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Abstract

High purity silica fabric8 have been proposed for use ag & material ta cbntrol
the effects bf elecirostatie charging of satellites at gynehrouous altitudes. These
materialg have exhibited verg quiet behavior when placed in simulated charging
environments as opposed to bther dielectrics uged for pagsive thermal control which
exhibit varying degrees Of electrical arcing. Secondary emigsion condudétivity is
proposes as a mechanisth fbr thig superior behavior, )

Degign bf experiments to measure this pienometa and data taken In GE research
facilities On silica fabricg are discussed as they relate to electrostatic discharge
(ESD} control on geosynetironous arbit spacecraft, Studies ineclude the apparent
change in resistivity 6f the material as a function bf the eleetron beam energy, flux
Indt((jenSItty,t and the effect of varying electric fields imipressed acrsss the material
udder tést.

1. INTRODUCTION

While the: temperature of & satellite can be adjugted through the use of active
and semigétive devices such ag 1ouvers dnd hedt pipes, the thermal designer relies
*Thig work was supportéd by the Air Force Mater{aie Labordatory under Contréact

No. F33615-C-75-5267.
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heavily on passive techniqued, Here the atpount 6f heat intd a gpacedralt by inci-
dent solar illumination 4nd the amount radiated or reradiated at infraréd wave-
lenghts IS ndjusted by selecting ¢¢ternal materials and coatings with appropriate
reflectances, absorptances, and emittances, Becdude this passive temperature
control subsystern comprises the entire outer shell of a satellite, it must bear
directly the brunt of the indigenous space envirénment, At gedsynchronous &lti-
tudes this includes the electron plasma Which can produce Static charge buildup
with the attendant problems of electrical arcihg and-discharging.

The most critical elements id a spacecraft paasive temperature control sub-
svstem are the white, high emittance coatings used not only to reflect a major
roriion of incident solar energy, but alsb to dissipate internally gererated heat..
Historically, white paints employing zinc Or titanium oxides hav= been used. How-
ever. these have been shown to degrade rapidly by discoloration under sblar yltra-
violet illumination, The degradation is manifested by a decrease in the amount of
incident sclar energy that is reflected, which results in iri¢reased surface and.sub-
sequent equilibrium temperature because the edergy which ig not reflected is ab=....
sorhed by the coating.

Solar reflecting coatings derived from fabrics produced frém high purity giliea
(5i0,) varn such as those available under the J. P. Stevens Company's A8troquarts
trademark have been shdwn to be extremely stable to the damaging radiation com-
ponents e€space. 1 The high radiation stability which is typical ot high purity Si0y4
is Jderived from the fabric by merely romoving thé sizing or finigh placed on tte
varn to facilitate weaving by baking in zir at temperatures in the 800 to 1000°C
range, The solar reflectence of the processed tabric i¢ id excess of 0.82 while its
heraispherical emittance is 0. 82 at 0°C. A tctal loss in reflectanceé of only 0.03 is
ewnorienced after long term exposure to solar ultraviolet radiation.

To obtain high solar reflecting, high emittance: characteristics, only dieleetric
rnterials can he used. These of course will support stati¢ charge buildup at
geosynchronous orbit. Electrically corducting materials in many idstances exhibit
hiph reflec¢tances to solar energy, but without exeeption have Ihw thermal emittances
which violate the requiremerits for solar reflecting coating applicationg,

At the onset of this study it was planned to investigate modifi¢ations of the
strictly dielectrie characteristics of silica fabric by interweaving occasional con-
ductive varns, such as aluminum or stainléss steel, within the materiel. These
would provide paths for the drainage of static charge as it develops i gebgynchfo-
neus Orbit missions. Coriductor spacings were to be close enough to effect reduc-
tion of large surface gradierits,

Although the experimental plan called far fatricatisn of gilica/metal yarn
interweaves, baseline data collected initially for silica fabric itself showed that
the fabrie did not support charge buildup under electron beam bombardment at
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energies ta at least 30 KeV with asggciated current densitied inexceds of 30 nAfem?.,
This seemed to be anomalous in view Of the high resistivity of silica which {8 in
excess of 1017 ohm/m at ambient conditions, This study, then, was undertaken to
¢xplain the unusual behavior exhibited by sili¢a fabric under bombardment by highly
energetic electron beanie designed to gimulate conditions found at gedsynchronsus
altitudes.

