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A recent survey of DMSP data has uncovered several cases where precip-
itating auroral electron fluxes are both sufficiently intense and energetic to
charge spacecraft materials such as teflon to very large potentials in the
absence of ambient ion currents. In this paper we provide analytical bounds
which show that these medsured environments can cause surface potentials in
excess of several hundred volts to develop on objects in the orbiter wake for
particular vehic’e orientations.

INTRODUCTION ...

ke consider an object in the wake of a spacecraft flying at an altitude
of a few hundred kilometers in low polar earth orbit. We suppose that the
object is charged to large negative voltages with rgspect to_the ambient
plasmas by an intense current, perhaps of order 10~ amps/cmz, of multi-
kilovolt electrons.. Qur objective is to estimate upper bounds on the ion cur-
rent attracted by the object, and lower bounds on its electric potential,

ke assume ghat the plasma consists predominantly of 0% at a concentra-
tion of about 10 /cm3 and a thermal_energy per particle kT ~ 0.1 eV. The
speed of the satellite Vg is 8 x 10° cm/sec, corresponding to 0% flow
energy 1/2 My V§ = 5.12 eV per particle, and a ratio V./ Mo

= 8. The plasma may also contain H', again with kT ~ 0.1 eV, bup with a
smaller Mach number, V,/VZ kT/My = 2. "In the considerations that follow

we assume that the vehicle is in eclipse and that no spacecraft generated
plasmas surrcund the vehicle.

The estimates are based on orbit limited theory collection by a
shadowec, ion attracting object in a cold flowing plasma. Initially, thermal
effects are not considered; it is anticipated that such neglect is justified |
for high Mach number flows, especially if the negative potential on the col- |
lecting object is very much larger than kT. Supposing that thermal effects
are negligible, it is then argued that the theory provides an upper bound orn
collected ion current, or equivalently, a lower bound on the potential to
which the object becomes charged. Because H ign speeds are not very much
less than flow velocities, thermal effects on H' collection will be further
considerea later in the paper.

For ionospheric plasmas with neg igible hydrogen concentration, ener-
getic electgon currents to the wake side object can be neutralized only by
attracted 0" ions. For a one meter object shadowed by a ten meter shuttle,
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we find that the magnitude of the minimum voltage for attracting 0% ions is
about 500 volts. In contrast, space charge limited collection of 07 ions
through a ten geter radius sheath requires about 4 KeV to neutralize a current
0f-107% amp/cw?® of energetic electrons.

The effect of H' is to lower the voltage threshold for orbit Timited
collection to several tens of volts, but H' concentrations much larger than
10C/cm¥ ave Eequired to neutralize energetic electron currents as large as
10°° amps/cm® if potentials more negative than 100 volts with respect to
the ambient plasma are to be avoided.

THEORY

Consider a sphere of radius a at a potential -V shadowed by a disk of.
radius Ry at a distance & from the sphere center. The geometry is axisym-
metric, with the symmetry axis defined by the line conneciing the centers of
the sphere and disk parallel to the plasma flow velocity V4.
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Figure 1. Geometry for ion collection.

To proceed further, we assume that the electrical potential is spheri-
cally symmetric about the center of the collecting sphere, and that the poten-
tial field is unaffected by the shield. In reality, the configuration of
electric potential is much more complex, being strongly shielded by the plasma
in the upstream direction and extending over substantial distances into the
wake of the shield. Thus, by invoking the assumption of spherical symmetry
one overestimates the upstream range of the potential and thereby the col-
lécted current.

Given the foregoing assumptions, the maximum ion current drawn by the
sphere occurs when the distance between the shield and collector is infi-
nite. Then, in accordance with orbit limitec theory, which also overestimates
collected currents, the current of ions of a particular species intercepted
by the sphere is given by

2
I- = ne Nivo [bi - R

1 0

2] (1)

where N; is the density of the species i in the unperturbed plasma and the
maximum impact parameter bj is determined from

Vobi = va conservation of angular momentum (2)
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5 M,iv0 =7 Miv - eV conservation of energy (3)

where M; 15 the ion mass, e the electron ion charge, and v the speed of the
fon at the collector. Finally the collection current is

2ev\ 2 2
Ij = ne “i"ol(“aﬁ";"z) a "Ro, (4)
i%o .

with a collection threshold at

12| %
X ] 0 ;
eV = -2' Mivo [? - 1] (5)

For a pure 0% plasma (1/2 mivg ~ 5 eV) and with Ry/a =~ 10, the

voltage threshold for ghe onset_of collection occurs at about 500 volts. A
curreni density of 10~ ampslcm2 corresponds roughly to maximum observed
levels of intensitg of Snergetic precipitating electrons (E > 1 KeV) (refs.
1-3). For Ny ~ 10° cm=3, the collected ion current is a sufficiently

stegp functign of voltage that neutralization of the electron current of
10™° amps/cm® occurs only slightly above the threshold.

