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Abstract

An undeérstanding of the behavior of materialg, of dielectrics in partitular,
under charged particle bombardment IS essential tb the prediction and prevention
of the adverse eifects of spacecraft charging. This papér presents an effort to
Obtain B#ch an understanding through a combined analytital and experimeéntal
approact,

A cone-dimiensional model for charging of samples in the LeRC test facility is
uged in conjun&tion with experimental data taken in this facility t6 develbp "maéaterial
charging characteristics' for silvered Teflon. These charazteristics are then used
in a one dimensgidnal model for charging in spacs to examine expected respornse.
Relative Charging Pates as well as relative charging levels for silvered Teflon and
metal ate digcusged,

I INTRODUCTION

Two previous 'papersl'z described the test faciiity, test methods and triedsures
mentis, arid tHe résults bf various materials character{stics test perfuriried at tire
Lewis Resedreh Center in support of the spacecraft charglng investigation. The
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present paper suinmari{zes the analytical work which hag beett perférimed inter-
actively with this axperinmental work, The goal of the analysis is twofold. Firbt,
is tb model the charging of material samples {n terms of the material's pard-
meters, Second, sifre a goal of the entire study is to predict belavior of apdze-
craft surfaces, an attemipt is made to "scale" the environment, that {s, to relate
results obtaired using a monodénergetic beam {n the ground teat factlity to expected
results with distributed particle fluxes of the space environment. An approach tb
establish this environment scaling is tb develop thodels of charging fbr both
charged particle environments, and assume that the rhatéridl properties are con-
stant. "hen differences betweert material charging behavior under grbund teat end
in space are a result of the differences in the two environménts. |t {8 recognized
that the vacuum levels in the ground test and space environments are also different.
Nu attempt is made here to account for.thig factbr.

Thwis paper, then, represent, & first attempt at attaining the two goals of
characterizing material charging and scaling to the space énvironment. The
models used are oné-dimensional and describe charging of Bamples in terts of the
charging of a capacitor. ThiS type of model has been uged by a number of
workers> 4+ 3 % to describe Spacecraft charging.

The procsdure used herein was to firstdevelop a one-dimersional model th
describe charging »f $amples in the LeRC vacuum test facility. This model cod-
tained & number of narametérs which wére varied to provide best fits to experi-
mental data obtainec in the facility. The values of these parameters which yielded
the belt fit were identified a& the "material charging characteristics. " These were
then used in conjunction with a otie-dimensisnal model fot chargidg id the space
substorm environment to make some predictions of the charging behavior of the
materials in space, The insulatbr studied here is 5 mil silvered FEP Teflon.

2, ONE-DIMENSIONAL (1-13) GROUND TEST FACILITY MODEL

In the LeRC test facility, a monoenergetic beam of électrons with energies of
~2 t0 20 keV i& dirécted at norimal incidénce to planar sdmplés. A beam current

density of 1 #A/em? wad used to obtain all teat data diseussed in this report,

The Ground Test Fazility Model iS & quasistatic current balance model, The
curreit dengities consldered are thoge due to primary (beam) électrons, secondary
slectroris , backscattered electrbns, and leakage current through the sarfiple bulk.

These are denoted by §g, j, Jpg afd iy respectively. The sample is assumed to
chargé like' a capacitor, Thus a time balance eguatioh is of the form

dav .
Coaq® + 4y “Jp =g " dis (1
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where vV, 18 the mugnitude of the surface voltage. All aigns dre explicit in this
equation, and in all others used in the tost factlity model, that s, all symbols
stand for positive nuinbers, The actial surfece voltage s of course negatlve, and
this is assumed thivughout. Thus thts model does nbt predict positive surface
voltages corredtly, SINCE positive surface voltage would tend to reattract the
emitted gecoridary cleéctrons add this effect has nst besnt tneluded here.

The first term in Egq. (1) represents the net sharp déposited od the surface
(per em?) in & tin e step, add 8o is termed the! charging current deneity and denoted
by §o- The procedure ubed was ts initialize at t = 0 with Vg = 1). Then AVg4 was
calculated from. . - e

av,
2t Up-dy-dgs- iyl @)

The current densities are all functions of V4 and their functional forrs are giveh

in Figure 1. Eguation (2) {8 solved by an iterative procedure. ‘This equation can
be expressed as

UV =V ot (3)

With the initial assumption Vg = t = 0, a suitable At is choseh, atld AVg calculuted,
V4 i8 then inci émented by oV (set = &V for the first {teration) arid the procedure
repeated until equilibrium ig reached, that is, until

dv
R

The severul current densities int the preceding equations are functions of sur-
face voltage. All but the leakage curtent density aré funections of the primary
electron beam voltage and current density. Twe parameters whieh ean be varied
are the secondary emission maximum yield, &g, and esergy for maximum yield,
Y the backscatter coefflsient, §, theé resistivity. p, and the capacitance! €.