2. REVIEW OF THE SECONDARY EMISSION PROCESS

Behavior OF silica fabrics in a simulated plasnia charging etvirénment indi-
cated that the secondary electron emisaion (SEE)rocess would be the overriding
consideration in the absence ¢f photoelectric effect duo to solar itlumination.. Solar
illumination. of course, will not play ah important role in neutralizing static charge
buildup during that time & gessynehronous spacecraft i8 in umbra which hds been
ghown to be the most probable time for anomalous events. 2 Kndtt3 has alsb shown
the importance of SEE in the equilibrium pfacess for non.iluminated spacecraft,

Egperimental data on the secondary emisaion of materials yield the charaéteris-
tically shaped curve in Figure 1which is common th most substarices, This eurve
relates the secondary emission gatio (6) to the energy of the bombarding pritmaries
(Ep). For most metals and graphite, 6 does riot exceed 1; hbwever, a Blight exide
layet on & metal ean produce a mueh higher value for 6.
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I'igure 1. Characteristic Secondary Emidsion
Curve for Most Materials

The primary feature8 &f interest {n thi& characteridtic are: Ey. the first
crossover, Ez. the necond crossover, EM" the primary energy of maximum &,
GM, the maximum detondary emlssion ratlo, arid the: cfesd-hétetied area where
the gecondary efiilasion ratis {s greater thaii 1. A simplified éxplasation for the
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ghape of the curve would be that the secondary emisgfon ratio increases with {r-
creasing primury energy, However, these §econdaried are generated alérg the
path &f the primary electron as it penetrated into the ¢rystal lgttice of the material
and the secondaries must then diffuge to the surface Whete they can be emitted as

a free secondary ¢lectron, Asgociated with this diffusion IS4 diffusisn probability
that is.a decreasing furiction of path lergth, At the point Ey, in the ¢haracterigtic,
a(Ep) becsriied dominated by the décreasing diffusion prbbability atld, hence, pagses
through a maximum. This, of course, has been more rigorously treated by rnany
authors. The Sternglass approximation discusged. hy Dekkers is most frequently
cited,.. His approximation for thisfunction Is semi-empirical and considers electron
shell strueture of materials as related to atbmic number, This.approximation has
been shown t6 correlate well with experimental data when corrected for back-
scattered electrons.

The major shorteoming of the Sternglass approximation i that it doee not
condider non-normal incidence primaries. Agait, Dekker, 4 in interpreting efforts
by Bruring, has shown that 6(EP) is a strong function of the primary iriciderte atgle
With an approximate 1/cos 8 dependence. This dependence has the effect of bbth
inereasing 6y and shifting E, towards the higher energy primaries thus increasing
the erosg-hatched area Shown in Figure 1. From this and consideration 6f the sur-
face geometry in 8ili¢a fabric, which Kas the following chafacteristic nurnbers for
normal indidence primaries

6max = 2:1 to 8.9
Emax = 400 to 440 eV

= 30to50eV
Ez = 2.3 ké\'

it can be concluded that secondary é¢mission cbhductivity Can effectively reduce
differential charging in the eleetron bombardment environmernt found at geosyn-
chronosus brbit. .

