was suggested that theoretical 
models should treat separately the different ions and 
not use an average ionic mass and/or an average ionic 
Mach number. The models used in the present study 
use S values which are based on a specific ionic mass 
for a single species. However, it is clear that the lower 
S values represent the situation where H+ is signifi- 
cant. When a mixture of ion species is observed, it is 
important to know the composition correctly in order 

to compute the wake flux correctly, within the limits 
of the model. 

4. SUMMARY 

We have compared several theoretical expressions 
which yield the angular distribution of ions around a 
body moving subsonically and supersonically in 
plasmas typical of the terrestrial plasmasphere and 
upper ionosphere. In these regions the [H+] ion is 
generally the major ionic constituent of the plasma. 
For the middle and lower ionosphere, [O+] is usually 
the major ionic constituent of the plasma. 

We have shown quantitatively the degree of varia- 
bility among the different models (expressions) and 
showed quantitatively the relative significance of the 
ionic Mach number (S) and the normalized body 
potential (&J in determining the current ratio 

I+ (Q) 
u=l+o 

over the angular (0) range in the wake. In the ranges 
0.5 < S < 4.0 and -3.0 < C/J~ < +3.0, we find the 
ionic Mach number to be more significant in deter- 
mining OZ. Furthermore, the relative significance of & 
increases with S. 

Substantial effects are found when the detector 
aperture is limited in angular acceptance, as is found 
in several recent spacecraft instruments. The effect 
is generally to decrease the wake depletion ratio 
by an amount which increases with increasing Mach 
number. Limited apertures are also found to affect 
the response to body potentials, with significant 
“focusing” occurring for attractive potentials, which 
have no effect on detectors with full hemispheric 
acceptance. 
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Another result of interest is that according to the 
simple models examined here, the main depletion in 
ion current in the wake region takes place in the angu- 
lar range of 120” < f3 < 150”. This may be related to 
the region of quasi-neutrality which exists in the wake 
“shoulders”, where, in terms of “plasma expansion”, 
self-similar solutions hold (e.g. Samir et al., 1983 ; 
Singh and Schunk, 1982; Gurevich et al., 1969, 1973). 
This is the region closest to the plasma-vacuum 
interface. 

Combining theoretical conclusions from the present 
study with theoretical and experimental {in situ) 

results from earlier investigations, e.g. Henderson and 
Samir (1967), Samir and Wrenn (1969), Gurevich et 

al. (1969, 1973), Samir and Stone (1980), Stone 
(1981a,b), Al’pert (1983), Samir et ul. (1986), we sug- 
gest the following. 

(1) 

(2) 

The neutral approximation, despite its short- 
comings, is useful for some conditions pertaining 
in the plasmasphere, and in the upper ionosphere. 
Neutral approximation models are more appli- 
cable to plasmas where the [H+] ion is the 
dominant ionic constituent of the plasma. 
Earlier studies (e.g. Samir et al., 1973 ; Samir and 
Fontheim, 1981; and others) have shown that 
simple neutral approximations are not applicable 
in theory-experiment comparisons for conditions 
pertaining to the lower ionosphere. This is par- 
ticularly true in the “maximum rarefaction 
region”, i.e. for angles of attack larger than 
approximately 120”-130” in the vicinity of the 
spacecraft surface. However, for regions down- 
stream from the body surface and/or for angular 
regions distant from the wake axis, a neutral 
approximation may still be valid for specific cases 
(e.g. Gurevich et aZ., 1969, 1973 ; Al’pert, 1983). 

It is expected that the above suggestions will be 
useful in body-plasma interaction research in the plas- 
masphere. It should be noted that the present study 
has not addressed large objects, such as the shuttle! 
space station. Moreover, for certain conditions, the 
applicability can be studied in the laboratory, where 
control over a variety of body and plasma para- 
meters can be maintained. 
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