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Abstract

environments as opposed to other dielectrics used for passive thermal é¢ortrol which
éxhibit varying degrees of electrical arcing. Secondary emission conductivity is
proposer as a mechanism for this superior behavior,

Design of éxperiments to measure this plienomena and datu taken in GE research
facilities on silica fabrics are discussed as they relate to electrostatic discharge
(ESD) contrel on geosynclironous orbit spacecraft, Studies includeé the apparent .
change in resistivity 6f the material as a function of the electron beam energy, flux

intensity, and the effect of varying electric fields impressed across the material
under test.

1. INTRODUCTION

While the temperature of & satellite can be adjusted through the use of active
and semiactive devices such ag iouvers dnd heat pipes, the therinal designer relies
*This work was supportéd by the Alr Force Materiais Laboratory under Contract

No. F33615-C-75-5287,
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heavily on pdssive téchniques. Here the aifiount of heat into a spacecraft by inci-
dent solir illumination 4nd the amount radisted or réradiated at infrared wave-
lenghts is ndjusted by selecting external materisls and coatings with appropriate L
reflectances, absorptatices, and emittances., Because this passive temperdture '
control subsysterh comprises the entire outer shell of a satellite, it must bear
directly the brunt of the indigenous space envirénment, At geosynchronous alti-

g tudes this includes the electron plasma which can produce static charge buildup

r with the attendant problems of eleétri¢al arc¢ing and.discharging,

, The most critical elements in a spacecraft passive temperature control sub-

f svstem are the white, high emittarce coatings used not only to reftect a major

4 Fortion of incident <olar enérgy, but also to dissipate internally generated heat.
Historically, white paints employing zinc or titanium oxides have been used. How-
ever, these have been shown to6 degrade rapidly by discoloration under solar ultra-
violet illumination, The degradation is manifested by a decrease in the amount of
incident sclar energy that is reflected, which results in increased surfice and sub-

sequent equilibrium témperature because the energy which is not reflected is ab-.....
sorhed by the coating.
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Solar rerlecting coatings derived from fabrics produced from high purity giliea 1
(Si(\z) yarn such as those available undér the J. P. Stevens Company's Astroguartz
trademark have been shown to be éxtremely stable to the damdging rddiation com-
ponents of space. 1 The high radiation stability which i typical of high purity Si02 !
is derived from the fabric by merély removing the sizing or finigh placed o the ’
virn to facilitate weaving by baking in zir at temperatures in the 800 to 1000°C
range. The solar reflectance of the processed fabric is in excess of 0. 82 while its
heraispherical emittance is 0.82 at 0°C, A tctal loss in reflectance of only 0.03 is JJ
exnerienced after long term exposuré to solar ultraviolet radiation.

To obtain high solar reflecting, high emittance characteristics, only dieleetric
materials can be used. These of course will suppsrt stati¢ charge buildup at
geosynchronous orbit. Electrically coriducting materials in many instances exhibit
hiph refle¢tances to solar energy, but without exception have low thermal emittances
which violate the requiremerits for solar reflecting coating applications,

At the onset of thi¢ study it was planned to investigate modifications of the
strictly dielectric characteristics of silica fabric by intérweaving occasional con-
ductive yarns, such as alumifiim or stairléss steel, within the material, These
would provide paths for the drainage of static chadfge as it develops in geosynchro-
ncus orbit missions. Coriductor spacings weére to be close enough to effect reduc-
tion of large surface gradierits.

