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and the Probability of Arcing
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The interaction between a space system and the space environment has been one of the driving questions for
the design of spacecraft since the dawn of the space age. The Space Station Freedom will represent a significant
increase in spacecraft size, power, and activity relative to spacecraft that are currently in orbit. The structure
floating potential on Space Station Freedom is studied with simple analytical models of the current collection.
The probability of arcing due to dielectric breakdown is assessed.

Introduction

PLASMA interactions with Space Station Freedom will
determine the charge and voltage distribution on the sur-

face of the station, the grounding of the station to the ambient
plasma, arc formation from one part of the station to space or
to another part of the station, and the sputtering of surfaces
under the impact of the ionic species.

The effect of the plasma on the grounding of Space Station
Freedom has recently been studied in a workshop report1 and
several conference papers.2"4 In the report the current baseline
for the station of negative grounding was studied. It was
shown that the bulk of the station would be at a negative
potential with respect to space and that it would be subject to
damaging sputtering and arcing as a result of this choice.
Consequently, a choice of a positive grounding scheme was
suggested.

In a negative grounding scheme the structure is connected to
the most negative end of the solar array and therefore primar-
ily collects ions. The solar arrays collect both ions and elec-
trons so that the net current to the combined structure and
arrays is zero. The largest current collection areas on the
structure are the radiator panels, which are covered with a
conductive paint. For both these panels and the solar arrays
the physics of the ion collection is the collection of ions from
a supersonic stream to a quasi-two-dimensional body. This is
a difficult problem that is not well described by classical probe
theory. This problem has been studied recently,5'6 and simple
semianalytical expressions are available for the ion current
collection. The physics of the electron collection to the solar
array is the collection of magnetized electrons from a subsonic
stream to physically small but highly biased areas. This diffi-
cult problem is also not well described by classical probe
theory. In this work we shall use an approximate numerical fit
to computer simulations for the collection of the electrons to
Space Statipn Freedom solar arrays.

With semianalytical expressions for the ion and electron
current collection, we calculate the structure potential for a
simple model of the Space Station Freedom. This model space
station consists of sjx solar array wings generating power with
82 strings of cells per wing and with 400 cells in a string. The
wings are connected to a conductive structure that is covered
by an insulating coat. The structure is also connected to con-
ductive radiator panels. The plasma interactions can be ana-
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lyzed on two different levels. First, on a global scale that is
large compared to the space station dimensions, the station
will be in a plasma composed of the ambient ionosphere and
any additional plasma from a plasma cloud generated by the
ionization of neutrals emitted from the station. This large-
scale density field will provide the pool from which the current
to the station will be drawn. The potential distribution of the
space station will be determined by the condition that there be
no net current to the structure. Second, on a microscale the
buildup of charge in the insulation on the structure will lead to
discharges that may be harmful to the coating on the struc-
ture. The discharges can occur as a result of dielectric break-
down of the dielectric coating material. In this paper, we
calculate both the structure potential and the probability of
arcing on the space station structure.

Calculation of the Potential of the Space
Station Structure

The model for the space station is of a conductive structure,
parts of which are insulated, electrically attached to a voltage-
generating set of solar array wings. We will take the structure
to be a conductor with an insulating coat and a set of conduc-
tive radiators. We define A^ as the area of the underlying
conductor on the truss and modules that is exposed to the
space plasma environment. We define Ar as the area of the
conductive radiators. The current collection to the exposed
area will be from ambient ions and any plasma cloud ions as
well as from the electrons in the vicinity of the structure. We
will model the ambient ions as cold with a Mach number M0,
the plasma cloud ions as warm with an ion temperature 7} but
with no relative drift with respect to the station, and the
electrons as warm with a temperature Te. This is a reasonable
model of the ionospheric plasma in low Earth orbit since the
space station will move supersonically with respect to the ions
but subsonically with respect to the electrons. Since the signif-
icant dimensions of the exposed area and the truss and mod-
ules 04ex) are expected to be small compared to the structure
and sheath dimensions, we will take the current collection to
the structure as being orbit limited. However, this will not be
true for Ar. The current collection to the radiators will be that
for space charge limited flow to a flat plate. The baseline for
the space station is to attach the entire structure to the negative
end of the solar array. Hence, the structure potential for the
truss, modules, and radiators must be negative. Therefore, we
can write the current to the truss and modules on the structure
as
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where <t>s is the structure potential; nf the ambient ion density;
V0 = M0cs the ion velocity with cs the ambient ion acoustic
velocity; nf the cloud ion density and cs. the ion acoustic vel-
ocity of the cloud ions; ci>e the ion (electron) mean random
velocity; ne = nf+n? the electron density and /(x) the ion
focusing factor. The ion focusing factor measures the spread
of the sheath out from the holes that make up the exposed area
and can be determined by simulation or estimated by semiana-
lytical methods. We have determined this factor by a two-di-
mensional particle in cell (PIC) simulation for the case where
the aspect ratio (length to depth) is large. The result is shown
in Fig. 1 as a function of voltage.7

The first term in Eq. (1) is the ambient ion current to the
exposed area. Since the exposed area will probably be dis-
tributed uniformly, only half of it will be struck by the super-
sonic ions at any one time. The second term is the random ion
current from any plasma cloud. The third term is the (repelled)
random electron current to the exposed area of the structure.
The factor of two arises in this case since the electrons are
constrained to flow along the magnetic field; if the holes in the
insulation are uniformly distributed then on average half of
them will be accessible to flow along the magnetic field.

To obtain the current to the solar arrays, we construct a
model of each array wing in the following manner. We sup-
pose that there are N sites on each panel that can collect
current. On the Space Station Freedom panels, each site corre-
sponds to the sides of a solar cell where the high voltage is
exposed to the space environment. We order the sites and
associated areas as [A09 A\, A2,. . ., AN] such that for sites A0
toylwthe associated potentials satisfy <t>o<4>\<<l>2 •• * * <$m
<0 and for sites Am+i to AN we have 0<<£m+i<4>m+2 • - •
< <t>N- Hence, there are m sites with a potential that is negative
or zero and N-m with a potential that is positive. As the
space station orbits the Earth, the arrays will always point so
that their unit normal is in the direction of the sun. This means
that they will see several different angles of attack with respect
to the ambient ion flow. If we define 6 as the angle that the
space station subtends around the orbit measured from local
midnight and take an orbital period of 90 min with 36 min in
eclipse, then the station will be in eclipse for -05<0<05,
where Os = 2ir/5. We define the angle of attack of the arrays as
a, where (it/2)-a is the angle between the unit normal to the
array from the surface of the array and the direction of the
incoming ion flow (measured in a frame attached to the ar-
ray). With this definition the relationship between a. and 6 is

= 0, 05<0<7T/2

= hr-01, 7T/2<0<37T/2

= 27T-0, 3tf/2<0<27T-
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If we assume that each string on each array wing will have
solar cells, each of which generates a voltage A#c, then we can
write

0y-0./-i = A0c, Kj<N (3)

The current to the positive parts of the array can be written as
N / e<j\

Iap=en?V0smaH(Tr-e) £ -H (l—j*) Aj + enfa,
j=m+l \ GO/
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Fig. 1 Focusing factor for ion current collection.

4 y = m + l

where H (x) is the Heaviside unit function defined as H(x) = 1
for x ̂  0 and H (x) is zero otherwise. In the first part of Eq. (4)
the cold ambient streaming ions are repelled and never get to
the array if the biased side is in the wake or if the potential at
location Aj is larger than the directed energy 80 of the am-
bient ions. In the second term in the equation the cloud ions
are repelled, and only the tail of the distribution gets through.

The question of the high-voltage electron current collection
in a low Earth orbit to a solar array is poorly understood. It is
not well described by classical probe theory because of the
relatively small and geometrically complex collection area, as
well as the presence of nearby dielectric surfaces that can emit
secondary electrons under primary electron bombardment.
The latter effect is known under somewhat simpler geometries
to give rise to enhanced electron current collection at vol-
tages >100V. This phenomenon has been termed "snap-
over" and has been extensively studied.8 The numerical corre-
lation that we use does show increasing electron collection
with voltage, although it does not show any sudden jump or
snapover. Furthermore, no such sudden jump has been seen in
the tank test on actual Space Station Freedom solar arrays.
This may be due to the substantially different geometry for the
electron collection to the Space Station Freedom solar cells
compared to the simple geometries where snapover was seen.
Therefore, in the third term in Eq. (4) we use an approximate
numerical correlation for the electron current collection as a
function of voltage, with Ajfcff being the effective electron
current collection area of each cell. This correlation was deter-
mined by detailed particle tracking simulations9 at NASA
Lewis. The Effective electron current collection area arises due
to the "choking" of the electron orbits by the geometry of the
Space Station Freedom solar cells. The electrons must enter
the gap between coverslides to strike the biased solar cell. For
high voltages the presence of a positive charge on the cover-
slides causes some of the incoming electrons to be repelled;
therefore, the current collection system acts like it has a
smaller aperture. This approximate correlation neglects the
effect of the Earth's magnetic field. For low voltages (efy/
Te<l), the effect of the Earth's magnetic field can be ne-
glected, since the average gyroradius (3 cm) is much larger
than the height of the solar cell edges that are collecting
electrons. Therefore, on the scale of the solar cell edge the
electrons are not seen to turn due to the magnetic field, and
the effect can be neglected. For high voltages (e<t>j/Te > 1), the
sheath will be much larger than an electron gyroradius. Hence,
the electron collection will be magnetically limited. However,
for a large quasihemispherical sheath (sheath radius rsheath
much larger than an ambient electron gyroradius), the maxi-
mum variation in current collection due to magnetic limita-
tions is a factor of two (a current collection area of 47rrs

2
heath

compared to 27rrs
2
heath). Furthermore, the relatively small varia-

tion in the magnetic field direction on a 28.5 deg inclined orbit
around the Earth compared to the unit normal to the array
surface over a typical orbit will constrain the variation due to
magnetic field limitations even more than a factor of two.
Given the less than factor of two variation in electron current
collection due to magnetic field limitations, we will neglect it
in this analysis.
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The current to the negative parts of the array must be
considered in three regions.5 The first region is where the ion
flow is directly striking the biased surface of the array but the
angle of attack is larger than the Mach angle. The Mach angle
is defined as 00 = sin~ l(l/M0) and is the angle that the flow will
turn through as it expands around the edges of the array.5
Hence, we define in region I (05 < 0 < TT - 00) the current to the
negative part of the array as

/«i =(**/% sin
7 = 0

(5)

The second region for the ion flow to the array is when the
angle of attack is almost zero and the ion flow is always within
the Mach cone. Therefore, we define in region II (7r-00<
0 < TT + 00) the current to the negative part of the array as

/% 1 4>o 1 3/4 + Q

7=0
(6)

In Eq. (6) \D is the Debye length based on the ambient electron
density and temperature and L is the length of the panel in the
direction of the flow. The assumption in the equation is that
the most negative end of the array is on the leading edge of the
array and turned into the flow. With this assumption, the first
term is the ion current collection to the leading edge of the
array and the second term is the ion collection to the rest of the
array surface. We have assumed that the sheath edges overlap
at some distance from the array so that the incoming ion flow
sees a uniform sheath.

The third region for the ion flow to the array is when the
biased surface is in the wake. In this case the ions get caught
by the sheath edge as they pass near the array and are swept
around into the wake. Therefore, we define in region III
Or + 00<0<27r-05) the current to the negative part of the
array as

fan = [enfV0 sin

(7)

In Eq. (7), Cw(a9M0) is the function representing how much of
the ram current is pulled around to the wake. In general, this
function has to be determined numerically. In Fig. 2 we show
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Fig. 2 Fraction of ram current collected in wake for A/0 = 8.