In practice, values for é, and V,, were taken from the literature. Values fore
were determined from the meagured surfdce voltages and currents at equilibrium,
antl fits obtatned by varying fand C. This is discussged tmore fully tn Sectiond,

It should be noted that this madel does ot account f5r beam spread in angle
Or energy, the preégence of the vacuur tank wails, Or residual gag in the; ckamber.,
Sitice it {8 one-dimenstonal, it can not, of course, explicitly describe edge effects,
or effects due to surface variations,

Derivations of thé current density equations are presented in Appendtx A. A
sutitthary of the madel and equations 18 given in Figure 1
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Figure 1. 1-D Model Ground Test Environment

3. COMPARISON SITH EXPERIMENTAL DATA

3.1 “Floating” Aluminum Plate

The first test data used in conjunhction with the test facility charging model
were those taken with a bare aluminum plate which is normally used for substrates.
This plate Was mounted in front of a second identical plate which was grounded to
the chamber walls. These two plates were held apart and electrically isolated by
a Tefloh spacer plug 0.7 cm long. The plates ate rectangular with dimensibns
15 ¢ X 20 cm (~300 ctn? area). Surface voltage of the floating plate was mea-
sured as a function of time using the surface voltage probe. I

Figure 2 shewe these data and the best fit calculated curves. In obtaining
these fits to the data, values of §_. = 3and V = 400 were used. These are
consistent with ranges of values fOr these papﬁﬁﬁ‘eters given by Gibbons? for a
surface layer of AlsOs, It IS reaeonable to expect some oxide on the surface of
the ""bare aluminum® plate since It had tn fact been exposed to air. This points up
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Figure 2. Comparison With Expepi-
metital Data

the strong depeadence of charging phenomena on #ample surface cohdition, and
indicates that care mist be taken i making predictiéng for charging ti, consider
the state »f the surface.

With these values INthe expression for 8econdary emisgion, the values bf C
used to obtain the curves in Figure 2 Varied from 1.2 X 10~ Pfarads at Vg = sk
to 5 % 10°11 farads atVg = 16 kV, decreasing approximately linearly with in-
creasing beam voltage. The values used for the "backscattér coefticient varied
from 0. 15atVp = 5kV to 0.5 at Vg = 16 kV, again in approximately linear
fashion. The expression used to calculate gecondary emission current density is
derivkd from an expression for yi=ld a8 a function bf primary energy due to
Sternglass, 8 It is plausible that the required variation of & to obtain fits to the
data is accounted for, in part, by deviations of the actual secondary yield from
that predicted.by Sternglass formula. That i8, the adjustments to § represeht
adjustments to the sum of the backscattered and secoriddry &lectrons,

The final point of concern here is the time scale for charging of the floating
plate; it Peaches its equilibrium floating vdltage With a time constant of geveral
seconds. This i# not surprising, since the capacitance of the test plate to its sur-
roundings is expected to be small. The timescale, is relevant, However. to the
question of the behavior of composite sarples, Thls is disctssed more fully in
Section 3. 3.
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3.2 Sdvered Teflon Sumplos

The 1-b model Was next used t6 fit current and sutface voltage data f¥em
silvered Teflon samples, These condist of an aluminum substrate with three gtrips
of 5 mil silvered Teflon mounted with condué¢tive adhesive to the substrate. Each
of these &trips wds 5 cm wide and 20 cm leng. Dusing test, the aluminum substrate
(and consequently the silver)wad grounded, while the Teflon Burfate was bom-
barddd with electrons.

The data and calculated fits for beam voltages at which equilibrium 1is reached;
are shown in Figure 3. These data are a composite of four separate data sets,
and indicate charging times on the. ~rder of minutes, The error bat's reflect the
gcatter in the data as well as the f5 percent regslution uncertainty in the voltage
measurements, Since for insulators there are strong voltage gradients near the
edges of the sample#, the Surface voltage measuremernts ate those rezd at the - -
sample center Which i uniform.

To obtain these curves, the effective resistance wag calculated from the
equilibrium values of surface voltage and leakage current. These values indicate
an effective resistivity for the samples sf about 9 X loxsn-cm. about aun order of
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magnitude below published values for ”eflon, If one assumes that the published
value of 10 17§¥-cm-s accurate, then a parallel path having a regtsiance ot about
4% 109 s tndlecated by the data. This could be a surface leakage, or an edge
leakage, o6r leakage through the sheath.