The voltage threshold for hydrogen ion collection is eVy ~ 30 volts
for3Ro/a,= 10. Below 300 km altitude the H' concentrations are <100
cm™, and would not contribute substantially to ghe neutrglization of elec-
tron energetic electron currents as large as 10~ amps/cm+. Instead at
the 500 volt 6hréshold for 0" collection, the collected H™ current is only
Iy = 2 x 10-10 amps/cn? for N = 100 car3, Ry/a = 10. Thus for
H' ~ 100 em™3 to effectively control the charging by energetic electrons,
it is necessary, ?Ht perhapg not sufficient, that the charging currents be
less than 2 x 107*Y amps/cm®. Of course, at higher altitudes where the
H™ concentrations are greater, the effect of H' in neutralizing charging
is correspondingly greater.

The previous considerations, utilizing orbit limited theory with the
shield a long distance from the collector, overestimate the collected ion cur-
rent. We can also estimate the collected current with the shield at a finite
distance from the collector. In this case the current is given by

L=l eV, [(1+—2—9¥) a2-R£l (6)

M Vo

where R is the ambient parameter at infinite distance which causes the ion to
intsriegt the outer edge of the shield located at the distance Ry = (RS

+ 1¢) /2 from the center of the collector. To relate R to the collector
potential and geometry, we must know the ion's orbit in the potential field.
Suppose for this purpose that the potential is given by
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b=-V,ir (7)

Solving the orkit equations then leads to the retation
12

. e
oo |(f) e (- () )| )
0

M

, In Teble 1 we compare the voltage thresholds for don collection for the two
T ! extrene cases £ s o (ro =w) ald y -~ 0 (TO = RO)’ obteined by setting |
= 0 in equation (6).

) Table 1. Approximate Voltage Thresholds for lon Collection,
fr Rfa = 10, Vg (volts)

‘ 1
. L = = Q0 :
- of 507 2000 |
& W 317 126

Potelitials decreasing more rapidly than 1/r for increasing r would lead
to increases in the threshold voltage by even more than the factor of four
given in Table 1.

o el oo

We next ask whether thermal effects on H* collection will substan-
tially alter our estimates of minimum potential required for current neutral-
ization. For this purpose we neglect Shadowing of the collector by the space- )
craft and assume orbit limited collection of H ions. The orbit limited !
collection by a sphere at potential -V in a warm flowing plasma is given by ;
Kanal's expression (ref. 4)

I = nal N eV, l(l + 2K, 3—91}) erf(‘/;"lE_T vo)

MV MV

0
w% + %; ‘/Z;gi exp (- )] (9)

Fo- H', M V§12 kT ~ 3 and the collected current does not differ sub-
stantially from the cold plasma result

o

v

=
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1 ( 2 eV
~N. V [1+ (10)
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Thus, for V ~ 500 volts, N ~ 100 cm"3,
l/na2 = 1,3 x 1077 amp/cmz . (11)

and this extreme overestimate of collected H* current is still substantially
less than the maximum observed charging currents.

So far, we have estimated upper bounds on selected jon current by invok-
ing orbit limited theory. To ascertain how much the estimated bound might
exceed actua) current collection, let us consider space charge limited col-
lTection of 0" ions by a one meter sphere through a spherically symmetric
sheath of ten meter radius, the latter radius representing the radial extent
of a wake. The Langmuir-Blodgett theory for space charge limited collection

of 0" by a sphere pérmits the required voltage to be estimated from (ref. 5) .

3/2
§= 137 x 108 X (12)
(aa)
For j = 10-8 amp/cmz, a 5 100 cm, and an outer emission radius of 103
cm, equation (12) with o«f = 30 gives
V.~ 3.6 kv (13)

DISCUSSION

Simple theoretical considerations have been invoked to estimate upper
bounds on the ion current collected by a shadowed object subjected to intense
fluxes of energetic electrons. In the course of these estimates, many compli-
cating factors associated with geometry, vehicle potentials, field asym-
metries, and charging properties of materials have been ignored. It is appro-
priate to ask whether any of the effects that have been neglected may substan-
tially altaer the magnitude of current drawn by an object located in the wake
of an ionospheric spacecraft.

The effect of secondary emission would be to increase the effective cur-
rent to the object. While secondary emission may be small for primary elec-
tron energies ~10 KeV, it may be substantial for softer components of the pre-
cipitating electron spectrum, including those reflected from the dense atmo-
sphere.

The effect of a shuttle potential and field asymmetries is difficult to
determine. One might argue that a potential on the shuttle increases its ef-
fective size and decreases current to a shadowed object; one might also argue
that the fields around the shuttle focus more ions into the near wake where
the cbject 1s Tocated. The theoretical resolution of these questions will
require muitidimensional calculations of electric fields and ion trajectories
in those fields. The required techiniques will be embodied in the POLAR code,
now under development at S-CUBED.
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