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PREFACE

The third Spacecraft Charging Technology Conference was held at the
U.S. Air Force Academy from November 12-14, 1980, continuing the trend of
having such meetings every two years. The objectives of this conference
series are to summarize the status of environmental interaction technology
and to present information for use by satellite designers,

This conference was planned as an overview of both space flight and
ground technology studies directed toward controlling satellite interactions
with the space environment. Flight data from P78-2, SCATHA, satellite
instruments were stressed since, for the first time, simultaneous
measurements of the environment and satellite system response were made.
These data can meld with the ongoing analytical modeling and ground
simulation studies both in this country and Europe to validate concepts,

The investigation is not yet complete: There are still serious questions to
be resolved, not the least of which is the question of how stringent a
standard should be imposed on the industry for design and testing of future
satellites. The panel discussion on this topic allowed a forum for various
opinions to be expressed.

The spacecraft charging technology investigation is in its final phases
and a new Air Force-NASA cooperative program to investigate environmental
interactions with future large satellites operating in all orbits has been
established. This program was outlined at the conference and a brief
summary of current work presented.

This proceedings includes all 66 papers presented, along with a
scheduled paper that was not given. The panel discussion was recorded,
transcribed, and edited for inclusion. The proceedings follows the
conference session format.

Col. Thomas R. Ferguson, Assistant Director of Science and Technology,
Headquarters, Air Force Systems Command, and Walter Olstad, Acting Associate
Administrator for Aeronautics and Space Technology, NASA, approved and
endorsed the conference. Col. James E. Baker, Commander of the Air Force
Geophysics Laboratory, USAF Systems Command, and Dr. John F. McCarthy, Jr.,
Director of the NASA Lewis Research Center encouraged and supported the
conference. Lt. Gen. K. L. Tallman, Superintendent of the Air Force Academy
approved our use of the Academy. Ms. Janet Shea, Directorate of Plans and
Programs, Air Force Academy, provided outstanding support at the conference
including arrangements for accommodations, transportation, meals, and
facilities, The members of the Conference Program Committee were

Dr. A. R. Frederickson, Dr. W. L. Lehn, C. K. Purvis, Major J. L. Roberts,
and R. Broussard.

N. John Stevens
NASA Lewls Research Center

Charles P. Pike

Air Force Geophysics
Laboratory
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KEYNOTE ADDRESS

Dell P. Williams 111
NASA Headquarters

Ladies and gentlemen, I would like to add to the welcome offered by the
conference organizers to all attendees to this, the Third Spacecraft
Charging Technology Conference. Many of you here, I am sure, participated
in the conferences held in 1976 and 1978. These next 3 days will
dramatically demonstrate the progress that has been made since the last
conference with the launch and operation of SCATHA and the related ground
technology.

Today, I would like to review the events that have led us to this point
because this area of technology has been a showcase for NASA-Air Force
coordination in general technological development. Expanding on this, I
personally believe that it has been, is now, and will continue to be very
important for the civilian and Air Force space programs to undertake
cooperative or interdependent technology programs. As you all know, the
manpower and budget resources for research and technology are always the
last to be increased in good times and the first to be reduced in bad
times. While we all read about the proposed buildup in the defense budget,
we can anticipate that it might be some time before this buildup is felt by
the technology program offices. To accomplish the many good things we need
to do, we, NASA and the Air Force, simply must make the most efficient use
of joint resources to solve joint problems.

I am aware, however, how difficult it really is to get beyond the
philosophical presumption of such a need, through the reality of the
problems involved in reaching such an objective, to a finally implemented
joint program. Such a joint program can never be accomplished just because
of the desires or dictates of Headquarters managers. Through the NASA-AFSC
Interdependency Program, many joint activities have been initiated, but many
of these have been failures, or at best, limited successes. This has not
been the case with the Spacecraft Charging Program. This program has been a
large success. Those of you who have had to work on day-to-day problems
associated with the joint program should feel a great sense of pride in your
accomplishments.

The Spacecraft Charging Program was initiated in late 1975 under joint
NASA-AFSC sponsorship because of an awareness of the possible harmful
effects of charged-particle interactions with geosynchronous spacecraft.

The first elements of this program were designed to establish the nature of
the plasma environment and the charging phenomenon. The available
instrument data from the NASA Advanced Technology Satellite (ATS) program
were analyzed, and the charging program funded additional studies with these
same instruments., This work established a positive connection between
spacecraft electrical charging events and geomagnetic substorm activity.
Additional ATS and laboratory data proved that spacecraft could become
charged to large negative potentials and that discharge events on insulating



surfaces could result in dangerous electromagnetic contamination. Such
contamination could affect telemetry or control systems, causing
pseudocommands and noise. Additionally, these studies produced the concept
of differentially charged satellite surfaces, the demonstration of thermal
control coating degradation, and the realization of the importance of this
phenomenon in attempts to measure scientifically interesting, low-energy
phenomena.

This joint NASA-AFSC program was built on these studies to expand both
experimental and analytical investigations and to conduct a specially
designed space test program to fully characterize the phenomena. The
experimental program characterized materials and charge neutralization
techniques. Additionally, materials and coatings were developed to control
charge buildup., A military standard, a design standards monograph, and a
charging analyzer computer program (NASCAP) were designed to predict and
minimize charge buildup. Finally, the Space Test Program (STP) P78-2
spacecraft (SCATHA), incorporating a variety of engineering and scientific
experiments, was designed and developed and was launched in January 1979.

During this conference you will have a chance to hear the results of
all this activity, including many of the results of the SCATHA space
flight. We are all, I am sure, eagerly awaiting the opportunity to discuss
these findings. However, even while we have been systematically
investigating these reasonably well understood phenomena, new charging
phenomena have been identified and experienced.

Today, NASA's Voyager spacecraft is broadcasting live its observations
of its historic encounter with Saturn. However, on an earlier encounter of
the same spacecraft with Jupiter, numerous small anomalies occurred that
were probably associated with charging. Luckily, our joint NASA-AFSC
program had made its results known, and the spacecraft had been reworked at
a late stage to minimize the potential charging effects. These experiences,
as well as the latest results from SCATHA, will be used to ensure
incorporation of charging control techniques into the design of the
follow-on Galileo spacecraft.

Assuming continued success at the same rate as we have come to expect
from this program, we will have completed our original objectives in
2 years. Only one small problem exists, and that is for the sponsoring
organizations to provide sufficient funding to completely analyze the
acquired data. However, beyond this the advanced systems which can be
anticipated in the Shuttle era will present new challenges. These
challenges will have the form of a different type of environmental
interaction that could profitably use investigating in the same type of
joint NASA-AFSC technology programs that have been pioneered in the
Spacecraft Charging Program.

Both NASA and the Air Force are likely to require much larger
spacecraft in this Shuttle era, involving larger power systems operating at
significantly higher voltages. These spacecraft power systems may well have
capacities 10 to 100 times higher than any operated to date and will be
composed of complex structures made up of metals, insulators, and
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composites. At these power levels the line voltages must be increased to
hundreds of volts, resulting in perhaps a whole new set of environmental
possibilities which must be evaluated and addressed.

To answer this new challenge, Col. Tom Ferguson of AFSC and I have
recently approved a new interdependency investigation structured in the same
way as the charging program. This program is anticipated to run for 9 years
and to have a larger basis for support than its predecessor. Details of
this investigative program will be provided in the last session of this
conference, and, if history is an accurate predictor of the future, this
program should be of enormous value to both NASA and the Air Force and
should be an efficient expenditure of our valuable R&D resources.

I would like to again thank the conference organizers for inviting me
to address you and to participate. I look forward to hearing the technical
progress which has occurred since the last meeting.



DIELECTRIC DISCHARGE CHARACTERISTICS IN A
TWO-ELECTRON SIMULATION ENVIRONMENT*

M. Treadaway, R. Leadon, C. Mallon,
T. Flanagan, R. Denson, and E. Wenaas
JAYCOR

INTRODUCTION

In the space environment, electrons are present with energies from a few
eV to several MeV, Most studies of the charging of spacecraft dielectrics
have focused on charging by the low—energy (5 to 20 keV) portion of the space
electron spectrum. As part of the Air Force Weapons Laboratory (AFWL)-
sponsored electron—caused electromagnetic pulse (ECEMP) program, the effect of
the high—energy portion of the electron spectrum on the charging of spacecraft
dielectrics was investigated. Results of an initial series of experiments
performed at accelerated fluxes indicated that the charging and discharging
characteristics of spacecraft dielectrics are significantly altered by the
presence of high-energy electrons (refs. 1,2,3). 1In this paper, the results
of a second series of experiments, in which flux levels more representative of
the space electron environment were used, are presented and compared to the
results of the high flux tests. The simulation approach was to partition the
space electron spectrum into two parts, those electrons which do not penetrate
a material and therefore contribute to charging and those which completely
penetrate the material. The non-penetrating electrons were simulated using
25-keV electrons and the penetrating electrons by 350-keV electrons.

The materials included in this investigation were Kapton, optical solar
reflectors (OSRs), and a ground test satellite surface potential monitor which
contained Kapton, Astroquartz, OSRs and Teflon,

EXPERIMENTAL DETAILS

The low flux experiments were performed in the AFWL 4-m-diameter, 6-m-
long vacuum chamber shown in figure 1. During these tests, the chamber pres-—
sure was maintained between 5 and 8 x 10 ° torr. A Kimball Physics electron
flood gun was used as a source of 6 to 25 keV electrons and a High Voltage
Engineering Van de Graaff as a source of 350 to 450 keV electrons. Both
electron beams were collimated and rastered. The current densities of the low
energy (6 to 25 keV) and Bigh energy (350 to 400 keV) electrons could be
varied from 5 to 350 pA/cm“ and 1.0 to 60 pA/cm“, respectively (measured at
the sample location). Current densities were measured using 195 cm“ aluminum
stopping blocks which were connected to a current meter.

*Work sponsored by AFWL under Computer Sciences Corporation Subcontract $§-220.



The test samples included a 400 cm2 array of twenty 8 mil OSRs, a 25 cm
diameter sample of 2 mil aluminized Kapton, and four samples (3 mil Teflon,
5 mil aluminized Kapton, 8 mil OSRs and Astroquartz) mounted in a ground test
version of the SCATHA Satellite Surface Potential Monitor (SSPM).

The 8 mil OSRs and 2 mil Kapton samples were placed on aluminum mounting
plates. The mounting plates were each connected to ground through a one-ohm
resistor across which discharge—induced voltages were measured with an oscil-
loscope. The samples were mounted in a sample carougel and a shielding plate
in front of the carousel could be removed remotely to allow irradiation of the
samples. Measurements of the surface potential of these samples were per-—
formed using a scanning capacitive divider electrostatic voltmeter (ESV). The
ESV was fabricated by JAYCOR and was calibrated prior to and during the exper-
imental sequence by biasing the sample mounting plates to potentials from -1
to -10 kv.

The SSPM was mounted directly above the sample carousel. The SSPM elec—
tronics were used to monitor the surface potential and leakage currents of the
SSPM samples.,

ENVIRONMENT AND SIMULATION

Figure 2 shows two electron spectra measured at geosynchronous alti-
tudes. As a first approximation for simulation, these spectra were parti-
tioned into non—-penetrating and penetrating electrons. The non-penetrating
electrons were simulated using a monoenergetic low energy electron beam (6 to
25 keV) and the penetrating electrons were simulated using a monoenergetic
high energy electron beam (350 to 400 keV)*. Using this simulation philosophy
the spectra shown in figure 2 would be simulated by the fluxes listed in
table 1. These fluxes were determined from consideration of the practical
range of electrons in the test materials which is material dependent. Also
listed in table 1 are the ranges of fluxes available during the tests des-
cribed in this paper.

For a planar sample in a steady-state charging condition, charge conser-
vation requires that

where Jy 1s the current density of electroms that stop in the sample, Jg is
the secondary electron emission current demsity, J; is the leakage current
density and Jp is the photoemission current density.

*The practical range of a 350 keV electron in 5i0, is roughly 0.053 cm (=21
mils) and the thickest sample tested was the 8 mil OSRs.



The secondary electron current is a function, §, of the energy, Eg, of
the electron beam, the incident electron current density, and the sample
surface potential, V. Jg can be written as

Jg = Jg G(EB -V) (2)

If the penetration depth of the incident low energy electrons is small
compared to the thickness, L, of the dielectric sample and if the conduc-
tivity, o, of the dielectric is uniform, then the leakage current density can
be written as

The conductivity of the bulk dielectric is the sum of the ambient and radia-
tion—enhanced conductivities, o, and Op>» respectively, The radiation induced
conductivity can be written as

A

s owed
= KY" = RJp

rad

where K and K are material dependent constants, ¥ is the radiation dose rate
of the penetrating electrons, JPen is the current density of penetrating
electrons and A is a material dependent constant which has values between 0.8
to 1.0 for most materials. Thus, the total conductivity can be written as

o=o0, + KYA (4)

If the sample is in the dark, the photoemission current can be considered
to be negligible.

Manipulation of equations (1), (2), and (3) yields the surface potential
as a function of the incident electron current density in the form

JBL

Vo= — 1 - 5(1':B -] (5)

For exposure to non-penetrating electrons only, at beam energies signifi-
cantly larger than the secondary electron second crossover energy, VS, the
function § in equation (5), will be small compared to unity and the potential
will increase linearly from zero as a function of J,/c. At larger values of
the surface potential, § will no longer be negligib?e and the potential will
asympototically approach a value Vy 8lven by



assuming that the dielectric does not break down first. Obviously from equa-
tion (6) the asymptotic value of the surface potential is different for dif-
ferent beam energies. Figure 3 shows plots of V versus J,/o for 2 mil and
5 mil (L = 0,005 and 0.0127 cm, respectively) samples, where a value for V. of
1.5 kV has been assumed, which 1is approximately the value for the secondary
emission crossover of Kapton. The shape of the transition region from the
linearly increasing curve to the horizontal asymptote was estimated using the
secondary emission curve for Kapton given in reference 6.

If a Kapton sample is simultaneously exposed to non—-penetrating, e.g.,
10 keV, and totally penetrating electrons, then several limiting cases can be
considered. If the flux of penetrating electrons is small such that the rate
of energy deposition due to the penetrating electrons produces only a negligi-
ble increase in the conductivity of the Kapton, then the surface potential
will be dominated by the ambient conductivity and can achieve a maximum value
of ~8.5 kV, 1If, however, the flux of penetrating electrons is sufficiently
large so as to increase the conductivity well above the ambient conductivity,
i.e., % >»qA, , then the surface potential will be given by

JBL
Py}
K JP

[1 - 8(Ey = W] (1)

As can be seen in Figure 3, the equilibrium surface potential will be less
than 8.5 kV as the conductivity increases, assuming the flux of non-
penetrating electrons remains the same. Thus, it can be seen that the effect
of the penetrating electrons on the equilibrium surface potential is a func-
tion of the flux of non-penetrating electrons and penetrating electrons as
well as the secondary electron emission properties, the ambient conductivity
and the radiation-induced conductivity coefficient of the exposed material.

Equation (7) predicts that for some conditions the potential to which a
material will charge upon exposure to non-penetrating and penetrating elec-
trons will be independent of the absolute magnitudes of the electron current
densities and will be dependent only on the ratio of the fluxes of the non-
penetrating and penetrating electrons.

EXPERIMENTAL RESULTS
OSR's

When the OSRs were exposed to low energy (25 keV) electrons alone, dis-
charge currents on the order of 28 to 35 A were measured. Table 2 lists a
comparison of the discharge characteristics data obtained during the low flux
tests and the previously reported high flux tests (refs. 1,2). In general,
one can conclude that there is at most only a small dependence of the dis-
charge _characteristics wupon the exposure flux in the range of 0.19 to
5 nA/cm?.



When the O0SRs were exposed to high—- and low—energy electrons simultane-
ously, discharges occurred only when the ratio of the low- to high-energy
electron flux was greater than 63 to 76. Figure 4 shows a comparison of the
discharge pulses observed for low energy electron exposure and combined low-
and high-energy electron exposure, Note that the peak discharge current
observed during the combined energy electron exposure is only 1.3 A which is
roughly 1/25 the peak current observed during the low-energy electron
exposures., When the ratio of the low energy and high energy electron fluxes
was less than 63 to 76 no discharges were observed and measurements of the
equilibrium surface potential after these exposures showed the surface poten-
tial to be less than 5 kV.

Table 3 shows a comparison of OSR discharge characteristics obtained
during the low and high flux tests. The results are effectively the same with
the exception of the discharge threshold data, which indicates that the dis-
charge threshold in the combined energy electron exposures was lower in the
high flux test than in the 1low flux tests. Since the high flux tests
(refs. 1,2) were originally performed in a different facility than the low
flux tests, a series of additional high flux tests were performed in the low
flux test chamber to discriminate between actual flux effects and possible
facility effects. This second series of high flux tests indicated a threshold
potential for discharge for the OSRs of 5 to 6 kV which is in agreement with
the low flux test results. No explanation for the relatively low discharge
threshold potential determined in the original high flux tests has been
proposed at this time,

KAPTON

When the 2 mil Kapton sample was expoged to low energy (25 keV) electrons
alone at fluxes greater than 1 or 2 nA/cm“, the sample charged up to 13 kV at
which time discharges occurred (Ref. 1). When the sample was exposed to a
combined high- and low-energy electron environment, no discharges occurred and
the surface potential remained well below the 13 kV discharge threshold.
Figure 5 shows the Kapton surface potential measured after exposure of the
sample to combined high- and low-energy electron environments with various
relative fluxes. The relative fluxes are given as the ratio of the low energy
electron current density to the dose rate_of the high energy electrons [where
a conversion factor of 560 (rad/s)/(nA/cmz) has been used]. The data labeled
Phase II was obtained in the high flux tests which were performed at rates
roughly 5 to 100 times those for which the low flux (Phase III) data was
obtained. The data indicates a linear dependence of the surface potential on
the ratio of the low to high energy electron fluxes. This linear dependence
is predicted by equation (7) when 8(Eg - V) is either small or a constant.
Equation (7), however, predicts a zero intercept for the surface potential,
whereas the data indicates an intercept of roughly 1.1 kV. It is interesting
to note that for a two-energy simulation of the electron distributions shown
in figure 2, the ratio of the non-penetrating to the penetrating electrgn
fluxes can be determined from table 1 to be 2 x 10~3 and 0.57 (rad/s)/(nA/cm?)
for the "AE4" and "SCATHA" environments, respectively. From figure 5 this

would imply that the 2-mil Kapton would charge to 1.1 and 8.1 kV respectively
in these environments.