Values df 8 = 3 and V= 300 were used in the expression for Becondary
emission, in accordince with the data giveh by Willts arld Skinner. ? The values of
C regquired rénged from 14.6 pf/em2 at Vg =5 kV to 10 pf/em? at Vg = 12 kV and
decreased monotonically with increasing beam vsltage. Extrapolation of the curve
to Vg B 0 indicates & dielectric congtant for Teflon of — 2.1 This decrease in
effective capacitance is believed to be as.ociated with edge effect#. Edge gradients
are obs~rved in the data. These become more pronounced at higher voltages
reducing the effective area. 2 The value used fdr the backscatter coefficient
varies about an order of magnitude for the Tehon samples. Not only does it change
with beam voltage, but also appears to change during charging at a single beam
voltage. Far the initial portio? of the charging curves, ¢ varied from 0.25 at the
lower beam voltages to 0.05 at high beam voltages. At equilibrium, £ Varied from
0.02 at low beam voltages to 0.25 at high ones. These variatiohs were not linear;
rather, = was relatively constant at low and high beam voltages, with a transition
occurring between Vg = 8kV and Vg = 12 kV. Again, part of these variations may
be due tb deviations &f the actual gecsndary emission from-that calculated by the
analytical expression being uged,

Some investigation was undertaken to gtudy the behavior of the Teflon samples
duping arcing. Figure 4(a) shows & curve fit to a comppsite of two data sets for
the initial charginy transient with & beam voltage of 16 kv, Figure 4(b) shows the
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Figure 4. Compafison With Feperimental Data, Discharge
transientk; silvered teflon samples; 16 kV beam
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same caloulated curves, thig tine with a single set of data. The left hand set of
curves and points are the initial charging transierit, An arc éceurred on this
sample between the time of- the voltage reading att = 4 min and that of the current
reading taken at t = 5-1/2 min; the urface discharged, and chaiging was repeated.
The curves shown for the post-arc charging transient are idertical to those for the
initial transient, but shifted in time. This indicat2s that the charging transient ig
quite repcatable, not only from test to test of Teflon samples, but also through
arcing. That is, at least shiort term, the arcing does not affect the chargidg
behavior of Teflon samples,

3.1 ..Composite Sample

One of the stated objectives of the present work was to investigate the "erviron-
ment scaling” effects between the ground test and space environments. An obvious
difference other than the environment between ground tests so far described and
th= space condition is that the studie# of silvered Teflon digscussed above were all
conducted with the substrate grounded. In contrast. for the case of a spacecraft
in orbit, the entire body, including the ""grounds' must cdme into equilibriutn with
the charged particle environment. The question of the behavisr of a composite
System becomes particularly interesting because of tue divergent time gecales in
which charging of "floatirig" metal plates and silvered Teflon above grbund are
bbserved th occur.

To invastigate this question, a composite sample was built and tested. The
sample consisted of an.electrically floating standard alumihum substrate with two
strips of the 5 cm silvered tape mounted on it. This allowed for a 5 cm strip of
the aluminum between the two Teflon strips t0 be etposed to the electron beam,
The aluminum substrate was mounted in the test chamber in the same manner a6
the floating aluminum plate described in Section 3. 1. This configuration is
depicted at the top of Figure 5(a). The bottom of this figure shox = a vbltage trace
at equilibrium for this sample.

The expectation wag that this composite sample would charge in two stages
because of the different effective capacitances through which the aluminum and the
Teflon mult charge. The predictian, shown in Figure 5(b), is based on the idea
that when the beam is turned on, the aluriinum should charge to its equilibrium
voltage with its time constant of secorids, carrying the Teflon voltage with it.
When this has occurred, the Teflon should continue to charge froni tho equilibrium
voltage of the alumirium to itS own equilibrium voltage with its own time constant,
that is, minutes; The curves in Figure 5(b) were thus obtained by superimposing
the curves for aluminurh above and for Teflon alone with the Teflon cutve shifted
so that it coincides with the aluminum curve at the point offequilibration for the
aluminum, As can be seeh from the data plotted in Figure 5(b), the expected be-
havior was found.

466



ECUILIBRIUM VOLTAGES
CAMPOSITE SAMPLE

SILVERED TEFLON ~[.
N TY- o ALUMINUM DATA
+11°T S SINVeReD TERSH PRENCTD
. " L, L ] N
PROBE TRACK-/ === ALUMINUM PREDICTION

COMPOSITE SAMPLE: S KV BEAM.. ... oomvvne voone -

g 0
§ -2
2 | 1 [ ]
0 & 10 1gh
TIME, sec
!

Figure 5. Silvered Teflon/Aluminum Composite Sample
Floéating

The éxpectatidn that the aluminum arid Tuflon compriging the composite
sample should charge to the same surface voltages as h.d the floating plate: and
the Teflon samples above grounded substrates was based bn the observation that in
beth those cases the equilibration wag dbmitiated by secahdary emiggisn phenomehna
rather than by leakage currents th ground, This is evidenced in twe ways. First,
plots of surface voltage at equilibrium versus beam voltage are straight lines;
such behavior is supposed to be agsociated with emisdison dominated equilibration.
Second, examination of printouts of the mbdel calculations reveald that, at equi-
librium, the leakage current density term id several orders of mdgnitude smaller
than the other currents in the mbdel. The conclugfon, then, is that for this type
of composdite samnple, each part responds to the charging etvironmient with itg
characteristie time congtant, and comes into equilibrium at {ts characteristic
Burface voltage so long as leakage current does rot play a dominant role in the
equilibra!ion.

