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We report charging characteristics of polyimide (Kapton) of
varying thicknesses under irradiation by a
very~-low-curtent-density electron beam, with the back surface of
the sample grounded. These charging characteristics are in good
agreement with a simple analytical model which predicts that in
thin samples at low current density, sample surface potential is
limited by conduction leakage through the bulk material.

In a second investigation, we measured the changlng of
Kapton in a low-current-density (3 uAm~2 )} electron beam in which
the bheam energy was modulated to simulate Maxwellian and
biMaxwellian distribution functions.

INTRODUCTION

The charging characteristics of dielectric thermal-blanket
materials in the geosynchronous~earth-orbit (GEO) plasma
environment is a subject of considerable importance in
spacecraft-charging studies.. Polyimide (Kapton) is one of the
most commonly used materials in large-area thermal blankets, and
this material has been the subject of numerous previous
experimental investigations., Many previous studies, however, have
employed electyron-beam current densities substantially higher
than the 3 yAm™ value which we believe.represents a reasonable
upper bound in the GEO environment,

A second area of concern over ground simulations is that the
electron beams that are used are generally monoenergetic, and the
charging characteristics that would result in the
distributed-enerqy GEO environment must be inferred from
monoenergetic charging data analytically. A model for
accomplishing this inference is imbedded in the NASCAP (NASA
Charglng Analyzer Program) computer code, for example. Since
NAD AP is currently being used by spacecraft designers to predict
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the- Spacecraf t-charging consequences  of their designs,
experimentalwverification of the NASCAP modelling is very timely,
A credible distributed~energy electron source is needed to

pecform these experiments, and we describe a simple means for

devising such a source helow, S

SYMBOLS USED

IB_ electron~beam current density
- (no sample in place)
P electron-heam current density
(incident on charged sample)
€R Electron reflux coefficient _
(including backscatter + secondaries)
o bulk conductivity of sample
A sample area
d sample thickness
sample surface potential
&B electron-beam energy
R cg;reg  of refluxed electrons (EQRIP)
= g
JB electron beam current density

£_(V.) ' electron-current distribution function
Only SI units are used in this paper.

RAPTON CHARGING CHARACTERISTICS
IN MONOENERGETIC ELECTRON BEAMS

In this section we describe the experimental apparatus and

measurements and then present a simple analytical model for.

comparison with the experimental results.

Experimental Agggratus and Measurements
The experiments were conducted in a 0.6-m-diameter vacuum

chamber, which is shown in Figure 1. A divergent-beam electron
flood gun, shown in Figure 2, is _used to irradiate the sample.
This electron gun is built to a design developed at NASA Lewis
Research Center. It produces a broad uniform-cutrent—density be am
and exhibits excellent stability over a wide range of current
densities. The sauple is housed in a Separate antechamber which
can be isolated from the main chamber by a vacuum gate valve. The
geometry of the sample and sample holder is shown in Figure 3,

We have measured the charging characteristics of Kapton
unde . conditions which differ significantly from previcus
pracﬁice: we employed an electron-beam current density of 3
wAm “, and we mounted the sample by wrapping it around the edges
of the metal sample-holder and clamping it at the rear. These two
innovations are more representative of the electron current
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density which exists at GEO, and of the geomet.ry with which
thermal-blanket materials are exposed to electron hombardment on
GEO spacecraft. We exposed Kapton samples of two thicknesses (25
um-and 127 um) to irradiation by monoenergetic electron béams
with energies up to 14 keV. A_typical charging characteristic is
shown in Figure 4, where the surface potential of 127-ym-thick
Kapton is shown as a function of time, during continuous-
bombardment by 14-keV electrons. This plot reveals the relatively
long time constant involved in charging at these iow current
densities,

Figure 5 shows the equilibrium surface potential of
127-um-thick Kapton as a function of incident beam-current energy
from 2 keV to 14 keV. The straight-line characteristic intercepts
the beam-energy axis at an enerqy of about 1.6 keV: this enexgy
corresponds. to the "second-crossing™ energy, i.e., the energy at
which the secondary-electron yieid of the material is unity.
Figure 6 shows the corresponding characteristic of 25-um-thick
Kapton, under the same test conditions. In this curve, the
second-crossing intercept is the same, but the surface potential
saturates at much lower values than were observed in the
127-ym-thick material. This saturation effect is produced by
conduction losses through the bulk Kapton, as evidenced by the
fact that the saturation effect disappears when the ground
connection on the rear of the sample is removed; the
characteristic then remains 1linear within the 1limits of our
beam-energy capability. We have developed a simple analytical
model which successfully predic¢ts the surface potential at which
the saturation_effect occurs. This. model is similar to previous
models due to Purvis, et. al. (Reference 1) and Reeves and.
Balmain (Reference 2), except that it conforms to the specific
geometry of the test environment that we used. This model
predicts that the saturation surface potential of Kapton depends
on the parameter k=dJo™+, where & is the sample thickness, J is
the electron-beam current density, and o¢ is the material
conductivity. Material testing with thick (lacge-d) samples and
high current densities (large J) raise the saturation potential
beyond usual test limits. This explains why the saturation effect
shown in Figure 6 is not often seen in published
dielectric-charging results; the saturation is produced by the
use of thinner materials and lower electron-beam current
densities than are commonly used in material~-charging tests,