Cvv(a,M0 = 8) against a. This was determined from a hybrid
particle in cell simulation.6

The current to the negatively biased conductive radiators
must also be considered in several regimes. To minimize the
heat load on the arrays, the radiators will always have their
unit normal at right angles to the unit normal to the array
surfaces (which is in the sun direction). In addition, since both
sides of the radiators can collect ions, there will be both a ram
ion flow and a wake ion flow. The wake ion flow will be small
compared to the ram ion flow (see Fig. 2), except in the Mach
cone. Therefore, we will neglect it everywhere except in the
Mach cone. With these assumptions and the definition of the
angle X as X = (7r/2) — a, we can write the following.

Region A [0S < 0 < (7r/2) - 00]:

(8)

Region B [(7r/2)-00<00r/2) + 00]:

(9)

Region C [Or/2) + 0o<0<30r/2)-00]:

(10)

Region D [(37r/2)-00<0<(37r/2) + 00]:

RegionE

The total current to the arrays and structure is

(12)

(13)

where Np is the number of solar cell strings per wing and Nw
is the number of wings on the station. Ic represents a current
emission due to a plasma contactor that may be operational on
the station. In Eq. (13) we set the total current to zero to give
the potential distribution along with Eq. (3). If we take all of
the areas Aj =A, define the total collecting area of the arrays
as Aa=NwNpNA, define a normalization current as /„ =
enf(ce/4)Aa> and use Eq. (3), then we can write for all regions

(I/In)(mA<l>C9e;ThTe,M0,Aex/Aa,Ar/Aa,d) = (14)
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In Eq. (14), 6 is the ratio nf/nf. Equation (14) can be solved
for m and </>0 as a function of the angle and parametrically as
a function of Ti9 Te, M0, Aex/Aa, Ar/Aat and 6.

For a thin insulator surface, if the potential 00 becomes too
negative, there is the possibility of arcing. Arcing may occur
for several different reasons: 1) dielectric breakdown or 2)
vacuum flashover10 in the region near the plasma, dielectric,
and conductor interface (the triple junction) . In this paper we
will only calculate the upper bound for arcing due to dielectric
breakdown. The type of arcing discussed in Ref. 10 is unlikely
to occur on the structure for the voltages reached on the orbit.

The maximum arc rate for dielectric breakdown can be
calculated as the inverse of the time to charge the insulator
with thickness d to the electric field Ed, which is the dielectric
strength. This rate is given by

*DB = S

(15)

Of course, this assumes that once a dielectric breakdown
occurs the surface recovers without any physical damage so
that it can arc again. In fact, for intense arcs, it will probably
damage the surface to the point that the insulator material is
removed. Therefore, the arc rate in Eq. (15) can be regarded as
an upper bound on the true arc rate. For the calculations we
have used the extreme set of parameters for A12O3 from Ref.
11 and used the structure potential given in Figs. 3 and 5. The
set of parameters we choose to evaluate the maximum arc rate
is nf = 1012 m~3, ed/e0 = 8.4, Ed = 6.3 x 106 V/m, and a dielec-
tric thickness of d = SJLI.