It should be notéed here that the tests run on this composite sample were not
extensive., Further experimertal investigation of this and other composite samples
are planned.
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1. ONE-DIMENSIONAL SPACE CARGING MODEL

In order to predict charging behavior in space, a one-dimensional model for
charging i{n space analogous to the one-dimendonal ground test model was deve-
loped. The esgentisl difference between the two modéls is that the space miodel
assvmeg an isotrépic Maxwellian particle distribution containing both electrong and
wns and a Spherical collection geometry. The current densities ate derived from
Langtfiuir probe caleulationg, This type of calculation has been used by several
authors4‘ 5:6,10 {5 reat the gpacecrift charging prablem. Derivation of the
current density equations is given in Appendix B; a summary description is pre-
genited in Figure 6. As is indicated in this figure, the model as pregented and
ueed here assumes a geomagnetic substorm condition. That IS, it assumes that V4
ig negative, so that electrons are repelled and ions attracted. In these equations
Va is an algebraic quantity, that is, the sign id tiaplicit,

CURRENT DENSITIES TO SURFACE

it e e o

ASSUMPTIONS

CEOMACNETC SUBSTORM.
] [SOTROPIC MAXWELLI
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Figure 6, 1-D Model Space Substorm Ehvironment
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AB is evident from the skatch in Figure i, secondary electrons due 1a ton
impact are not accounted fur in this rhodel. This is hiecauge the intent Hiere is 10
use material =harging characteristics found by fitting the grov nd test model ta
experimental data in conjunction with the space model to predict space charging.
Since thefe were no ions used in the experittients, no coefficient for secondary
electrons due to ion impact was determined. Therefore this current density
souree ig riot considered. The surface voltage values predicted by this model are
therefore somewhat largtr than. if secondary electrons dué¢ to ion impact lad been
included, For exarhple, a secondary coefficient of 1 would yield about a 10 percent
reduction in the equilibrium voltage calculated for aluminum atVv, - 5 kV.

The preacedure used to calculate charging is identical to that described for the
ground test model. Material characteristics used were those determined by fitting
the ground test model to the data. The capacitance of the aluminum (considered to
represent the spacecraft "ground") was tab  to be 15% 10" 11 farads, which is
the capacitance of a one meter diameter sphere (to represent a "'typical’ space-
craft dimension) to infinity. This capacitance was chosen because the relevant
capatitance f..v charging flbating metal objects is that of the object to its surround-
ings. Those parameters (notably C and £ for Teflon, and ¢ far aluminum) which
varied as functions of beam (and therefore surface) voltagr were associated with
the equilibrium surface voltage for the appropriate test for purposes of making the
space Voltage calculativrig, The relationships betweeh electron and ion tempera-
tures and between temperatures arid zurrent densities were taken from the Pro-
visional Upecification for the Geomagnetic Substorm Environment. = This
Specification is given as Figure 7. Thus, results of the space calculations, shown
in Figure 8, ark given ad functions of electron temperature only

I Figure (L) two cutrves are shown for the surface voltage of silvered Tehon
as a function ot electron temperature. The first curve calculated used the expéeri-
mentally determined value of 9 X 101 ©-om for the effective recistivity of Teflon.
This curve bends sharply to the right as electron temperature increases An
inspection of the curreht densities drivirg tho equilibriutn indicated that leakage
current played a large part in the equilibration of.the Teflon. Thus, this curve
yiklda a ""good'* value for the surface voltage of Teflon if the spacecraft "ground"
is actually near plasma ground. This would be the case if, for example, photo-
emigeion were holding the spacecr-ft ground near plasma ground and the Teflon
surface of concern were shaded. However, if fhe spacecraft is assumed to be in
eclipse. thé aluminum representing the spacecraft ground is predicted to acquire a
large negative voltage (solid line.). In this rase it is clear that leakagée current
can not drive the equilibration of the Teflon surface according to the dasher lint.
Therefore a serond curve was calculated for the Teflon, based on the assumption
that there was no leakage. This is shown in the dash-dotted line.
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Flgure 8(a) 8hows the ratel of charging predicted for the 8pace condition, The
time to sharge the aluininuim 18 predicted t5 be seeonds, comparable ta the time
required tb charge the floating plate in the ground experiments. The time required
to charge the Teflon IS predicted tb be several miinutes at lower electron tempera-
tures, ranging t§ tens of minutes as the electron temperature increases. Thus,
equilibration of Teflon ig predicted to require &ignificantly longer time id space
than it doed in ground-experiments.

Using the curves shown in Figure 8, it IS po&sible to predict the response of
a ''spacecraft', composed of an aluminum structure partially covered with silvered
Teflod, to substorm and eclipse conditionb. Such & set of predictions is shbwn in
Figure 9. For purposes of this figure, it is asgumied that photoemission is suffi-
cient to hold illuminated gurfaces cloge to plasma ground.

Figure 9(a) assumes that the Teflon surface of interest ig shaded when the
gpacecraft is in sunlight. A substorm injection with a 5 keV Maxwellian electron - ..-...
distribution is essumed to occur att = 0 and this environment ig assumed to
rémain constant throughout the time shown. An.éclipse Is assumed to occur ftom
t=60mintot = 126 min. When the substorm occurs, the dark Teflon charges
according to the dashed curve of Figure 8(a), shown in Figure § as a solid curve;
the aluminum at "ground" is assumed to be Held near plasma ground by photo-
emission. .. The Teflon.-surface reaches.its leakage dominated equilibrium voltage
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of -8.5KkV with {te tIme condtant of about 20 min, When the spacerraft enters
eclipse, the aluminum charges quickly (in scconds) to its equilibrium voltage of
-10 kV. It is assumed that th¢ charge on the Teflon surfacc le immobile or this
time scale, so thts surface remaing at -8.5 kV. At this point, the lcakage curreng,
which was driven by the voltags differcential of 8. 5 kV disappéars, so the Teflon
finds itself td be do longer in cquilibrium with itg enviranment and procecds to
charge tb its "floating’ value of <-14.5 kV in a characteristic 20-30 mid period.
Upon exit from cclipsc, a similar pattern is followed, The aluminum falls quickly
to near plasma ground. Because this discharging is driven by photoériission, it
requires only about 0. 02 sec for the aluminum tb reach plasma ground (as8uming
~10"% A/em? photocurrent). Now, the Teflon again finds Itself out of equilibrium
with its plasma environment, and.proceeds to discharge slowly tb its previous
equilibrium potential of -8.5 kV.

Figure 9({b) shows a similar type of time history for an insulating surface
which is exposed to sunlight. Again, the solid lint! represents the surface Voltage
of the Teflon afid the dashed line the spacecraft ground. The entry into eclipse
and subsequent charging up is analogous to the charging of the composite sample
digcussed in Section 4. The aluminum charges rapidly (in seconds) to its equi-
librium value. Because the Teflon had no significant charge on its surface, its
voltage follows that of the aluminum until the aliminum reaches equilibrium. The
Teflon then continues to charge slowly to its equilibrium potential. Upon exit from
eclipse, both the aluminum and the Tehon are discharged by photoémission. Thus, .
the alumirnum reaches plasma ground in about 0.02 zec, as in the previous case
The Teflon also discharges more quickly than it charged; it requires about 4 min
to reach plasma ground.

These resultd indicate a need for charging studies which take ihto account
relative charging rates as well as different equilibrium charging levels of various
spacecraft surfaces. A "typical" spacecraft has several different types of sur-
faces {solar cells, thermal blankets, etc.) each of which can be expected to charge
with its own time constarit. The importance of the effect of the different time
constants should be assessed,

5. CONCLUDING HEMARKS

The present study nas resulted In the development of a set of ""material charg-
ing characteristics" which describe the chargihg of small (300cm2) samples of
5 mil silvered Teflon and oxidized aluminum. Baaed on these characteristics,

predictions of charging in space hhve been made nnd used to estimate the behavior
of a composite body under conditicns ofsubstorm and eclipse. Several interesting
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differences between charging behaviar under ground test conditions and predicted
behavior in spaece have been fioted for silvered Teflon.  Under ground test condi-
tions silvered Teflon acquircs the same aurface potential mounted oh grounced nnd
floating substrates because the equilibration {8 domiricted by surface emission
phcnsmcna. Hawever, in space, significant differences are predieted in surface
voltage for these two mounting configurations. This is beeause leakage current
dominates the equilibration of the Teflen When the aluminum is st ground, while
surface cmission dominates for the fleating aluminum case. The time required
for silvorcd Teflon to charge to equilibrium id tests is séveral minutes; this time
ig predicted to be several tens of minutes ih space,

In contrast to the several minutes to several tens of minutes time scales for
silvered Teflsn, flo:ting aluminum samples arc ohserved in ground test and pre-
dicted in space to charge t0 egquilibrium in seconds Their capacitance is much
lower than that of Teflon since it is determined by their surroundings. Theré are
also orders of magnitude differences in time scales far discharging by photo -
emission of aluminum and Teflon. This discrepancy in charging and discharging
rates gives rise to sudden changes in the electric fields which the Teflon must
sustain upon entry ihto and exit from eclipse. It is felt that these differcntial
charging rates as well as differential charging levels may be important and should
be investigated further. Thus, transient {quasistatic) as well as steady stare
models should »e developed for chatging.

The one-dimensional madels described herein havé been found useful in the
interpretation of experimental results. ahd as guides to relating test results to
expected space behavior. Models of ground test situations arc needed since they
can be used interactively with test data. This is especially true since itis im-
possible, or at least impractical, to simulate accurately the geosynchronous
environment. Thus chvironment scaling must be done through use of models, at
least for the present.

Finally, higher dimensional models are needed One-dimensional models
ran not account for such things as edge effectsor interactions between adjacent
surfaces at differeht potentials as with different charging properties Such effects
are clearly important. 2 and may dominate the charging behavior of multisurface
samples and spacecraft.
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Appendir A

One-Dimensional Ground Test Model

In this modcl,.. clectrons from the electron gun ure assumed to spproach the
planar sample nofmally. All motion is restricted to the x direction (sce Figure
Al). The electron beam is assumed monoentrgitic, with encrgy

. A s
P‘B = CVB

where e Is the electronic charge and V 3 the beam voltage  The current density
emitted from the gun is given by

o\ L2
- -.B
jo-noe( me) (A1)

where Ny * particle density. It is assumed here that n_e (the charge density! is
constarit, in order to account for the spreading of the beam in the real situation.
Thus the continutty equation requires that some porlicles are "lost™.

We wish t0 calculate current densities to the sample surface. Current densi-
ties to be considered arc those due to primary electrons, secondary electrons,
backscattered electrons, and Irakage through the bulk of the insulatbr. The insula-
tor is assumed to be mounted above a grounded substrate for purposes of calcula-
ting leakage.

Throughout this devel spment the sample surface is assumed negative, arid all
secondary and backscattered electrons are assumed to escape. All signs are given
explicitly so that symbols represent positive quantities.

"~ ERERGY ’
(éva - eVs‘

.VSS -

Figure A 1.
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2 CURRENT DENSITY DUE T PRIVARY ELECTRONS

Consider electrane approaching the sample with energy 15 It is assumed thnt
the electrons do not collide with onc another, snd that metian is reatrieted to ones
dimensaion. If the sample surface has a repulgive patential of magnitude Vg, energy
conservation requires that they arrive at the surfuce with energy F-cVg. Sinee
all electrons leave the gun with energy eV, the current density to the sample gur-
fuce i simply

1/2 ’
2 172
j() = N, ("(Tn—(—“) (eV B ('VS) (A2)

Rearraaging and using l<q. (A1), wt find

1792

v 2
. S A3
Ja 5o (I.VB) (A3)

since we are requiring that n_ e remain constant.

3. CUORBRENT DENSITY DUE TO SECONDARY ELECTRUNS

Sternglass1 has given the following expression for secondary yield as a func-
tion of primary electron energy at impact:

Ei Ei \1'2
G(Ei)=7.46m SV ©Xp -2(—5-\—,-;, (A4d)

m

where b is the maximum yield, eV __ is the primary energy for which maximum
yield is attained and E, is primary energy at impact From the discussion given
in Eq. (A2) above, for this rase

Ei = CVB - EVS (AS)

The secondary cur -ent dedsity is then

js =jeb(eVB 'e\/s) (A+)
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which is

32 1/2'|
\'4 \Y Vp -V

B S B S ;
Ig © g 7.4 ém-v-“—l ( -vg) exp -2( " > b (A7)

4. CURRENT DENSITY DUE TO BACKSCATTERED ELECTRONS
No analytical expression wag found fbr backscattered electron emission. For
simplieity, it was therefore assumied that Backscattered electron current density
represents a fraction of the incident current dénsity. Thus,
VS 1/2
= {q = 5 [, y
ips = Se = g ( Vs (A8

5. LEAKAGE CURRENT DENSITY

Leakage current IS generally represented by

\Y
.S
i =R (Ag)

In terms of bulk resistivity this is

VoA
_ -8
i = =57 (A 10)

Where.! is.bulk registiv''y, A i8 the area and the thickness of the Bample. Then
b
jl iy wil o (a11)

6. THE 1.D MODEL

The patmary electron current denglty represents a source of electrbns arriv-
{ng at the sample. The other three current denisitles repredent loss of eléctrons
froni the surface. Thus the net current density to the eurface 18
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Jo *de =35~ Ipg - 4 iA12)

This net current density plays the role of a charging current to the surface. Thus,
if We represent the sainple's charging as the charging of a capacitor, we have

av
jc=c—d-i:§.=je'jﬁl'jBS'je (A13)

where C ig capacitance, here expressed in farads per square centimetér to main;
tain condistency ofunits. Equation (A 13) ig solved id the manner described in the.. -
test on a computer-to calculate the charging.

It remains t6 associate the experimentally measured parameters, Surface
vbltage, and total current tb ground, with calculated values. The surface voltage
association is trivial; it is simply 'VS' The tbtal current tb ground is the charging
current plus the leakage current for the eample as a whole. Thus

= 1 4 Al4
Iy A(Jc+]1) (A 14)

1. Sternglags, E.J., (1550) J. Phys. Rev. 80:925.
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Appendix B

One-Dimensional Space Substorm Model

L+ INTRODUCTION

The orie-dimeénsional space model assumes a two-dimensiotial igsotropic
Maxwellian Velocity distribution for primary particles, add a spherical collection
geometry. The calculation$ are &3sentially those for a spherical Langmuir probe.
The present calculations are based on the work.of Langmuir! and Grard.et al, 2
and follow clobely the derivation of Cauffran. 3 Tl latter work has not been
publighed; therefore portibns of it aze reproduced here for clarity. Such portions
are identified by superscript reference.

Geometry for the caleéulations ig depicted in Figure B1,© The sheath is as-
sumed to have radius a, and the collectbr radius R. The radial and tangential
velocity components in the "“undisturbed™ region (sheath edge) are v,. and vy, res-
pectively, and those at the collector Burface Ug and u;. The surtace potential of
the collector is Vg. The potential in the gheath is assumed to be a function of
radial digtarnice from the collector and to be monotoric. The plasma is assumed
collisionless, that is, orbit limited theory applies, and energy and angular mo-
meéntum ark assumed constaht for each particle.

The integral requiring solution fbr current densities due to primary elec-
trons>’ 2 and ions, and backscattered electrons is

3

Figure Bl
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l %/

4n g
= de f dF i, (11)
W temE T e [ R R dr o)

where the subscript t starids for either ¢ (electrong) or p (H+ ions), and 6, and *,
are the angle and energy at impact on the collectof (seé Figure B1).
For gecondary clectron current, solution must be found for3-2

i "/2 o0 da

2 J
. e 4na R
S 41I'R2 4WR2.[ R A R dER R’ "R R’

where g (ER) is the secondary electron yield as a functfon of electror impact
energy.

These integrations canhot be performed dirgctly because the distribution
function for the particles at the collector is unknowr, and therefore we can not
determine dji/dER. However, we do know the distribution at the sheath edge, and
can theré¢fore determine dji"ldEa' If we agdume the plagrma to be collisionless, we
can also convert the limits on Ep and BR to limits on E_ and 0, and perform the
required integrations bn these variables.

1.1 Conditioas for Collection

In order t0 contribute t6 current collected at R, a particle must have energy
Eg = 0and direction 0p = 6 =n/3  Since the plagma iS assumeéd colligiornless
and V (r) i assumed monatonic, each particle's energy and angular momentum
must be conserved. Assume the particles of interest have charge -e. Energy
¢ mservation demands

e 2y 1 2,2 —_ e 4 ;
él-mi(ur Tu)=gmby " tv) veV (2 Ep = E, tevS (133)

Angular momentum consérvation demands

Ru, = av, (¥ Ru sin 8y = av &in 6 (B4)
where
.2 2.1/2 .2 2y 112
u—(ur +4u,%) and V'(Vr+"t)
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Solving for Ea and 6, in terms of Fg and 8p yields the conditions for collection3

E + eV 1/2
i =1 R S
0=fp=7 T>0=0, = simn a(__aEa___) éeo
0 forVg >0 i (B5)
>
0 = F 20:“'>«:> E =g & orVg (attraction)
R a o
-¢Vg far Vg = 0 (repulsion)
1.2 Energy Format
An isotropic Maxwellian velocity distribution in three-dimensions has a
distribution given by
e ml 3/2 -miv L4
f(v) = m: exp W—— . (BR)
We are interested in a two-dimengional distribution which can be fouhd from
2" '
g(vr, Vt) = f f(vr. "¢ Bin\, v, cos x) dx (B7)
0
Substituting for £(¥) and integrating, we have
. v,) l(mi /2 I-"'é’z*")
gtv_,v,) = : exp .
rt N4 e, ] Yt v (B8)
1
Langmuirl gives the incremental current acrogs the gheath as
d; g 47 aZnev g(vr.vt)dvr dv, (B9)
Thén,
di 2 ne [ m, /2 -t w2 +v2)
dj '_L=L—-—( 'i) v v, ex [ Ly t
v R A GV AR R e - o] AL (B10)

arid, chariging 10 E_, 98 coordinates we Have3
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_ 6.2 eV, \1/2 ) Ea
4 =g nge G TRy E_exp 'EV; sin d, cos §,_do_dE_ (Bi1)
- l . . . .

as required.

2. PRIMARY AND BACKSCATTERED PARTICLE CURRENT DENSITIES

Since backecattered electrorl current density is considered to be simply a
fraction of the incident electron current density, the Same integration applies th
both. The calculation for positive ion collectibn is the same as for electron collec-
tion with apprapriate sign changes to account for the positive charge, and using the
ion masg and temperature. In Egs. (B9) to (B11), the sign on the leading charge
has been Suppressed. Appropriate sighs will be supplied id Section B. 5.

The integration to be performed is

o 6
2 (evi)"z | /" | E)
3 =R— n.e mi (eV;)z sin6_cos 9, E, exp --gv—i deédEa.
v Ep 0 (B12)
Caufiman3 evaluates this integral and finds, in agreement with Langmuir 1
Vs\ )
j. = j,. exp\—<— Vo = 0 (Repuldive)
i Jio Vi ) S .
\"2 .
CoL s Va = 0 (Attractive . (B13)
']i:"io(l-l--—vbi) '.S ( )

where
ev, /2

()
Jjo * " \3FM

Sttice the interest here IS in modeling charging in substorma with no photoemission,
we expect Vg negative. Thus, electrons are repélted and ions attracted. So we
have for electrons

e
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for {otis

o Vg
jpajpb 1--"7;- (B15)

where the minus 8ign reflects the fact that font are attracted by negative Vg, For
backecattered electrons,

Vs
jBS = tje 2 fjeo }Xp(j—) (B16)

e

where § ig the backscatter coefficient.

3. SECONDARY ELECTRONS DUE TO ELECTRON IMPACT

Secbndary yleld as.a.function of electron impact energy has been given by
Sternglaas4 as

E E 1/2
o) =74 5,y i exp|-2( 32 as)
m

where 6_ IS the maximum yield and &Y the energy at which the maximum yield
18 obtained, TO determine secondary electron current density, we must multiply
the left hand Bide of equatian (B11) by é (Bg) and integrate. Thus We need

6
7.4% 0
a” ,  _2 . m E (E +eV.)
.0 (eV )2 eVm f a a S
e E0

js=_

?

-E, (5, +evgh/? |
X exp _eV: -2 S r:_ sin 6, cos 8, dé, dE_ (B17)

which {& Cauffman's3 equatibn fo# §econdary electrons, except that he uges a
gec 8, dependence of € on 9, which {g not ueéd here. The 8, integral IS the Bame
as before and yields

5 ; oot \1/2]

.45, % ~ -E E_+eV

m 2 ... Ta a S - S
(eVé) eVr.ri Eg
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1/2
Now, sequentially setting x2 “E_ ¢+ éVS and 11 ° (eV )'1/ 2 (Vm) and subad-
tutiag, we find

® 1/2|8
Ve %S 4 o8 % 2) g (B19)
= — —— o | em——— ex -
g = Uep T 40 Vo OB\ TV f’ v B (-n") dn
nO
where
1/2 1/2
Vg <ve> v =0
2|+ or
v, v S
n, =
v 1/2
(ﬁ for Vg < 0

Since we are considering substorm cases oniy here, the cbndition Vg = 0 is of
interest. For thig case the integral in Eq. (B19) is just

1/2 5

J / ) exp (-n°) dn . (B20)

By

5
Recalling the expression for repeated integrals of thé errur function complement
ob
i" erfele) =\,'—2,'=.' f (t:) A= exp (- 2 ) dt (B21)
2

where, by definition,

'n-

" erfe(z) = erfe(t) dt

“’\a

and

o0
1% erfele) = 2. /'ex‘p (-tz)dt = erfe(z)

V7
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and fdentifying.t, 2 and n with the appropriate variakles In (320), we have

—
-\" 5 " 5
e? g v;53 " erfe v ) (R22)

So, from Fgs. (B19) and (B22), we have

\ Vv V, v
Lo e - 5 2) S
is _\’w jeo 7.4bm —V;‘s.[l erfc( -‘—.-n—; ]exp(-ve--i- _ve;> (1323)

and we note that the depenidence of igon Vg is the Same as that of j, and ins:

1 .LEAKAGE CURRENT DENSITY

Leakage current density s defined in the same manner for the space model as
it was for the test facility model {see Se.tion 5of Appendix A). Thus, we have

Vs
JI:pp

where p ig bulk resistivity and 1 is the thicknéss of the insulating film.

3. THE 1-D sPACE MODEL
Now, the net current density to the sample surface is
i ® 'je+jp+js+jBS - Jy (B25)

where the sighs on the current densities are given explicity here, and we recall
that Vg in thts model is algebraic (thatis, can be positive or negative), although
the derivations have assumed it negative.

The net current density plays the role of a charging current to the surface, so
that

dv,

= ......§.:..' % « i ;
Jo=C gt " le Pyt tips T (B2*)
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where C is capaclly expressed in fabads per square ecentimeter and where we
assume w¢ are chargl .g a capacttor. Equation (B26) ig8 solved in the same wny
as Eq. (A13) on a computer to determine Vg versus ttmc for charging,
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