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ABSTRACT

In this study the charging and discharging characteristics of
@ Indium tin oxide coatingson Teflon, Kapton, and Quartz,
® CTL-15 white paint,
® Pinyoles at various spacings in Teflon and Kapton, and
) Conductive grids on Teflon and Kapton

were investigated. The test technique, results, and analysis used are pres-
ented. The major conclusions are:

@ ITD coated Teflon, Kapton, and Quartz do not charge sini-
ficantly.

° CTL-15 white paint shows no large charge build-up.
& Pinholes in spacecraft dielectrics increase the leakage
through the sample and reduce the energy released in

an arc.

] Conductive grids reduce the arc energy by two orders of
magnitude over untreated samples.

® Extreme low temperatures (-195°C) do not significantly
increase the arc energy of the gridded sample.

INTRODUCTION

Under this investigation, many common spacecraft materials were inves-—
tigated to determine:

® If the sample would arc

e The energy released in an arc.

* Current Address: Jet Propulsion Laboratory
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The major conclusions follow:

° Indium tin oxide (ITO) coated teflon, Kapton, and quartz
show no significant charge build up.

° CTL-15 paint is at least as good as S13G low-outgassing
paint in 1its ability to drain charge.

° The pinhole charge drainage technique reduces arc energy
by an order of magnitude over untreated samples.

° Conducting grids reduce arc energy by two orders of magni-
tude over untreated samples.

® Extreme low temperature (n-195°C) does not significantly
increase the arc energy for a gridded Kapton sample.

This paper 1is divided into four parts. The first summarizes the results
of tests of various dielectric materials commonly used on spacecraft. The
second describes the experimental apparatus, and the third describes the calcu~
lations used to analyze the data generated during testing. The final section
is a collection of detailed experimental results and speculatioms.

EXPERIMENTAL RESULTS

Table 1 summarizes the results of many experiments on many different
materials. Basically, each sample was exposed to a monoenergetic electron
beam, and the back current and surface voltage were measured. The exponential
decay of the back current with time was then used to calculate the capacitance
of the sample. The charge lost curing an arc was inferred from the increase
in back current following the arc, and the energy in the arc was calculated
based on the capacitance and voltage of the sample.

The samples listed in Table 1 are divided into five major classes — Teflon,
paint, mirrors, ITO-coated, and Kapton at low temperatures (v-190°C). Under
each major class, the specific samples tested are described. For each specific
sample, the second column lists the beam voltage at which arcing was first
observed or, if there was no arcing, the highest beam voltage used. The third
column indicates whether or not arcing occurred. Because there were so many
different samples to be analyzed, each sample was exposed only to (5, 10, 15,
and 20 keV) 80, 160, 240, 320 femtojoules, Hence the beam voltage listed in
column two is not an accurate discriminator to use in comparing different sam-
ples, but it does give an idea of the arcing threshold.

The fourth column, the calculated energy released in am arc for each
sample, is a reasonable discriminator between various treatments. All but
the mirror samples are (5- by 5 in.) 0.127 by 0.127 meters in size. The mirror
samples are made of nine (1~ by 1-in,) 0.0254 by 0.0254 meters individual
mirrors. In each case, the largest arc observed during the experiment is listed
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The fifth column gives a typical surface voltage attained by the sample
during the experiment. For the samples that did not arc, this number is
especially important since it indicates the amount of charge trapped on the
dielectric.

Teflon

All of the Teflon group of samples arced. (In contrast, a Teflon sample
from the ITO-coated group did not arc.) The most energetic arcs came from the
plain Teflon sample in a 20-keV beam. The pinhole charge drainage technique
improved the situation somewhat, but the aluminum grid produced the most dra-
matic reduction in arc energy. The aluminum grid on the Teflon sample was
made especially for this study. Since the grid was electrically in contact
with the vacuum-deposited aluminum (VDA) on the back of the sample, it was
impossible to monitor the current to the grid and the back current independently,

Paints

Both CTL-15 and S13G-Lo are white paints used on thermal control surfaces.
Workers at NASA Lewis Research Center have irradiated S13G-Lo with electrons.
They observed some charging, and noticed a blue glow in the 20-keV beam. We
have repeated their experiments with S$13G-Lo, and again noted the glow of the
sample., The CTL-15 paint compares well with the S13C-Lo. Neither paint charges
significantly. The resistance of the paint samples is on the order of 109 2,
but each sample is able to bleed off most of the charge in a 1 x 10-9 A/cm?
beam. This suggests the possibility of using a paint in a grid pattern on
dielectric films as a charge-control technique. This idea, however, was not
pursued.