Results and Discussion
To evaluate the structure potential for the Space Station

Freedom, we take for the solar array parameters A = 6.5
x 10~5m~2 (this corresponds to the current collection area of
the 8 mmx8 cm gap along each edge of each solar cell8),
/eff=0.5, AT = 400, JVp = 82, Nw=6, and A<£C = 0.4V. This
gives an array collection area of Aa = 12.8 m2. We choose the
ambient Mach number of the ionic oxygen as M0 = 8, the cloud
ions as molecular nitrogen with temperature Tf = 0.03 eV and
the electron temperature as Te = 0.2 eV. The choice of molec-
ular nitrogen as the cloud ions would be appropriate for a
thruster firing of a hydrazine bipropellant engine where the
nitrogen in the exhaust became ionized by some mechanism
such as the critical ionization velocity process. The ambient
ions have directed energy 80 = 5 eV. These values for the
ambient and cloud give c//c5=0.46 and ce/c5=264. The
length of solar array panel in the flow direction is taken as
20 m, which for average ionospheric conditions gives the ratio
AD/L = 5 x 10 ~4. The current collecting area of the radiators is
Ar = 1100 m2. We solve for the structure potential with Aex/
Aa9 6, and Ic/In as free parameters. The total area of the
structure1 planned for the Space Station Freedom is 2500 m2;
thus a choice of Aex/Aa =25 represents 13% of the insulator
punctured or eroded. The fraction of electron collecting area
/eff that actively collects is determined approximately from de-
tailed particle tracking simulations9 and is found to be about
one-half.

In Fig. 3 we show the structure potential for the case where
there is no low-energy plasma cloud. For the case where there
is no or very little exposed area on the structure (other than the
radiators), the structure potential is quite negative. It is most
negative near the dusk terminator (0=270 deg). This is be-
cause the array is in the wake; therefore, the structure must
float as negatively as possible to attract ions. It is least nega-
tive at local noon (0^ 180 deg). Here the radiators are normal
to the flow and collect a large number of ions so that a smaller
additional ion current to the array is necessary to balance the

electron current to the array. The structure potential for 13%
of the area exposed is qualitatively similar to the case for no
area exposed. However, the magnitude of the potential is
everywhere reduced because the increased ion collection of the
structure requires a smaller ion collection to the array and
therefore a smaller maximum potential. In Fig. 3 we also show
the maximum arc rate for the two cases considered. The
maximum possible arc rate is independent of angle, since we
have taken the maximum value of the ram current. For both
cases the structure will suffer an arc at some location several
times a second. If the arcs are large, this could potentially
damage the thermal coating of the structure and lead to a loss
of thermal control of the system.

In Fig. 4 we show the structure potential for the case where
there is a dense low energy plasma cloud so that the cloud is
10,000 times denser than the ambient. ¥OT the case where
Aex/Aa = 105, the structure potential is quite negative and
uniform over the orbit compared to the equivalent case in
Fig. 3. This is because the ram/wake differences that drive the
morphology of the potential as a function of angle for 6 = 0
are not present because the cloud isotropically surrounds the
station.

In Fig. 5 we show the structure potential for the case where
there is a plasma contactor emitting a normalized current of
0, 1, 100, and 200. For a random ionospheric electron current
density of 10 mA/m2, we have /„ = 0.13 A and 7C = 0, 0.13, 13,
and 26 A. We see that as the contactor current increases the
structure potential becomes less negative and also more uni-
form as a function of angle. For a contactor current emitted of
Ic/In = 200, the potential of the structure is almost at ground
(0 V) and the maximum arc rate is reduced to zero. This
suggests that the use of a plasma contactor attached to the
negatively biased structure and emitting a net electron cur-
rent can cause the structure potential to be approximately
grounded and minimize the possibility of arcing due to dielec-
tric breakdown.
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Conclusions
The potential of the underlying structure for the space sta-

tion has been calculated. The structure will be negatively
grounded and will be at a large negative potential in the early
years of operation of the station. As the station ages and more
of the structure is exposed, the structure potential will become
less negative.

The arc rate of the structure through defects in the insula-
tion has been calculated. The dielectric coating will be suffi-
ciently thin so that a large number of arcs will occur in every
orbit. These arcs will lead to damage to the insulating coat and
eventual loss of parts of the dielectric. It is shown that use of
a plasma contactor will alleviate the problem due to arcing
although a plasma contactor may introduce other issues.
These will include electromagnetic interference and possible
contamination issues.
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