Although the experimental plan called for fatrication of silica/metal yarrn
interweaves, baseline data collected initially for siiica fabric itself showed that
the fabric did not support chargé buildup under electron béam bombardment at
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3 energies to at least 30 keV with associated current dendities in excess of 30 nA/cr’nz.
=1 This seemed to be anomalous in view of the high resistivity of silica which 8 in

1 excess of 10" ohm/m at ambient conditions. This study, then, was undertaken to
éxplain the unusual behavior exhibited by silica fobric under bémbardiment by highly
: energetic electron beanis designed to simulate conditions found at geosynchronous
3 altitudes,

8
°°,‘:.'
2. REVIEW OF THE SECONDARY EMISSION PROCESS
=3 Behavior of silica fabrics in a simulated plasma charging environment indi-
b cated that the secondary electron emission (SEE) process would be the ovérriding
consideration in the absence 6f photoélectric effect due to solar illumination.- Solar

illumination, of course, will not play ah important role in neutralizing static charge
buildup during that time a geosynchronous spacecraft is in umbra which has been
shown to be the most probable time for anomalous events. 2 Knc*:tt3 has also shown
the importance of SEE in the equilibrium process for non..luminated spacecraft.

X Experimental data on the secondary emission of materials yield the charaéteris-
tically shaped curve in Figure 1 which is common to most substarices. This eurve
relates the secondary emission gatio (6) to the energy of the bombarding primaries
(Ep). For most metals and graphite, 6 does riot exceed 1; however, a slight oxide
layer on 8 metal ¢an produce a much higher value for 8.,
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i I'igure 1. Characteristic Secondary Emiésion
Curve for Most Materials

4 The primary features of interest {n this characteristic aré: E,, the first
crossover, Ez. the necond crodsover, EM-. the primary energy of maximuri 6,
GM. the maximum secondary emission ratio, drd thé cross-hatclied area whére
the secondary efiilgsion ratio {8 greater than 1. A simplified éxplanation for the
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shape of the curve would be that the secondary emission ratio inersases with in-
creasing primary energy. However, these secondaried are generated along the
path of the primary electron as it penetrates into the érystdl lattice of the mdterial
and the secondaries niust then diffuse to the surface where they can be emitted as

a free secondary electron, Associated with this diffusion is & diffusion probability
that is. 2 Jecreasing function of path lerigth. At the point E,, in the characteristic,
au«:p) becorties dominated by the decreasing diffusion probability and, hence, passes
through a maximum, This, of course, has been more rigorously treatéd by rhany
authors. The Sternglass approximation discusged. hy Dekker? is most frequently
cited.- His approximation for this. furictiof is semi-émpirical and considars electron
shell structure of materials as related to atomic number. This. approximation has i
been shown to correélate well with experimental data when corrected for back-
scattered electrons.

The major shorttoming of the Sternglass approximation i8 that it does not
consider.non-normal incidence primaries, Apait. Dekkex'-.“. in interpreting efforts
by Bruning, has shown that 6(EP) is a strong function of the primary incidence arigle
with an approximate 1/cos 6 dependence. This dependence has the effect of both
increasing GM and shifting E, towards the higher energy primaries thus increasing
the cross-hatched area shown in Figure 1. From this and consideration of the sur-
face geometry in 8ilica fabric, which has the following characteristic nurnbérs for
normal inc¢idence primaries

Oay = 2-1to 2.9

- 4
?max = 400 to 440 eV
El = 30to50eV
E2 = 2. 3 ké\'

it ¢an be concluded that secondary emission conductivity car effectively reduce
differential charging in the electron bombardment environment found at geosyn-
chronou$ orbit. ’

3. SECONDARY EMISSION CONDUCTIVITY

Secondary Emigsion Coniductivity (SEC) is a well known process useéd primarily
in image processing vdcuur tubes such as the SEC Vidicon TV eamera tube, SEC
targets used in these tubes aré sorriewhat differént than silice fabric; however, they
have in eommon an inorganie dielectric matrix mixed with continudus voids of free
space. Generdlly speaking, triorganic dielectrics have secondary etnission ratios
greater than 1, Silicd, for exatiple, fins from 2 t6 3 for normal inieidénce pri-
maries. This ratio can go much higher for rorni-riormal and grazing iricidénce. As
will be shown later, this increase i the peak secondary emissdion ratio (8,4) and the
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shift of the second eross-over towards higher energy primaries for non-normal
incidence primaries contributes to the enhancement of SEC in 8ilica fabrics, Hoth
of these shifts may be viewed as in increase in that area of the seconddary emission

curve Which lies above the 8 = 1 line, Figure 2 illustrates the SEC process as re-
lated to 4 quartz fiber yarn fabric,