3. SECONDARY EMISSION CONDUCTIVITY

Sechndary Emigsion Cosiduetivity (SEC) id a well known precess used pritharily
In trdage processing vacuum tubee such ¢ the SEC Vidiesn TV camera tube. SEC
targets uded in these tubes aré sdriewhat differért than silice fabric; however, they
have {n ¢ommon an inorganic dielectric matrix mixeéd with continudus voids of free
gpace, Generdlly dpeaking, irorganic diélectrics have secondary efnisgion ratlos
greater than 1, Silied, for example, runs fromi 2 to 3 for normal incidence piri-
tnaries, This ratio ean go much Highér for Hori-risrmal and grazirg ircidénce. Ae
will be shown later, this increase inthe pedk secoridary emission ratis (8y,) and the
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ghift of the séeond erosg-over towards higher snergy primaries for ndn-normal
incldenge primaries contributes to the enhancement Of SEC in 8ilica fabricd, THoth
of thésge shifts may be viewed a8 in increase in that area bf the s¢condary emission
curve which lies above the 6 = 1 line, Figure 2 {llustrates the SEC process as re-
lated to & Quartz fiber yarn fabric.

Pl

PRIMARY ELECTRUNS

-~ - SECONDARY
ELECTRON
PRODUCTION

O O
000 0OY-HOOO

OSSECTION ©F QU ARYTZ HIBER v AR'N—r

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

Because secondary elsttrons geriérated have energies less than 19 ¢V and
therefare have a longer mean lifetime as compared to primaries giveh the game
mear.fre¢ path. the SEC process, (Figure 2), continues until free eleetrons exist
inall the her-fiber volds, This mean free path ig, bf coursé, a methanical pro-
perty of the dielectric matrix and {s therefore the same far bbth secondaries and
primaries,

A typical sflieca fabric eoatains 10-( diameter filaments. Approximately 250
filaments are contained in a yarn gtrand and 16 strands Or mére dre used to produce
a weaving yarn, There are' nominally 60 weaving yards pér lideal inch of fabric
86 each ocontaing almodt a quarter Of 3 million filaments. From this, it {s evident
that “here 18 an extremely large surfacets vblume ratis aggociated with silica
fabric whiéh i8 an egsential criteria for SEC effect. Sesondary electron emission
befng primarily a surface effectle the' contributing factor responsitle for this sur-
face tu a volutne ratic dependence.

Secondaries may then be thought of a5 a cloud of free charges within the dielec-
tric matrix and in the presence of an electric field will migrate through the matrix
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in the directidn of that field much {n the same manner ag charge earrfers move
through & conductor, If the fleld i8 stused by a differential charge reaiding on the
dieléctric, conductivity will ¢ontinde until the differential charge is neltralized atid
the E fleld dissipated,

The SEC effect should not be confuged With electton bombardment ihduced con-
ductivity (EBIC), a somewhat related phenomena exhibited in dielectrie solids,
gince the ERIC effect 15 not a surfade process ad is SEC, Hoth précess¢s require
elettron bombardment and an external electrlc field to cause the generated sec-
ondaried to drift producing 8 eénduction current through the material. Inthe EBIC
process the internal secondaries drift in the conduetion hand of the solid, While in
the SEC process secondaries are "emitted™ and move under the influence of the
field through the vaguum space in the pores of a low density dielettric. S

4. CHARGE DENSITY AMPLIFICATION

Several questions ma, arise from the discussion ss far. What i§ the population
density of the free electrons in the fabric? And since the fabric behaves like a
Condudtor in a charge bombardment environment, will it attenuate the propagation
of electromagnetic radiation? These questiornd avré related since eleetromagretic
wave propagatibn is affected by the presence of a plasma medium. Subsequently it
will be ghown that the free electron density in the fabric i& low ensugh to have
negligible effect o wave propagation at communicdtions frequencies, This will be
a toh-rigorous andlysis of the free electron populatidn/concentration withinthefabrie,  _—

The three contralling fartbrs of this phenomena
y’ are, as discusésed in previous sections: the
fitted mean free path independent of velocity;
the Idw velseity of secondary electrong; and
the high decondary emigsicn ratio of the fused
o V{‘ silica énharced by non-nbrmal incidence of
/ the primary beam.
Corngider 4 finlte volume in space of cubic
dimeénsions (d) 8ubject to an electton flux.
The average charge density (¢} ingide
this volume will be proporticndl to the time (t) that en electron ig within it$
bsundariés, Since

d

and since

g xt,
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the charge density IS {nversely proportional té the electron velocity, If an electron

were to slow down FfromVv to ¥ _, there would be a resultant ineredse {8 chargde
density (A0) which would R profartisnal to the velocity ratio

Vv

av = of |

The veldcity of an electrorl ie proportional to the square root of its energy and
by ¢onvention the velocity bf an electron is usually referred té by its energy, there-
fore

E
Aa=‘/-ﬁ2.,
-3

The ¢harge density can also be ircreasded by increasing the electron flukx which
essentially occurs with the gecondary emissidn process concurrently With a velocity
reductibn 8o in effect if there is secondary emission Within this finite volume, the
tharge density increase id approximated by

Ao = &

A7

Where (8) i8 the secondasy emission ratio.

Congidering a primary elehtron energy of 16 keV, the fact that seasndary
electrons are within the 10 eV order of magnitude and »n approximate decsndary
ermigsion ratio of 10 Within the siliea fabric,

o
4
Ac - 101/.}-2- = 320

it appeam that the free charge density within the fabric will be appreximately 320
times the ¢harge density in the primary &leetron enviroriment.

Tradit{onal metal conductors which could be mbdeled ea gslid plasma have free
charge concentrationg many orders of magnitude greater than that estimated for
the fdbric, For the purpoge Of electromnagnetic radiatisn shielding, therefore, the
fabric will rot behave as a conductor and further calculétion using theories developed
tor wave propagation in plasma would shbw the charge concentration levels here to
be oflittle! consequence in atteriuating electromagnétic radfation,

5. SECONDARY EMISSION CONDUCTIVITY IN SILICA FABRIC

Tests were performed » medsure SEC for several silica fabrics. Results oi
these tests explain tke superior behdvior of this materiel when sabjected to a plasma
environment.
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Sitica fabrics Were subjected to bombardment by an clectroh beam with a knawn
electric field impoged acrogs the craw-sectionof the fabrie, This was accomplished
by mousting a fabric sample al a ténductive backplate, The sample was held in
place by & wire gereen (~ 80 percernt trensmission) in intimaéate contact with the
fabric. A potential was placed between the scréen and the backplate and the cur-
rent flaw monitored while varying the potential across the fabric. Resistance of the
fabric was calculated from the V/1 chardeterlstics ab a function of beam energy and
dens{ty., Figure 3 shows this test conf{gurat{on schematically,

- MATERIAL SAMPLE

iLECYRON.:;
= M = [ | Figure 3. Schematic of Secondary
Emiasion Conductivity Test

Voltage (vl) was varied ahd the current (1) was measured. These were used
io calculate the resistanceés of the silica fabrics which are shown in Figure 4 for
1. P, Stevens Style 581 and Figure 5 far Style 570 Astroquartz Fabrics. * As shown
in thest figures both fabrics exhibit a conetant resistance out tb 50 to 75 V across the
fabric with the Style 581 having the lower resigtance of the tws, The resistance,
however, is much Ibwer than the dc resistance bf the fabric due to the presence of
the bomharding beam. This reés{stanzeé then decreases as theé voltage across the
fabric {g increased until it reacHes arothér plateau above 120 to 150 v. This
plateau results from depletion of the free charge carriers within the cloth as the
bsmbarding beam can no longer sustain the requirement for charge carriers in the
fabrie. Thig saturationresultd from the fact that the experiment is forcing a potential
acrosd the cloth; whereas, {n an actual space environment, the potertial will dis-
appear as the charges are depleted. Thig id further evidenced by the lower resis-
tance charactéristice which develop &8 the current density of the beam is increaged,

Though It was more difficult to meabure and contrsl the bombarding bean: When
it8 energy was reduced belaw 3 keV, it appear8 that lower enétgy bombardment
would further énhance the condiietivity of the fabrlc. This is substanttated by the
Fact that above the & = 1 liwe, the area under the: secoadary emission enrve in-
crséded de intégration |e extended towards the lower energy primary tiectrons,

"Stylé_sei is ah 12-mil thick fabric which weighs 8 oz/ydz, whilé Style 570 id
27 mils thick With a weight of 19 oz/yd2,
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As the beam etergy is increéased above 6 KeV, the resistance of the fabric
ténds to increase because the incident eléctrons generate sécondarids deeper Within
the raterinl where they are unavailable to act s8 charge ¢arriers rodr the first
surface {wire screen side), In this case the test tends to bé pegsimistiec becausd at
geosynchronous altitud .. there arc alwayd 3 to 5 keV eledirdns present to génerate
secondaries riear the surface.

In reviewing the results of thie experiment it would appear that in an actual
environment, where this i8 a continuous distributibn of electroil energies, the
fabric can be expected to suppbrt no mare than a 200 V gradient. In fagt from
cotiversations with Walter Viehman6 of NASA Goddard, meésurements were con-
ducted in his laberatory which indicated that a 160 v gradient would probably bée
the magimutn encountéred, This Isin contrast to the kildvelt order static psten-
ti1ls measdured at GE arld NASA-LeRC in bther experiments usifiz monoenergetic
electron beamg with energies greeter than 5 keV.,

6. ELECTROSTATIC DISCHARGE INDUCED RADIO
FREQUENCY INTERFERENCE

In considering the process by which deposited charge {s redistributed within
silica fabric, the poseibility of micrb-discharge was cordidered. Theee could con-
ceivably produce électro-magnétic radiation causing ra<io freéauericy {nterference
(RF) to electronic subsystems, In an effart to study these effects an experirment
was canducted to measure radiation in proximity to materials in an elec¢tron bom-
bardment énvironment,

Material samples Were placed in an evacuated Bell-jar mounted on a grotiride.*
metal plate. A Brad-Thompson Induetries electron gun was employed ds the elec-
tron beam source. A thin film of gold (200 f)was deposgitéd on the inside surface
of the Bell-jar. This film is used to prevent a charge buildup on the inside glass
surface and pogsible RFI from spurious discharges. This conductive film was so
thin that it produced little attenuation of the electrostatic discharge (ESD) propé-
gated field (3 dB loss at 100 kHz and 0.0 dB loss at 1 MHz), All teste Were per-
formed in a shielded room which effectively prevented externally produced fields
from interfering with the measurements end af the ESD ptapagated fields. The set-
up is shown schematicelly in Figure 6.

Samples were bombarded by a high energy mohoenergetic electron béam &t a
current density o 5 nA/em? which is greater than that normally experienced during
géomagnetic substarms. The beatn voltage was varied firom 5 to 25 kV, Field
strength data were measured at 30 cm from the interference soutcé and is expressed
inunits of d8 relative to an arbitrary level, Caltbrated, tuned antennas were used
to measure the ESD produced fields. The spectral density at UHF, X- and S+band
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Figure 8, Expgrimental Test Set-up for ESD Induced RFI Spectrum
Meaguremerits

Were of primary contern, The antennas were sufficiently directive to reduce the
influence of the propagated fields produced by the electron gum source {tseif, This
can be explained as follows, The potential difference between the electrsn gun and
the samplés changes simultanésugly with the electrostatic discharge and the change
in this potential difference produces a propagating field. A diréctive.antenna
effectively reduces this Bource of spurioug fields. The results of the ESD induced
RF! feld measurements are shéwn in Figure 7,
The materials evaluated i4 this exper{ment were:
(1) A conventional multilayer insulation blanket consigting of 15 layers of
1/2 mil aluminized Mylar with an outer (top) layer of 2 mil thick single
sided alurninizéd Kapton placed with the uncoated side facing out. All
metallic film surfaces were connécted to a common ground paint with a
ground strap.
(2} A multilayer insulation blanket identical to that deseribed 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 809°C
for two hours to remove siding.
{3) A 8«in. aluminum dis¢ with 2 X 2 cm glass covefed silicon lolar
cells bonded to the dise with Gceobond 57C conductive adhesive. This
sdlar array composite was grounded ¥ia a strap attached to the back
of the aluminum plate.
(4) Optical Solar Reflector (OSR) tiles bonded to a 6-ih, diameter
aluminum plate with Eccobond 57¢ conductive adhesive, A gréund strap
wds connected to theé baek face of the alumtnum disc of this OSR composite.
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(8) Twod ldyers of J, F, Stavens, Style 581 Astioquar+2 Fahrie (#ach 8 mils
thick dnd weighing 8 oz/ydz per layer) baked at 800°C for three hours
to remove slzing. Both layerts were tied to a common grovnd peint with
a ground strap.
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Figure 7. Electric Field Strength Spectral Distribution for Sbme Spacecraft
Materials Under 15 kV - 9 nA/em?2 Electron Bombardment

Reésultd obtained frbom this serice of ESD induced RFI tests, indicate that tke
multilayer insulation blanket with the Kaptan outer cévéring, OSR plated, and solar
cell arrays préoduce substantial RFI field strengths in the frequency range 180 to
10, 000 MHz. Astroquartz 503 and 581 (especially) prbduced significantly little or
no REI field stréngths in the 100 to 10, 000 MHz frequency range. It shbuld also be
noted that about 1000 MKz where most spacectdft communication Is done, the RFI
generated by the silica fabric samplés Were within experimént noise.
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7. CONCLUSIONE

Silica fabrie exhibits rather uniqua bahavict an a dielectric gpaceeraft thermal
cofitrel coating. It has been shewn that it will not sustain a differential charge in
excess of 100 V while in a stmulated cleetron plasma chekging environment, This
is contrary to the behavior of other dieleetries tasted under similar conditions,
Seeondary emission eanductivity has bdeh cstablishod a0 the proccas responsible
for this desirable characteristic, Issentially, the primary bédm i8 transmitted
through the material after reducing its veloeity to under 100 eV, shere it can be
Harmlessly conducted end uniformly distributed to the spacecraft structure.
Through active means such as electron guns or plasma engines the structure poten-
tial can be controlled with respect to the plasma if mission requirements dictate.

As the bombardment intensity increases the resistivity of the material corres-
pondingly decreases to maintain a fixed differential potential, thus the material acts
as a passive control device in a changing environment empldying a grocess much
like dc conductivity. Other dielectrics redistribute charge by electtical arcing and
hence can produce significant R¥! which can disrupt a variety of spacecraft sub-
gystems, Though the fabric behaves like a conductor during bombardment, the
charge carrier density in the material is sufficiently low so thét it does not inter-
fere with propagation of electromagnetic rediution. This means thé material can
bé¢ used even bver ahtonnas and feed horns.

So far, tes*ing of this material has been doné with monoenergetic electron
beams. Id the dactudl envirohment, the charged, bomberding particlea will b~ dis-
tributed over a broad range of energies from a few eV to poaeibly 50 keV: however,
thée major portion of the population will be below 10 keV. With the low energy com~
ponhént always présent secondary emission will be greater and the fabric behavior
cdn be éxpected to be much improved 1.3 compared to the results reported here.
Mbnbenergetic bombardment is the most conservative test that can be dsne on mater~
ials which depend on tigh secondary emission for desirable behavior unless the
bombardirg energy is k~ld within their must efficient emission range.

High purity silica fabries should be considered as a prime candidate for thermal
contrel application on géosynchtronous satellites. 'The properties 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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