From the data shown in figure 5 and the curves shown in figure 3, values
for the radiation-induced conductivity coefficient, K, can be determined. In
figure 5, an equilibEium surface potential of 2 kV is associated with a flux
ratio of 0.07 (nA/cm“)/(rad/s). From figure 3 an equilibrium surface poten-
tial of 2 kV is associated with a value of Jg/o of 0.37 x 10° V/cm. Since

al

K

if V. » V_ and oad> o, then a value of the radiation—-induced conductivity
coef?icient can 5&%determined by

J
K = (B).(_o_) = 1.9 x 10_16 (ohm-cm)/(rad/s)

This value is roughly an order of magnitude or more larger than published
values (ref. 7). It is important to note, however, that the method of measur-
ing radiaton—induced conductivities often involves placing a bias across a
dielectric by means of electrodes and measuring the currents that flow upon
either pulsed or continuous radiation exposures. It is conceivable that the
conductivity measured by this technique, while applicable to many radiation
problems, results in a lower value of the radiation—-induced conductivity than
would be measured by monitoring the conduction of embedded electrons.

SSPM

Upon exposure to low energy (6 to 10 keV) electrons alone, the SSPM 5 mil
Kapton sample charged to potentials roughly equal to the beam energy minus the
secondary emission second cross over potential. When the SSPM was exposed to
a combined low (10 keV) and high (450 keV) energy electron environments the
equilibrium surface potential was only about 1000 'volts less than that
observed during the low energy electron exposures as shown in table 4. This
result was surprising in %gght of the results presented above. Using the
value for K of 1.6 x 107! ohm/cm/(rad-s) determined above, the radiation-
induced conductivity during the gombined energy electron exposures would have
been on the order of 5.6 x 10 !° ohm-cm. Thus, for the combined 10 keV and
450 keV electron exposure

B _ 200 x 107"
¢ 5.6 x 10-16

= 3.4 x 105 V/cm

Referring to figure 3 for a 5-mil Kapton sample, one would expect the equili-
brium surface potential to be on the order of 3.8 kV as opposed to the 6.99 kV
that was measured by the SSPM.

In subsequent tests the SSPM Kapton sample was charged to roughly 8 kV
using only a 10 keV electron beam. The 10 keV beam was turned off and the
surface potential of the sample was monitored while the sample was exposed to
350 keV electrons only. Figure 6 shows the surface potential measured during
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this experiment as a function of exposure time. When the 350 keV electron
beam current was increased from 1 to 5 pA/cm“, the decay of the surface poten-
tial did not accelerate and thus the decay of the surface potential is
apparently due primarily to the basic conductivity of the sample.
Measurements of the leakage current through the sample via the SSPM instrumen-—
tation, however, indicated as much as a factor of 40 increase in the leakage
current when high energy electrons were incident on the sample as compared to
the leakage current measured when only low energy electrons were incident on
the sample. This observation indicates that the conductivity of the SSPM
5 mil Kapton sample is greatly enhanced by the presence of the high energy
electrons. These apparently contradictory results led us to question the
method by which the SSPM measures surface potential. As shown in figure 7 the
SSPM measures surface potential at the rear of the sample at a point from
which the vacuum deposited aluminum has been removed. The diameter of the
hole in the metalization 1s large compared to the thickness of the material
(diameter/thickness =20). The 6 to 25 keV electrons which stop near the
surface of the material in the center of the hole and subsequently flow to the
nearest ground plane must move a much larger distance than those trapped in
the Kapton over areas where the metalization is intact. Thus, in the region
of the hole the effective thickness of the material for conductivity
calculations is larger than the thickness of the material. The ratio of the
average distance that the trapped electrons must travel in the hole region to
reach the ground plane (~0.5 x hole radius) to the sample thickness is about
10. If one ratioed the predicted 3800 volts for a fully metalized 5-mil
sample by this factor, to determine the potential in the hole region, the
potential would be greater than the beam voltage. Thus, it would not be
unexpected that the potential as measured in the hole region would be larger
than that predicted for a fully metalizer 5-mil sample and would approach the
measured SSPM surface potential for low—energy electron exposure (8250 volts).

The data for the other SSPM samples has not been reduced at this time.

CONCLUSIONS

From a comparison of the low and high flux data as well as comparison of
the data from low energy monoenergetic electron exposures and combined low and
high energy electron exposures, one can conclude:

1. The presence of high energy electrons can significantly affect the
charging and discharging characteristics of spacecraft dielectrics,

2. Discharge currents in combined-energy electronm simulation environ-
ments can be considerably lower than those in low energy electron
simulation environments,

3. Equilibrium surface potentials will often be held below discharge
threshold potentials due to enhanced conductivity caused by the high
energy electrons,

4, Over a wide range of simulation current densities, accelerated rate
testing appears not to affect the test results as long as the ratio
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of low energy to high energy electron fluxes is preserved, and

5. In space environments where high energy electrons are present, the
surface potential at the SSPM measurement area may be higher than
the surface potential over the remainder of the SSPM sample area.

The primary implication of these conclusions is that charging and dis-
charging characterization data obtained from low energy electron simulations
of space environments will lead one to expect much larger discharge currents
and more frequent discharges than may occur in space environments.

REFERENCES
l. Treadaway, M. J., et al.: The Effects of High Energy Electrons on the
Charging of Spacecraft Dielectrics. IEEE Trans. Nucl. Sci., NS-26,
no. 6, Dec. 1979.
2., Treadaway, M. J., et al.: Effects of Laboratory Simulation Parameters on
Spacecraft Dielectric Discharges. JAYCOR report no. 200-79-155, July
1979.

3. Treadaway, M. J., et al.: ECEMP Phase III Low Flux Tests. JAYCOR report
no. 200-80-235/2176, July 1980.

4, Panlikas, G, A.: Electron Irradiation in Synchronous Orbit., Aerospace
Tech. Memo 7616260-201-3, Aug. 3, 1976.

5. Mizera, Paul, Aerospace Corp., March 1980, private communication.

6. Katz, I., et al.: A Three Dimensional Dynamic Study of Electrostatic
Charging in Materials. NASA CR-135356, Aug. 1977,

7. Ahrens, T. F., and Wooten, F.: Electrical Conductivity Induced in

Insulators by Pulsed Radiation. IEEE Trans. Nucl. Sci., NS-12, June
1976.

11



TABLE 1. ENVIRONMENTAL SIMULATION FLUXES

AE4 ENVIRONMENT SCATHA ENVIRONMENT
MATERIAL (2psA/kc.n‘|I2) ?::/::.‘2’) (ii/kcemvﬂ ?psAo/:;X)
KAPTON (2 mil) 7.4 6.2 96 0.3
KAPTON (5 mil) 9.6 3.2 96 0.2
OSR ARRAY 10 1.7 96 0.05

FLUX RANGES ACHIEVABLE

25 keV: 5<J< 350 pA/cm?
350 keV: 1<J< 60PA/cm?2

TABLE 2. COMPARISON OF OSR DISCHARGE CHARACTERISTICS IN 25 keV
ELECTRON ENVIRONMENT AT LOW AND HIGH FLUXES

PHASE Il RESULTS PHASE Il RESULTS

DISCHARGE THRESHOLD (kV) 5-6 ~ 2
RETURN CHARGE (,LLC) 0.2 0.5-1.0
(25 keVv,0.29 (25 keV,
nA/cmz) 13nA/cm?2)
(350 kev, 0.003 350(keVv,0.17
nA/cm?2) nA/cm2)
FLUX AT WHICH DISCHARGES ~ 63 ~ 786

BEGIN(Jjoy Ihigh)

TABLE 3. COMPARISON OF OSR DISCHARGE CHARACTERISTICS IN COMBINED ENERGY

ELECTRON ENVIRONMENTS AT LOW AND HIGH FLUXES

PHASE I PHASES | AND I

(0.19 nA/cm?) (1-5 nA/cm?2 )
DISCHARGE THRESHOLD (kV) 6.5-7.5 6-7
PEAK CURRENT (amps) 28 35
RETURN CHARGE (uC) 18 28-24
PULSE WIDTH, Q/1, (psec) 0.57 0.68 - 0.8
FREQUENCY OF DISCHARGE 0.08 0.18

(#/min)

.EXTRAPOLATED LINEARLY TO 0.19 nA/cm?2
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TABLE 4. SSPM KAPTON SURFACE POTENTIAL VS EXPOSURE CONDITIONS

EQUILIBRIUM SURFACE POTENTIAL (kV)
LOW ENERGY LOW ENERGY COMBINED ENVIRONMENT
ELECTRON BEAM ELECTRONS ONLY (450 keV, 5 pA/cme)
ENERGY (Flux) (Measured) MEASURED BY SSPM PREDICTED
6 keV(200pA/cm?2) 3350 .- -—
8 keV(200pA/cm?2) 6430 5450 ——
10 keV(200pA/cm?) 8250 >6990 3800
[ 6 m 4

LOW-ENERGY
ELECTRON GUN

(25-keV)
VAN DE GRAAFF
(200-500 keV) SUPPORT
4 m

[ T] cOoLD wALL

FIGURE 1. OVERVIEW OF THE LOW FLUX TEST FACILITY
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ELECTRON-BEAM-CHARGED DIELECTRICS—
INTERNAL CHARGE DISTRIBUTION*

Brian L. Beers and V. W, Pine
Beers Associates, Inc.

SUMMARY

An electron transport model of the charging of dielectrics due to elec-
tron bombardment has previously been given.1 In this paper, we present a
comparison of theoretical calculations based upon this model to measurements
of internal charge distributions which have previously been performed.3 The
emphasis is on the distribution of Teflon. Several interesting features of
the results are noted. First, the position of the charge centroid as a func-
tion of time is not monotonic. Instead, it first moves deeper into the
material and then moves back near to the surface. Second, in most time
regimes of interest, the charge distribution is not unimodal, but instead has
two peaks. Third, the location of the centroid near saturation is a function
of the incident current density as has previously been measured.l! While the
qualitative comparison of theory and experiment are reasonable, quantitative
comparison shows discrepancies of as much as a factor of two.

I, INTRODUCTION

In the 1978 meeting of this conference two papers ’~ were presented

which provided models for the charging of dielectrics by electron sources.
These models included a description of processes occurring internal to the
dielectric, and thus permitted the computation of internal charge densities
and electric fields. 1In particular, several computations for internal charge
distributions and fields were presented in Reference 1 for the conditions
which have become common in laboratory spacecraft dielectric irradiationms,
monoenergetic kilovolt electrons incident on a free floating dielectric
surface. No comparison between the computations and experimental data was
presented at that time.

It is the purpose of this paper to compare computations of the internal
charge distribution with experimental data for the same quantity which has
been reported in the literature.3 The irradiation conditions correspond to

*Supported in part by United States Air Force Space Division under subcontract
to SRI, International.
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those discussed above. It should also be noted that Frederickson is providing
a comparison of other quantities, for a metallized front surface in another
presentation at this conference. This information, together with two recently
published discussions3,6 of the same subject, will provide a reasonably com-
plete picture of the state-of-the-art of the understanding of this important
subject. It is anticipated that the reader will come to the conclusion that

a great deal remains to be learned as quantitative agreement is not particu-
larly good.

As noted in Reference 1, for conditions in which the mean electron range
is small compared to the dielectric thickness, the external charging charac-
teristics (surface voltage) are effectively decoupled from the details of the
internal charge rearrangement in the material. Because these conditions
almost universally prevail for the environments of interest (if the Van Allen
electrons are ignored), it might be asked why the spacecraft community should
care about the fine details represented in these models. Implicit in this
question is the assumption that the only parameter of importance is the sur-
face differential potential relative to spacecraft ground. In a presentation
by Stevens’ at this conference, a very strong case is developed which suggests
that this is not the case for orbiting spacecraft. 1In particular, transient
pulses associated with breakdown appear to be occurring even when differential
voltages are substantially below those required in the laboratory to induce
breakdown. The conclusion is that the differential voltage is not the only
diagnostic required to understand discharges which occur in space — other
more subtle processes may be involved. It was pointed out in Reference 1 that
substantial electric fields can exist inside the dielectric even when the
external differential voltage is small. This observation provides one specula-
tion about the source of low voltage breakdowns. It is also not difficult to
imagine theories of breakdown which depend on a critical trapped charge
density.8s9 Thus, the study of internal charge distributions and fields is
probably not some esoteric backwash in spacecraft research, but is rather
an essential ingredient in developing an understanding of discharges in space.
It is the intent of this paper to provide sufficient data to assess how well
this important subject is understood. Conditions in the laboratory are
investigated exclusively. The implication for the exoatmospheric environment
are left for future investigations.

In Section II, a technical modification to the model is discussed.
The modification permits the incorporation of the delayed conductivity in
the model. Section III presents the major results of the paper. A discussion
of these results is given in Section IV.

II. DELAYED CONDUCTIVITY MODEL

When a free-floating front surface of a dielectric is irradiated with
electrons, it is raised to a negative potential relative to the system ground.
Electrons arriving later at the sample surface are retarded and consequently
penetrate less deeply into the material. This range shortening results in
regions of dielectric which are intially irradiated becoming non-irradiated.
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Within the numerics of a code model of the process, this leads to regions of
dielectric which go from being rather strongly conducting because of the
radiation-induced conductivity to the weakly conducting state associated with
the dark dielectric. This transition can occur rather abruptly in a Monte
Carlo simulation and is distinctly non-physical. This situation can be
ameliorated by using improved numerical techniques or by adequately modeling
the decay of the conductivity in these regions. We choose the later

approach here. The specifics of the approach have previously been given by
other researchers.l0

When dielectrics are subjected to ionizing radiation, charge carriers
are liberated giving rise to a radiation-induced conductivity. Since the
carriers do not instantaneously recombine when the ionizing radiation ceases,
there persists a delayed component of the radiation-induced conductivity. The
decay of the delayed conductivity is given by:

° = TT%t (1)
where:
o° = oO/F;
Oy = conductivity at the end of irradiation;
F = factor by which the conductivity drops in a short (psec) time =3;
t = time in sec; and
b = parameter of order unity.

The above model has been incorporated into the code in the following
manner. At each grid point in the dielectric, the newly calculated prompt
conductivity, o,, is compared to ¢~ if 0_<0”, then the conductivity is obtained
from 1), otherwise, the conductivity is set to Of°

III. INTERNAL CHARGE DISTRIBUTION

Researchers at Bell Laboratories have developed significant experimental
techniques for investi%ating various features of the internal charge distribu-
tion in dielectrics.3»10511  Thege techniques rely inherently on the interpre-
tation of measurements made using electron beam irradiations (so-called split
Faraday cup techiques). While other techniques which do not rely on beams
have been reported in the 1iterature,12 to our knowledge these techniques have
not been applied to beam charged dielectrics. 1In this paper, we will rely
exclusively on the results of these researchers for providing comparisons.

The material used in all the reported experiments has been FEP Teflon.
For the purposes of the primary electron transport, Teflon may be treated as
a uniform material with an atomic composition of CF, and a density of
2.2 gm/cm3. Several of the features of the primary transport have already
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been published,1 and will not be reproduced here. It may be recalled that the
primary electrons deposit in a region rather broadly distributed about the
mean, and that the computational algorithm provides the charge deposition pro-
file Y(x) and the energy dose deposition profile D(x) as a function of the
penetration x. The backscatter yield is automatically computed as part of the
primary transport. The secondary yield is taken to be proportional to the sur-
face dose in accordance with the model of Burke, Wall, and Fredericksonl3
appropriately normalized to fit the monoenergetic data.

The bulk conductivity in Teflon was taken from the data of Adamo,
‘Nanevicz, and Grier.l5 The model assumes that the prompt conductivity is pro-
portional to the local dose rate in the material. The relaxation of this
enhanced conductivity to the ambient was discussed in Section II above. The
prompt conductivity coefficient K  is normally taken to have a value of
5 x 10-13 mho/m/rad/sec14, although this parameter has been varied in some of
the calculations reported herein. The value chosen for a particular calcula-
tion is indicated with the computed results.

The easiest quantity to obtain experimentally using a split Faraday cup
arrangement is the charge centroid <x> which is defined by:
d

_[ xp(x)dx
- 0
d
f p(x)
0

where d is the sample thickness, and p(x) is the charge density. The quantity
<x> represents the mean location of the excess charge in the medium. This
quantity has been measured for a variety of charging conditions.ll

<x>

(2)

Shown in Figure 1 is a computation of the location of the centroid of
charge <x> as a function of time. The charging conditions are for normally
incident monoenergetic electrons of energy 20 keV at a current density of
3.3 nA/cm2 incident on a 1 mil sample of Teflon. The trgnsient conductivity
coefficient K was taken to be 5 x 10~15 mho/m/rad/sec.!3 The addition of the
delayed conductivity does not make a significant difference in the temporal
behavior of this quantity. Note, in particular, that this quantity initially
increases as the deposited electrons are redistributed to the end of the
transient conductivity region by conduction processes, and then begins to
decrease in longer times as the external potential builds up and slows down
the incident electrons. Qualitatively, both models (with and without delayed
conductivity) give rise to this same phenomenon. Only the quantitative
features are changed by the model change. In any case, the addition of the
delayed conductivity more nearly represents the true physics, and is included
in all other calculations reported herein.

Shown in Figure 2 is a reproduction of Figure 3 of Reference 1l showing

measured values of the charge centroid in Teflon. The charging conditions are
for normally incident electrons of varying energies at a current density of
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3.3 nA/cm2 incident on 1 mil Teflon. Three values of <x> are reported, one
very near the beginning of the charging, one at the end of the charging time
(v15 sec), and one five minutes after the beam has been turned off. It is
clear that the delayed conductivity model is extremely important in modeling
this final measurement. Shown in Figure 3 are the time histories of two
simulations of the charging conditions of Figure 2 for a 20 keV beam. The
two simulations correspond to two choices of the value of the prompt conduc-
tivity coefficient Kp. Note that the larger value of K, gives rise to a more
rapid increase in <x> as expected. Generally, the larger value of K, gives
results which are more nearly consistent with the data. The best computed
values of <x> at the measured times are indicated on Figure 2. Generally,
the computations have the correct qualitative behavior compared to the data
(see also Figure 4 of Reference 11), but the computed results show a uniformly
smaller penetration. This difference is not understood.

Shown in Figure 4 are the computed time histories of the location of
charge centroid for a variety of conditions corresponding to normal laboratory
charging operation. Note that the lower energy beams have uniformly smaller
value of <x>. Shown in Figure 5 is a scatter plot of the computed values of
<x> near saturation for a variety of charging conditions.

An examination of the plots of Figures 4 and 5 indicates that the com-
puted charge centroid location is roughly independent of the incident current
density and depends only on the total charge deposited.

This behavior is not in agreement with reported results. As explained
in Reference 1 the prompt conductivity is normally taken to be proportional to
some power of the local dose rate. The model reported here uses an exponent
smaller than unity, the computational results become strongly dependent on the
value of the incident current density. Shown in Figure 6 is a reproduction of
Figure 6 of Reference 11, which presents data on the dependence of <x> versus
beam current density. The decrease in <x> for larger values of the current
density strongly suggests a nonlinear dependence of the prompt conductivity on
dose rate. The present model can adequately represent this behavior. Because
sufficient independent data on this nonlinearity does not appear to be avail-
able, no attempt was made to generally incorporate this behavior in the model.
Reproducing Figure 6 is merely an exercise in fitting.

The researchers at Bell Laboratories have carried their techniques
further, enabling them to ascertain the internal charge distribution with the
aid of external measurements.> Shown in Figure 7 is the computed chargs
density in Teflon for a 20 keV beam with a current density of 0.5 nA/cm
incident on 1 mil Teflon for 20 secs. Note the double peaked distribution of
charge due to the ohmic relaxation of the initial deposited charge. Measured
values of this charge density as taken from Reference 3 are shown on the same
plot. It is seen that the qualitative behavior is certainly similar. Quali-
tatively, the calculated charge density profile is seen to be compressed in
range compared to the experimental profile. Note the strong dissimilarity
between this distribution and the primary deposition profile given in
Reference 1.
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A computation showing the evolution of the charge density to the
bimodal type of distribution is shown in Figure 8 for the case of a 15 keV
beam of current density of 5 mA/cm2. The dependence of the computations on
the assumed problem current density, and the assumed value of K, is displayed
in Figure 9., This figure gives the saturation charge distribution in the
medium for a 15 keV beam having the indicated current density. Note the
extremely strong dependence on Kp, and the essentially non-existent dependence
on the current density.

IV. DISCUSSION

It may generally be said that the results presented above appear to be
in agreement with experiments in a qualitative fashion, and that the quanti-
tative agreement is approximately a factor of two. Because it might have been
hoped before making this comparison that the agreement would be significantly
better, some discussion of apparent sources of discrepancies is in order.

The most telling information is presented in Figure 2. The computed
penetrations of the charge centroid are substantially below the measured pene-
trations. This suggests that either a systematic calibration error exists in
the experiments or that the method of computing the primary deposition is
fundamentally incorrect. We have no comment to make on the former possibility.
Taking the data at face value, however, one begins to think more carefully
about the primary deposition algorithm. As is evidenced on the figure, the
disagreement becomes more severe for lower incident beam energies. It is
well-known that the assumptions of the continuous-slowing-down-approximation
(CSDA) become less and less correct as the electron energy decreases. The
present Monte Carlo algorithm follows the electrons to energies of 1 keV, and
then deposits the electron in the final spatial bin. It might be imagined
that the electrons below this energy travel somewhat further before being
trapped. A test of this hypothesis requires that a non-Monte Carlo method be
used for modeling the primary transport. This is possible within the state-of-
the-art using the methodology developed at Oak Ridge National Laboratory for
computing the differential inverse mean-free-path, and using the method of
Stricklandl8 to solve the resulting Boltzmann equation.

The above procedure could be used as a test of the CSDA procedure for
the initial deposition profile. Note on the figure, however, that the initial
location is within acceptable limits of the CSDA ranges. These discrepancies
do not appear overly serious. Indeed, for a relatively low-energy beam, it is
quite likely that the CSDA approximation is not sufficiently accurate. The
discrepancies after the beam are on for a short time are more serious, as they
show significant penetration of the beam well beyond the maximum CSDA range.
This may be understood if straggling at the end of the range permits transport
beyond the maximum CSDA range. Physically, this certainly happens. The abrupt
drop-off in deposition which is computed with the Monte Carlo method using the
CSDA leads to a significant discontinuity in the conductivity at the maximum
range. The computational results are extremely sensitive to the behavior of
the charge deposition and dose profiles in this region, because the internal
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electric field pushes the electrons to precisely this location. It is likely
that the Monte Carlo method is inadequate for handling the behavior in this
region. A direct solution of the Boltzmann equation, as suggested above,
should alleviate this difficulty. Should this procedure be adequate for
explaining the deeper penetration of the electrons, the discrepancies shown

in Figure 7 could equally well be understood. The computation is qualitatively
correct, again showing significantly smaller penetration than the data.

The other major area of concern in the model is the handling of the
radiation-induced conductivity (RIC) in the electron deposition region, and
the transition to bulk conduction and charge transport. The behavior shown
in Figure 6 cannot be explained in the present model using a conductivity
which is linearly dependent on dose rate. This behavior might very well be
extremely important. One can easily envision models of the discharge process
in which the depth of the charge is an important parameter in determining the
blow-off current. A correlation between this behavior of <x> as a function of
beam current and the current density dependence of discharges which has been
observedl9 might then be expected.

As explained above, the behavior shown in Figure 6 may be reproduced in
the model by choosing a sublinear dependence of the RIC on dose rate. While
this procedure is certainly justified based upon present understanding of RIC,
it is desirable to have an independent confirmation of the parameters required
to provide the data fit. This is particularly true because a recent paper by
the Bell Laboratories’ group20 calls into question the simplicity of the above
assumption about the proportionality of the conductivity with some power of
the dose rate. 1Indeed, this paper suggests that the conductivity varies
during the time of the irradiation. This type of behavior can be understood
in terms of trap~filling in the deposition region. Requiring such an explana-
tion, however, implies that a simple phenomenological description of the con-
duction process in the irradiated region is inadequate and that a more funda-
mental kinetic description is required. It is very likely that this situation
prevails. Unfortunately, a more fundamental mode]l will require many more
fundamental parameters for its implementation. Many of these are unavailable
for the materials of interest. It may be expected that the requirement for
understanding low voltage discharges in spacecraft dielectrics will spawn
serious attempts to quantify thermal transport processes in dielectrics.
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BULK CHARGING AND BREAKDOWN IN
ELECTRON-IRRADIATED POLYMERS

A. R. Frederickson
Rome Air Development Center

High energy electron irradiations were performed in an experimental and
theoretical study of ten common polymers. Breakdowns were monitored by measur—
ing currents between the electrodes on each side of the planar samples. Sample
currents as a function of time during irradiation are compared with theory.
Breakdowns are correlated with space charge electric field strength and polar-
ity. Major findings include:

a. All polymers tested broke down.
b. Breakdowns remove negligible bulk charge.
c. No breakdowns are seen below 2 x 107 V/m.

A model of surface plasma blowoff is proposed to explain how these results are
compatible with other published findings.

I. INTRODUCTION

We have performed an experimental study of radiation induced dielectric
breakdowns on several common polymers under electron irradiation. The statis-
tics of the breakdown probabilities can be directly related to the radiation
induced electric field strengths and indirectly related to material parameters
such as conductivity and radiation damage. More than 100 samples have been
investigated and several consistent patterns have emerged. The patterns will
be discussed in reference to typical sample responses. At this point in time
it looks like each material may have its own breakdown signature and that
virtually any good insulating polymer dielectric (p>10l3 ohm cm) can be
made to break down under synchronous orbit irradiation intensities.

Many breakdown processes are conceivable but in this study we constrain
ourselves to look for breakdowns occurring in the bulk of the polymer due to
electric fields originating only from radiation induced bulk space charge.
Other types of breakdowns such as those caused by micrometeorite impact,
externally applied voltage, internal thermal effects, or electromagnetic pulses
from adjacent space are not addressed.

Over the past several years, a model (refs 1, 2) has been developed to
predict electric fields, currents and space charge densities internal to
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irradiated dielectrics. The major points in the model will be only briefly
described here since they are fully described elsewhere (ref. 2, 3, 4, 5). The
radiation driven currents in the polymer are based on data in the literature.
The space charge resulting from these currents and from conduction currents is
obtained from the equation of continuity. The conduction currents produced by
the spacecharge fields include all conduction effects available but to date we
find that it 1s sufficient to include only dark conductivity and radiation
induced conductivity. The equations are solved numerically with a computer.
Space charge densities, electric field strength and total current are each
calculated as a function of depth and time. I feel that this conceptual
framework is the best presently available to describe the dielectric response
in the above parameters to electron and x-ray irradiation at intensities below
the thermal effects threshold and where the electrostatic approximation to
Maxwell's equations is valid. Space radiation intensities are at least five
orders of magnitude below this threshold. We use the model to describe the
time evolution of the radiation induced electric fields and currents resulting
from the laboratory or space irradiation of polymer samples.

While the sample is being irradiated we continuously monitor the current
flowing between the electrodes which are on each side of the planar samples.
The model is very successful at predicting the experimentally observed currents
and by implication is probably predicting the internal fields as well. Using a
transient pulse monitor during the irradation we find that breakdowns do not
occur unless the model predicts that internal fields exceed 2 x 107 V/m. The
polarity of the breakdowns is in agreement with model predictions. Since the
parameters of the model are well substantiated data based on "fundamental
concepts” we can use the model to predict the probable onset of breakdowns
(i.e.fields exceeding 2 x 107 V/m) for any* irradiation by x-rays or electrons
with any known energy distribution above 1 keV.

It might be argued by some that the use of such high energy irradiations
does not correspond to space spectra and therefore does not model results in
space. I believe such an argument is very weak. "All" of the important physical
processes occurring at 10 or 50 keV also occur at 500 keV and vice versa**,
These results are not in disagreement with those of Gross, et. al. at 10 to
50 keV (ref. 1, 15). The only change due to the high energy electrons involves
the depth of penetration of the irradiation and thus the extent of material
involved. The electric field strengths produced in each case will be similar
and have similar time dependences. The concepts presented here are immediately
applicable to any electron or x-ray irradiation from 1 keV to 10 MeV.

* Below 1 keV I have unsubstantiated doubts concerning the models validity
since the relation between radiation induced conductivity and dose becomes more
complex.

** Except for atomic displacements which occur at 500 keV but are rare.
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ITI. THE EXPERIMENT
A. The Apparatus and Samples

The samples are circular discs approximately ten centimeters in diameter..
A carbon electrode is painted over the entire face of the sample through which
the electron beam penetrates into the dielectric. A carbon coated aluminum
electrode (with guard ring) is spring loaded against the back of the sample;
this rear electrode is approximately 7.7 centimeters in diameter. Figure 1
sketches the electrode arrangement.

The sample is housed in a gold coated aluminum vacuum chamber at typically
3 x 1076 Torr and at room temperature, nominally 20°C. The electron beam exits
the accelerator in a 1 cm diameter spot and passes through a titanium foil of
.01 cm thickness. The beam loses an average of 70 keV in penetrating the foil
and is scattered into a broad beam. The sample lies approximately 40 cm beyond
the scattering foil where the beam intensity is uniform to within 20% over the
surface of the sample. A metal ring surrounding the sample monitors the beam
current intensity. Sample current as measured by meter A in figure 1, and the
beam current are monitored by Kiethley model 410 electrometers and chart
recorders.

The guard ring arrangement eliminates edge effects and defines the region
of current collectiom in the sample. The experiment closely approximates the
one dimensional analysis of the model. The samples are reasonably thick so
that surface effects at the electrode—polymer interfaces contribute negligibly
to the current monitored by the meter, A.

B. Interpretation of the Results

At the beginning of an irradiation the sample has little or no internal
space charge. It appears that the electrostatic fields often associated with
nonelectroded polymers are due primarily to surface charge and such charge is
bled-off upon application of the electrodes. The beam is turned on and rises
within a fraction of a second to a preset level and then its intensity remains
constant during the irradiation. Information in the radiation (ref. 2) trans-
port literature is used to assess the distribution in depth to which the pri-
mary electrons penetrate and become trapped space charge. We also include
space charge introduced by the conduction currents.

Figure 2 shows typical computer predicted electric fields for samples thin
compared to the incident electron range. As time progresses, the trapped space
charge builds—up and large electric fields develop. Thicker samples result in
larger electric fields (ref. 2). It is important to note that the field is
bipolar: positive in the left region of the sample and negative in the right
region.

Currents caused by the electric fields such as dielectric breakdown cur-
rents occurring in the left region of the sample in figure 2 would be positive
as measured by the meter A, Similarly caused currents occurring in the right
region would be negative. Notice that the peak negative electric field reaches
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any given absolute magnitude sooner than the peak positive electric field.

Suppose that discharges will occur when the electric field exceeds 2 x 107
V/m. In the case of Fig. 2, we would expect to see negative discharge pulses
in meter A first (beginning at about 400 seconds) and positive discharges later
(at about 900 seconds). This effect is dramatically seen in our results below.

Meter A also measures the integral over space of the total current flow-
ing in the dielectric. Using the model we predict the measured current at
all times and obtain good agreement with experiment. This good agreement
lends support to our predicted space charge densities and electric field dis-
tributions.

IITI. RESULTS

It is impossible to completely list all results for the over 100 samples
tested. However very obvious trends have developed and indicative results will
be used to describe the basic trends. We will begin with the simplest examples
and progress to the most interesting cases at the end.

A) .338 cm Polystyrene, 3.64 vA/m?, 1 meV

Figure 3 shows the experimental and theoretical measured currents,
A, as a function of time. The excellent agreement after 2000 seconds is very
gratifying. The discrepancy at early time is not understood but appears unim-
portant for our purposes; it may be due to a small amount of initial space
charge or polarization.

At first look the result in fig. 3 appears uninteresting. However the
theory indicates that large electric fields occurred reaching magnitudes of
+2.7 x 107 V/m and -3.5 x 107 V/m at the front and rear surfaces respectively.
From the time constant of the curve we can predict the coefficient of radiation
induced conductivity to be k = 7 x 10-16 gec/ohm—m-rad (ref. 6). The time
constants* of the theoretical and experimental curves are similar and in
agreement with other irradiations. Based on the theory very large conduction
currents were occurring inside the dielectric at late times of magnitude simi-
lar to the incident beam current. In terms of their effect on the measured
currents the conduction currents cancelled each other to a large extent produc-
ing little change in the measured current. The theory quite accurately pre-
dicts the cancellation; this is a pleasant confirmation of the theory.

Note that on this particular sample and run no breakdown pulses were

seen. Other polystyrene samples exhibited breakdowns similar to results discus-
sed later.

B) .345 cm Polypropylene, 3.77 pA/m2, 0.43 MeV

* The actual data contained sufficient accuracy to measure a time constant
even though it appears in only the second and third significant figure.
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The irradiation shown in figure 4 differs from the prior polystyrene
irradiation primarily by the fact that in this case incident electrons are not
energetic enough to penetrate into the rear quarter of the dielectric. Thus
the conductivity in the rear quarter of the dielectric is not significantly
enhanced by radiation induced conduction and extremely large electric fields
may be created after long times (ref. 7).

The 10% discrepancy between theory and experiment is not important and
is probably due to an error in calibration. The decay time provides an esti-
mate of the coefficient of radiation induced conductivity, k = 2,2 x 10-16 gec/
ohm-m-rad.

The theoretical model provides an estimate for the electric field
strength during the irradiation. It is felt that the reasonably good agreement
between measured and theoretical currents supports the theory's predictions.
The front surface field reached 2 x 108 V/m while the rear surface attained
0.8 x 108 V/m at 2850 seconds. It is surprising that no breakdown was seen.

Approximately a dozen polypropylene samples did not breakdown while
another dozen showed multiple breakdowns. One sample, during its third
irradiation in a week showed clock=like regular breakdowns spaced a minute
apart. Some samples showed breakdowns during one irradiation and no breakdowns
during prior but similar irradiations. We will see that breakdowns cannot be
predicted on the basis of high field strength alone.

C) .168 cm Polypropylene, 0.6 MeV, 3.18 pA/m2

Figure 5 describes the results of this irradiation where the sample
is about 1/2 of an electron range thick. The rise and fall of the current at
the beginning of the run has been observed in about 25% of the polypropylene
samples, has been seen to occur at later times on a few other samples (ref. 2)
and is akin to some results under €0¢o gamma irradiation (ref. 6). Its cause
is unknown.

More importantly, this sample exhibits typical breakdown pulses. The
first pulse occurred when the field attained 4 x 107 V/m, and based on the
polarity of the pulse, it occurred near the front surface. _Notice that even
though the fields continued to increase with time to 6 x 107 V/m the discharge
pulse rate decreased! The fields at the front and rear surfaces are always
approximately equal in this irradiation yet only one pulse is seen to occur in
the rear region.

D) .166 cm Polypropylene, 0.43 MeV, 3.46 nA/m2

Figure 6 describes the results for this sample, similar to the pre-
vious sample irradiated at lower energy. Notice again the unexplained early
rise and fall in the measured current. The “large" discrepancy between experi-
ment and theory is probably caused by our inability to accurately calculate
dose at depths near the end of the electron range. In this case a factor of
three error in dose at the rear surface or 10%Z error in energy or sample thick-
ness could explain the discrepancy; and such errors are probable. Because
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the sample 1s very close to an electron range thick, it is very sensitive to
some of these complex effects; thicker and thinner samples are not at all so
sensitive when the theory predicts rear surface fields of 1.6 x 108 V/m and
front surface fields of 1.0 x 108 V/m. The front surface reached 1.1 x 108
V/m at 4000 seconds after which breakdowns there became more probable. The
magnitudes of these fields is only indicative, not absolutely correct. But it
is encouraging to see that the theory predicts correctly which polarity break-
down occurs first.

E) .612 cm Polycarbonate 4.47 pA/m2, 1 MeV

Figure 7 describes the results for this sample of polycarbonate which
is approximately 307% thicker than the range of 1 MeV electrons. The small
discrepancy between theory and experiment at zero seconds is probably due to
incident intensity calibration errors. Again we have predicted the polarity
of the initial breakdown correctly. At the first breakdown (which occurred
near the front) the predicted front surface field is 6 x 107 V/m while the
rear surface field is 3 x 107 V/m. At approximately 1000 seconds the rear
surface began arcing at 6 x 107 V/m at which time the front surface field is
predicted to be 1 x 108 V/m.

The coefficient of radiation induced conductivity, k, (ref. 6, 1)
controls the slope of the current vs. time curve. For polycarbonate there is
no choice of k which could provide a perfect fit because at early times the
response shows first a slow decrease in the current followed by a more rapid
decrease. The theory which assumes a constant value for k predicts that the
rate of decrease in current is maximum immediately after the irradiation be-
gins. One probable answer is that field enhanced conduction plays a large
role, perhaps doubling the conductivity after 400 seconds. All materials show
this effect to some extent to date but thick polycarbonate seems to have the
largest apparent field enhanced conduction of those materials tested.

This is an excellent time to describe a major finding. Note the
breakdown pulses: they never change the slope or value of the meter current
except briefly during the pulse (<0.1 sec). If any significant current had
flowed during the pulse charge would have been removed, the meter would have
gone off-scale and the measured current would then return somewhat closer to
the initial (time zero) current. We have probably seen tens of thousands of
pulses but they have never* displaced the measured current except for the brief
period of the pulse. Breakdowns do not remove much bulk charge, even at irrad-
iation intensities ten times as large as shown in these figures. From the data
presented so far breakdowns remove not more than one percent of the charge;
later we see that they remove virtually no charge.

Lichtenberg patterns are produced by breakdowns. We have looked for
the patterns in fewer than ten samples and have seen extensive patterns in one
polycarbonate and one polystyrene sample. The irradiation history of these
samples is not well documented and the number of meter pulses was not recorded

* "never"” means: not even once!
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so we don't know how large a lichtenberg pattern results from only one or a few
pulses. The entire diameter of the samples contained the pattern; thus large
patterns result from small total current flows.

This major finding also describes why many experimenters see almost
continuous light pulsing after a dielectric has been irradiated to the break-
down "threshold”. Virtually no bulk charge is removed by each breakdown pulse
and the large internal fields remain to cause further pulses.

F) Decay of the bulk space charge.

Figures 8 and 9 describe the bleeding off of space charge in polypro-
pylene after the irradiation ends. No theoretical work has been done yet on
this problem. The meter current in figure 8 was not monitored continuously,
each dot represents one reading. On some samples currents were still non-zero
a day later.

Several samples were re—irradiated a number of times under similar
conditions. The initial current in the initial irradiation is indicative of a
sample response with no internal space charge. Figure 9 shows that a polypro-
pylene sample which has rested 4 or 5 days will "lose" some of its charge, re-
turning to within 10% of its initial t = 0 value. This doesn't mean that the
sample lost 90% of its irradiation space charge but it does imply that the
charge was at least severely redistributed.

G) +620 cm, Polyvinylchloride, 4.63 uA/mZ, 1 MeV.

Figure 10 is typical of PVC but includes shifts in the irradiation
energy at late times. At early times we agaln see the apparent field dependent
conduction effect. The initial breakdowns are in the front surface as predict-
ed by the model and occur at 4 x 10’ V/m. The rear surface breakdowns begin
later as predicted but the first one occurred at 2 x 107 V/m. Other samples
have broken-down at this level but this is the lowest field at which we have
ever seen a breakdown. The theoretical slope is due to a value k = 2,3 x 10-16
sec/ohm-m-rad, typical of such polymers.

The interesting point here is the results for small incident energy
changes. At 3600 seconds the energy was lowered to 0.93 MeV while maintaining
constant incident current. A seven percent change in energy changes the range
of incident electrons only 77% so that if this change had occurred at t = 0 only
a small (=7%) measured current change would have occurred. However, at
late times there are various bulk currents all partially canceling each other
and a small change in one can severely alter the net measured current as we see
here at 3600 seconds.

It has been predicted (ref. 2) that a change in irradiation spectrum
could cause breakdowns. Such spectral changes are certainly seen in space
routinely. The prediction is dramatically reinforced in fig. 10. However it
occurred only by lowering the energy. At 4220 seconds the beam energy was
raised to 1.06 MeV but not without some excursions to other energies over a two
minute period. For a small change in energy we again saw a large change in
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current but we saw no breakdowns. It would be nice to try to predict these
results using the theory but we haven't done so to date.

In this irradiation we also dramatically see the cessation of break-—
downs even though high fields exist. Most samples show a tendency to decreas-
ing frequency of breakdowns under continued irradiation. However, some
samples, having not shown any breakdowns in a first irradiation, show many
breakdowns in a similar irradiation repeated days later. Obviously we do not
understand the breakdown process and its causes. We are simply developing a
large statistical sample.

H) .607 cm, Polyphenylene Sulfide (glass filled)* 5.0 pA/m2 at 0.6 MeV.

Figure 11 describes the results of the breakdown champion of the
samples tested to date. This data could not be redrawn in ink so the original
chart recording is used directly. All four samples showed similar results.

The theoretical prediction is in excellent agreement with the measured
current. For this sample k = 1.7 x 10716 gec/ohm-m-rad. Even with all those
breakdowns having occurred, virtually no charge was lost in the breakdown
process. However, the polarity of the first many breakdowns is not as predicted.

Only the first third of the sample is penetrated by the primary
radiation and thus the fields at the front surface must usually be larger than
at the back surface. Yet the rear surface breakdowns occur earlier and at
lower fields. Front surface breakdowns hardly occur at all, only after 2000
seconds and after field build-up to 2 x 108 v/nm.

Perhaps the glass fibres and/or the many small voids are playing a
dominant role here. In the irradiated front part of the sample the glass
fibres are held in good electrical contact with the polymer molecules by the
super hot conduction electrons (and holes) created by the radiation. This
radiation induced conductivity may prevent fields of breakdown strength from
occurring at the glass—polymer interface in the irradiated region. 1In the
unirradiated region or in the transition zone between irradiated and unirrad-
iated regions many small breakdowns may occur at glass—-polymer interfaces.

This is all conjecture and it would be nice to really understand these results.

As with the other samples, there is a definite tendency for breakdowns
to become less probable as the irradiation continued. In this case the break-
down rate decreased at least a factor of four and the meter stopped going off
scale after 2000 seconds. However, this material is differ&nt in one signifi-
cant way: after the irradiation ends, breakdowns continue to occur for more
than one day. Breakdowns become smaller and less probable as the hours pass
but nevertheless this is a surprising result. Several polyphenylene sulfide
samples have been tested and all show the same effects.

This particular sample provided a clue to solving the surface blowoff

* Phillips Chemical Co. "RYTON" trademark.
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problem. All samples have had electrodes painted on the front surface but this
sample's electrode had a hole (by accident) of roughly 201 diameter. After
2000 seconds some arcing was occurring in the front surface region and we were
surprised to see current pulses on the beam current monitor ring. Electrons
were being emitted in pulses from the front surface, presumably from the hole,
into the vacuum space. Sometimes these were accompanied by a current pulse in
the rear electrode meter, sometimes not. In any case, even though all break-
down pulses are small, surface blowoff currents are to be seen (ref. 15) asso-
clated with these small internal discharges. We will return to the blowoff
problem later.

I) .318 cm polytetrafluoroethylene (PTFE), 1.2 MeV, 6.15 pA/m?2

PTFE is severely different from all the other polymers tested*.
Three differences dominate:

(a) The coefficient of radiation induced conductivity k=5 x 10°15
sec/ohm—-m-rad is typically twenty times larger than the other polymers.

(b) This material structurally degrades at irradiation doses of less
than 106 rads (equivalent to only a few thousand seconds in these typical
runs).

(c) Significant conductivity is added by a radiation induced damage
process at only 10° or less rads dose.

I was not so clearly aware of (a) and (c) until 1979, so it was
unfortunate that ref. 7 improperly assigns typical polymer parameter values to
a dielectric called “"teflon". Apparently others are finding similar results
(ref.8). Values for k available in the literature vary widely (probably due
to experimental error more than to sample differences) and improved values are
only now becoming available.

Figure 12 describes typical results for PTFE when the electrons do not
penetrate to any great extent. The initial current decay rate is indicative of
the large value of k (5 x 10715 gec/ohm-mrrad). Field enhanced conductivity
can be seen but is not significant. What is significant is the measured cur-
rent reversal after roughly ten minutes. This reversal is probably due to en-
hanced conduction produced by the high dose rate over the first 70% of the
primary electron range. This enhanced conduction allows the space charge to
relax back to the front surface. We can test for this enhanced conduction
days later by repeating the irradiation and noticing the initial measured
current decay is very fast indicating a vastly increased conduction relative
to the earlier irradiation. We have repeated this test several times and find
that the enhanced conduction lasts at least a week. I guess that the enhanced
conduction is related to the known chemical degradation of PTFE under this
level of irradiation.

* As well as the polymers reported above we tested nylon, delrin, polymethyl-
methacrylate and polyethylene.
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Breakdowns have been seen in PTFE but only a few and they are slow,
lasting nearly two seconds*. Such breakdowns may not cause problems like
faster breakdowns do. I believe we have recorded only one probable fast break-
down in about 8 teflon sample runs. See ref. 15 for data on pressure actuated
breakdowns.

We have attempted to fit the teflon data with a conduction term due
to total dose (not delayed conductivity but instead permanent dose related
conduction) as shown by the dots. The prediction uses the theory (ref. 2)
with values for conductivity given by:

o(x,t) = o4ark + kD(x,t) + k; D(x,t)t where D is

dose rate in rads/second

k = 5 x 10715 gec/ohm-m-rad
k, = 5 x 1078 (ohmrmrrad)”}
t = {irradiation time in seconds.

By this simple theory we have not yet been able to reproduce the change in
current polarity experimentally observed because the computer algorithm blows
up at the zero crossing.

Teflon is substantially different than the other samples but how much
different? These samples were only irradiated to 109 rads. What if we went
to 109 rads to simulate more time in space? We don't know what we would see!
Maybe the annealing effect would go away and breakdowns would reoccur with
Eenewefsgigor; related effects have been seen with 10 to 40 keV electrons

ref. .

IV. Proposal for Blowoff Currents

Combining the findings of this paper with reports from the 1978
conference and references 9-14, and with vague notions concerning breakdown
propagation, let me propose the following model for blowoff currents.

We now know that very little net charge moves in a breakdown tunnel
or streamer but that a lichtenberg pattern results. We know that light is
emitted so there probably is a plasma. The material is not heated severely or
melted locally outside the channel so the plasma must travel as a wave front
rather than a repeating process or continuous wave. The lichtenberg channels
exit a surface in many cases.

So I propose that a nearly net neutral plasma bursts from the surface
at the channel-surface intersection as shown in figure 13. 1If the net charge

* In private discussions J. West, Bell Laboratories, disclosed that he sees
the fast type breakdown pulses in his FEP teflon samples (Dec 1980).
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in the dielectric is negative, the plasma will partially separate: electrons
will rapidly move away from the dielectric and positive ions will return to the
dielectric surface partially neutralizing the trapped charge fields external to
the dielectric. The process is dynamic containing force terms due to E~M cavi-
ty oscillations, 3B/3t terms, and self shielding in the plasma region. Thus
full neutralization of the dielectric space charge fields external to the die-
lectric will not usually occur, just 50% or 80% neutralization. The amount of
net current flow from the plasma will depend on the total dielectric trapped
charge along with the time dependent vacuum chamber cavity fields —-— thus we
would have the so called "surface area scaling laws”. But the trapped dielec-
tric charge remains in the bulk so that further breakdowns are likely to reoc-
cur soon in rapid succession even though the surface potential appears mostly
neutralized; light pulses would continue to occur. And I predict a new observ-
able —— the net neutral plasma will produce microwave bursts when it exits the
surface in the classical plasma oscillation character. From the radio frequen—
cy of these bursts we can obtain the plasma density, or vice-versa. Of course
the density and the total charge are decaying rapidly so the R.F. bursts are
both amplitude and frequency modulated.

V. CONCLUSIONS
The results discussed above are quite extensive and have been reported as
briefly as possible. These results are boiled down from many experiments and
represent the major patterns. New patterns would probably emerge as more
samples and longer irradiations are performed. The following is a list of
the major findings or concepts. Please return to the text for discussion of

these points.

MAJOR FINDINGS.

l. High field strength does not guarantee breakdowns.
2. No breakdowns seen below 2 x 107 V/m.

3. Teflon less likely to break down and extended irradiation severely
increases dark conductivity.

4, Breakdown pulses last less than 100 ms except in Teflon where they
can last 2 seconds.

5. TField enhanced conduction occurs but is not important for mitigating
breakdowns

6. Breakdowns do not remove any bulk space charge.
7. Lichtenberg patterns occur, even at these very low intensities.

8. Decay of bulk charge requires at least a week, if not years.
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9, Most materials radiation anneal to decrease breakdowns under contin-
ued irradiation; this 1s due to some effect other than increased conductivity.

10, Spectral changes reintroduce breakdowns.

11. Glass filled polyphenylene sulphide (and perhaps other filled poly-
mers) shows enhanced breakdowns.

12, Penetrating radiations also cause breakdowns so that broad spectra
will not significantly reduce breakdown probabilities.

13, T propose a net neutral plasma pulse as driving function for blowoff

currents. such a model can explain the results seen here as well as other
results published elsewhere.
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Figure 1 Typical Dielectric Irradiation Geometry.
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Figure 2 Electric fields as a function of depth at various times after

initiation of a constant 1 MeV electron irradiation of intensity 3.9 x 10-6
A/m? in polyvinylchloride 1.5mm thick. No further changes in field occur
after 5000 seconds. Note the electric field 1s bipolar. These calculations
are based on the model described in reference 2.
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Figure 3 Measured current density by meter A vs. time in .338cm thick
Polystyrene, irradiated by 1 MeV electrons at 3.64 wA/m?. Solid line is
the experiment, dots are the theoretical prediction.
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Figure 4 Measured current density by meter A vs. time in .345cm Polypro-
pylene irradiated by 0.43 MeV electrons at 3.77 uA/m2.

The lower curve is
the continuation of the upper curve with displaced axes. The dots are theo-
retical predictions.
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Figure 5 Measured current density by meter A vs. time in 0.168cm Polypro-

pylene irradiated by .6 MeV electrons at 3.18 uA/m2. Dots are theoretical
predictions. The first breakdown pulse occurred at nearly 1000 seconds and
the polarity indicates it occurred near the left (front) electrode (inspect
figs. 1 and 2). The early rise and fall is not a breakdown pulse, it took
tens of seconds to occur. At 1000 seconds the electric field adjacent to the
front electrode was theoretically estimated to be 4 x 104 V/m.
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Figure 6 Measured current density by meter A vs. time in 0.166cm Polypro-

pylene irradiated by 3.46 uA/m2 electrons at 0.43 MeV. Dots are theoretical
predictions. At nearly 1800 seconds we see the first breakdown pulse. Quali-
tative inspection of figure 2 and the polarity of this first pulse indicate
that this breakdown occurred in the right portion of the sample where the
field was negative. At 2000 seconds the theory estimated the electric field
adjacent to the rear electrode to be 1.6 x 108 v/m. At 4400 seconds the

field adjacent to the front electrode was roughly l.1 x 108 v/m.
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Figure 10 Measured current density by meter A vs. time in .617cm Polyvinyl-
chloride irradiated by 4.63 uA/m2 of 1 MeV electrons. Dots are the theoreti-
cal predictions. Incident energy was changed after 3600 seconds. At 3600
seconds, step 1, the energy was quickly lowered to 0.93 MeV and remained con-
stant until step 2 at 4220 seconds when the energy was raised. Note that

the initial breakdowns ceased after 700 seconds but reoccured after step 1 and
then later ceased again.

I1x 107 V/m
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Figure 11 Results for Polyphenylene Sulfide, glass filled. Dots are theo-
retical predictions. It is not obvious from the chart recording but at 2200

seconds small breakdowns of positive polarity (downward) began when the field
adjacent to the front surface was estimated to be 2 x 108 V/m. At this time

blowoff current pulses began to be monitored by an electrode mounted in front
of the sample (but not blocking the incident beam).
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Figure 12 Typical results for Polytetrafluoroethylene. Dots are theoretical
predictions including radiation damage induced conduction. Note the breaks in
the time scale at 180 and 120 seconds, and the slow pulse at 700 sec.
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Figure 13 Proposed surface blowoff current source function == a net neutral
plasma.
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CHARGING AND DISCHARGING TEFLON*

B. C. Passenheim and V. A. J. van Lint
Mission Research Corporation

1. INTRODUCTION

In this paper we present some results selected from a program designed to
measure the charging and discharging characteristics of several common satel-
Tite materials exposed to 0-30KV electrons. SGEMP related aspects of this
experiment are described in Reference 1. We have chosen to discuss teflon in
this paper because the charging characteristics are radically altered immedi-
ately after a spontaneous discharge.

In Section 2 we discuss the experimental configuration, in Section 3 we
present experimental observations, and in Section 4 we offer a hypothesis to
explain the observations.

2. EXPERIMENTAL DETAILS

The exterior geometry of the test structure is indicated in Figure 1. In
all cases dielectric samples were 82 cm in diameter mounted on the front of a
120 cm diameter cylinder supported on an 85 cm, 0.95 cm thick plexiglass disc.
Dielectric materials investigated were: back surface aluminized Kapton, back
surface silvered Teflon, Silicon Alkyd white thermal control paint, and 50 cm by
50 cm array of 0.030 cm thick MgFp coated fused silica solar cell cover slips.

Spontaneous discharges and SGEMP emissions were measured with EG& CMLX3B
surface current probes and CT-2 current transformers. Fast transient data was
transmitted to the recording instrumentation through HDL/DNA 400 MHz fiber optic
data links, recorded on Tektronix 7912 transient digitizers and processed on a
PDP/1140 computer.

*Experimental observations were obtained under Defense Nuclear Agency contract
DNA0OO1-78-C-0269. Data reduction was performed under AFWL contract F29601-
78-C-0012.
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The test cylinder was connected to instrumentation ground through a 50 KQ
resistor chain. This provided a cylinder potential of less than 8.5 volts
during charge, at measured current densities of approximately 1077 A/cm<.
However, the RC time constant of this resistor string and cylinder capacitance
to the tank was about 8 microseconds, so the test structure was effectively
isolated during spontaneous discharges and exploding wire photon pulses. As
indicated in Figure 1 the front of the cylindrical test object was surrounded
by a square frame which supported small motors, pulleys and belts, (not shown)
to drive a traverse carrying the probe of a TREK noncontacting electrostatic
voltmeter, a Faraday cup, and an E sensor over the surface of the sample. The
spatial resolution of the electrostatic voltmeter is estimated to be + 3 mm,
the Faraday cup was approximately 1 cm? and the E probe was used as an oscillo-
scope trigger in spontaneous discharge studies. Both the traverse frame and the
aluminum rings surrounding the dielectrics were coated with colloidal graphite
to inhibit dielectric charging and minimize photoelectric emission from the
aluminum. The tank was lined with 2 cylindrical layers of 200 Q/square carbon
coated cloth to suppress tank wall photoemission and damp tank EM resonances.
The test cylinder was suspended with nylon ropes from a rotary feed through
near the center of the 10 foot diameter and 12 foot long vacuum tank.

The chamber was evacuated with a liquid nitrogen trapped, silicon oil
diffusion pump and a mechanical roughing pump. In addition there was a liquid
nitroagen cold wall in the tank. The tank pressure nogma]]y ranaged about
2 - 5 x 10-6 torr. Rapid discharge (approximately 103 volts/sec) of all charged
insulators was observed at ~ 2 x 10-4 torr. This discharge was accompanied
by a flash of light and a temporary reduction in pressure.

Samples were handled with gloves with more-than-normal care, but were
unavoidably exposed to laboratory atmosphere for several weeks prior to testing.
Close, careful visual examination of the reflecting kapton samples after several
days of tests revealed traces of vacuum pump oil. Subsequently, all samples were
washed with reagent grade ethyl alcohol after installation and before pumpdown.

Two electron guns were employed. Faraday measurements indicated that the
DNA electron flood gun provided illumination which differed by less than a
factor of two from the center to the edge of the sample. Acceleration potential
was established by floating the gun filament to a negative potential with respect
to a grounded fine wire grid. Gun current was regulated with a feed-back circuit
which sensed emission current and modulated the filament power. We also employed
an electrostatically focused and deflected cathode ray tube gun, focused to
provide to a 2 cm diameter spot on the sample. For equal total gun current the
beam current density was approximately 1600 times larger in the focused beam.
Comparable potential distributions were produced with comparable total electron
fluences from either gun. This indicates the charge build-up is not particularly
sensitive to begm current densities over a range from approximately 10-10 to
about 106 A/cme.

Figure 2 represents the electrical equivalent circuit of this experiment,
where node 1 is the trapped electron charge layer, node 2 is the metal film on
the back of the teflon, node 3 is the test cylinder and node 4 is the vacuum
chamber. Current generator Ij, represents a "punch-througa" current, Ijg
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represents "blow off" from the dielectric to the tank wall. 1I34 represents
charge emission from the test cylinder to the tank wall, and I3 represents
charge transfer from the dielectric to the test object. Ip3 is the current
actually measured with a Tektronix CT-2 sensor and is influenced by blow-off,
edge and punch through currents. Vg,¢, the body voltage, is proportional only
to blow-off current. The indicated capacitances are self-explanatory. For
teflon they are estimated to be Ci2 ~ 70 nf, Cy3 ~ 40 pf, Cy4 ~ 100 pf, C34
60 pf,

3. EXPERIMENTAL OBSERVATIONS

The average surface potential of teflon charged with 15 kV electrons was
9.2 £+ 1.0 kv, the average potential of teflon charged with 25 kV electrons was
9.6 + 0.8 kV. We attribute the asymptotic behavior to leakage currents through
the bulk dielectric to the metal substrate.

Unlike kapton, which exhibited the tendency to produce fewer and fewer
spontaneous discharges under extended irradiation, teflon continued to exhibit
spontaneous discharges at nearly constant rate. By repeatedly measuring the
surface potential after radiation ceased, we obtained indications that the
charge leak rate of teflon, charged to approximately 10 kV, diminished from
about 0.6%/min in the first minute after irradiation to approximately 0.03%/min
after 40 minutes.

During the course of this investigation we observed a wide variety of res-
ponses, and individual charge transfer of up to 500 uC. It should be noted that
for this geometry, at most approximately 800 nC could be discharged to infinity
(blown off) because the removal of that amount of charge would raise the body
potential to such an extent that no further charge could be expelled. There-
fore, on very large discharges, the bulk of the charge must be returned to the
test object itself (we call these edge currents). Figure 3 (a-b-c) represent
substrate current Io3 for three successive discharge events. The integral of
the substrate current (Qz3) is the sum of "blow-off" charge and "edge" charge.
The (transient) increase in the test object potential is proportional to the
blow-off divided by the capacitance of the object to the tank. For the first
event, in Figure 3, the integral of the substrate current and the body voltage
(not shown) indicate a charge release of approximately 9 + 1 nC. In the‘second
event the charge release was 0.4 + 0.4 nC and the third event approximately
3+ 1nC. For these three specific events virtually all the charge was blown off
to the tank walls. Notice that all three of these events exhibit an early time
high-frequency ring which is determined by the LC product of the inductance of
the wire connecting the substrate to the body (to measure I23) and the capaci-
tance between the dielectric and the body. The net charge released in the high
frequency portion of these signals is nearly zero. According to these records,
the charge actually blown off starts to leave the body at approximately 0.4 us
and persists for approximately 0.5 to 1.0 us. We will soon suggest that the
blow-off pulse width is determined by propagation rate of an ion wave front.
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In addition to these transient measurements we periodically measured the
surface charge state of the dielectric with the TREK electrostatic voltmeter.
Sweeping the sensor across the surface of the sample in a tic-tac-toe pattern,
Figures 4 a-h show one series of measurements in which the teflon sheet was
charggd in steps, by 15 kV electrons, at a current density of approximately 8
nA/cmé. Figure 5a indicates the degree of nonuniformity of the incident elec-
tron beam. The surface potential approached an asymptotic value of approximate-
ly 9 kV (Figure 5d and 5e). This.sample was then intentiona&]y discharged by
admitting gas, raising the pressure to approximately 8 x 10 torr. The
discharge was accompanied by a flash visible light which covered the entire
exposed surface. The light visually resembled the glow of a gas flame. We
note that spontaneously discharging samples exhibited both these flame-1ike
flashes as well as dendritic sparks. The TREK probe was located at x,y coor-
dinates of 24 cm and 20 cm during the discharge. As indicated in Figure 4f
the discharge was incomplete in the vicinity of the electrostatic probe because
the external electric field was near zero at that location. Figures 4g and 4a
show that it took much longer to recharge the teflon surface after it had been
intentially discharge than it initially had. Figure 5 shows the average sur-
face potential as a function of exposure time indicating that the sample orig-
inally approached 90% of the asymptotic 1imit in approximately seven seconds
while after discharge the same charging process took about 7 minutes.

Figure 6a - 6f is another series of pot%ntia] profiles. Figure 6a shows
a sample which had been charged with 3 nA/cmé of normally incident 25 kilovolt
electrons. Figure 6b shows a traverse measured immediately after a spontaneous
charge transfer of approximately 400 uC (inferred from CAV and size of the
discharged area). Figures 6c, d, e indicate that, as with the gas discharged
sample, the spontaneously discharged area was difficult to recharge. The
chamber pressure at the time of the spontaneous discharge was approximately

4 x 1076 torr, which is much too low for gas induced discharge.

4., HYPOTHESIS

We note two similarities between the spontaneous discharge and the one
produced by the presence of gas, the first is the visual appearance of the
discharge, the second is the diminished tendency to accept recharge. In the
gas discharge case, we know that the charged dielectric surface was neutra]ize?
by ioniEed gas molecules. The surface was bombarded with approximately 6 x 1011
jons/cm¢ accelerated to approximately 10 kilovolts. Only the first few microns
of the surface participate in this discharge process. Therefore any changes in
the material response must be attributed to changes in the sample surface rather
than the bulk dielectric. The spontaneously discharged dielectric exhibited
similar characteristics, even though the ambient pressure was too low to be
attributed to gas discharge. Consequently we speculate that the reduced recharge
rate is because the secondary emission coefficient of a freshly ion bombarded
surface is substantially greater than for an aged or dirty surface and the
spontaneous discharge involves the generation and propagation of a wave front of
jons of the dielectric itself. Thus the propagation velocity of the dielectric
ions in the pre-existing electric field of the charged dielectric determines the

55



rate of the spontaneous discharge. This accounts for the comparatively slow
emission of blow off charge noted in Figure 3. This model is also supported
by the calculations presented in reference 2.

Acknowledgements: The authors thank Billie Carr and Jim Riddell for data
compilation and manipulation.
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EXPERIMENTAL VALIDATION OF A NUMERICAL MODEL PREDICTING THE
CHARGING CHARACTERISTICS OF TEFLON AND KAPTON UNDER
ELECTRON BEAM IRRADIATION*®

R. C. Hazelton, E. J. Yadlowsky, and R. J. Churchill
Inland Research and Development Center

L. W. Parker
" Lee W. Parker, Inc.,

B. Sellers
Panametrics, Inc.

SUMMARY

In order to assess the effect of differential charging of spacecraft
thermal control surfaces the dynamics of the charging process must be under-
stood. To that end a program to experimentally validate a computer model of
the charging process has been established.

Time resolved measurements of the surface potential have been obtained
for samples of Kapton and Teflon irradiated with a mono-energetic electron
beam. Results indicate that the computer model and experimental measurements
agree well and that for Teflon secondary emission is the governing factor.
Experimental data indicate that bulk conductivities play a significant role in
the charging of Kapton.

INTRODUCTION

The effects of dielectric breakdown observed on board spacecraft and

in the laboratory have demonstrated the need for a charging model capable of
predicting surface voltages and internal electric fields for dielectric sur-
faces subject to the spacecraft environment. A joint theoretical and experi-
mental program has been initiated to both improve and validate such a model
using . an iterative procedd}e. Concurrent development of the computer code
and experimental measurements will allow modifications of both programs to
produce an optimum correlation.

The model is a modification of one developed for Communications Research
Centre (ref. 1) which takes into account subsurface charge dynamics, energy
deposition ranges, secondary electron emission, radiation induced conductivi-
ties and bulk resistivity. The program predicts the temporal evolution of the

*This work is sponsored by the International Telecommunications Satellite Organ-
ization (INTELSAT). Any views expressed are not necessarily those of INTELSAT.
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surface voltage, charging currents, charge deposition profiles and internal
electric fields for a given incident particle spectra and material parameters.

The model is being evaluated using data from an experimental program
developed to measure the material parameters pertinent to the problem as well
as the charging characteristics of the dielectric sample.

The work described here deals with the charging characteristics of Teflon
and Kapton samples irradiated with a monoenergetic beam of electrons having
an energy of up to 16 keV. The surface voltage is determined from the energy
spectrum of secondary electrons measured with a curved plate electrostatic
surface emission analyzer (ESEA). Particular attention has been directed
toward avoiding fringing fields and surface leakage effects near the sample
edges, obtaining a uniform irradiating beam density with minimum beam diver-
gence effects, and adequately resolving the surface voltage during the charg-
ing processes.

Measurements on Teflon are in good agreement with the numerical model
predictions. The results indicate that the equilibrium surface voltage is
determined by secondary emission and that bulk resistivity and radiation
induced conductivity are unimportant. The data points can be adequately pre-
dicted by an ideal one dimensional capacitor model. Measurements on Kapton
have not been compared with numerical calculations. The results indicate
that the bulk resistivity is important and that a leaky capacitor (i.e. a
capacitor in parallel with a resistor) is required to approximate the charging
characteristics. The results establish the practicality of using the ESEA
for measuring the surface voltage during charging.

In the remainder of the paper, the experimental system is discussed
briefly. This is followed by a presentation of the experimental techniques
and the measurements obtained. A discussion of results and a conclusion
section complete the paper.

EXPERIMENTAL SYSTEM

In order to carry out the required measurements the system shown in
figure 1 has been assembled. The electron flood gun provides a source of
energetic electrons (0-30 kv, 0-10 nA/cmz) to irradiate the dielectric samples.
The flux density of the beam is uniform to + 15% over the surface of the
dielectric. The total electron flux is continuously monitored.

The measurement system is enclosed in a multi-port glass vacuum chamber
which is pumped by a turbomolecular pump. This pumping system was chosen to
reduce surface contamination by pump oils which can affect secondary emission
yields and surface conductivity.

The sample mount was designed principally to establish a one-dimensional

geometry which conforms as closely as possible to the one-dimensional geometry
assumed for the computer code. For this purpose the samples are mounted upon
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a split ring assembly so that fringing fields at the edge of the guard ring
have no effect upon the dielectric in the region of the central disc. The
dielectric is mounted to the split ring assembly by first removing an annular
region of the metallic backing with sodium hydroxide. This region corresponds
to the spacing between the guard ring and central disc. When the samples are
affixed to sample mount using a conductive epoxy (Eccobond V-91), the guard
ring and central disc are electrically isolated. With this configuration the
equilibrium current measured with the central disc reflects only the bulk
conduction currents through the dielectric. O©On the other hand, the current
measured with the guard ring includes both bulk conduction current and surface
leakage current. To provide further one-dimensionality a grounded grid has
been placed 1 cm in front of the sample. This provides a uniform, parallel
electric field normal to the sample surface. In this way electron beam di-
vergence due to the fields produced as the dielectric charges is minimized.

The sample mount and grid are tilted at 14° to relative to the beam in
order to facilitate the measurement of secondary electrons which are ejected
normally from the sample surface. After the secondary electrons pass the
grid, they traverse a field free region and are detected by a curved-plate
electrostatic surface emission analyzer (ESEA) which resolves the energy
spectrum of the secondary and back-scattered electrons. The ESEA, developed
by Panametrics, Inc. has an energy resolution of 5% of full scale and a time
resolution of 4 sec. Picoammeters record the currents collected by the
central disc, guard ring and beam current monitor.

MEASUREMENT TECHNIQUES AND RESULTS

In order to do the initial iteration of fitting experimental data with
output of the computer model the time evolution of surface potential, charging
current and secondary emission were measured.

The surface potential was determined from a set of time resolved secon-
dary electron spectra obtained with the ESEA. This can be accomplished because
the electron spectra secondary electrons are produced at the dielectric surface
with a small kinetic energy (<100eV). The kinetic energy gained as these
electrons fall from the dielectric surface potential to ground potential is a
measure of the surface potential. By taking successive spectra of the secon-
dary electrons and noting the maximum energy a set of time-resolved surface
potentials can be obtained. This method was tested and calibrated by replac-
ing the dielectric sample with a gold plate. The irradiated plate was biased
at a number of potentials and the secondary electron energy measured with the
ESEA. A linear relation was obtained between the applied bias and the ener-
gies of the emitted electrons establishing the calibration.

Figure 2 illustrates a set of four time-resolved spectra each of which
has two distinct peaks. The first peak is the secondary electron peak which
increases both in energy and magnitude with time. The magnitude provides a
measure of secondary electron yield. The second peak corresponds to backscatter
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electrons whose energy remains essentially constant in time.

The split ring sample mount assembly is instrumented with picoammeters
to measure individually the substrate currents flowing to the central disc
and guard ring during charging. These currents along with the beam monitor
current are recorded using a Bascom-Turner data acquisition system and are
stored on magnetic disc. This data can then be recalled and analyzed.

In a typical charging run a new sample is installed and the surface po-
tential and charging currents measured. Figures 3 and 4 exhibit the central
disc currents measured and a normalized secondary yield for 125 um thick
samples of Teflon and Kapton under similar irradiation conditions (beam
energy = 11.7 keV and electron flux Vv 1 nA/cm2). It should be noted that due
to geometrical factors that the secondary yield is not an absolute calibration
and further experimental analysis is required.

In figures 5 and 6 the solid circles represent the temporally resolved
surface potentials measured with the ESEA for the 125 um Kapton and Teflon
samples. At the end of a run the samples are discharged by back filling the
vacuum chamber to 200 Torr with dry nitrogen. Subsequent charging runs in-
dicate that the surface is almost completely discharged by this process.

A computer run was made for a Teflon sample for irradiation conditions
that correspond to the experimental conditions (beam energy = 1l1l.7 keV and
electron flux = 0.96 nA/cmz). A one-dimensional parallel plate geometry was
used to calculate the surface to substrate capacitance (0.74 x 1079F). The
backscatter yield was calculated to be a constant value equal to ten percent of
the incident electron flux. The secondary yield was chosen to conform to data
of Wall et al (ref. 3). The time-resolved surface potentials generated by the
computer code are represented by the dashed curve in figure 5.

DISCUSSION OF RESULTS

The comparison of experimentally measured surface voltages with the theo-
rectically predicted values in figure 5 reveals good agreement. The obser-
vation that the equilibrium voltage is approximately 1800 + 125 V less than
the beam voltage is consistent with the measurements of others and is also
consistent with the explanation that the charging ceases when the secondary
emission coefficient is unity (at the second cross-over point). Although
the equilibrium current is buried in the noise and cannot be readily measured
with the present technique the upper limit on the conductivity approaches the
bulk conductivity value presented in the literature (ref.4 ). The surface
voltage measurements on Kapton (figure 6) reveals a larger equilibrium current
and hence larger conductivity. In both the Teflon and Kapton measurements,
the initial slope of the charging voltage curves (figure 5 and 6) are pro-
portional to the ratio of the initial charging current to the calculated cap-
acitance ( lc/C Y.

The experimental results were compared with simple one-dimensional
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capacitor models to evaluate the relative importance of various material
characteristics on the charging results. For Teflon, the bulk conductivity
was ignored and the surface voltage was calculated from the relation

vit) =1 ticdt
Cc (o]

where the charging current, i , was taken to be the central disc current. The
results are shown as the curvé in figure 5. The good agreement with the
measured results demonstrates that bulk conductivity and radiation induced
conductivity are relatively unimportant in the non-penatrating beam situation
presented here. The measurements further establish the ESEA as a suitable
non-perturbing method of measuring time dependent surface voltages for rela-
tively slowly varying conditions. For Kapton, a leaky capacitor model was
used to compute the surface voltage from the relation

t 1 t' " '
v(t) = 1 [i (t) -1 (1 (£")=- v (£ )ae" ]dt
cJ | ¢ R J 0 ° R

where the sample resistance was experimentally determined from the equilibrium
charging current. and surface voltage. The results obtained by approximating
v(t")/R by the equilibrium value are presented in figure 6 along with the ex-
perimental points. The relative good agreement shown there demonstrates the
importance of dielectric conductivity on the charging characteristics of Kapton.

CONCLUSIONS

Measurements of charging voltage and charging currents have been made on
dielectric samples irradiated by a monoenergetic electron beam. A guard ring
sample maunted together with a transparent grid in front of the sample surface
has been utilized to reduce the fringing fields, edge leakage currents and
beam divergence effects to insure a one dimensional geometry. Comparison of
experimental results with the prediction of a numerical model which takes
secondary emission and subsurface charge dynamics into accqQunt reveals good
agreement for 125 um Teflon samples irradiated by "1 nA/cm 11.7 keV electron
beam. Secondary electron emission is the important factor determining the
surface voltage with bulk resistivity and radiation induced conductivity re-
latively unimportant. A one-dimensional capacitor model appears to represent
the charging characteristics very well.

Measurements on Kapton samples are in relatively good agreement with a
one-dimensional leaky capacitor model. The results reveal the more important

effect that bulk conductivity has on the charging characteristics of Kapton.
Calculations for Kapton using the numerical model are underway.

The good agreement between the theoretical calculation and experimental
measurements establish the ESEA as a satisfactory instrument for measuring time
dependent surface voltages at irradiation levels of V1 nA/cmz. The agreement
also indicates that leakage currents and fringing field effects at sample edges
have been minimized.
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SUMMARY

The role that energetic particles in the substorm plasma have on the
charging and discharging of typical dielectric layers used on spacecraft has
been investigated using spectra and pitch angle distributions measured in situ
on the SCATHA spacecraft prior to and during a few kilovolt differential
charging event in eclipse conditions on 28 March 1979. The particle spectra
have been input to deposition codes that determine the dose rate as a function
of depth in kapton and teflon layers used in the SSPM experiment on SCATHA.

The calculated ambient dose rates of a few rads/sec throughout the bulk of the
sample are sufficiently high that radiation damage levels can be reached on the
time scale of 1 year. Surface dose is a factor of 100 higher. Bulk conducti-
vity profiles have been obtained from the dose rates using empirical relation-
ships available in the literature. The radiation-induced bulk conductivities
calculated at the peak charging time are found to be smaller than the intrinsic
dark conductivity range of solar-conditioned kapton but higher than the corre-
sponding value for teflon. The radiation-induced surface conductivities in
both materials are significantly higher than their intrinsic values. It is
concluded that in this event the surface potentials of both materials were
determined primarily by the current density carried by the electrons in the
energy range < 30 keV and that radiation-induced bulk conductivity changes were
not important for kapton but may be for teflon. It is further concluded that
surface charging occurred when the spectrum hardened and a corresponding larger
fraction of the charging current density was carried by higher energy elec-—
trons. The measured charging spectrum in this event is within a factor of 5 of
the maximum allowable trapping limit according to experimental verifications of
the Kennel-Petschek theory. It is proposed that the charging current density
at this limit, in conjunction with material properties, will directly determine
the maximum possible surface potential in eclipse conditions. Based on the
measured potential across the SSPM kapton sample in this event, the maximum
likely surface potential to be encountered in a substorm having similar spec-
tral characteristics has been estimated.

INTRODUCTION
The purpose of this paper is to assess the role that the energetic portion
of the substorm plasma has on the charging/discharging of spacecraft dielectric
materials such as kapton and teflon. It is a well established fact that the

most severe charging of spacecraft operating at high altitudes occurs in the
magnetic midnight—-to—dawn time sector where substorms are highly prevalent and

*
Work performed under ONR contract N0O0014-76-C-0444.
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where spacecraft at times can be eclipsed from solar illumination. At these
times the electron plasma is characterized by a harder and more intense than
normal spectrum, i.e., the number density of energetic electroms (2 1 keV) is
increased over ambient conditions. The role that these energetic electrons
play in dielectric surface charging through enhancement of bulk conductivities
or to the generation of internal electrical discharges through charge buildup
and subsequent dielectric breakdown are important issues that have not been
adequately addressed for the actual substorm environment. A large body of data
exists in the literature on this subject (see Ref. 1) but at electron irradia-
tion levels that are typically several orders of magnitude higher than the sub-
storm environment. Hence the results obtained in those cases are not directly
applicable to the substorm case.

Recently Wall et al. (Ref. 2) performed an excellent parameterization of
dielectric properties and electron interactiom phenomena related to spacecraft
charging. Frederickson (Ref. 3) and Summerfield (Ref. 4) have also reported
recent work in this area. The measured plasma characteristics and the parame-
tization of Wall et al. have been used in this paper to evaluate the radia-
tion-induced conductivity in an actual eclipse charging event experienced on
28 March 1979 by the Satellite-Surface-Potential-Monitor (SSPM) on the SCATHA
(P78-2) spacecraft as reported by Mizera (Ref. 5). The electron and proton
spectra before and during this charging event were measured on SCATHA with a
variety of plasma instruments. These spectra have been input to computer depo-
sition codes that determine the ionization rate and hence dose rate profiles in
127 micron (5 mil) thick samples of kapton and teflon that are used in the
SSPM. The radiation—enhanced conductivity levels were then determined using
available empirical relationships between dose rate and conductivity. These
values have been compared to typical intrinsic dark conductivities for kapton
and teflon as measured in the laboratory and, in the case of kapton, in orbit
with the SSPM experiment.

From the measured electron spectra, the current demsities have also been
determined as a function of particle energy and evaluated in light of the
measured charging potentials on the SSPM samples. It will be shown that the
measured electron flux at the peak of this event was within a factor of 5 of
the maximum trapping limit set by experimental verification (Ref. 6 and 7) of
the Kennel-Petschek theory (Ref. 8). It is proposed that this self-limiting
process will determine the maximum charging current density and hence, in con-
junction with the material propertjes, the magnitude of the charging potential
that a dielectric can experience in the space environment. The maximum poten-—
tial to which the SSPM kapton sample would ever likely charge in eclipse condi-
tions during a substorm having an electron population with similar spectral
parameters but at an intensity determined by the measured Kennel-Petschek
stable~trapping limit (Ref. 6) has been estimated. Knowledge of these limits
and measurements of the spectral hardness parameter in the substorm environment
can therefore be used to guide laboratory testing and computer modeling of the
spacecraft charging phenomena.

EXPERIMENTAL DATA

The SCATHA (P78-2) spacecraft, which is in a near—equatorial 24-~hour orbit
having an apogee of 43,192 km and a perigee of 27,517 km, contains a variety of
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plasma diagnostic and engineering experiments to study the spacecraft charging
phenomena. A complete description of the P78-2 mission is provided in
Reference 9. At 1637 UT on 28 March 1979, after the SCATHA spacecraft had been
in eclipse for some 19 minutes, the kapton, quartz fabric and teflon samples in
the SSPM experiment experienced charging to -2100, -1000 and -2000 volts,
respectively, below spacecraft ground (Ref. 5). The charging characteristics
of the kapton sample located on the bellyband of the spinning spacecraft

(71 RPM period) are shown in the top panel of Figure 1. The behavior of the
energetic electron environment before and during this charging event is shown
in the lower panels of Figure 1. The electron data were obtained with the
Lockheed SC-3 experiment which measures electrons in several energy channels
between 47 and 4970 keV. The SC-3 experiment is described in detail in
References 9 and 10. The higher energy electrons measured in this experiment
provide excellent tracers of the geomagnetic field behavior before and during
substorms.

The time interval marked "A" centered at 1510 UT in Figure 1 represents
the ambient flux levels prior to the sequence of the occurrence of the sub—
storm, eclipse and the charging of the samples. It should be noted that the
spacecraft at this time was in the pre-magnetic-midnight time period (22 MLT)
at a magnetic L-shell of 6.7 and below the magnetic equator by 18 degrees. At
1520 UT the energetic electrons at all energies began to decrease precipitously
by almost three orders of magnitude prior to the substorm. The period marked
"B" in Figure 1 centered at 1615 UT represents a depressed flux situation in
which the corresponding plasma current density is inadequate to charge the
spacecraft despite its entry into eclipse at 1618 UT as indicated. That is,
the current density incident on the spacecraft at this time was sufficiently
low that it could be adequately compensated by the current density being
emitted from the spacecraft through backscattering and secondary emission and
significant charging was not required to maintain overall current balance.

At 1600 UT the Boulder index lists the occurrence of a substorm according
to ground-based magnetometer records but the flux increase indicating the onset
of the substorm effect at the SCATHA satellite did not occur until 1630 UT.
Note that at this time the spacecraft is on the magnetic shell L = 7.2 at 2340
MLT and had been in eclipse for 12 minutes. The occurrence of eclipse and the
timing of the substorm is coincidental. As the energetic electron flux
increased rapidly at all energies up to a few MeV, the kapton sample on the
spacecraft bellyband began to charge above ambient at 1637 UT and reached a
maximum value of -2100 volts with respect to the spacecraft body by 1641 UT, a
charging period of 4 minutes. The period marked "C" in Figure 1 represents the
plasma conditions at this peak time of the charging event. The plasma inten-
sity stayed high during the remainder of the eclipse period. As the spacecraft
returned to sunlit conditions at 1716 UT the surface voltage on the SSPM dis-
charged to the ambient state. Note the temporary reduction of the energetic
electrons at the umbral exit and the subsequent return to the maximum levels.
Whether this is a temporal coincidence or the result of the redistribution of
the entire plasma environment around the spacecraft at the time of solar
illumination is not known.
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PARTICLE SPECTRA

The electron and proton spectra during the three periods identified in
Figure 1 were measured over a broad energy range with a variety of instruments
on SCATHA. For this study the lower and higher energy portions of the electron
spectrum were obtained from the SC-2 experiment (courtesy of Dr. J. F. Fennell,
The Aerospace Corporation) and from the Lockheed SC-3 experiment, respectively.
Both experiments are located on the body of the spinning spacecraft. The pitch
angle distributions measured with the SC-3 instrument at these times indicate a
near—isotropic situation with the exception of a narrow but relatively empty
loss cone. For treatment of the dielectric samples on the spinning portion of
the spacecraft, spin—averaged flux intensities are the most relevant and have
been used in this study. Figure 2 shows the resultant electron spectra
obtained between 20 eV and 3000 keV, a dynamic range of 5 decades in energy and
11 decades in intensity. The ambient condition "A" exhibits a high intensity
of low energy electrons. During the substorm precursor period "B" the lower
energy fluxes decrease but the striking feature is the precipitous decrease of
some 3 orders of magnitude in the flux at energies > 1 keV. At the time of
sample charging, "C", the lower energy portion of the spectrum is decreased
over an order of magnitude as a result of the negative barrier potential on the
spacecraft body and dielectrics during this time. The energetic portion of the
spectrum (> 5 keV) becomes more intense than that under ambient conditions.
Thus, the electron plasma can be characterized as hotter than normal.

The proton spectra at the three corresponding times are also shown in
Figure 2. The lower and higher energy portions were obtained from the Lockheed
SC-8 experiment (courtesy of Dr. S. K. Kaye) and the SC-2 experiment (courtesy
of Dr. J. Fennell, The Aerospace Corporation), respectively. The protons also
exhibit a marked decrease during the substorm precursor period "B". It should
be noted that overall proton flux is one to two orders of magnitude less than
the electron flux at energies < 10 keV.

DOSE RATES

The electron and proton spectra shown in Figure 2 were input to two depo-
sition programs available at Lockheed. The ion-pair production rate due to
electron deposition in a simulated SSPM sample consisting of a 127 micron
(5 mil) layer of kapton (Coy Hjg Ny 04), followed by a 76 micron (3 mil) layer
of silver epoxy and a 51 micron (2 mil) layer of copper, was obtained with a
computer code called AURORA which solves the Fokker—-Planck steady-state dif-
fusion equation (Ref. 1l1). With this code the scattering and diffusion of
electrons through the various layers are properly tracked and the energy loss
rate (dose rate) and current density crossing each layer in the material are
calculated. A similar calculation was performed for a teflon layer (C Fg), of
the same thickness. The ion-production rates in kapton corresponding to the
three electron spectra are shown in Figure 3 based on the assumption that 30 eV
of energy loss is required to create each ion-pair. The ionization rates are
very high in the first 5 to 10 microns of the material near the surface. The
bulk ionization throughout the remainder of the sample is relatively uniform
and about 2 orders of magnitude lower than near the surface. The peak substorm
flux, case "C", results in the highest ionization rates throughout the
material.
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The proton spectra were input to a code called PROTON (Ref. 12) which
determined the ionization losses due to coulomb collisions in the kapton. The
results of this code for the three cases are also shown in Figure 3. Except
for the first few microns near the surface and in the pre-substorm case "B",
the electron induced ionization dominates over the proton induced fonization by
approximately two orders of magnitude and hence is potentially more important
in altering the bulk conductivity properties of the material.

The dose rates corresponding to the calculated ionization rates are also
shown in Figure 3. Near the surface the dose rates are in excess of
100 rads/sec. If period "A" 1is representative of ambient conditions over a
year in the orbit, then this rate corresponds to an accumulated annual surface
dose of over 3000 megarads. Such radiation levels are extremely damaging to
dielectric materials such as teflon and hence the surface properties of these
samples should be degraded after a year or so in orbit. The bulk material dose
rate of a few rads/sec results in an annual dose of 63 megarads, a level that
is also of some concern to the bulk properties of such materials as teflon.

BULK CONDUCTIVITIES

The dose rates shown in Figure 3 have been used with the formalism
reported in References 2 and 13 to obtain the radiation-induced conductivities.
Basically, the radiation—igduced conductivity, O_, can be quantitatively
related to the dose rate, D, by two material dependent parameters, as follows:

6. = kD (1)

where k 18 called the coefficient of radiation—induced conductivity and N is a
value that lies between 0.5 and 1.0. For this study N has been chosen to be
1.0 and hence represents the maximum possible conductivity value. The values
of k for both teflon and kapton vary widely and hence we have used the range of
values cited in Reference 2 in our calculations.

Figure 4 shows the radiation-induced conductivity profiles derived in this
manner for the "B” and "C" time periods as a function of the kapton and teflon
thickness. The electron and proton dose rates have been summed in obtaining
Figure 4. The ambient "A" period was not plotted because it significantly
overlapped the "C" data. The intrinsic dark conductivity ranges for both
kapton and teflon are also shown against which the radiation-induced conducti-
vity can be compared. An intrinsic bulk dark conductivity in a dielectric is a
difficult parameter to define. Virgin kapton when exposed to solar illumina-
tion exhibits as much as a four order of magnitude increase in its bulk conduc-
tivity and even retains up to a three order of magnitude higher conductivity
after being returned to the dark for several hours (Ref. 14). The actual bulk
conductivity of 4.5 x 10716 Siemen (S)—cm'1 measured on SCATHA with the SSPM
kapton sample at the time of peak charging in this event (Ref. 5 and personal
communication, P. F. Mizera, 1980) is shown as Item 1 in Figure 4. Also shown
are the intrinsic bulk dark conductivities for kapton taken from References 15
(Item 2) and 14 (Item 3). For teflon, which has a much lower bulk dark con-
ductivity than kapton, the intrinsic values were obtained from References 1
(Item 4) and 14 (Items 5 and 6). Adamo and Nanevicz (Ref. 14) report a value
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of 2.2 x 10718 S—cm_l for a 127 micron (5 mil) sample of FEP teflon at a
surface potential of -1700 volts. Van Lint et al. (Ref. 1) gives a value of
3 x 10718 s-cm™! for a teflon sample exposed to a dose rate of 1 rad/sec at
25°% temperature.

The depressed fluxes during the "B" period clearly do not influence the
intrinsic bulk dark conductivities of either kapton or teflon except within the
first few microns of the surface. Even during the charging period "C", the
radiation-induced conductivity in kapton is approximately one— to two—orders of
magnitude smaller than the intrinsic bulk dark conductivity, except near the
surface. The very high enhanced conductivity within the first few microns of
the surface may, however, be important to surface leakage and surface discharge
effects in dielectrics. Hence it can be reasonably concluded that in either
the ambient or substorm environment the radiation-induced conductivity through
the bulk of the kapton sample 1is significantly less than the intrinsic bulk
dark conductivity. The case of teflon is less clear. At the time of peak
charging the radiation-induced conductivity is comparable with the intrinsic
dark conductivity but the uncertainties in both conductivity values are large.
It is fair to conclude that radiation-induced conductivity in teflon is more
important than in kapton and may have an effect on the surface charging poten-
tial depending upon the detailed history of the sample.

CHARGING CURRENTS

Since enhancement of the bulk conductivities of kapton and teflon does not
appear to be the dominant factor in determining the magnitude of the surface
charging potential in this event, another key parameter, the charging current
density, has been examined. From Figure 2 it is evident that the dominant
charging current is carried by the electrons. In Figure 5 the integral
electron current density greater than energy E is shown as a function of E for
the three periods during this event.

During the ambient period "A" the charging current density of ~50-60
picoamps/cm2 is carried principally by electrons with energy < 1 keV. At these
energies the secondary emission coefficient of teflon is > 1 (Ref. 2) and the
surface can adequately balance the incident current without charging to any
significant voltage, even in eclipse. During the depressed period "B" the
current density is again carried by low energy electrons and because the magni-
tude is low, the dielectric surface can easily balance the incident current
through secondary emission.

During the main portion of the substorm, the current density begins to be
carried by higher energy electrons in the several kilovolt range. The
relatively flat curve of current density vs. electron energy up to a few
kilovolts is probably due to the fact that the entire spacecraft body at this
time in eclipse is charged negatively to several kilovolts. The spacecraft
therefore acts as a retarding potential barrier to incident electrons up to
several kilovolts. At this time the kapton and teflon samples charged to
-2000 volts with respect to this negatively charged spacecraft. At 2 keV
energy the current density is ~40 picoamps/cm“ and higher than the corre-
sponding density in the ambient case "A" at this energy. At 2 keV the
secondary emission coefficient of teflon is unity, that is, an electron is
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emitted from the surface for every incident electron (Ref. 2). Thus, the
incident current is effectively self-balanced by secondary emission from the
surface up to an energy of 2 keV in the incident spectrum.

As the incident electron energy increases above 2 keV the secondary
emission coefficient drops below unity and charging will have to occur. With
the onset of surface charging, a current will be conducted through the sample
to the spacecraft. The magnitude of this steady-state conduction current, i,
will be equal to 0V/d where 0 is the bulk conductivity, V is the charging
potential and d is the sample thickness. The bulk conductivity is a fairly
strong function of the electric field above a few kilovolts (Ref. 2) as well as
a function of other environmental factors such as temperature, solar illumina-
tion and particle radiation.

The steady-state surface charging potential with respect to the spacecraft
will be determined by the position along the "C" curve in Figure 5 where the
current density incident on the surface is just equal to the sum of the
secondary emission and backscattered current leaving the surface and the
conduction current through the sample. For teflon, the conduction current
should be approximately equal to the integral current density given in Figure 5
greater than an energy of V + 2 keV. Below this potential the current density
is balanced by secondary emission. The magnitude of V can be determined
approximately from

= 4
V=3 L) keV (2)

Thus, the magnitude of the surface potential is directly related to the shape
of the incident electron spectrum. As the spectrum becomes harder in the
crucial 2 to 30 keV region, the surface potential must become more negative to
retard the incident current density to the point where it just equals the bulk
conduction current plus the secondary emission. There is a compensating
feature in that as V increases linearly, the bulk conductivity increases
faster than linear at potentials above 2000 volts (Ref. 2). The surface poten-
tial will therefore not need to rise linearly with increasing current density
in order to satisfy Equation 2.

Of interest is the maximum potential to which a dielectric surface can
charge in eclipse conditions. Dielectric breakdown of the material may well be
the practical limit but the magnitude of the available charging current is the
fundamental limit. It is proposed that there is a natural self-limit to this
charging current in the magnetospheric substorm. According to the Kennel-
Petschek theory (Ref. 8) the trapped electron flux on a magnetic field line can
increase to a limit at which instabilities set in. Whistler waves which grow
as a result of the instability interact with the trapped electrons resulting in
the alteration of their pitch angle motion such that precipitation into the
atmospheric loss cone occurs. Baker et al. (Ref. 6) established this limit for
the geosynchronous orbit (L = 6.6) at a flux of 5 x 10/ electrons/cmz—sec—sr'
for energies > 30 keV. In case "C” on 28 March 1979 the integral flux > 30 keV
is ~1 x 107 electrons/cmz—sec—sr'l. Hence, the substorm conditions on this day
were probably within a factor of 5 of the maximum possible current density. If
we assume a substorm condition having this maximum intensity and the same spec-
tral characteristics as period "C”, the limiting c¢urve shown in Figure 5 is
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obtained. This curve will not be highly valid at energies below ~2 keV but
should be more valid above that energy. Thus, for modeling and laboratory
testing purposes charging current densities of 20 to 100 picoamps/cm2 at
energies near 10 keV would represent the range to be expected in the substorm
environment.

The SSPM kapton sample charged to a differential potential of -2100 volts
in the 28 March 1979 substorm. In the most intense substorm set by the
trapping limit and under similar eclipse conditions, the sample would charge to
-10,500 volts according to Equation (2), i.e. five times the value in case "C"
on the assumption that the conductivity did not change with the impressed
electric field. 1In fact, however, the conductivity of kapton at room tempera-
ture would increase by a factor of 30 between a potential of -2100 and -10,500
volts (Ref. 2). The actual surface potential would therefore be significantly
less than -10,500 volts because of the increased conductivity and the fact that
the integral electron current density to be conducted at -10,500 volts is less
than at -2100 volts by approximately a factor of 2. 1In the case of teflom, the
radiation-induced conductivity may be quite important. As the storm intensity
increases, the teflon bulk conductivity would also increase in a linear and
compensating manner such that the final surface voltage in the 1limit would be
significantly less than -10,500 volts. Therefore, energetic particles can play
an important role in determining the surface charging potential of dielectric
materials in the geomagnetic substorm environment.
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Figure 1. Top Panel. Chargi{ng voltage characteristics of
the SSPM-2 kapton sample on the SCATHA satel~-
lite during eclipse on 28 March 1979.

Bottom Panel. Characteristics of the energetic
electron environment prior to, during and after
the eclipse and charging event as measured with
the Lockheed SC-3 experiment on SCATHA.
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Figure 2. The electron and proton spectra
measured on the SCATHA satellite
during the three intervals indicated
in Figure 1.
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ELECTRON PENETRATION OF SPACECRAFT THERMAL INSULATION*

Walter L. Powers, Barbara F. Adams, and George T. Inouye
TRW Defense and Space Systems Group

ABSTRACT

The International Solar Polar Mission spacecraft is designed to use
Jupiter's large mass to project it into an orbit perpendicular to the eclip-
tic plane to enable it's onboard scientific experiments to collect data over
the north and south poles of our sun. The spacecraft will approach as close
as 5 or 6 Jupiter radii during the critical day of maximum orbit change and
must be designed to survive the high electron flux surrounding the planet.

Most of the electrons striking the spacecraft will be stopped within
the various materials and produce an increasing negative potential and pos-
sibly hazardous electric fields, except for a few electrons of extremely
high energy which pass on through and those which are sputtered off as sec-
ondaries and those which are repeiled by the increasing negative potential.
I[f the electrons deposited in insulators produce electric fields which ex-
ceed the dielectric strengths, i.e., fields of the order of 106 volts/cm,
then undesired internal discharging can occur. When energetic electrons
penetrate or are stopped in a nonconductor they reduce its bulk electrical
resistivity by increasing the number of electron-hole carriers rendering it
more of a semiconductor, a phenomena known as radiation induced conductiv-
ity. This then permits more of the electrons to flow through the dielectric
toward nearby conductors and away from the regions of high deposited elec-
tron_density, thereby reducing the accompanying electric field and perhaps
avoiding any troublesome arcings and flashovers.

In this study we have taken the external thermal blanket to be 13 mils
of polyethylene which has known range and stopping power as a function of
electron energy, applied the most recent omnidirectional peak Jovian elec-
tron flux at 5 Jupiter radii, calculated the electron current penetrating
the thermal blanket and allowed this to impinge on a typical 20 mil poly-
ethylene insulator surrounding a wire. The radiation dose rate to the insu-
lator is then calculated and the new electrical conductivity found. The
results demonstrate that the increased electronic mobility is sufficient to

keep the maximum induced electric field two orders of magnitude below the
critical breakdown strength.

CALCULATIONS

A thermal blanket 13 mils thick consisting of 22 layers of Sheldahl,
kapton, mylar, teflon, and vacuum deposited aluminum is approximated in this
study by a 13 mi1 layer of polyethylene. The polyethylene parameters used
in this calculation are: a dielectric constant of 2.3, a density of 0.92

*This work supported in part under NASA Contract No. 955500.
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gram/cmz, a volume resistivity of 1017 ohm-cm, and a dielectric strength
of 0.5 x 106 volts/cm.

Figure 1 displays the electron range in polyethyiene as a function of
electron energy plotted from data in Reference 1. For a 13 mil or 0.033 cm.
thickness we find that electrons with energies below 0.16 Mev are stopped
within the thermal blanket. In this study we are concerned with the elec-
trons which penetrate this blanket and reach a typical insulated wire within
the spacecraft; the insulation around this wire is taken to be polyethylene
with a thickness of 20 mils or 0.051 cm. We find from Figure 1 that elec-
trons with energies greater than 0.29 Mev pass on through this 0.051 cm. of
insulation.

Figure 2 illustrates the total stopping power in polyethylene as a
function of electron energy plotted from data in Reference 1. The electrons
with energies between 0.16 Mev and 0.29 Mev which are deposited in our 20
mil insulator of interest lose an average of 2.6 Mev/cm.; therefore, they
impart an energy to this dielectric equal to their initial energy minus the
energy they lost while traversing the 13 mils of thermal blanket. This av-
erage 0.22 Mev electron loses an average of 2.6 Mev/cm. times 0.033 cm. or
0.086 Mev traversing the thermal blanket, and has remaining 0.22 Mev minus
0.086 Mev yielding 0.134 Mev for deposit in our inner insulator. The elec-
trons having energies greater than 0.29 Mev which pass through our inner
dielectric lose approximately 2.2 Mev/cm.; therefore, they impart 2.2
Mev/cm. times 0.051 cm. for 0.112 Mev per electron to the polyethylene.

Figure 3 gives the Jovian electron omnidirectional integral peak flux
as a function of energy at a distance of 5 Jupiter radii plotted from data
in Reference 2. This omnidirectional flux needs to be divided by 4 to ob-
tain the correct number crossing unit surface per second according to Refer
ence 3. Values from Figure 3 are 2.8 x 108 electrons/cmé-sec at 0.16 Mev
and 1.7 x 108 electrons/cmé-sec at 0.29 Mev. After appropriatg]y dividing
by the necessary 4, these fluxes become 7.0 x 107 electrons/cmé-sec at 0.16
Mev and 4.2 x 107 electrons/cmé-sec at 0.29 Mev.

The rate of electron density deposited in the inner insulator is
(7.0 - 4.2) x 107 e=/cml—sec = 2.8 x 107 e~/cm?-sec. This is multiplied by
the elecronic charge of 1.6 x 10-19 $oulomb to yield a current density of
4.5 x 10-12 amp/cmé. These 2.8 x 10 e‘/cmz—sec which stay in the insula-
tor impart an average energy of 0.134 _Mev per electron for a product of
3.75 x 106 Mev/cmé-sec. The 4.2 x 107 e/ cmé-sec of higher energy electrons
which penetrate the inner insulator lose an energy of 0.112 Mev per electron
for a product of 4.7 x 106 Mev/cm?-sec. This total of 8.4 x 106 Mev/ cmé-
sec is converted to a dose rate by using the identity 1 rad =6.25 x 107
Mev/gram to give:

6 Mev/cmz—sec)(l rad-gm/6.25 x 107 Mev)

(8.4 x 10
x (1 cm3/0.92 gm)(1/0.051 cm) = 2.9 rad/sec

The radiation induced conductivity is calculated using
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- kb =5 x 10717 b

from Reference 4, where q is the electronic charge of 1.6 x 1019 coulomb, K
is the density funct1on for electron-hole pairs of 3 x 10l pa1rs/cm3—rad T
is the state lifetime of 10-11 sec, u is the mobility of 1 cm 2/volt-sec, and
D is the dose rate in rad/sec. Our typical inner polyethylene insulator has
its conductivity changed near Jupiter by the amount

=5 x 10_17 sec/ rad-ohm-cm (2.9 rad/sec) = 14 x 10_17 ohm"l—cm'1

The new conductivity is expressed as the sum of the initial and the change
yielding
-17

17 17 1 -1

o =0 % 80 = 1 x 10 + 14 x 1007 =15 x 107" ohm™ “-cm

An electrical model is now constructed for the charge density deposited
in the insulator and for the equivalent circuit. It turns out that the as-
sumed shape of the charge density doesn't really matter, i.e., it may be an
isosceles triangle distribution with the apex at the center of the insula-
tor, or a sinusoidal distribution with the maximum in the center, or a delta
function with all charge deposited right at the center. The maximum value
of the electric field produced in the insulator is found from Poisson's
equation

aV _dE__»e
E;? dx €

to be Epax(x,t) = s ppax(t)/e, where s is the insulator thickness and e
is the insulator permittivity. The equivalent electrical circuit is taken
to be an insulator having both capacitance and resistance in paraliel,
grounded on each side, with half the deposited electron current flowing in
each direction as shown in Figure 4. This model becomes

Je/2 = JR + JC

The resistive current density is given by Ohm's equation

JR(X,t) = o(t)E(x,t) = oS pm(t)/e

The capacitive or displacement current density is given by

= dQ/dt where Q = fpm(t)a(x-o)dx = s op(t)

This yields
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Jol2 = os pm(t)/e + s dpm(t)/dt
which has the solution
oalt) = o2 (1 - e™Ye)
This is expressed in terms of the maximum electric field as
E(t) = 5o (1-e

The charging time constant is found by

elo = Keylo = 2.3(8.85 x 1072 coul/volt-m)/ (15 x 10717 onmL-cmi”!

)

x (1 m/100 cm) = 1360 sec

The maximum obtainable electric field is given by

12 17 1 1

E amp/cm?)/2(15 x 10

max Je/20 = (4.5 x 10 ohm ~-cm

)

1.5 x 104 volts/cm

The equation for the electric field becomes

e-t/l360 sec

E (t) = 1.5 x 10* voits/em (1 - )

This maximum electric field of 1.5 x 104 volts/cm is between one and
two orders of magnitude less than 5 x 105 volts/cm, the dielectric strength
of polyethylene; therefore, no electric discharges are expected to occur
within the insulation surrounding wires beneath the spacecraft's thermal
blanket.

An interesting graph, Figure 5, is produced by plotting the equation
for the charging time versus the absorbed current for various values of re-
sistivity

t = % In (Je/ (Je-20E ))
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One can locate the appropriate curve for the new radiation induced conduc-
tivity or resistivity, locate the deposited current density and therefore
find the time to breakdown which for our particular values gives a time of
infinity.

One final interesting conclusion is found by inspecting the maximum
electric field that would be produced if there were no radiation induced
conductivity, i.e., by using the initial conductivity of 10-17 ohm-1l-cm-1
12

17 5

Enax = J&/20 = 4.5 x 10~

ma /2 (1 x 10

) = 2.25 x 107 volts/cm

This is still less than polyethylene's breakdown strength of 5 x 109
volts/cm; therefore, no breakdown would be expected even without the dielec-
tric degradation. Of course, this applies only to insulation beneath the
thermal blanket.
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ELECTROSTATIC DISCHARGING BEHAVIOUR OF KAPTON
IRRADIATED WITH ELECTRONS"*

Derek Verdin
U.K. Atomic Energy Authority, Harwell

SUMMARY

The electrostatic charging and discharging of Kapton when irradiated with
mono-energetic electrons of 5 to 30 keV energy has been studied. The leakage
currents and rates of discharging always increased with the incident electron
energy and flux, whereas the surface voltage showed a more complex behaviour
depending on the thickness of the material: for the thinner films it exhibited
a maximum and then fell at higher energies. The surface voltage, the rate of
discharging, and the peak current and total charge flow during a discharge were
enhanced as the temperature was decreased from +70°C to —1800C, and were
accompanied by a decreasing leakage current, Visible light or the presence of
an aluminium coating on the irradiated surface caused reductions in the surface
voltage and changes in the discharging characteristics. The results of these
investigations are discussed in terms of the leakage currents and the secondary
emission of electrons. Photomicrographs taken after irradiation, and photo-
graphs of samples during irradiation, have shown good correlations between the
positions of light flashes and of pinholes produced by the discharge arcs.

INTRODUCTION

Kapton film is widely used on geostationary satellites as the outer layer
of passive thermal control systems, and as a substrate for flexible solar
arrays, in which the solar cells are mounted on a single sheet of the polyimide
film having an area of several square metres (ref. 1). Since the exposed
dielectric can be of large area, is relatively thin, and usually has a conduc-
tive backing, large capacitances exist, which under the conditions prevailing
in geosynchronous orbit and in the absence of sunlight, can become electro-
statically charged during geomagnetic substorms and result in arc discharges,

Many aspects of the charging and discharging of various dielectrics have
been reported (ref. 2), but there is a sparsity of data obtained by varying a
wide range of irradiation parameters under identical experimental conditions.
Such data has been obtained for Kapton as part of a materials characterisation
programme, and is reported here to provide additional information for testing
the validity of models for the mechanism of dielectric discharging. Very few
observations exist of the effect of temperature on the surface voltage and

* This work was sponsored by the Space Department, Royal Aircraft Establishment,
Farnborough under Contract A52a/188
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discharging activity of Kapton, and this parameter has therefore been studied
in some detail. The surface potential of a dielectric material exposed to
solar radiation may be largely determined by photoemission of electrons (ref.3)
and by thermal effects, however, visible light may make a contribution and the
significance of this has been demonstrated in the absence of the other two
factors. Conductive coatings such as indium—tin oxide can eliminate the dis-
.charging problem with dielectrics (ref.4), and observations of the effect of a
conductive (aluminium) coating on the surface voltage and leakage currents in
irradiated Kapton have therefore been included in the present study.

EXPERIMENTAL TECHNIQUE

The equipment used for this work (fig.l) was bagsed on a 0,5 m diameter
vacuum chamber, operating at a pressure of V2 x 107/ torr, in which samples
cogld be irradiated wigh mono—-energetic electrons at temperatures from 25° to
75°C, or at about ~180 C. The electron energies were in the range 3 to 30 keV,
and the beam flux was from 0.02 to 35 nA.cm™ 2. The samples usually consisted
of 140 mm diameter circles of Kapton type H film having projections for elec-
trical connections (fig.2). A central current collector (101 mm dia. in
"standard" samples) and a concentric guard ring of aluminium were vapour
deposited on the lower surface, and subsequently sprayed with an insulating
coating. To facilitate heat transfer the samples were secured on the sample
holder with a silicone encapsulant (Dow Corning 93-500) used as a low bond
strength adhesive. The electron beam uniformity over the irradiated zone of
111 mm diameter was + 307.

During irradiation the leakage current from the central collector to earth
was measured with an electrometer (Keithley, model 610C), the output of which
was displayed on a chart recorder to show the frequency of discharges. The
pulse characteristics were monitored with a fast current probe (Tektronix, type
P6303) inductively coupled to the lead from the sample to the electrometer,

The output of the probe amplifier was displayed on a 100 MHz storage oscillo~
scope (Tektronix, type 466) so that pulses could be photographed for measure-
ment of peak current, pulse duration, and the area beneath the trace, which
gives the total charge flowing during a discharge.

The surface voltage profile of the top surface of the samples was measured
during irradiation by a non-contacting electrostatic voltmeter (Trek, model
340HV) equipped with a probe (type 4031S) having a voltage sensing aperture of
0.5 mm diameter. This was swept, about 3 mm above the sample surface, across a
diameter of the sample in 12 seconds, and operated at the potential it was
measuring, thus avoiding distortion of the surface voltage and the risk of
discharges between the probe and the sample, The output of the probe was not
affected by the electron beam.

The electromagnetic radiation associated with the current discharges was
monitored with a circular loop antenna mounted in the vacuum chamber, The
voltage induced in this loop by discharges was displayed on a second identical
oscilloscope. For the particular components employed this system gave relative
measurements of the electromagnetic signal at 20 MHz,
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Visual and photographic observation of samples during irradiation was made
through a port in the vacuum chamber,

IRRADIATION OF KAPTON -~ RESULTS AND DISCUSSION

Surface Voltage and Leakage Current

Measurement of voltage profiles across the surface of Kapton during
irradiation showed that it,required several minutes to attain an equilibrium
level at a flux of 5nA.cm ~, and figure 3 shows how the profile changed for
5 keV electrons incident on a sample having a small diameter collector. The
equilibrium level was "V 1kV below the energy of the incident electrons, and
this was also true of the maximum levels attained over the unaluminised areas
of the sample with higher energy electrons (fig.3). The surface voltage
profiles also show that earthed aluminium on the rear surface of the Kapton
lowered the potential of the irradiated surface. The maximum surface voltages
attained on unaluminised Kapton and those measured at the centre of standard
samples are presented in figure 4 as a function of the incident electron energy
and the thickness of Ehe Kapton, for irradiations performed at -180°C with a
beam flux of 5 nA.cm “. The plots all extrapolate to an intercept which
indicates that under certain conditions the surface tends to attain a voltage
which is 1.3 kV below the energy of the incident electrons,

The leakage current through Kapton to the aluminium collector during
irradiation was proportional to the area of this collector,from 8.0 to 80.1 cm’,
and to the incident electron flux up to at least 35 nA.cm ~. The surface
voltage and the leakage current were reproducible from sample to sample, being
reflections of a bulk property of the polymer film. The leakage current was
also a function of the energy of the electrons, and it is seen from the data in
figure 5 for 5lp thick Kapton irradiated at two temperatures that at 25°C it
accounts for essentially all of the incident flux at the highest energy.

The above observations are consistent with a charging mechanism for die-
lectrics in which the surface voltage attained represents a balance between the
incident flux and the loss of electrons by conduction and by secondary emission
and backscattering. When there is no aluminium collector present on the lower
surface, or for very thick films, conduction is low, and in the absence of
light secondary emission plays a decisive role (ref.5). TFor a surface to
attain equilibrium under these conditions with electrons of a given incident
energy E, the secondary emission coefficient § must be unity i,e. one electron
leaves for each one arriving at the surface. If § were always >1 or always <1
the surface would charge positively or negatively respectively and could never
attain equilibrium, § is a function of the incident electron energy (ref,6)
such that it is greater than unity in the range n1leV<E<n1keV,so that when
irradiation of a surface commences with electrons of energy E>>1keV very little
secondary emission occurs. However, as the incident electrons are trapped
(assuming the dielectric is thick enough) the resulting potential of the sur-
face retards the electrons subsequently arriving and the surface will charge up
negatively until its potential reaches a level at which it retards the incoming
electrons to an energy for which their secondary emission coefficient is unity.
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Davies (ref. 5) showed this energy was 0.9 keV for Kapton at 25°C, and the
present results indicate there is very little effect of temperature on the
upper threshold for secondary emission, since at -180°C the Kapton surface
acquires a voltage which is 1.3 kV lower than the energy of the incident
electrons.

The lower resistance of the thinner samples permits higher leakage cur-
rents to flow through the polymer, thus providing a second route for electron
loss when the lower surface is coniductive. Equilibrium is therefore maintained
by a decrease in secondary emission, § falls below unity, and equilibrium is
established with incident electrons of higher energy. There is therefore less
retardation of the incident electrons so that the surface is at a lower poten-
tial. However, the variation of resistance with thickness alone cannot account
for the differences between the plots in figure 4, The greater penetration of
the more energetic electrons during the charging process will presumably result
in a radiation-induced contribution to the conductivity which extends to a
greater fraction of the thickness of the film at the higher electron energies,
thus raising the leakage current (fig.5). The range of 30 keV electrons in
Kapton is estimated from electron range data (ref.7) to be 12,31 which repre~
sents a penetration of half of the thickness of the 25y film but only 1/10 of
that of the thickest film. When the penetration is a significant fraction of the
thickness the enhanced conductivity results in even lower secondary emission to
maintain equilibrium and so the surface voltage falls at the highest energies,

In the case of the thinnest film (6.9u) studied, the range of 22 keV
electrons is equal to the thickness of the film, and therefore above this
energy the surface voltage would be expected to be very low, as was indeed
found (fig. 4). These %ow voltages were accompanied by high leakage currents,
With a flux of g nA.cm © of 5 keV electrons incident on the film the leakage
current at =180 C was 0.3uA, and it reached a level of 0.49uA for electroms
having energies of 20 keV or higher. The leakage current therefore rises much
more rapidly than in the case of 51u thick Kapton (fig.5), presumably as a
consequence of the greater radiation-induced conductivity associated with the
higher penetration of the electrons in the thin film.,

For low energy (<5 keV) electrons impinging on the thinner films the above
conduction effects are negligible since the penetration is low and secondary
emigssion is still the decisive factor; all of the plots in figure 4 therefore
approach that for unaluminised Kapton.

On the basis of the above considerations it would appear that the use of
the thinnest Kapton films available as the outer component of thermal blankets
would facilitate the removal of even the lower energy incident electrons, and
result in very low surface voltages with a consequent reduction in suscepti-
bility to dielectric breakdown by arc discharge, This conclusion has recently
been reached independently on theoretical grounds by Fellas (ref.8)
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Discharging Behaviour

Electrical discharges were observed when Kapton was irradiated with
electrons having an energy exceeding a threshold value. This was about 15keV
for 51u thick Kapton at 25°C. The discharges were not of constant size, nor
did they occur at regular intervals, so that there were short term variations
in the rate of discharging, which fell progressively as irradiation continued
(fig.6). A second irradiation of the same sample after 24 hours in vacuum
showed continuation of the process i.e. no 'recovery' occurred, and the dis-
charging eventually ceased, presumably as a result of the production of perma-
nent low resistance routes to earth due to repeated dielectric breakdown. This
must be at points where discharges have occurred, but it did not cause any
significant increase in the leakage current, which remained constant throughout
the irradiation, since the electron transport in discharge pulses was only a
few percent of the continuous loss by bulk conduction. It is evident from
figure 6 that pre—irradiation with electrons of the same (and presumably
different) energy can lead to lower discharge rates.

The rate of discharging varied in a non-linear manner with the beam flux
(fig.7), presumably because apart from the rate of arrival of electrons at the
sample surface other factors control the initiation of discharges and the
amount of charge removed in a single event, e.g. variation of the radiation-
induced component of the surface conductivity with the incident flux. This
figure shows a smooth change in behaviour for a particular sample, but
comparison of data from different samples, even when taken from adjacent areas
on a roll of film showed discharge rates varying by factors of 2 or 3. This is
common for observations on the dielectric breakdown of organic polymers, and
is attributed to the fact that the point of breakdown is believed to be an
impurity or defect site in the structure (ref.6). The concentration of these
defects varies widely across a film, giving local variations in dielectric
strength, and consequent variations in discharge rates between samples.

The majority of discharges observed were of the form shown in figure 8.
The current rose within about 0.5 usec to a peak which was as high as 20A and
then decayed to the level of the leakage current in a period of several usec.
The charge associated with the pulse is given by the area under the curve, and
in the example shown (A) it is 7.6 x 106 coulomb. Since the corresponding
voltage profiles indicated a fall in potential of about 11kV, then the energy
associated with this discharge was about 40mJ, which was a typical value for
511 thick Kapton irradiated with 25 keV electrons at —-180°C. Many of the
current pulses were more complex and exhibited smaller secondary pulses super-
imposed on the decay of the initial pulse, presumably due to secondary dielec-
tric failure within the area from which the first discharge was collecting
electrons. An example of such a discharge is included in figure 8 together with
the associated signal induced in the antenna by the electromagnetic radiation.
The latter demonstrates the usual decay of the RF signal in about 1 Hsec, and
also that the small subsidiary current pulse shown in figure 8B generated a
significant RF signal.

The surface voltage profiles provided an indication of the extent in terms
of area and voltage level to which a surface was discharged in a single event.
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The scans reproduced in figure 9 were recorded during the irradiation at ~180°C
of a staadard 51y thick Kapton sample with 30 keV electrons at a beam flux of

5 nA.cm “. The first scan shows that when the surface was at only about 11,5kV
a discharge occurred which reduced the voltage to zero, Tmmediate reversal of
the probe traverse revealed in the second scan that the whole width of the
sample had discharged, and if account is taken of the partial recharging of the
surface by the electron beam during the sweep, which was estimated by compari-
son of these two scans to be at a rate of about 170 V/sec, then the whole
sample must have fallen very close to zero volts. The third scan, commenced
immediately after a discharge, illustrates the fact that in other cases the
full width of the sample discharged, but the surface did not fall below 5kV,
The fourth scan shows the result of another common type of discharge which was
very localised and reduced the voltage over only a fraction of the Kapton
surface. This was towards the edge of the sample which is the region of maxi~
mum voltage gradient and where initiation of discharges would be expected,
These wide variations in the changes in surface voltage caused by discharges
are consistent with the differences which exist between the amounts of charge
associated with the individual discharges occurring in a sample under steady
irradiation conditions.

The behaviour of the 25u thick Kapton differed from that of the thicker
films in that the discharge which occurred had almost no influence on the sur~
face voltage, in spite of involving significant amounts of charge., Furthermore
the charge associated with the largest pulse observed for each incident
electron energy decreased with increase in this parameter, being 29.8, 17.1 and
3.8 x 107/ ¢ for 20, 25 and 30 keV electrons respectively. It is suggested
that these effects result from the greater penetration of higher energy
electrons in the thin film due to its lower surface voltage (fig.4), with the
consequence that a higher proportion of the electrons become trapped at
distances approaching the range of electrons possessing the incident energy.
Thus, 30 keV electrons penetrate nearly to the centre of the 25y film, and
dielectric breakdown in this case will involve only half of the thickness of
the Kapton. This will presumably remove fewer electrons as the incident energy
is increased since they will be trapped more diffusely in the upper part of the
film at the higher energies, and probably only those electrons from the zomne
near the maximum range will be involved in a discharge. Removal of electrons
primarily from the deeper trapping zones would also account for the small
changes in surface voltage caused by discharges from the 25y film. Moreover,
since the breakdown voltage involved would be that of about half of the thick-~
ness of the Kapton, then the occurrence of discharges does not contradlct the
reported dielectric strength of “9kV for 25u thick Kapton at ~180°¢C (ref.9),

With the 6.9y thick film the normal type of discharges were observed only
with 10 and 15 keV electrons, and they were very small, the charge associated
with the largest pulses being 6.9 and 2.5 x 107° C respectively, The dis~
charges had no effect on the surface voltage, and presumably occurred at the
edge of the central collector, but in the unaluminised annulus, where the
voltage was up to 2 kV higher than in the centre of the sample. At higher
energies the electrometer recorded no discharges of this type but did show small
negative displacements, indicating a change in behaviour when the incident
electrons had sufficient energy to penetrate the film completely.

101



Influence of Temperature

The temperature at which Kapton is irradiated has a significant influence
on its behaviour. When irradiated with 30 keV electrons at a flux of 5 nA.cm -2
some standard 51y thick samples showed no dlscharges at 800C, and others gave
a maximum rate of only 1 per hour. At 25° C, however, the rate was initially
about 2 per minute, while at -180°C the 1n1t1a1 rate had risen to about 4 per
minute. Moreover, the charge associated with each pulse was on average several
fold greater at -180°C than at 25°C, and as the irradiation proceeded there
was a much slower fall in the rate of discharging at the lower temperature.
This is significant since -180°C is more representative than 259C in terms of
the temperature at which discharging occurs in satellite solar arrays during
eclipses.

The volume resistivity of Kapton is greater at lower temperatures (ref.9),
and this would be expected to lead to reductions in the leakage currents and
increases in the surface voltages as the temperature is reduced. The data in
table 1 show that the voltages at the side (unaluminised region) and in the
centre of standard 51U thick Kapton samples do indeed increase as the tempera-
ture is reduced, and at the same time the leakage current falls. However, the
decrease in the latter is much smaller than would be predicted from the volume
resistivity, which decreases nearly 10-fold between 25° and 70°¢C (ref.9), so
that presumably radiation—-induced conductivity makes a much greater contri-
bution than ohmic conductivity. Nevertheless the latter probably determines
the effect of temperature, since the radiation-induced effect would not be
expected to vary with the temperature. The data given in table | were
measured under conditions where little or no discharging occurred so that the
voltages represent equilibrium values rather than the breakdown voltages of
the sample.

Photoconduction Effects

The influence of visible light on the electrostatic behaviour of Kapton
was examined by exposing samples to a 15W filament lamp mounted so as to
illuminate the whole area of the sample. The glass envelope of the bulb
limited the wavelengths of the light emitted to above about 350 nm, and separ-
ate tests showed that illumination caused no change in the temperature of the
Kapton film, so that there was no thermal contribution to the effects observed.

When unaluminised Kapton which was being irradiated with 20 keV electrons
was exposed to visible light there was no change in the surface voltage, which
is consistent with the fact that light of these wavelengths causes no photo-
emission. However, when Kapton aluminised on the lower surface was illuminated
under similar conditions the surface voltage dropped by several kV, and the
leakage current was enhanced, the behaviour being illustrated by the data given
in table 2. No further changes occurred when the light intensity was increased.
On illuminating Kapton the changes in surface voltage and leakage current
occurred quite rapidly, within about ! minute, but although the data shows that
the effects were almost completely reversible the recovery when the light was
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switched off was much slower, taking up to 20 minutes. These effects presu-
mably result from photoconduction of electrons to the metal layer,

Illumination caused no changes in the rates at which discharges occurred
in Kapton samples, However the peak currents in the pulses and the amount of
charge associated with each pulse was reduced by a factor of about 2, and this
resulted in the surface voltage being quite stable during the period when the
light was on. Nevertheless, this-voltage was still quite high, at about 9 kV,
Moreover, the photoconduction had a progressively smaller effect on the leakage
current as its value increased at the higher electron energies,

The observations made in the present work are in accord with the changes
in bulk conductivity which Coffey et al (ref.10) found when exposing Kapton to
much higher light intensities (2.3 solar constants) from a xenon lamp. They
found up to five orders of magnitude increase in the conductivity, caused
primarily by radiation having wavelengths from 380 to 680 mm. They also noted
that the photoconductivity persisted after the light was extinguished, and
attributed this to the fact that the trapping of charge carriers at imperfecr
tions is a slow process.

Physical Damage Resulting from Discharges

The discharge arcs produced pinholes in the Kapton film, but the first
pinhole formed was not the site for all subsequent discharges even over a
small area, i.e. when an arc has occurred at a particular point it may leave
that area of the polymer with a higher dielectric breakdown strength than an
adjacent zone containing some inherent defects in the polymer structure. The
discharges were accompanied by visible light flashes, and photographs showed
that they occurred exactly at points where pinholes were found and that one
or several pinholes may be involved in a particular discharge. Repeated
discharging may take place at a given pinhole but not necessarily successively
at the same hole. TFor all of the samples examinéd the pinholes and other
damage occurred within the unaluminised zone or at the adjacent edge of the
aluminium collector, indicating that discharges are initiated in those regions
where the voltage stress is greatest.

Figure 10 shows details of a pinhole with charring of the polymer and a
surrounding network of discharge tracks. More extensive damage arose when
discharges occurred in aluminised areas, and figure 11 shows a hole caused by
complete vaporisation of Kapton and aluminium due to an arc just within the
aluminised collector., The damage seen in these pictures has resulted from
discharges of an area of at most 100 c¢cm“ and involving <0.1J of energy. Since
the area of dielectric surface on a_satellite thermal control blanket can be
"1 m2 and on solar arrays several m“, and scaling experiments have- shown (ref,
11) that the maximum energy in discharges is proportional to the function (area
of dielectric)l:> then it is apparent that discharges of tens of Joules of
energy can occur and cause considerable damage to the satellite in addition to
giving rise to electrical interference,

103



Influence of a Conductive Coating on Kapton

The presence of an earthed aluminium coating on the irradiated surface of
25 or 51u thick standard Kapton samples at —~180 C held the surface potential of
the central zone at (or very close to) zero for incident electrons of all
energies. The conductive surface layer also completely changed the behaviour
in respect of the leakage currents since as the electron energy was increased
the total leakage current to the two conductors on 51u thick samples decreased
to a limiting value which accounted for about 507 of the incident flux (fig.12).
In the case of 25u thick Kapton with aluminium on the upper surface the leakage
current was essentially independent of the incident electron energy. These
observations are in complete contrast to the progressive increase in leakage
current with electron energy for Kapton of either thickness having aluminium on
the lower surface only.

With the aluminised top surface near zero potential the impinging elec~
trons are not retarded as they approach it, and they will therefore penetrate
further into the film than when the top surface is unaluminised, Nevertheless,
for the thinner (25y) film conduction removes almost all of the incident
electrons for all energies, presumably because as the penetration increases
with energy the probability of conduction via the lower aluminium coating
increases in proportion to the fall in conduction via the top aluminium layer.
Thus, 30 keV electrons, having a range in Kapton of 12,3y, will penetrate to
the centre of the film and will have similar probabilities of escape to either
surface. For lower energy electrons incident on the 51u thick film the
penetration will be small and a high proportion of the incident flux can be
removed by conduction. However, as the energy, and therefore the penetration,
increases the electrons become trapped further from the top aluminium layer
and so less conduction to it occurs, and for this thicker film there will be
little change in the probability of reaching the lower surface. This quali-
tative interpretation is in accord with the fact that the leakage current for
30 keV electrons from the 25u thick film is about twice that for the 51y film,
At the highest electron energies the leakage current from 'standard' samples
of the thicker film exceeds that from samples having an upper aluminium layer,
presumably due to the differences in the secondary emission and backscattering
from the aluminised and plain Kapton surfaces. Thus, although a metallic
layer on the exposed surface of a 25u thick Kapton film can remove most of the
incident electrons it is seen that for thicker films it becomes progressively
less effective as the incident electron energy is increased.

CONCLUSIONS

The charging and discharging characteristics of different thicknesses of
aluminised Kapton indicate the importance of the degree of penetration of the
incident electrons into the film, and the interaction between this factor and
the potential acquired by the irradiated surface. The results demonstrate that
for Kapton having a conductive coating on the rear surface, films of less than
25y thickness exhibit the minimum susceptibility to electrostatic charging and
discharging when exposed to electrons of up to 30 keV energy.
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TABLE 1 - EFFECT OF TEMPERATURE ON SURFACE VOLTAGE OF IRRADIATED KAPTCON

80°C 25°% -140%€
Electron
Energy
. keg1 Voltage |Voltage Voltage | Voltage Voltage | Voltage
( :Xm -3;‘ at at Leakage at at Leakage at at Leakage
SnA.cm sample sample | current sample sample | current sample sample curren_t_7
edge centre | A x 10”7 edge centre | A x 10~7 edge centre | A x 10
kv kv kV kv Kv kv
15 10.3 8.7 2.9 1t.1 9.3 2.5 12.5 11.8 1.5
20 9.7 8.2 3.5 11.3 9.1 3.0 14.0 12.4 1.9
25 - - - - - - 213.4 211.8 3.0
TABLE 2 ~ EFFECT OF ILLUMINATION ON IRRADIATION OF KAPTON SAMPLES AT -180°C
Unilluminated Illuminated Unilluminated
Electron Discharge
énergy Surface Surface Surface rate.
(Beam f%ux voltages* Leakage voltage Leakage voltages Leakage per min.
5nA cm™4) : current . current current
in kV in kv
vmax * