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SUMMARY

The ‘charging and discharging behavior of square, planar samples of sil~
veréd, fluorinated ethylene-propylene (FEP) Teflon thetmal control tape was
measured. The equilibrium voltage profiles scaled with the width of the sam-
ple. A wide range of discharge pulse characteristics was observed, and the
area dependencee¢ of the peak current, charge, and pulse widths are described.
The observed scaling of the peak currents with area wes weaker than that pre-
viously reported. The discharge parameters were observed to depend strongly on
the grourding impedance and the beam voltage. Preliminary results suggest that
measuring only the return-current-pulse characteristics is not edequate to de-
scribe the spacecraft discharging behavior of this material. The seams between
strips of tape appear to play a fundamental role in determining the discharging
behdvior. An approximate propagation velocity for the charge cleanoff was ex-
tracted from the data. The samples - 232, 1265, and 5058 square centimeteéers in
area - were exposed at ambient temperature to a l- to 2-nA/cm? electron beam at
energies of 10, 15, and 20 kilovolts in a 19-meter-long by 4.6-meter-diameter
simulation facility at the Lewis Research Center.

INTRODUCTION

It has been clear from the beginning of the spacecraft charging investiga-
tion that an understanding of the geometric scaling laws that describe charging
phenomena is of fundamental importance. Larger systems are being built, and
even larger ones dre being seriously proposed for future missions. Worse~-case
calculations and extrapolations from existing data have a limited reliability
and utility. Therefore, experiméntal studies nust be undertakeén with larger
areas of engineering material than previously tested. There is also an inade-
quate theoretical understanding of the discharge process. An experimental
scudy of the variation with area of the parameters that describe the discharge
ptocess should provide important clues to guide the mathematical modeling ef-
fort.' Some significant experimental measurements of area effects have been
reported -in the literature (refs. 1 and 2). Balmain (ref. 1) has systemati-
cally-investigated aréa effects in a variety of spacecraft materials. His
work was confined to areas of less than 100 squdre centimeters, but it did
give the first clear experimental observation of the scaling of discharge
pulse characteristics with area. Bogus (ref. 2) has also reported measure-

ments of area scaling for large semples (3800 cm?); however, his work has been
confined to solar arrays.
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At Lewis, an effort has begun to study systematically the arca and geome-~
tty dependeénce of the charging and dischliarging paramtters for & variety of
spacecraft materidls. Because of previous experience with silveréd-Teflon
thermal control tape, it was choscn as the first material to be tésted in this
investigation. The large size of the Lewis simuilation £acility has mada it
possible to study Teflon csamples that ore more than an order of magnitude
larger than those previously treported.

MATERIALS, APPARATUS, AND PROCEDURE

Materials

The samples consisted of strips of S-centimeter-wide, silvered; fluori-
nated éthylene-propylene (FEP) Teflon thermal control tape. The tape ies a com-
posite that consists of a 0.0ll-céntimeter-thick shéet of Teflon with, first,

a layer of vapor-deposited siiver and, second, a layer of vapor-deposited In-
conel 600. These layers were followed by a third, a 0.03-millimeter-thick
layer of conductive adhesive. The adhesive was two parts GE SR525 silicorie
rubber mixed with one part silver powder (by weight). The tape was applied to
a clean 0.313-centimeter-thick, square aluminum plate in strips extending the
full length of the plate. The strips were butted edge to edge. The edges and
the back of the platé were fiot covered. However, no patt of the bare plate was
exposed to the direct electron beam. The tape was applied with finger pressute
and was tested in vacuum to have a resistance fiom the silver layer to the
plate of approximately 60 ohms for a l-square-centimeter area. Three sanple
assemblies were prepared - with areas .of 232, 1265, and 5058 square centi-
meters.

Apparatus

Figure 1 gliows the interior of the vacuum tank and the experimental ar-
rangement. The 1265-square-centimeter sample is shown in place. It is fixed
to the sample carriage, a vertical bar that can be moved remotély up to 1.1 me-
ters horizontally, perpendicular to the tank axis. To the right of the sample
is a stainlegs-steel beam shield. Béhind the gample and, tlierefore, not visi-
ble in the figure is a 10-square-centimeter Faraday cup. Below and to the left
of the sample is the arm on which are fixed the heads of two TREK model 340 LV
electrostatic voltmeters. The spacing between the hcads is adjustable end they
are swept in a vertical arc across the sample surfacé. The probes were typi-
cally spaced 2 millimeters from the sample.

