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SUMMARY

A large (lm x 10m) flat surface of conductive materisl was biased to high
voltage (£3000 V) to simulate the behavior of a large solar arrasy in low earth
orbit. The model "array" was operated in a plasma environment of 103-106/cm3,
with sufficient free space around it for the resulting plasme sheaths to de-
velop unimpeded for 5-10 meters into the surrounding plasma. Measurements of
the resulting sheath thickness as a function of plasme density and applied
voltage were obtained. The observed thickness varied approximately as V3/h
and N1/2 gs would be expected for space charge limited flow between large
Plane surfaces with & constant source current density. This effect appears to
limit total current leakage from the test "array" until sheath dimensions ex-
ceed about 1 meter.

Total leakage current was also measured with the "array" biased 0-4 kV
from end 1o end, floating in equilibrium with the ambient plasma. The positive
end of the array was observed to float at +93 V, with a total current leakage
through the plesme slightly under 2 mA/m2, or 0.7 watt/ft2,

INTRODUCTION

Hardware and techniques have recently been developed to adapt the large
thermal vacuum test chamber at NASA Johnson Space Center to simulate the
ionospheric plasma environment characteristic of low earth orbit (LEO).
Plasma density, flow direction and magnetic field strength were controllable
for test purposes within the 20 meter diameter chamber. Plasma simulation
and testing on this large scale is expected to become of increasing value as
requirements to operate large systems at high voltage increase. We report
here the initial results obtained in tests of a 1 meter by 10 meters simulated
high voltage solar array, typical of development tests which will require
this type of facility.

The test model used consists of roughly one square meter of actual solar
cells at the top of the panel, with the remaining 9 meters simulated by a
panel of conductive plastic material of sufficient internal resistance to be
biased at several kilovolts end-to-end. The resulting panel surface poten-
tial varies in an approximately linear manner, the same as would be obtained
from a string of very many solar cells connected in the simplest series
configuration to give the same high voltage output end-to-end. Copper strips
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are placed across the panel every flve feet to provide good electrical contact

for the blas voltage power supplics, or for monltoring of intermediate surface

voltege and current values. Three moveable probes are located in front of the

parcl as it hangs in the test chamber, used to locate the outer boundary of the

Figh voltage "sheaths" expeeted to form around the panel and control its equi-
“1ibrium interaction with the surrounding plaoma.

LEO PLASMA CURRENT LEAKAGE

Although space is & very good vacuum, it is not ebsolute and the very thin
residual "gascs" present are cepable of causing significant electrical inter-
actions under certein conditions. This has been noticed particularly by vari-
ous satellites in geosynchronous orbit (GLO), which are observed to charge up
to surface potentials of several kilovolts under solar eclipse/geomegnetic
"storm" conditions. The ambient plasma is too thin to effectively bleed off
the cha§ge acquired from "storm" radiation absorbed by the satellites (refs.

1l and 2).

In LEO, the denser plasma easily overcomes any radiation charge build-
up. This should eliminate the problems with unwanted charge build-ups
observed in GEO Dbut results in e new problem for large high power solar
arrays due to the exact inverse of the GEO problem. In LEO, even necessary
high voltages may be bled off by the dense ambient plasma.

Feasibility studies of the SPS concept have identified this as a poten-
tial problen in attempting to operate the large solar arrays at high voltages.
Reference 3 in particular observed that current leakage to space (per unit
area) would increase at high voltage by orders of magnitude over that expe-
rienced by present day low voltage systems, based on extensive laboratory
test and analysis using small (1-20 cm) surfaces at high voltages. Assuming
certain scaling laws observed to be approximately true on the 1-20 cm scale
(in effect, assuming some constant sheath conductance per unit area between
the array and the plasma), they calculated the power losses due to these
paresitiec currents shown in figure 1. The projected loss for the 15 kw array
wou.d exceed solar cell output for voltages exceeding +2 kV or -16 kV for a
tyrical Shuttle orbit near the F2 ionospheric maximum.