Analytical Charging Model

In this section we present the simple model of sample
charging which we will evaluate by comparison with experimental
data. This model is highly simplified and applies to an
equilibrium-charge condi*ion (i.e., a condition in which
displacement currents and stored charge can be neclected). It
also assumes that cylindrical Landrmuir-probe theory correctly
calculates the reduction in current that is collected by the
sample as it charges more and more negative, .
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In equilibrium, the current that is incident on a charged
sample is given by

~ oA
Tp= Tp+ # Vg oo (1)

where the first term corresponds to refluxed electrons that are
ejected from the surface by backscatter.or secondary-electron
emission, and the second term corresponds. to conduction loss of
electrons through the sample to the grounded rear surface.
According to cylindrical Langmuir probe theory (Reference 3), the
current that is collected by a charged sample is related to the

incident current (i.e., current that would be collected by an
uncharged sample) by

The foregoing expressions can be combined to yield-the surface
voltage as a function of beam voltage:

) VBk (l_sR)

V‘S ) VB+E(1-CRS (3)

Of course, the reflux coefficient Ep is a function of the impact
energy of electrons which strike "the surface, e(V -Vg); this
function, along with the constants contained withi% kh are in
general known only numerically. Equation (3) does not represent a

solution for V_; it can, however, be solved for Vg numerically by
a simple itera%ive procedure. '

We have solved Equation (3) numerically, using the Kapton
reflux~-coefficient and conductivity data that is contained within
NASCAP, and values of material thickness and beam current density
that are appropriate to our experimental conditions. The results
are shown in Figure 7, where we compare the actual equilibrium
charging voltages with the values predicted by the model, for
several thicknesses of Kapton. The model predictions providé
reasonably accurate descriptions of the shape of the charging
characteristics and the location of the beam energy at which
conduction-induced saturation of the charging voltage begins.

Figure 8 shows the solutions to Equation (3) plotted in a
different manner: here the parameter k is used as the independent
variable, and électron-beam energy is a parameter. Notice that
the curves are spaced evenly in surface voltage V., for large
values of k (i.e., large current density and/or low co%ductance?,
and that..the surface potential is independent of k in this
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region., This case corresponds to the situation in which the
impacting electron  current is halanced totally by electron
reflux. For low wvalues of k, conduction losses become
significant, causing the curves to pack together.at higher values
of Vi, Figure 8 1is a convenient tool. for estimating Kapton
charging; it could be easily reproduced for other dielectrics for
which e, is known by solving Equation (3).

KAPTON CHARGING UNDER
DISTRIBUFED-ENERGY ELECTRON-BEAM IRRADIATION

As described in the Introduction, realistic sinulation of
spacecraft charging should include the use of a
distributed-energy electron source. In principle, of course,
multiple experiments can be performed using monoenergetic beams
and calculating the expected surface potential using a model such
as that given above. This calculation entails solving Equation
(3). as before, but using an effective reflux coefficient such as

<eR> (VS) = IER(VB-VS)EI(VB)dVB (4)
e VS

instead of the monoenergetic €ER used above. This approach is
hazardous- because the effective ¢, may differ from that given by
Equation (4); that is, the electron re¥l ,
simultaneous presence of two electron-energy species may differ
from the sum of the refluxes that would result from each energy
species being separately present. Such nonlinearities are well
known in the case of sputtering of solids by ion bombardment, but
we are unaware of electron-reflux data which would.. either
validate Equation (4) or provide a useful alternative.

In order to provide an empirical foundation for these
distributed-energy electron distribution considerations, we have
developed a simple and novel means of simulating the biroad
distribution of electron energies which simultaneously bombard a
spacecraft in GEO, We have used this tool to study the charging
of 25-ym- and 127- um-thick Kapton. We f£ind that the thinner
material, which is in the conduction-dominated (saturated
surface-potential) regime charges to essentially the same surface
potential regardless of the electron distribution function. The
thicker material, however, experiences more severe charging when
exposed to electrons which are distributed in energy
correspoinding to "moderate" and "severe" charging conditions than
it does when exposed to a "quiescent" distribution of electron
energies.

. Figure 9 illustrates the arrangement of our
distributed-energy electron source. The electron source, shown in
Figure 2, is a simple hot-cathode Source with multiple wire-mesh
grids to extract a broad, spatially uniform électron beam, The
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é~gqun is powered by a programmable ‘high-voltage power Supply
which operates aver the range of 0 to 30 kV. The power. supply i3
Programmed hy a microcomputer; the microcomputer causes the power
supply to generate a repetitive sequence of electron~heam
voltages. This Fepetitive sequence, whieh is defined in the
microcomputet firmware is arranged in such a manner that the
time-averaged current produced by the e~gun. at a given enerqgy is
equal to that which exists in the GEO environment. That is, the
System selects an electron-heam energy and causes the power
Supply to output the corresponding voltage for a time duration
that is proportional to the wvalue of the desired current
distribution function at that energy. fThe energies are output in
an ascending-energy sequence, bhut we have found that the same

sample charging is preduced- for descending- or random-energy
Sequences,

This simul~tion is reasonable if the time scale within which
the electron-bea energy is varied is short compared to the
sample charging time. This condition is satisfied in our tests,
because the electron-beam. energy is varied over a 5-s time
peciod, while the sample typically requires an hour or more to
reach equilibrium potential (in cases in which the sample is not
grounded at the rear surface, equilibration still requires
Several minutes). The microcomputer is programmed to generate any
of three electron-energy distribution functions (which it selects
by reading the position of a front-panel switch); the pProgr ams
are written in g commercially available integer BASIC and are
stored in ROM for convenience, .

‘ The three distribution Lunctions we use are a biMaxwellian
distribution Characteristic of quiescent conditions (Reference 4)
and two single-Maxwellian distributions recommended by Stevens
(Reference 5) to simulate the moderate and solar-suhstorm GEO
environments. The three distribution functions have identical
total currents. These distributions are Plotted in Figure 10,

Figure 11 shows the response of both 25-um- and 127-um-thick
Kapton under irradiation by the multienergetic~beam apparatus.
The thicker Kapton charges to substantially higher voltages and
evicdences a larger difference between the three distribution
functions than does the thinner material. It is clear that the

Single-Maxwellian distribution that simulates "moderate" charaing

conditions is significantly more Ssevere than the biMaxwellian
*quiescent" condi tion,

REFERENCES

l. C.k. Purvis, N.J. Stevens, and J.C. Oglebay, "Charging
Characteristics of Materials: Comparison of Experimental Results
with Simple Analytical Models," procedings of the Spacecraft
Chazg;ng Technology Conference, AFGL~TR-77~0051, NASA TMX-73537,
P. (1977) .

552

-4

. man

S a Ay st e




Ed

2. R,D, Reeves and. K.QG.
Charging Model for

Polymerx

NS-ZQ, 4547 (lﬁﬂl).

3. F.F. Chen,

Plasma Diagnoatic

Tachniqgues,

Films,"

"Rlectric Prohes,"
eds.

IEEE.

Trans,

Balmain, "Two-Dimensional Electron Beam
on Nue, Sci. .

Purc and Applied Physics 21,

Lconard. Academic Press, 1964%, pp 113-119,

4, H.B, Garrett and §. BE.

1101 (1979).

5. N.J., 8tevens,

Charging Interactions,” AIAA Paper :
AIAA 20th Aerospace Sciences Conference, Orlando, Florida, 11-14

January 1982,

"Design Practices

R, H.. Huddlestone and S.L.

DeForrest, " An Analytical Simulation
of the Geosynchronous Plasma Eavironment,® Planet. Space Sci. 27,

for Controlling Spacecraft
No. 82-0115, presented at the

1.3¢m sl — 0.70m - —f
187m —- ——-———-o|
- il Tl o Vonliralalinion ;': g_.—.j—J sAMﬂE
BEAM H T YREK METER
CONTRORS " lsouncg Ul I -—-{ X-Y PLOTTER
UV SUPRLY, étecraonGun | FzzZI07 W j [AMMETERS
HIGH VOLTAGE - - t_]] ’_'cbf‘p"rfi{—'
SUPPLY ER— =
________________ ' €SS 0SCILLOSCOPE
CooosrzzTooTd 4 cup
U"B 040
80 M
0llm -
BEAM SUPPLY MAIN VACUUM CHAMBER SAMPLE TEST RECORDING
SECTION EQUIPMENT

Figure 1. - Hughes spacecraft-charging-simulation facility:

overview,

-

e e semmple o




; GRIn ™~
il e
N AN

GRID
NO. 3

N IVERGENT

N R \ ELECTRON
CATHODE SHAOUD & °\ \m.wcmm[s
AN -
FILAMENT . P
CAtHoDE \ | o EHOCA !
- t:’ A LI
= — '
- - - %";*“ ’
. A A / T
FILAMENT /
POWER /oy /e
LSUPPLY | / v /
(CATHDOE ‘s ’
SHROUD |1 7 e ’
BIAS SUPPLY S I r ;

[txraacncu oEAM
I suppiy | SUPPLY

Figure 2. - Electron sourcé (NASA Lewis design).

JJ

" GROUNDED
STAINLESS-STEEL . KAPTON SAMPLE
SHIELD

ALUMINUM CLAMP . >—
\.

Aly03 INSULATOR

- TREK

. 150 —— o

1

N\ L ]
FARADAY
cup

[ Y
191¢ —
D
PO
PROBE |-———2 ——

“WALL"

'wALLjI: !

INSULATED | I»'wnmsss

Figure 3. - Hughes spacecraft-charging-simulation facility:
section details, Dimensions are in millimeters.

554

sample test

2k




LIURMIRIEORE o o

-,

14 ! T
>
-«
@
>
- e
£
-
b4
w
[
4
g -
<
“w
4
=
2]
00 . L
0 05 1.0 15

CHARGING TIME, At, he

Figure 4, - Surface potential of 127-um-thick Kapton under irradiation by a
14-keV, 3-uyAm~¢ electron beam.

14 T T T T T T T
12k -
Z o}l .
&
>
-l
I s} -
[
2
Y
-
& & Jg =3 uA/m? -
w
Q
<
g o -
&
2F 1
0 ] 11 1 ] 1
0 2 4 6 8 0 12 14 16

ELECTRON BEAM ENERGY evg, keV

Figure 5. - Equilibrium surface potential of 127-ym-thick Kapton as a function
of electron beam enerqy.

955

cse.,

BRI 3

e e

. o yes ey - p——




P A T

-
[-3
-
-
——
-

L
i
H

SURFACE POTENTIAL Vg, k¥

0 [l i | ] | i
0 2 4 6 8 10 12 14 16

ELECTRON-BEAM ENERGY oVg. keV

Figure 6. - Surface potential of 25-um-thick Kapton.

8 T T T T | a— T
" svmeoL  rHicknESS .
0 127 uin
L o 25um N
2 [w] 6um o
>a, 12— -
-l
<
5 10 }~ —
w
-
e b -
w
Q
; o
1= -
2.
4 - —
2k Z o -
° 1 | ] | ! ]
¢ 2 4 6 8 10 122 1

ELECTRON-BEAM ENERGY, eVg, kev

Figure 7. - Comparison of predictions of analytical model with experimental
results for charging of Kapton of several thicknesses.

556




20 YTy MR LR} MR L] e A LR

18 kY

16

12

10

SURFACE POTENTIAL, kV

e 2

I el ded o d i ity

- 1 10 100 1000 10,000
k=digo™! kv

0 syl

il Figure 8.- Analytical charging model for Kapton, showing surface potential as
a function of k = dJgo™", with beam voltage Vg as a parameter.

Y

0V
0 t
i DISTRIBUTION-FUNCTION 0 58 10
SELECT
(FRONT PANEL SWITCH)
)
0-30kV
MICROCOMPUTER — DAC PROGRAMMABLE
POWER SUPPLY
&
STORED
DISTRIBUTION
FUNCTIONS: LT /é
1) QUIESCENT } -
2) MODERATE ~—
3) SEVERE ELECTRON GUN

Figure 9. - Block diagram of multienergetic electron beam.

5517

1o @A g e e - s

e A9 s+ Py g

yShgar &



Figure 11. - Equilibri

i

1x 10! A |

DOUBLE MAXWEL LIAN.
(0.25. Ghev)
15109} /' GARRETY DATA (BEST FiT)

\

1x10°F

arb units

1x1072

1x 1073~

URRENT DISTRIBUTION

~
-

1 %1074

1%105 —

I 1 1 1 I 1 4

SINGLE MAXWELLIANS
MODERATE (8 keV)
SEVERE (11 kev)
STEVENS RECOMMENDATIONS

\\\_

1 | { | I | 1

0 5 10

Figure 10. - Electron energy distribution for simulation experiments. .

16

1 20 25 30 35 40 45 50
ELECTRON ENERGY, keV

—5
—@

13- 127-um THICK KAPTON

—0

-
Y
¥

-
©
]

EQUILIBRIUM SURFACE POTENTIAL Vg, kV
- [
| I

»

0

:R‘&@ ’ 25-um THICK KAPTGN -

(2) = "moderate”, (3) = "sever

m surface potential of 25- and 127-ym~thick Kapton
rradiated by 3-pAm multienergetic electron beam:

. (1) = "quiescent",
e" charging environments.

558

i
PR

~ asth,

g~ 3 mm 1 el aral

B