The sample assembly was grounded in one of two ways. In the first con-
figuration, which is referred to as the 50-ohm configuration, the aluminum
plate was insulated from the carriage and the tank structure. A 50-ohm coaxial
lead approximately 10 meters long was brought from the sample out through the
tank wall. The shield was grounded at the tank wall. The center conductor
passed through the core of a Pearson model 110 current transformer. The lead
was then brought to a switch that could ground it through & 50-ohm resistor or
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epply it to the input of an electrometer. This conflguration is shown in fig-
ure 2 as a solid line. In the second configuration, which is referred to as
the low-inipedance configuration, the insulator betweer the sample and the car-
riage was replaced by an 8-centimeter-long aluminum post threading che core of
the Pearson current transformer. This configuration is shown in figure 2 as
the dashed 1ine. It was conceived to mirimize the sample impedance to ground.

The current transformer 13 useful for gignals with rise times greater than
50 nanoseconds. The transformer output was monitored with both a Tectronix
model 7834 storage oscillogscope and a Biomation model 8100 waveform recorder.
The waveform recorder was used in the pretrigger mode. In this mode & stores
the output voltage of the Pearson transformer as & function of time over a ge-
lected interval (usually 20 usec). This time interval includes a selectabie
time interval before the trigger. This capability is particularly useful for
trunsient phenomenon as it eliminates the question about what happened before
the trigger point. The signal was played back slowly through an integrator,
and it and its time integral were recorded on a twu-channel strip-chart re-
corder.

The output of the electrostatic voltmeters and their time integrals were
recorded along with the various electrometer currents, position readouts, etc.,
on a multichannel strip-chart recorder. The electron flux (1 to 2 nA/cmé) was
generated by two lewis electron guns (ref. 3). The guns were mounted next to
one another, on either side of the tank axis, approximately 10 meters from the
sample plane. The current distribution in this plane was measured by an array
of current collection disks. The flux varied 30 percent over the largest sam-
ple zrea. The electron trajectories were minimally affected by the Earth's
magnetic field since the mild steel in the outer wall of the vacuum tank re-
duced the field by about a factor of 10.

A loop antenna feeding a three-level radiofrequency transient-event count-
er was located near the sample and served to count discharges and sort them by
amplitude. Also located near the sample and visible in figure 1 in the upper
right corner was a gaseous-nitrogen plasma source that was used to neutralize
the surface charge on the sample.

The vacuum tank is a horizontal steel cylinder 19 meters long and 4.6 me-
ters in diameter pumped by 20 liquid-nitrogen~baffled 91-centimeter--diameter
oil diffusion pumps. It was comfortably operated at approximately 2.7%10~8
N/m2 (2x10~6 torr)_for these test. and has a no-load pressure of approximately
1.3x10~9 N/m2 (1077 torr).

Test Procedure

In the 50-ohm configuration the samples were exposed sequentially to 19-,
15-, and 20-kilovolt beams. The imbedded charge was neutralized with the plas-
ma source between exposures. The sample was irradiated at each voltage for a
short time (15 to 60 sec), and the surface voltage profiles were measured over
the entire gample area at the end of each interval. At 10-kilovolt exposure
the three samples were charged to equilibrium (fig. 3) with the sample ground
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completed through the electrometer (fig. 2). At 15- and 20-kilovolt exposutres
the samples did not charge to equilibrium but began exhibiting breakdowns when
thc maximum surface voltage was as low as 8.5 kilovolts. With the ground
switched from the electrometer to the 50-ohm términation, the return-current
pulses were recorded until a represeiitative group had been assémbled. As the
last procedure in the run, the electron béam was turned off just before the
next predicted breakdown and the surface voltage profiles were measured. The
beam was then turned back on until the next discharge and then immediately
tuthed off and the surface resurveyed. These data give the total charge on
the surface before and after a discharge.

After this sequence of measurenments was made for the three samples, they
were remounted in the low-impedance configuration, and their discharge behavior
was remeasured at both 15- and 20-kilovolt electron fluxes.

RESULTS

Charging

Figure 3 is a typical time history of the charge buildup on a 232-square-
centimeter sample ‘n a 10-kilovolt electron beam. Thé voltage profiles were
taken with the probes passing across approximately the. middle of the sample.
The individual strips of tape are revealed by the sharp dips on the surface
voltage at the seams, where the tape strips are butted.