An alternative theoretical analysis indicates that quite different scaling
reletions should be expected to apply. By this analysis, current collection by
large solaer arrays should be controlled by (plasma) charge separation fields,
which should form space charge limited "sheaths" that confine the current col-
lecting voltages on the arreys within these sheaths, Distinet outer boundaries
to the current collecting sheaths surrounding e high voltage surface should be
expected to reach a limiting size of the order of 1 meter/kilovolt, nearly in-
dependent of the size of the high voltage surface. Wlen the assumptions in
this analysis are valid, total current collected depends only on the outer sur-
face area of sheath availeble to intercept ambient (drift) currents existing in
the undisturbed plasme outside the objects' sheath. The resulting current mul-
tipiication factor at any voltage would be the ratio of outer sheath surface
aree to object surface areas, as illustrated by figure 2. (In effect, sheath

316



"conductance” per unit area becomes & function of both voltage and size, rather
than e constant as in some oversimplified lumped circuit element analogies.)
For iliustration, we assume plasme parameters such thaet the resulting sheath
thickness grows from 10 cm at +100 V to 10 meters at #10 kV. This sheath be-
comes very large compared to the 10 cm sphere, the total current collected in-
creasing by nearly 104 (a very high "conduetance" sheath). The same plasma
sheath, around & 1 km "SPS" array, has & very small ratio of sheath to object
8ize. The total current collected should.increase by only e few percent, a
very low shedath "conductance" which becomes even lower with increased voltage.

Operating in the large chember at JSC, it is possible to observe the
growth of these sheaths around a 1x10 meter object Witk 0.1-10 kV applied.
This permits a test of their behavior in “free space" without the inevitable
wall effects due to sheath growth in smalle:i chambers.

TEST SET-UP FOR SHEATH STUDIES

The performance of an actual test on the scale of 10 meters available in
the large chamber was needed to determine which (if either) scaling relations
are applicable to large solar arrays. Figure 3 shows the layout of the basic
configuration used for most tests. The high voltage panel ("SPS") was hung
near the center of the chamber, with T7-10 meters of free space available in
all directions for unobstructed development of the high voltage plasma
sheaths. The expected extent of sheath development is illustrated for an
SPS model in series connected configuration, with high voltage at top and
vottom at ground, for two typical sheath thicknesses of 1 meter and 3 meters.
The three probes labeled 22-24 can be moved horizontally from outside the
sheath to locate the outer sheath boundary (point of first observed change
in plasma conditions). The sheath and associated effects could also be
observed visually using low light TV cameras at the first and third floor
levels. Large solenoid coils around the chamber provided control of the
vertical magnetic field from 0-1.5 gauss. Plasma density and electron tem-
perature measurements were ovtained from 15 half inch spherical Langmuir
probes located at various points around the chsmber.

Flasma Generation

Plasma generation was available from three devices. A 30 em Kaufman
thruster borrowed from LeRC was used with argon gas to generate flowing
plasma densities of 10" to 10° (em~3), directed either horizontally (across
the magnetic field) from the third level into the face of the panel or
vertically from the center of the floor (along the magnetic field) along the
length of the panel. Plasma electron temperatures varied from 0.5-2 ev,
being typically 1 ev. Ion temperatures and flow velocity were not direcctly
measured, flow energy is estimated to have varied from 15-25 ev. Predomi-
nately (monatomic) Ar* ions were observed in the chamber, however significant
numbers of Not, H20+, and HO* and some other species were observed. These
may constitute a significant (thermsl?) populastion of charge exchange or
other secondary ions in the plasma, created from the residual gas.
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A 6 inch Kauftan thruster device was fabricated at JSC to provide a lower
density source, using H,, No; and He as well as argon 4s the input ges. Plasma
densities of 102 to 104 (em™3) were observed, either flowing vertically from
center floor or diffused from a horizontal flow across the one meter lével
above the floor. BElectron temperature was typically slightly less then 1 eV.

The third source of plasma employed was a large 5 meter loop antennea,
driven at 1-5 MHz to excite an irregular pldasma from thé residual neutral cham-
ber gases. Properties of this plasma were quite different, densities estimated
at 103-10° (cm=3) with electron temperature about 2-4 eV (based on 1/2" spheri-
cal Langmuir probe currents).