N

PRIMARY £LECIRONS

—-- SECONDARY
ELECTRON
PRODUCTION

CROSSECTION OF QUARTZ FIBER ¥ AR,

Figure 2. The SEC Process as Related to a Quartz
Fiber Yarn Fabric

Because secondary elettrons gererated have energies less than 10 e\ and
therefore have a longer mean life time as compared to primaries given the gsame
mean.free path, the SEC process, (Figure 2), continues until free eleetrons exist
in all the inter-fiber voids. This mean free path is, of coursé, a mechanical pro-
perty of the dielectric matrix and is therefore the same for both secondaries and
primaries,

A typleal sflica fabric contains 10-4 diameter filaments. Approximately 250
filaments are contained {n a yarn strand and 16 strands or moré are used to produce
a weaving yarn. Thére are¢ nominally 60 weaving yarns pér lirneal ifich of fabric
80 each containd almost a quarter of a million filaments. From this, it {3 evident
that “here 15 an extremely large surface to volume ratis associated with sflica
fabri¢ whi¢h {8 an egsential eriteria for SEC affect. Secondary electron emission
being primarily a surface effect is the coritributing factor responsible for this sur-
face to a volumeé ratic dependence.

Setondaries may then be thought of a5 a cloud of free chdfges within the dielec-
tric matrix and in the presence of an electife field will migrate through the matrix
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in the direction of that field much in the same manner as tharge carriers move
through a4 conductor, If the field is cuused by a differential charge residing on the
dielectric, conductivity will continue until the differential charge {s neutralized and
the E field dissipated.

The SEC effect should not be confused with electron bombardment induced con-
ductivity (EBIC), a somewhat related phenomend exhibited in dielectrie solids,
gince the EBIC effect is not a surface process as is SEC, Hoth précesses require
electron bombardment and 4n external electric field to cause the generated sec-
ondaries to drift producing a conduction current through the material. In the EBIC
process the internal secondaries drift it the conduction band of the solid, while in
the SEC process secondaries are "emitted’' and move under the influence of the
field through the vacuum space in the pores of a low density dielectric. 5

4. CHARGE DENSITY AMPLIFICATION

Several questions tha, urise from the discussion sb far. What is the population
density of the free electrons in the fabric? And gince the fabric behaves like a
conduétor in a charge bombardment environment, will it attenuate the propagation
of eléectromagnetic radiation? These questions are related since eléctroragnetic
wave propagation is affected by the presence of a plasma medium, Subsequently it
will be shown that the free electron density in the fabric i8 low énough to have
negligible effect on wave propagation at communications frequencies. This will be
a tioh-rigorous andlysis of the free electron population/concentration withinthe fabric.

The tliree controlling factors of this plenomena
V are, as discussed in previous sections: the
fixed mean free path independént of velocity;
the 1ow velocity of secondary eléectrons; dnd
the high secondary emissicn ratio of the fused
e V{‘ silica énhanced by non-normal incidénce of
/ thé primary beam.
Consider 4 finite volume in space of cubic
dimensions (d) subject to an electron flux,
The average charge density (0) inside
this volume will le proportional to the time (t) that an eléectron is within its
boundariés, Since

d

)
\e'

t =

and since

oxt,
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the charge density s inversely propotrtional to the electron velocity, If an electron
wereé to slow down from V_ to Vs' there would be a resultant increase in charge
density (A0) which would be proportional to the veloeity ratio

v

The veldeity of an electron is proportional to the square root of its energy and
by ¢onvention the velocity of an electron is usually referred to by its énergy, there-
. fore

E
MJ:
ES

The ¢harge density can also be increaged.by inereasing the électron fluk which
essentially occurs with the secondary emission process concurrently with a velocity
reduction 30 in effect if there is secondary emigsion within this finite volume, the
¢harge density increase is approximated by

Aoza‘/—gg

where (6) i8 the secondary emission ratio.
Considering a primary electron énergy of 10 keV, the fact that secondary

electrons dre within the 10 eV order of magnitude and zn approximate secondary
emission ratio of 10 within the silica fabrie,

10“T
A = 10 o~ = 320

it appears that the free charge density within the fabric will be approximately 320
times the charge density in the primary electron envirofiment.

Traditional metal conductors which could be madeled as 8olid plasmé havé free
charge concentrations many orders of magnitude greater than that estimated for
the fabric. For the purpose of ¢lectromagnétic radiation shielding, therefore, the
fabric will tiot behave as a conductor and further calculation using theories developed
for wave propagation in plasma would show the charge concentration levels here to
be of little consequence in atteriudting electromagnétic radiation.

5. SECONDARY EMISSION CONDUCTIVITY IN SILICA FABRIC

Tests were performer ‘o meéasuré SEC for several silica fabrics, Results of

these tests expldin the supérior behdvior of this materidal wheh subjected to a plasma
environment,
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Silica fabrice were subjected to hombardment by an clectroh beam with a knawn
electric field impoged across the cross -section of the fabriec, This was accomplished
by mounting a fabrit¢ gample on a cénductive batkplate, The sample was held in
place by & wire screen (~ 90 percent trensmission) in intimate contact with the
fabric. A potential was placed between the scréen and the hackplate and the cur-
rent flow monitored while varying the potential acrogs the fabric. Resistance of the
fubric was calculated from the V/1 characteristics as a function of Bedarh energy and
density. Figure 3 shows this test configuration schematically.

- MATERIAL SAMPLE

r’; l et remm———
i === fUCTRONT

_ = M = L |  Figure 3. Schematic of Secondary
Emiggion Conductivity Test

Voltage (V ) was varied dnd the current (1 ) was meéasured., These were used
to rdlculate the résistanceés of the sillca t‘abrics which dare shown in F xgure 4 for
1. P. Stevens Style 581 and Figure 5 for Style 570 Astroquartz Fabrics. As shown
in these figures both fabricé éxhibit a constant resistance out to 50 to 75 V across the
fabric with the Style 581 having the lower resistance of the two. Thé resistance,
however, is much lower than the dc resistance of the fabric due to the presence of
the bombarding beam. This resistance then decreases as the voltage across the
fabric i8 increased urtil it reaches another platéau above 120 to 150 V. Jhis
plateau results from depletion of the free charge carriers within the cloth as the
bombarding béam can no longer ststain the requirément for charge carriérs in the
fabric. This saturation results from the fact that the experiment is forcing a poténtial
across the cloth: whereas, in an actual space environment, the poterntial will dis-
appear as the charges are depleted. This is further evidénced by the lower resis-
tance characteristics which develop a8 the current density of the beam is increased.

Though it wés more difficult to meagure afid contrsl the bombarding béeam whén
its energy was reduced below 3 keV, it appears that lower enérgy bombardmeént
would further enhancé the conductivity of the fabric. This is substantiated by the
fact that above the 5 = 1 li.e, the aréa urider the secoadary emission curve in-
creased as intégration is éxténded towards the lower energy primary tiéctrons,

-.——-bt—
*Stylé 581 ig an 11-mnil thick fabric which weighs 8 oz/yd while Style 570 is
27 mils thick with a weiglit of 19 oz/yd2,
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As the beam energy is increéased above 5 keV, theé resiStance of the fabric
ténds to inercase because the incident eleéctrons generate s¢condaries deeper within
the materinl where they are unavailable to act a8 charge ¢arriers redr the first
surface (wire screen side), In this case the test tends to be pessimistic because at
geosynchronous altitud .. there are dlways 3 to 5 keV eledtrons present to génerate
secondaries riear the surface,

In reviewing the results of this experiment it would appear that in an actual
efivironment, where this i8 a continuous distribution of electron energies, the
fabric can be expected to support no more than a 200 V gradient. In fact from
conversations with Waltet Viehmane of NASA Goddard, measurerments were cori-
ducted in his laboratory which indicated that a 100 V gradient would probably be
the maximum encountéred. This is in contrast to the kilévolt order static poten-
tia!s measured at GE and NASA -LeRC in othér experimenits using monoenergetic
électron beams with energies greater than 5 keV,

6. ELECTROSTATIC DISCHARGE INDUCED RADIO
FREQUENCY INTERFERENCE

In considering the process by which deposited tharge {s redistributed within
silica fabric, thé poseibility of micro-discharge was considered. Thesé could con-
ceivably produce éléctro-magnétic radiation causing razio freauericy interfererce
(RFI) to electronic subsystems. In an effort to study these effects an experiment
was conducted to measure radiation in proximity to materials in an electron bom-
bafdment énvironment.

Material samplés were placed in an evacudted Bell-jar mounted on a grotiride.’
metal plate. A Brad-Thompson Industries electron gun.was employed ds the elec-
tron béam source. A thin film of gold (200 {)was deposited on the inside surface
of the Bell-jar, This film is uséd to prévent & charge buildup on the inside glass
surface and possible RFI from spurious discharges. This conductive film was so
thin that it produced little attenuation of the electrostatic discharge (ESD) propa-
gated field (3 dB loss at 100 kHz and 0.0 dB loss at 1 MHz). All tésts were per-
formed in a shieldéd room which éffectively prevented externally produced fields
from interfering with the medsurements and of thé ESD propagated fields. The set-
up is shown schiemadticelly in Figure 6.

Samplés were bormbarded by a high enérgy mohoenergétic eléctron béam dt a
currént density of § hAlcm2 which is greéater than that normadlly experiénced during
géomagnetic Substorms. The beam voltagé was variéd from 5 to 25 kV. Field
strength ddtd weré measdred at 30 cm from the intérferéncé soufcé and is expressed
in units of dB relative to an arbitrary level. Calibrated, tuh&d antennas were used
to measuré the ESD produced fields. The spéctral density at UHF, X- and S-band
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Figure 6. Expérimental Test Set-up for ESD induced RFI Spectrum
Measuremerits

were of prithary contern. The antennas were sufficiently directive to reduce the
influenice of the propagated fields produced by the eélectron gun source itself. This
can be explained as follows. The potential differerice between the electron gun and
the samples changes simultaneously with the electrnstatic discharge and the change
in this poteritial difference produces a propagating field. A directive.antenna
effectively reduces this source of spurious fields. The results of the ESD induced
RF1 field measuréments are shown in Figure 7.
The materials evaluated in this experiment were:
(1) A conventional multilayer insulation blanket consisting of 15 layers of
1/2 mil aluminized Mylar with an outer (top) layer of 2 mil thick single
sided alurninized Kapton placed with the uncoated side facing out. All
metallic film surfaces were connécted to a tommon ground point with a
ground strap,
(2) A multilayer insulation blanket identical to that described in (1) above
but with an outer layer of J. P. Stevens, Style 503 Astroguartz fabric
(8 mils thick - weighing 3.5 bz/ydz) which had been baked.at 800°C
for two hour's to remove sizing.
(3) A 8-in. aluminum dis¢ with 3 X 2 em glass covered silicon solar
cells bonded to the disc with Eccobond 57C conductive adhesiveé, This
solar array composite was grounded via a strap attached to the back
of the aluminum piate.
(4) Optical Soldr Reflector (OSR) tiles bonded to a 6-ih. diameter
aluminum plate with Eccobond 57C conductive adhesive. A gréund strap
wds cohnécted to the back face of the alurhinum disc of this OSR composite.

665

-

ot




RELATWE RFi FIELD 0B)

(8) Twbd ldyers of I, P, Stévens, Style 581 Astroqudr-z Fabrie (sach 8 mils
thick and welghing 8 ozlydz per layer) baked at 800°C for three hours
to remove sizing, Both layert were tied to 8 common ground peint with
& ground strap.

(1) KAPTON OLANRET (MLI)
(2) 503 ABTROQUARTZ COVLERED MLI DLANKET

. | ]
q—-—'\'\. °
A (3) GOLAR ARRAY COMPOSITE
(]
e]

(4) OSR COMPOSITE
(5) DOUBLE LAYER OF STYLE 501 ASTRUQUARTZ
INGTRUMENTATION HACKGROUND LEVEL

16

4o

160 \ \
180 \

190 f— \

200 [ \B

220 | I 1 | | 1 )
0,01 0.1 1 10 100 1000 10,000 100,006
FREQUENCY MH:

Figure 7. Electric Field Strength Spéctral Distribution for Some Spacécralt
Materials Under 15 kV - 5 nA/ecm?2 Eléctron Bombardment

Reésults obtained from this series of ESD induced RFI tests, indicate that the
multilayer insulation blanket with the Kapton outer cévéring, OSR plates, and solar
cell arrdys préduce substantial RFI field strengths in the frequéncy range 100 to
10,000 MHz. Astroquartz 503 and 581 (especially) produced significantly little or
no RFI field stréngths ifi the 100 to 10,000 MHz frequency range. It should also be
noted that about 1000 MHz where most spacectaft communication is doheé, the RFI
generated by the silica fabric samplés were within experimeént noise.
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7. CONCLUSIONE

Silica fabric exhibite rather unique behavict ap a dielectrie spacecraft thermal
contrel coating. It has been shown that it will not sustdin a differential charge in
excess of 100 V while in a simulated cleetron plasma charging environment. This
is contrary to the behiavior of other dielectries tested under similar conditions.
Secondary emission conductivity has baeh established as the process responsible
for this desirabie characteristic. Essentially, the primary béam is transmitted
through the material after reducing its velocity to under 100 eV, here it can be -
hHarmlessly conducted and uniformly distributed to the spacecraft structure.
Through active means such as eléctron guns or plasma engines the structure poten=
tial can bé controlled with respect to the plasma if mission requirements dictate.

As the bombardment intensity incteases the resistivity of the materidl corrés-
pondingly decreases to maintaih a fixed differential potential, thus the material acts
as a passive control deviceé in a changing environment employing a process much
like dc corductivity. Other dielectrics redistribute charge by electrical arcing and
hénce can produce significant R} 1 which can disrupt a variety of spacecraft sub-
gystems. Though the fabric behaves like a conductor during bombardment, the
charge carrier dénsity in the matetial is sufficiéntly low so that it doés not inter-
fere with propagation of electromagnetic radiution. This means thé material can
bé used even over anténnas and feed horns,

So far, tes*ing of this material has been done with monoenergétic electron

” beams. In the actudl envirohment, the charged, bombarding particles will b~ dis-
tributed over a broad ratige of energies irom a few eV to possibly 50 keV: however,
the major portion of the population will be below 10 keV. With the low energy com-
ponent always présent secondary emission will be greater and the fabric behavior

cdn be expected to be much improved s compared to the results reported here.
Monoenergetic bombardment is the most consefvative test that can be done on mater-
ials which dépend on tigh secondary emission for desirable behavior unless the
bombarding enérgy is h>ld within their must efficient emission range.

High purity silica fabrics should be considered as a prime candidate for thermal
control dpplication on géosynchronous satellites. 'The propérties discusse: here
show what can be expected of the material, and with utilization design, its benefits
can be maximized for each spacecraft appiication.
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