During the initial stages of charging, the distribution of charge on the
surface should mirror the actual flux distribution (assuming, of course, that
the surface properties are uniform over the sampleé). The observed variation
of the surface voltage with the position of the 232- and 1265-square-centimeter
samples is consistent with the measured 30 percent variation of the beam flux
aver the sample plane. The largest sample (5658 cm?) shows a somewhat wider
variation, the origin of which is undetermined. All three samples at equilib-

rium exhibit a uniform profile except for the gaps and a characteristic falloff
at the edges.

The equilibrium voltages at the center were 8.0, 7.2, and 7.6 kilovolts
for the 232-, 1265-, and 5058-square-centimetet samples, respectively. The
voltage profiles at equilibrium, in all three cases, do fiot exhibit complete
bilateral symmetry. All are skewed in the same way, suggesting a lack of sym-
metry in the experimental arrangement as the cause,

Figure 4 shows the normalized voltage profiles, where the distance x is
scaled by the half-width w of the sample and the voltage V by the maximum
voltage VYy. In these reduced coordinates the three samples are, to first or-
der, identical if the seams are ignored- This observed.scaling with sample
width 1s inconsistent with the model proposed by Parks and Mandell (September
1976 Monthly Progreas Report on NASA Coritract NAS3-20119, Systems, Science, and
Software) and used by Stevens, et al. (ref. 4) to fit their odge-gradient data.
Their model considers surface and bulk resistance along with a one-dimensional
current-balance description (ref. 5) to predict the edge profiles. The in-

488



ability of the Parks-Mahdell model to predict something as fundamental as the

observed scaling indicates that the dominant physical mechanism that controls

the edge profile has not been incorporated. Multidiménsional effects are the

wost obvious possibilities. In particular, the spreading of the beam due to

the finite width of the gample should be considered. The deflection of the in- .
coming particles will tertainly bé greater for larger samples. L]

Discharging

Discharge phenomenon in these samples were studied at beam volteges of 15
and 20 kilovolts. Discharging seemed to begin when the maximum sample voltage
was as low as 8.5 kilovolts. These early discharges were characterized by
their small size relative to the more typical breakdowns. Figure 5 is a time
history of the breakdown behavior of thé 232-square-centimeter sample, which is
typical. The voltageé profiles were taken acros approximately the center of ‘
the sample and transverse to the tape direction.

The seams are apparent in figure 5(4) as two small dips. The probe sweeps
over a 4-kilovolt calibration bar at the end of its travel. Figure 5(a) shows
the profile after 215 seconds of charging with a 15-kilovolt electron beam.
Figure 5(b) shows the same profile just after the first breakdown and 270 sec-
onds after the start of charging. The breakdown is eviderit as a charge-
depleted region around the left tape seam. The extent of this charge-depleted
region along the seam direction is shown in figure 6. The only two sweeps that
show depletion are figures 6(c) and (d), demonstrating that the length of the
depleted region is no more than 768 centimetérs long and is away from the ends
of the sample. Figure 5(c) shows the profile after further charging; no break-
downs were observed on the arc couiiter or the current monitors. The overall
voltage level is higher than in figure 5(b) and the charge-depleted region is
filling in. Figure 5(d) shows the nprofile taken after 370 seconds of charging
and immediately after the second observed breakdown. This profile, when com-
pared with figure 5(c), indicates that both seams broke dowm. Figure 5(e)
shows the same profile after 600 seconds of charging and before the next break-~
down which occurred at 665 seconds. The results of that breakdown are shown in
figure 5(f). Before this breakdown, the maximum surface voltage increased over
that in figures 5(c) and (d) and almost total charge cleanoff. resulted. Almost
total charge cleanoff is typical of the behavior of this size sample for most
of the subsequent breakdowns.

Qualitatively, the preceding sequence of events is analogous to the be-
havior secen commonly on high-voltage insulators when they are initially brought
up to their working voltage. In this case, gaps that before breakdown have the
largest voltage gradients (electric fields) break down initislly at low volt-
ages and, by depleting the charge near them, reduce the locally high electric
field. The regions away from the gaps car then charge to even higher voltage
until the next most sensitive high-electric-field-region breaks down. This
allows the sample voltage to go even higher. This process continues until
there are many sites similarly sensitive and quasi-repetitive behavior sets in.

Figure 7 shows three examples of the more typical return-current pulses I
resulting from the discharge of the 232-square-centimeter sample. Figures 7(a)
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and (b) show data taken with the 50-ohm grounding configuration at 15 and 20 kilo~ '
volts, respectively. Figure 7(c) shows a typical pulse with the low-impedance ‘
grounding configuration. The vertical gain is a factar of 2 smaller than in fig-

ures 7(a) and (b). A most distinctive characteristic of this sample wvhen tested in

the low-impedance configuration is the appearance of a positive precursor. That

is, there is an initial downward spike that represents a positive current leav-

ing the sample. Here, and in all the return-current-pulse data shown, a signal
greater than zero represents a currcut of negative charge leaving the surface

(ref. 6). Only this sample, in this configuration, exhibited a positive pre-

curser and it always did. However, the net charge leaving the surface was al-

ways negative, as in the other samples. This positive precurser may be related

to the positive charge bursts reported by Yadlowsky (ref. 7). He observed both
positive and negative charge bursts with different time evolutions in break-

downs in bulk Teflon. This would suggest that such currents of both positive

and negative particles are contributing to give the result reported here.

Figure 8 shows some typical return-current pulses from the 1265-square-
centimeter sample. They have been chosen to demonstrate the range of sizes and
shapes observed. The nonrepeatability of the shape, the wide variety of sizes,
and the general lumpy quality of the pulses suggests that they are composites
of many small breakdowns. The low-impedance pulses (figs. 8(c), (d), and (e)),
though similar in overall shape, have higher frequency noise components than
the 50-ohm pulses. Figure 9 shows some pulses from the 5058-square-centimeter
sample. The same comments concerning the variability of size and shape that
were made about the 1265-square-centimeter sample arc appropriate here.

For the purpose of discussing area effects the individual return-current
pulszs are described by three parameters: the maximum current I, the total
charge Q, and the time At, where At is defined as the width of the pulse
at I/2. Except for the first few discharges that were described earlier,
there was no evident systematic dependence of these parameters on the discharge
history. A distribution function for these parameters was constructed by
choosing a narrow interval of the variable and plotting the fractional number
of events occurring in the interval. A smooth curve was then drawn through the
point. '

Figure 10 is an example of such a distribution function for the peak value
I of the return-current pulses observed with the 1265-square-centimeter sample
at 20 kilovolts with the low-impedance pgrounding configuration. The horizontal
bar indicates the current interval.

These distributions were characterized by three parameters: the largest
value of the parameter observed, denoted by the subscript M; the value of the
parameter at the peak of the distribution function, which can be thought of as
the most probable valuc, denoted by the subscript MP; and, finally, the width
A of the distribution function at 1/2 the MP value. Table I contains the
reduced data arranged by area, beam voltage, and grounding configuration. The
last two columns give the total number Np of discharge pulses recorded and
analyzed for both grounding configurations. The small number of pulses studied
in the low-impedance, l5-kilovolt, 232-square-centimeter case resulted from a
reluctance of the sample to break down under these conditions.
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Figure 11 shows the data for the maximum current Iy observed gs a fune¢-
tion of area for the two grounding configurations and besm vol:ages. It was
expected that the atea dependeiice of this current would be of interest because
it 18 & worst-case parametér. Where it seemed appropriate, a ledst-squares fit
wds drawn through the three points. The 20-kilovolt, 50-ohm data fit &n Iy =
14.3 (A)9.25 line, where A denotes area. Thé low-impedance da:a at either
beam voltage does not lend itself to a single-term power-law deséription, and
straight lines are used to commect the points. The area scaling exhibited by
the 20-kilovolt, 50-ohm data is weaker than the (A)0-575 reported by Balmain
(ref. 1) for smaller samplés. It is difficult, howevér, to compare his work
directly with that reported here since his grounding was different, his statis-
tical treatiment of the data was not the same, and his current density was three
orders of magnitude larger. However, his data do extrapolate in close agrée-
ment with the low-impedance, 20~kilovolt, 232-squdare-centimeter point.