SPS Model for Test

Figure 4 shows the physical dimensions of the "SPS" model as tested, as
well as location and identification of available test connections to the
copper contact strips. The actual dimensions differed slightly from the
nominal 1x10 meter design for ease of fabrication. For test purposes, the
array was operated in each of three electrical configurations shown. The
"series connected (floating)" configuration is the actual case which would be
obtained in space; with currents closing from the positive voltage (V,) end
of the array, thrcugh the conducting plasmd, to the negative portion of the
array. The chamber walls and lab ground are not involved in the circuit at
all (except in determining the roughly uniform "plasma potertial" outside the
sheaihs). The relative potential of the entire test array and flodting power
supply will adjust itself relative to the plasma potential so that the total
electron current ccllected along the positive voltage portion of the array
exactly equals the total ion current collected along the negative portion.
The location of the point slong the array which is at "plasma ground" poten-
tial will be inversely proportional to the relative ambient current densities
of ions and electrons in the free plasma. For typical conditions, this will

result in the array "floating" 97-99% negative with respect to plasms
potential,

Since operation in the fully .iioating configuration was physically
awkward, most "series connected" testing was done with the power supply and
one end of the array grounded to the chamber walls. This was equivalent to
testing the negative or positive portions of a floating array individually,
with the return current path closing through the chamber wall (via the plasma).
In either case, all voltage drops from array surface potential to plasma
potential are contained within the sheath. The outer surface of the sheath
is at plasma potential. The plasma is effectively a perfectly conducting
medium with constant internal potential (within a factor of kT).

A third configuration frequently employed, for maximum simplicity of
operation and data analysis, was "constant HV" with the entire surface of the

array at the same potential and all currcnt returning through the plasme to
the chamber walls.
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This test object was designed to produce the extreme values of current
leakage possible from a large solar array or other high voltage surface.
To eliminate confusion from attempting a correct treatmént of the effect of
relative surface ared and configurdtion of conductive and insulated portions
of the surfdace of ar darray, the entire front surface (except the actual solar
cell section) was made conductive. The "SPS" model should thereforé génerate
the large scale (outer) sheath configuration believed to be of primary impor-
tante in determining its equilibrium interaction with an ambient plasma. The
currents collected will not be reduced by any insulation factor.

Test Objectives

In order to test the validity of the proposed approach to scaling calcu~
lations of plasma current ledkage based on relative sheath to object size,
three primary topics were identified for investigation:

(1) Existence, sharpnéss and size of the expected outer sheath boundary

(2) Equilibrium floating potential of a large.panel (array) with fixed
voltage differential along its length

(3) Magnitude of leakage currents induced to/from large surfaces as a
function of voltage (actually, sheath size)

A secondary topic was the possible existencé and behavior of transient current
pulses (electricsl breakdown or "arcs" to the plasma) reported to occur in
smaller scale experiments (refs. 3 and &). :

EXPERIMENTAL RESULTS

The fundamental result achieved was direct observation of the existence,
form and dimensions of the plasma sheaths formed about the high voltage
panel. Leakage currents between the panel and the surrounding plasma, through
the observed sheaths, were recorded for comparison with the theoretically
expected current transmission capacities of the sheaths. The existence and
form of the sheaths was observed by two independent means, both of which
detect the location and "sharphess" of the outer boundary with minimum
disturbance of its configuration by physical intrusion of hardware..

Sheath Observation by LLTV

Figure 5 shows a typi-al LLTV image of the series connected sheath, with
surface potential on the SPS increasing from 0 at the bottom end to 1 KV near
the top (actually about the center of the panel) of the picture. The sheath
is the dark area, seen to increase approximately linearly in thickness from
0 at O volts to perhaps 1-2 meters at 1 KV. The outer boundary is generally
rather sharply defined ir the LLTV image, as expected from the space charge
limited thickness hypothesis,
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The sheath is frequently visible on LLTV, as & dark region in front of
the panel which expands or contracts as a function of voltage on the panel
face, when viewed under sufficiently high plasma density conditions against
a dark background. We believe the sheath region is dark because with
electrons (or ions) excluded, little >f the ambient.plasma recombination/
de-excitation leading to photon em’ - on occurs. In any case, acceleration
of ions (or electrons) in the sh . leads to a reduction in number density
by more than an order of magnitude. The sheath becomes unobservable when
the outer boundary becomes large and curved, not parallel to the line of
sight, or viewed against a bright background (such as the aluminized mylar
toward the top of fig. 5).