Mirrors

All of the mirror configurations were made of nine mirrors supported by a
honeycomb substrate, Only one configuration (and the ITO-coated mirror) did
not arc, The untreated mirrors began arcing in a 15-keV beam. Metal-edged
mirrors had not arced in previous experiments, and experiments in a 1-nA/cm?2
beam confirm this result., However, there was a large potential buildup on
these samples, which suggests that the metalized edges merely neutralize the
most likely arc inception area and do not bleed off all the charge. In later
experiments at higher beam current densities, arcing did occur. As shown in
Table '1, the energy in those arcs is greater than with an untreated mirror
sample. This supports the idea that the lowest breakdown area in the system,
but not the charge~-buildup mechanism, has been eliminated, the net result being
that the system now charges to a higher voltage.

The mirror system with the conductive grout is the most complex system.
Carbon fibers are strung along the mirror edges and held in place with a
carbon-loaded epoxy. This provides a resistive path from the front surface of
the mirrors to ground (10 Q from epoxy to ground and 103 Q from carbon fiber
to ground). This sample arced at the same beam energy but with less energy
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than the control sample. This may have occurred because the conductive grout
limited the

. Number of mirrors involved in the arc

° The electron flow,

Low-Temperature Kapton Grid

These experiments were done to determine the effect of extremely low
temperatures on the performance of the aluminum grid on Kapton. Since both
secondary electron emission and resistivity are temperature dependent, it
seemed plausible that the aluminum-on-Kapton technique might not be as effect~
ive at cold temperatures. To remove this concern, both plain Kapton and
gridded Kapton were run at close to liquid nitrogen temperature, There was no
dramatic change in the charging properties of the aluminum grid. Both ambient
and low temperature tests show about a two-order-of-magnitude reduction in arc

energy for gridded samples. Grids arc at a lower beam energy than does the
plain Kapton.

ITO-Coated Materials

Coating with ITO holds the promise of neutralizing any charging problems
by providing a conducting surface for all thermal materials and dielectrics.
All three ITO-coated materials investigated (Teflon, Kapton, and quartz)
behaved very well, They did not appear to develop any significant charge in a
1.0-nA/cm? beam, as indicated by the absence of arcing and the low surface
voltages.

EXPERIMENTAL PROCEDURE

All of the electrostatic testing of materials was performed at the Hughes
Research Laboratories (HRL) spacecraft charging simulation facility. Samples
were typically 0.127 meter (5 in.) square and mounted on stainless-steel plates,
There was a l-cm gap between the edge of the plate and the edge of the sample.
The outer 0.5 cm of the metalization on the sample was removed by etching. This
was done to prevent arcing around the exposed edges. After being cleaned with
alcohol, the sample was mounted in the target chamber (shown in Figure 1). The
electron flux at the target, produced by an electron gun (shown in Figure 2),
can be varied between 0.1 and 10 nA/cm2 and the energy between 1 and 20 keV,

The pressure in the vacuum chamber was held to about 2.7 x 10-3 Pascals (2 x
10-2 Torr).

The principal experimental difficulty was in keeping the electron flux
accurately calibrated as the filament aged. The electron flux increased
several times during the testing even though none of the electron gun controls
had been changed. These changes were indicated by the simultaneous increase of
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both the wall current and the back current. We have not yet discovered how
to eliminate this effect experimentally. It can, however, be accounted for
in the analysis.

For the low-temperature tests, it was important to reduce the sample
temperature to below -100°C. To do this, the special mounting fixture shown
in Figure 3 was made. Liquid nitrogen (boiling point -195.8°C) was used to
cool the support that held the sample. Thermocouple readings showed that the
sample temperature was at or below about -190°C when the fixture was full of
liquid nitrogen. A heater was used to warm the sample so that it could be
removed quickly from the test chamber. In the future, this fixture can be
used with other liquids or with temperature-controlled baths to control sample
temperature over a wide range.

METHOD OF COMPARISON AND ANALYSIS

In the past, dielectrics have been ranked by the energy of the electron
beam when arcing began. Since the total energy stored on a dielectric is pro-
portional to the voltage on the sample squared, and the voltage on the sample
increases as the electron beam energy increases, this is a good measure of a
charge-control technique. However, it ignores some important factors in charge

control, In this study, the energy involved in the arc was calculated directly
by:

(1) Fitting the back-current data after an arc

(2) Using that fit to calculate the total charge lost to the
sample

(3) Estimating the capacitance of the sample from the backcurrent
data

(4) Using the voltage of the sample immediately following the arc
to estimate the energy of the arc.

This section deals with the mathematical model used to determine the capa-
citance and the charge lost during discharging. The development of this model

is summarized in Boxes 1, 2, and 3. The results of this analysis are summarized
in a later section.

Mathematical Details

The text in Box 1 mathematically describes the model of charge buildup on
a dielectric surface. The starting point is that the voltage buildup on the
front of the dielectric is proportional to the net current to the sample. This
equation introduces C, the capacitance of the sample., The simplest form the
various currents can assume is also shown. The current diverted from the beam
because the sample is charged is assumed to be a linear function of the surface
voltage. The backscattered and secondary-electron currents are related to the
net incient electron flux by a single constant B. Leakage through the sample

324



9370-10

BOX 1
CHARGE—-BUILD—UP MODEL

SIC EQUATION v 1{
BA UA : S [ TR R S

(INTRODUCES CAPACITANCE C OF THE SAMPLE)

ASSUMPTIONS: io! ELECTRON CURRENT FROM SOURCE

mi<

ip ' CURRENT DIVERTED FROM SAMPLE = io

Y
(CURRENT TO SAMPLE IS, (1 - E) )
ig * igg : BACKSCATTER PLUS SECONDARY EMISSION

v
CURRENTS =i (1 —_) 8
° E
(INTRODUCES MATERIAL PARAMETER ()

A
e LEAKAGE THROUGH THE SAMPLE = E

(INTRODUCES RESISTANCE OF SAMPLE, R)

E = ENERGY OF THE ELECTRON BEAM

SOLUTION:
VOLTAGE ON SAMPLE

iSER v i SER iBR+E ( )
Ves—— + ———— | exp |~ t—t
. o] . o
iR+ E (i, SR + E) ERC
MEASURED BACK CURRENT
dv Vv ioBE Vo (VoioﬁR+VoE) ioBE ioﬁR+E
co e —2 i lipe2o - exp |- ——— (t - t)
dt R (iR +E) ° R ER (iR +E) ERC

325




is assumed to follow Ohms' law, which introduces the sample's resistivity R.
The next most complicated form would be to assume that the parameter B is
itself a linear function of surface voltage. This would result in a solu-
tion of exactly the same form as with the first-order theory, but new param-
eters would have been introduced and the algebra would be more complex. The
first-order formulation of the problem can be solved directly for the surface
potential as a function of time and initial voltage on the surface. From this,
the back current can be inferred,

Box 2 presents a method of fitting a series of data points to an exponen-
tial plus a constant., This is the form of the back current in both the first-
order model developed in Box 1 and the second-order model, The constant term
is approximated by the last current measured; the current which dies away
exponentially is then the difference between the initial and final currents.
Then the decay constant is calculated based on an intermediate current measure-
ment and is used to correct the original estimate of the constant and exponen-
tial currents. These new estimates are used to refine the decay constant cal-
culation and so on. This process is continued until the decay constant stops
changing. This method has been satisfactory in estimating the exponential and
constant current values for the data collected.

In all the fits presented, the data and the fit have been coplotted as a
visual check on the goodness of the fit. Although the form assumed is too
simple to fit the back-current data accurately and completely, it is a reason-
able approximation to all of the data so far.

The same procedure was used to fit voltage curves. In the case analyzed,
the decay constant implied from the voltage data agreed with that implied from
the current data. This encouraging result led us to use the simple model in
Box 1 and the simple fit in Box 2 to calculate R, C, and B from the fit to the
back-current data. Box 3 shows the equations used to calculate R, C, and B
from the fit to the back current. These result from equating the results from
the model in Box 1 with the corresponding data-determined coefficients in
Box 2.

Box 4 shows the equations used to calculate the energy in an arc. The
capacitance C is calculated as in Box 3. The charge lost to the sample is
calculated by integrating the exponential part of the current. This under-
estimates the charge lost slightly. The voltage immediately following the arc
is based on direct measurement, or on a correspondence between measured sur-
face voltage and back current.

Sensitivity of Calculations to Experimental Parameters

In the current tests, the capacitance values calculated as shown in Box 3
were insensitive to the initial current i,. The backscattering-secondary emis-
sion parameter B was very sensitive to the initial current i_ . The resistance
may actually vary as a function of beam current and did show some sensitivity
to the beamcurrent. This result is to be expected from the form of the back
current derived in Box 1. The exponent primarily determines the capacitance,
which is not a strong function of i,. The resistance depends strongly on the
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equilibrium leakage current (A, in the fit to the back current), which is
linearly dependent on i,. The backscattering-secondary-emission parameter
depends on both A and B and is strongly dependent on i,. Since i is the most
difficult experimental parameter to control, the most uncertain parameter deter-
mined is B. It is important to realize that this sensitive exists, since the
electron source depends on a tungsten filament. The weld holding the filament
in place has on several occasions failed in a manner that increases the elec-
tron flux by over an order to magnitude. In that case, if a value of B is
known, it can be used to estimate'io!

DETAILED EXPERIMENTAL RESULTS

Teflon

Tables 2 and 3 give some of the parameters calculated from back-current
data for Teflon. Table 2 gives the parameters (A, B, and a) that describe the
exponential decay of back current with time. Figure 4 shows back-current data
for 5-keV electron beams on the 3/8 in. pinhole sample and the fit to it. The
other fits shown in Table 2 are similar. Figure 5 shows two arcs for plain
Teflon in a 20-keV beam. Table 3 lists the changes in back current observed
for typical arcs on Teflon samples.

As with most programs that survey a broad range of parameters, not all of
the data is consistent. One particular example is the experiment with Teflon
at 10 keV on 26 June. Notice the extremely high values of A, B, and a. During
that experiment, the electron source apparently increased its current density.
In later experiments, the values of A, B, and o were consistent with earlier
experiments (28 June). Using the simple model discussed previously and normal-
izing the current density by assuming that B is the value from other experi-
ments, the decay constant o can be calculated. This normalized o agrees with
later experiments (28 June). This tends to confirm our high-current-density
explanation of the 26 June experiment and the discussion of experimental
uncertainties given earlier,

Another interesting result of the fits made to the Teflon data is shown in
Table 4. Here the resistances order the samples in the same way the arc
energies do.

Mirrors

All the mirror samples were made from nine individual mirrors and associ-
ated adhesives, grouting, etc. This configurational complexity results in a
back current that is a complex function of time. Figure 6 shows the back cur-
rent versus time for the plain quartz sample in a 10-keV beam; the data is very
erratic. Modified and plain mirror back-current measurements also show this
characteristic. However, the voltage buildup shown in Figure 7 is reasonably
smooth and agrees with the initial rates calculated from the back-current data,
The surface voltage measurement integrates over a large area compared with the
edge of the mirrors and represents the charge buildup on the quartz surface.
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The back current, however, responds to currents from any part of the sample,
The sputtered edge and plain mirrors have many remarkable similarities even
though one arcs and the other does not.

In Figure 6, the best fit to the back-current data of the sputtered edge
sample at 10 keV is also plotted., Although it is generally higher than the
plain mirror sample, the general trend and order of magnitude is the same.

One difference betweenthe modified and umodified mirrors is shown in
Figure 8, in which the equilibrium leakage current is plotted versus the
equilibrium surface potential., The numbers in parentheses are the beam volt-
ages at each point. Although, in the normal quartz configuration, the leak-
age increases as the voltage increases, the opposite is true for the modified
sample, This implies that the conduction mechanism introduced by modifying
the mirror's edges becomes less effective as the energy is increased.

Kapton

During this experimental investigation, the first testing of thin dielec-
tric films at low temperature was performed. Two very interesting effects
were noticed. First, the back current of a charged sample with no electron
beam increases- exponentially and then drops to a low value as the temperature
of the sample is increased., This effect may be due to the increased number
of states available to trapped electrons as the temperature rises.