Two qualitative observations should be made about the makimum-current data
in figure 11. First, in agreement with A. Rosén of TRW (private communication),
the grounding configuration had a significant effect on the behavior. For ex-
ample, at 20 kilovolts significantly larger currents were ohserved with the
low-impedarice ground than with the 50-ohm ground. However, - 15 kilovolts the
opposite is true. Second, both the 50-ohm and low-impedance aaca exhibit a
weaker area dependence with a 15-kilovolt beam than with a 20-kilovolt beam.

Figurc iZ shows the most probable puak current I as a function of
sample area in the same format as in the previous figure. The same strong de-
pendénce of the behavior of this parametet at 15 kilovolts on thlie nature of the
grounding is observed. At 20 kilovolts the area dépendehge of Iqp 1is clearly
rach weaker than that exhibited by Iy. In fact, it would seem that to a first
approximation, Iyp 1is independent of the area.

Figure 13 shows the maximum charge Qy in the same format as in the two
previous figures. At 20 kilovolts both grounding configuratioas show good
least-squares fits to Qy = K(A)0-78, wyhere K 1is a constant. The low-
impedance configuration gave a somewhat larger value of K (0.38) than the
50-ohm configuration (0.30). The 15-kilcvolt, 50-ohm data (fig. 13(b)) are fit
(rather poorly) by Qy = 0.75 (A)0-65, uhich is weaker than the 20-kilovolt
scaling. But, given the quality of the fit, no conclusion can be drawn cori-
cerning the beam-voltage dependence of the exponent.

Figure 14 shows the most probable charge Qup 4&s a function of area. At
20 kilovolts the derend~nce of this parameter on drea is significantly weaker
than that of Qy, but at 15 kilovolts its behavior is similar to thet of its
Qq counterpart. Both the Qy and Quyp data show the same sensitivity to the
grounding configuration as does Iy in that, at 20 kilovolts, a low-impedance

ground increases the charge over the 50-ohmi valuc but at 15 kilovolts it de-
creases it.

Figure 15 shows the maximum discharge time Aty as a function of area.

All four sets of data fit Aty = K(A)X very well. The vslues of K end x
for the four cases are given on the figure. The 50-ohm data for both voltages
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show that Aty scales approximately as the first power of the area, but. the
low-impedarice date exhibit significantly weaker scaling.

Figure 16 shows the data for the most probable discharge time Atyp. The
20-kilovolt data in both grounding configurations fit Atyp = K(A)X in a con-
vincing way, but with values of x significantly smaller than in the Aty
cases. It appears that Atyp scales approximately as the square root of the
area. This dependence suggests that a characteristic linear dimension may con-
trol the breakdown behavior. If it is assumed that iiec most probably breakdown
starts somewhere in a seam, propagates along it at constant velocity, and is
limited by the length of a single seam, the coefficient K. can be interpreted
as 1/2fv, where v 1is the propagation velocity. The factor 2 1is approxi-
mate and is inserted because the most probable pulse would start somewhere near
the middle and propagate in both directions, £ 1is a correction that would con-
vert At to the total time the pulse propagates down the gap. A model of the
discharge process that could predict the return-current-pulse shape is required
to accurately evaluate £. Such a model does mot exist, but f is assumed to
be nedr 2. Within the limit of this crude description, the propagation veloc-.
ity v 1is approximately 1.5x107 cm/sec for the 50-ohm data.

Discharge Phenomerology

A consideration of the basic physics of the discharge process in the
geometry being studied here immediately calls to question the meaning of the
pulse-current meéasurements described in this paper. Figure 17 schematically
describes the expérimental situation. In the figure, Qpefore and Qgfter
are the net charge in the surface of the sample just before and just after the
breakdown, respectively; Qpulse 18 that part of the charge that goes to the
baseplate in such a way as to go through the meter; and Qgport 18 that part
of the charge that goes to the baseplate without going through the meter. Two
contributions to Qgnort 8re shown. The lower ome corresponds to charge going
around the edge of the sample and the upper one, which may be the largest part,
corresponds to charge going down the seam to the baseplate.

There is no way, given the present limited understanling of the breakdown
process, to predict the relative sizes of q,, and Q.iior¢- their tatio
should be governed by the details of the expgrimental geome“ry, materials, etc.
Further, there is reason to expect that their characteristic time evolutions
(Ot, e.g.) would be different since the characteristic impedance of the two
paths is not likely to be the same. Since Qghort Would probably have the
lower impedarice path, its At may be significantly smaller than the At cor-
responding to Qp,lge+ In this experimental arrangemént there is no way to
detetmine directly the current-tine signature corresponding to Qghorts but
its magnitude was determined by applying thie charge corservation equation
shown in figure 17. Any conclusions di@wn from these data must be considered
to be tentative since only one pulse for each area and beam voltage was con-
sidered and only the 50-ohm grounding configuiation was used.