Sheath Detection by Probes

The second method involved watching for an alteration in the observed
I vs. V current collection characteristic of a moveable Langmuir probe as it
approaches and enters the outer boundary of the sheath from the external
plasma (or equivalently, as the sheath expands to envelope the probe as the
surface voltage of the panel is increased). After some experimentation, a
satisfactory operational technique was developed for recording this infor-
mation. A series of log I vs. voltage curves were recorded for electron
collection from the zero current voltage up to +100 volts, as surface voltage
on the panel was increased in steps from zero until the probe (at a particular
location) was deep inside the panel's sheath. A representative set of curves
is shoim in fig. 6. The undisturbed plasma at this point was about 10%/ce with
an electron temperature (T,) slightly less than 1 eV as deduced from the ini-
tial curve recorded with O V on the panel. The linear increaﬁe in current from
(thermal current density) about 1x10™> amp at +6 V to 9.5x107" amp at +100 V is
consistent with normal orbit limited electron collection in such a plasma.

As voltage is applied to the panel, no effect is seen at the probe
1ocat10n (still outside the growing panel sheath) until the applied voltage

) reaches -800V, when a slight displacement of the curve at higher probe
volgages is first detectable. Increasing Vop by 100v to -900v causes a
clearly noticeable reduction in probe current at +100v bias, more than
resulted from the previous 800 voit change. There is as yet no change below
the linear portion of the curve. We interpret this as indicating the probe
is still (Just) outside the panel's sheath boundary but neor enough for the
probe's expanding effective rodius of electron collection (about 5 inches for
a !3 inch »robe at +100v) to partially contact the region of sheath disturbed
anbient electron currents. ( A partial "shadowing”" of the probe location
by the growing piasma absorbing sheath may also be expected, particularly
when the panel is located between the probe and the plasma source.) 'The
sheath has probably Just passed the location of the probe when «1,000v is
applied to the panel, the current zero-croscing voltage has shifted. As the
ponel voltage is increased further, moving the location ot the sheath edge
further beyond the probe locatior, even greater positive voltages are ro-
quired on the probe before its electron attracting field is strong cnough to
reach beyond the electron depleted sheath boundary to an undisturbed plasma
region containing eclectrons which it can then draw to its surface.  When
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panel voltage has increased to -1500v, the probe is so deep inside the penel's
ion sheath thdat +100v on the probe is able to draw less than 0.1% of the
electron current available outside the sheath (+70v is required to attract

ary measurable electrens at all into this electron depleted region).

A set of curves similar in appearance is obtained for positive (electron
collecting) sheaths. The causes are probably quite different, since there
are electrons present to be collected inside this shedth, The probe current
zero crossing voltage will still shift to progressively higher positive
voltages as the sheath is entered, since the proie will repel electrons until
it exceeds the local (positive) potential inside the sheath. The current
collected will then be reduced due to the combined lower density and higher

energy of the aveilable electrons, and their essentially unidirectional
velocity distribution.

Sheath Size

The test results show a distinct limitetion to sheath growth, as & func~
tion of voltage and (ambient plasma) current density. Within pre7ﬁnt linmits of
experimental error, the observed sheath thicknesses follow the V3/4 ¢ nl/2 ge-
Pendence expected for space charge limited current flow with 4 (sheath thick-
ness) the free variable. Figure T shows the applied voltege required at vari-
ous plasma densities for the outer sheath surface to reach a Langmiir probe
(#23 in ;ig. 3) located 1 meter from the surface of the array. The reference
line is the theoretical thickness calculated for e one-dimensional planar
geometry cese (Appendix A) with an effective electron or ion "temperature" of
1 eV. Notice the electron sheath (shown as @) is about vhe same size as
the ion collection sheaths (shown as C).

Sheath Current Leakage vs. Voltage

The resultant leskage current multiplication factor was observed to
be much lower than observed on previous small scale tests. Figure 8 shows
current leakage from "SPS" to the plasma observed from -10 to _-3000
volts in four ambient plasma densities ranging from 10h to 106 per cubic
centimeter. The observed rate of increase in leakage current with voltage
is seen to increase as the resulting sheaths become large compared to panel
width, as expected from figure 2. The regions of sheath size shown are
rough estimates, based on the calculation in figure 20 normalized to an
actual measurement for each data set.

Floating Potential

Recalling the requirement that total current flowing to an electrically
isoiated Lanel in series connected configuration be zero for voltage equi-
librium with the ambient plasma to exist, we expect values of V- and V+
relative to the plasma shift so that (fig. 9)

Joi Ao = =Jye A+ (1)
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where Jo3 and joo are the ambient ion and electron current densities across
the outer sheath bounddries; &nd A- and A+ are the effective surfacé areas
of the negative and positive potential sheaths. We neglect cutrent contri-
butions from other sources suéh as secondaries, and the area (* a few kT)
immzdiately around the V = 0 (w.r.t. Vp) point along the panel. For

reasonably thin sheaths, relative to panel dimensions, we can use the
epproximation

A- L(-) = V-

A+ L(+) v+ (2)

vhere L(-)» L(+) are the lengths of the panel sections floating negative,
vositive with respect to plasma potential. AV/AL along the pancl is assumed
constant. (We note the assumption Joi» Joe constant along the sheaths does
not require }j;, Je constart along the panel. Current density along the
panel. should vary due to focusing effects, without affecting our assumptions
so long as the relative geometric shapes of A~ and A+ are the same. This
srould be true for thermal velocity distributions and approximately valid
for ion streaming velocities oriented perpendicular to the face of the panel.
For other orientations,.more careful account must be made for both the
effective intercept cross-section (A-) and effective reduction in Joq due to
screening by both the panel and the positive (A+) sheath.)

In the case of thermal electron currents and directional streaming of
ions with mean energy

1
E, =3 m1V§ (3)
We can use (1-D calculation)
- [ kTe
Ja = n, Vo = -n_€
e ele'e e ¥ me (4)
Ji = niqi'Vi = +n1e Jin/mi (5)
Therefore
——-—--—.je =) mi kTe
i m
For an Ar+ plasnma, Jﬁi7mé = 270. Typical values for electron temperature
of lev and ion beam eneigy of 20 ev give
-J
= = 43 (7)
3

Using (7) in (1) and (2)
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—Je = A- = L(_} = h3 = v_,

R TR v+ (8)

We therefore expect the panel to float about 2.3% positive, the remainder
(97.7% of L, Vop) negative under these conditions. Representative current
density and voltage values expected along an array are shown in fig. 10(a).

Conmharison with Observation
(Ioni flow perpendicular to penel face)

This was verified experimentally. The 30 cm thruster was operaxed from
the third level catwalk, aimed horizontul directly into the face of the panel.
Average plasma density along the panel is estimated to exceed 106/cm » based
on supply current of 21 mA &t Vo = 2000 V compared to 15 mA (&t -2000 V) ob-
served earlier when probe measurements indiceted densities decreasing from
1. lxlo6 at the bottom to 2.2x10° at the top of the panel. The experiment con-
figurdation was series connected (floating) as shown in fig. 4. Using a pair of
€lectrically isolated power suppliee in series, voltages (V,,) from 500 to
5500 V were applied to the panel while monitoring the VOltagg dt lead #8 using
& DVM referenced to lab ground. (The plasma potential was +5 - 10 V referericed
to lab ground.) As long as the panel floated more than 90% regative wrt ground,
the DVM at #8 would resd -0.167 V, op 188 V4. Readings of V+ directly at lead
#10 were also recorded at Vop, = =3 kV and -4 kV. Velues observed are plotted.
in fig. i1. V*/pr dt 3-4 Y is 2.6-2.3%, very nearly the expected value.

The behavior of V at lead #B8 indicates this is probably true at lower
values of V,y, but the high leakage currents cause a loading down of the resis-
tive panel sgch that AV/AL is no longer constant and a large fraction of the
patiel surface between #8 and #10 is in effect left out of the circuit at V,

500 - 1000 V. At these voltages the entire current supplied at the entls ofpthe
panel is cerried part of the length enitirely tlirough the plasma, leaviig zero
current in the panel. Therefore AV/AL = 0 in this section, which floats
slightly negative 80 as to repel (97%) of the electrons and draw no net current
from the plasma. This is illustrated in fig. 10(b).

Jower Losg

Total current supplied to the panel was recorded for each voltage. This
allowed calculation of current ledkage estimates and the rasultant power lost
to the plasma as a runction of Vop. The calculated current leskage values
were obtained under assumptions vwhich may be in error +25%. These errors
cancel in further calculation of total power lost. Results are shown in
Teble 1. The 56 watts estimated lost in driving plasma currents at Vop =
4,000V is significant, but well under the roughly 1 kilowatt availeble from
a solar array this size.

This result is plotted in fig. 12 for comparison with the earlier
estimates in ref. 3 using constant leakage per unit area and reducing the
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total by 90% to allow for relative insulator/conductor areas., The "error
bars" show our estimated uncertainty in plasma conditions and possible
reduction in total currents due to 90% insulation (our measurements were for
a 100% conductive surface).

Arcing to Plasma

Arcing, defiiied here as any sharp and transient increase in current
drain to the plasma was frequently observed. Most measurements of current
joss vs. voltage were limited to voltages less than 2-3 KV because arc
induced transients became so severe that useful meter readings could not be
made. Although some arcs were "small" and did not affect the rest of the
panel except for small pulses in the current meter, many resulted in complete
discharge of the panel voltage, which required 1-5 seconds to rebuild. This
was visible both in the collapse of the sheaths to much smaller dimensions
(observed both in the LLTV derk image, see fig. 13, and with any Langmuir
probe located inside the sheath, see fig. 14) and as a voltage drop indicated
by the power supply meter. The time and electrical power required to restore
the sheath could be appreciable (estimate typically 2 seconds and 50 joules).
This collapse of the entire sheath was observed, by LLTV, to occur even in
cases where the discharge was observed to come from an insulator surface lo-
cated 1-2 meters out in the sheath and having no contact with the conductive
panel surface other than the plasma (fig. 15).

The arcs were observed to occur at positive voltages over +400V, and
negative voltages over -1,000V. There appears to be no particular dependence
between plasma density and minimum voltage for the onset of arcing. At any
given density, arcing would occur at -1KV on some days and then not occur at
volteges up to -3 KV the next day. The appearance of the arcs, as observed
by LLTV, varied greatly. However, arcs occurring at negative voltage tended
to appear as point discharges, even when occurring from an extensive flat sur-
face. Positive voltage arcs more often would involve most or all of a large
surface in a sudden (less than 1/30 sec) bright discharge.

A very interesting finding is that every arc observed by the LLTV system
to date occurred frcm an insulator surface. We have not yet observed a single
instance of a visible arc occurring from the conductive surface area of the
penel. It would appear that the arcs are th: result of a local charge build-
up due to sheath currents impinging on a norconducto:' in their path in a
process similar to that occurring with sate’lites in GEO during substorms.
Most of the resulting current drain from th: panel biasing power supplies
must be due to large scale currents within “he collapsing (space charge)
sheath, not directly due to the small area of visible flash region currents.

Surface Glow: JTon Focusing
A very noticesble effect occurs at negative panel voltages, where a
distinct surface glow pattern is observed by LLTV to form along the face of

the panel (see fig. 16). This pattern has a shape suggestive of a flow along
the panel and was originallv thuught to be due to secondary electrons cascading
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aelong the surface voltege gradient. This was ruled out when the voltage gradi-
ents were found not necessary for formation of the pattern. The pattern is ob-
served to become brighter and narrower as panel voltage increases (fig. 17).

We now believe it 1s due to focusing of the incoming ions by the plesms sheath,
which acts as & large cylindrical lens in front of the panel. As the size and
curvature of the sheath potential surfdaces increese with voltage, the degree of
focusing also increases as illustrated in fig. 18. This focusing effect is
Predent at both ends of the panhel when operated in constant high voltage con=-
figuration (see figs. 16 and 17) but venishes at the grounded end (fig. 19) for
e series connected panel. This is probably due to the sheath size there flat-
tening out to zero.

CONCLUSIONS

We conclude that estimates based on calculations of space charge limited
sheath dimensions provide a promising working model for calculating design
estimates of high voltage plasma current leskage from large solar arrays and
similar objects. It would appear necessary that all such estimates be
verified by a carefully developed sequence of plasma~vacuum tests progressing
from small lab chambers to full scale flight tests, due to large differences
in applicable scaling relations which are observed to result from subtle
differences in assumed conditions. Large scale tests of the sort described
here, together with adequate math models to provide continuity between
different design or test details, will be an important element in any develop-
ment test sequence for systems involving large surfaces or high voltages.

The present results are preliminary, based on exploratory measurements
intended to determine the feasibility of this type of investigation and order
of magnitude of the experimental quantities to be measured.. Detailed
verification and extension of these results is the first objective of our
next series of tests. Development of math models to include the space charge
effects is needed. Detailed cross-checking of the predictions of such models
with actual measurements within the 1-5 meter sheaths during tests in the
large chamber should be very useful to aid further development of both models
and tests.

The present results indicate that equilibrium high voltage leakage
currents to the plasma should be much less than some earlier predictions had
indicated, particularly for very large solar arrays. The power loss, and
other effects, due to the observed arcing phenomena threatens to be much more
significant unless adequate means are developed to understand and control it.
More detailed and complete study of the large scale high voltage sheaths
around a solar array appears basic to an adequate treatment of both problems.
While the dense plasma present in LEO will bleed off any natural charge build-
up from passive surfaces, the plasma sheath formed around any high voltage
surface envelopes all surrounding structure in an enviromment very similar
to that at GEO during intense storm conditions. Within the sheath, strong
flows of the collected species of charge are accelerated to kilovolt energies
while most charge of the oprosite sign is excluded from the sheath area and
cannot act to bleed off areas of surface charge build-up and prevent
eventual arcing.
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APFENDIX A

CALCULATION OF SHEATH THICKNESS

The size of the sheaths is expected to vary in such a manner that space
charge limited flow conditions prevail. The calculation is somewhat differ-
ent from the usual case considered,; in that the current density available
across the virtual "electrode”" formed by the outer sheath surface is
considered as fixed (by the ambient thermal motion or orbital velocity
current flow across that boundary) while the separation of the two "electrode"
surfaces (the outer sheath boundary and the panel face) is freely variable.
For example, we calculate the expected sheath thickness, d, for the case of
planar geometry by equating the random thermal current of the attracted
particle species (electron or ion)

- 8kT
Jo = L/k Nod J;;; (1)

or for directed (1-D) flow

(1a)

to the Langmuir-Child Lew expression for planar diode space charge limited
current

——
2q

v¥%

————

9 \ m d<

(2)

Therefore, defining kT = E (expressed in electron volts) and k* to incorporate
the appropriate velocity distribution function in a general expression for

—
- kT
o = k# N, a \m
We obtain
g = 5:89x10° lvlw;
Jie* _ N¥ E (3)

Where k* = 1.0 for 1D flow and'JE; = ,63 for Maxwell distribution. In most
cases of interest, k® is probably close to 1. Even the thermal electrons
must have their velocity distribution altered significantly from Maxwellian
hear the sheath boundary, as there exists flow in bhut none out.

Notice that the particle mass (m) does not appear in (3). For a given plasma

density (singly ionized), the electron sheath will be the same size as the
opposite polarity ion sheath if their temperatures are the same, The current
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densitles across the sheath outer boundaries will be higher for electrcns in
the ratio

Joe = Tefg_
Jor || e (4)

For the case of streaming flow velocities greater than mean thermal velocity
(usually the case for ions in low earth orbit) it is necessary to use a
carefully selected equivalent temperature, or the direct expression

= Ng <v> cosf
Jog =19 (5)

where <> is the average velocity (i.e., orbital velocity or velocity of
thruster beam energy) and 8 is the angle between flow vectodr and sheath
normal.

The resulting relation between plasma density and voltage required to
cause a given shea®th thickness 4 is plotted in fig. 20 for several values of
d. The calculation should be reasonibly good for d << } meter. For d = 1
meter and d >> 1 meter, similer expressions can be obtained for cylindrical
and spherical geometry respectively, using

be 5= 3/2
cylindrical Joe = Tg \/2;‘1 __v3 2 (6)
"~ 1aB
spherical be, 29 3/2
Joo =5 Vm 22 (7)

where a2 and B2 are quantities tabulated by Langmuir (refs. 5 and ). For
thick sheaths we use en approximation from ref. 3:

(302

2= 1.16 (_5) (8)
where r, = outer radius of sheath, a = probe radius. Therefore (3) becomes
(d + 3) = ro = 137 2'7 1/7 (9)

N, ' 'E

The result for d = 3m (with a = %m, E = lev) is also plotted on fig.
20 for comparison with the planar calculation at 10 ft. The actual, roughly
cylindrical geometry, value should lie somewhere between these extremes.
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TABLE I.

- POWER LOSS WITH
OPERATING VOLTAGE

[Series-connected, 9-m?

no insulation; N, > 10

gloatlng array;

Jem3.]

Vop Isupply Ileakage Power Leakage
500 6 ma 4 ma 1.3 watts
i0co 12 7.5 5
500 15 7 7
2000 21 10.5 14
3000 31 15 30
3500 36 17 40
4000 41 21 56
-4000 44 24 64
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PLASMA POWER LOSS (WATTS)

SD0 NAUTICAL MILES

1,000 10,000 100,000
ALTITUDE (KILOMETERS)

Fig. 1 - Plasma power losses of biased, !5-kilowatt

solar array with 90% insul
(From ref. 3.)

atlng surface.
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Fig. 4 - Simulated high voltage array electrical configurations (SPL-1; 1977).
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Fig. 5 - LLTV image of HV plasma sheath.
"SPS" edge-on, series connected.
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Fig.14 - Set of log I vs V curves showing
several arcs with sheath colliapse.
Probe recorded value I(V) foliowing
- e N LT '. SR arc shifts from point along "iqside
the sheath” curve to a value along
(13c) 1/2 sec after arc (13d) 1 sec after arc original "outside the sheath" curve,
Fig. 13 - LLTV sequence showing sheath collapse and - then slowly returns to its pre-arc
slow recovery following "arc" discharge. I(V) conditiors.



Fig.15a - Arc from mylar tape holding teflon insulated rod to plastic brace,
located (arrow) 1-2m in tront of "sps" (@-3000vV), inside ion sheath.
Edge-on view shows simultancous vollapse of sheath, with no bright glow.

Fig.15b - Arc from teflon insulated v bir wrapped wire, at point 5m along the
wire, lm behind "spy" poamed tedye \\ll.&'”‘()ﬂ'“’);

inside thick electron
sheath. Note greatly brighter coeen f1om surrounding region.,
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Fig. 16 ~ Surface Glow (Ion Focusing) on face of "SPS" panel. Constant 1.0 kV.

Fig. 17 = Surface Glow (lon Focusing) oa tace of "SPS" panel, Constant 2,5kV.
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Fig.18 - Ion focusing onto panel by cylindrical lens effect of space charge
sheath. Model is qualitative, to illustrate relative behavior to be
expected as sheath expands (with increased V, or reduced density).

Fig. 19 - Surface Glow (Ion Focusing) at grounded end of panel (sheath
thickness flattens to zero as voltage decreases to ground).
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Fig. 21 - "SPS" installed in chamber A for SPL-1

Fig. 20 - Planar space charge limited sheaths, ion _
tests. Note movable probes in front.
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