Second the back current for the plain Kapton sample behaves strangely
when the sample - is illuminated by a flashlight. Figure 9 shows the normal
back-current decay before and during illumination. The back current increases
when the flashlight was turned on the sample. This indicates that the flash-
light was discharging the sample. When the light was removed, charging
appeared to continue as before. We actually used this effect to delay a
sample from arcing.

Before these experiments, only UV light was expected to be able to dis-
charge the sample. During this investigation, filters that remove all UV were
used, but the effect persisted. This effect might be used as a radiation
detector. The frequency and intensity response will depend on the dielectric
materials:-used, their temperature and thickness, the electron beam, and
possibly other factors. We intend to characterize this effect for Kapton and
perhaps other materials in the future.
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Table 1.

Results of Electron-Beam Experiments

X Calculated Energy
. . Beam Ener Did Sample Surface Voltage
Material/Sample KeV EY» Arc? for L;ngSt Arc, v >
TEFLON
Plain 20 Yes 150 >8.0
Pinholes spaced at 3/8 in. 10 Yes 80 8.5
Pinholes spaced at 1/8 in. 10 Yes 20 4.5
Pattern of +x cut in at 10 Yes 40 ?
3/8 in. spacing
Aluminum grid on front 10 Yes 2 5.0
surface
PAINT
CTL-15 20 No — .3
. $§13G-Lo 20 No —_— A
MIRRORS
Plain 15 Yes 16 4.
Conductive edge 1.0 mA/cm2 20 No —_ 9.5
beam
Conductive edge 2 nA/cm2 20 Yes 33 9.5
beam
Conductive grout and carbon 15 Yes 3 4.0
fibers
LOW-TEMPERATURE KAPTON
Plain 20 Yes 160 16.0
Aluminum grid 10 Yes 1 7.0
ITO-COATED MATERIALS
Mirrors 20 No — 0.2
Teflon 20 No -— 0.4
Kapton 20 No —_— 0.4
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Table 2, Teflon Back Current
Back Current
Beam
Description of Teflon Sample Energy, Date Equilibrium | Displacement D
keV Leakage A, | Current B, ecay. -1
Constant, min
nA nA

Plain 5 5/30 2.83 37.2 -0.1367
Plain; initial voltage = 2.6 kV 10 5/30 4.9 4.3 -0.127
Plain; after charging in 15 keV beam 20 6/14 33.6 44,4 -0.3786
Plain; after arc 20 6/14 22.5 37.5 -0.1647

15 6/11 22.8 15.6 -0.1567
Pinholes spaced at 3/8 in. 5 6/26 11.56 46,44 -0.1605
Pinholes spaced at 3/8 in. (trouble 10 6/26 816 4480 -6.06
with electron source)
Pinholes spaced at 3/8 in. (repeat, 10 6/28 12.9 42.1 -0.1076
after repairing electron source) 10 6/28 10.0 21.7 -0.1081
Slits 1/8 in. long in + x pattern at 10 6/5 29 40.8 -0.1349
3/8 in. centers 10 6/5 40 24,0 -0.1961

10 6/5 45,4 39.5 -0.1775
Pinholes spaced at 1/8 in. 10 6/4 45.7 32.3 -0.1854
Aluminum grid in hexangle pattern 5 6/15 8.4 49,4 -0,0882




Table 3. Teflon Arcing Parameters (Worst Case)
Ila Iza Q, E,
Sample -8 _3 -6 -3

10 10 ~ A 10 C 10 J
Plain 20 keV 2.3 7.8 20,0 146.9
3/8 in. pinholes 1.0 3.4 13.3 36.64
1/8 in. pinholes 5.3 7.9 8.4 21.6
+, x shaped pattern 4.4 8.5 12.5 35.9
Grid 1.74 2.0 0.89 1.55

Table 4. Calculated Resistances for
Teflon Samples
Sample R,
Plain 1.8 x 1012
. . . 12
3/8 in. pinholes | 1.0 % 10
11
+, x shaped holes| 2.2 x 10
. . 11
1/8 in. pinholes | 1.8 x 10
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Figure 1. Experimental apparatus.
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Figure 2. Divergent electron source.
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Figure 3. Low temperature fixture,.
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