The total charge on the surface before the pulse Qpefore and the charge
after the pulse Qu¢uo, Were determined by integrating the surface voltage
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profiles over the sample area and from the krnown ratic of capacitance to area
(0.17 uF/m2). The sample was treated as a parallel-plate cdpacitance with the
surface of the Teflon as oné plate and the silver the other.

Figure 18 summarizes thé data for the three charges - Qgfters Q,yines a0d
- ? pd o

Qghort - @8 8 function of area for the two beam voltages. The charges are ex-
pressed as a fraction of Qpefgrer The data in figure 18(s) demonstrece that
almost complete charge cleanoff occurs for the 232-square-centimeter sample,
but th7 larger sax;ples show that there is a tendemcy to saturation at a p
Q of about 0.3. The fraction in the observed pulse Q
Q§5§255Q53£2§§ to drop from about 0.4 for the siallest area to aboutpg}geat the
largest area. The fraction in the unobserved pulse Qgpopre/Qpefore Starts at
about 0.5 and drops to 0.3 or 0.4 at the largest area. Most importantly, it is
certainly of the same order 48 Qu,)g4e/Qbefore 4t all aress studied. This
result clearly demonstrates that the experimental characterization ¢ ‘ischarge
behavior in.ground tests such as are described in this paper must be ..nie in a
manner that conisiders the contribution of Qgnor¢ 1f results useful for ex-
trapoiation to spacecraft behavior are to be obtaired.

CONCLUDING REMARKS

The charging and discharging characteristics of large-area samples of sil-
vered Teflon tape presented herein demonstrate a complex behavior. Theseé re-
sults are preliminary. There is much work to be done and many avenues tc ex-
plore befoi'e an unambiguous piéturé can emerge. Even at this stage of the in-
vestigation, however, sotie defiriité conclusions can be drawn.

The 10-kilovolt chargiug data demonstrate that the edge-voltage profiles
scale with the width of the sample. This implies that the existing one-
dimensional model, which invokes bulk and surfacé currents, is incomplete and
that multidimensional effects such as beem spréading must be inciuded in any
realistic model of iasulator charging.

The discharge pulse data demonstrate that thie grounding configuration is
of real significance. It modifies both the magnitudes of the discharge param-
eters and in most cases their apparent scaling with area. The same statemeiit
can be made about the effect of béam voltage. This 1s a clear warning that
tests with distributed fluxes and spacécraft-like configurations mdy be manda-
tory for a realistic simulation of spacecraft materials dischargirig behavior.

The fitst few discharges always take place at seams, in the high-voltage
region of the saniple. Howevar, the role of seams in typicael breakdowrs is not
completely clear. (This study does not digtinguish clearly between scam-length
effects and area effects since, for these séamples, the gseam length scales to a
first approximation directly as the area.) This ambiguity can and should be
resolved by measurements with solid insulator films.

The charge-balance results demonstrate that measuring only the return-
current-pulse characteristics does not adequately define the behavior of these
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materials for spacecraft applications. Corsideration must be given to the wag-
nitude and time evolution of Qghores The time evolution of Qghert Dhay not
be related in any simple way to the observed time evolution of the return~
current pulse.

olte

N

Although the maximum peek _urrents continue to increase with area
(X - A0-%), the ohec.vation that the most-probable peak currents sdéem to be
nearly indezcndent of area suggests that there may be some limiting sample area
thet contributes to 8 pulse. Very large areas may also exhibit peak currents
that appear area independent since the highest current pulse may continue to -
scale, but the probability of a high pulse being observed may decrease.

The discharge propagation velocity of 1.5x107 cm/sec extracted from these
data could provide a clue to the nature of the dominant physical phenomenon
controlling the discharge process.
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TABIE 1. - REDUCED DATA. ON INDIVITWAL RETURN-CURRENT PULSES
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A LYyp, uC Qup> interval, usec at I/2, | aang), anslyzed,.
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Figure 1. - Vacuum-~tank interior and experimental arrangement.
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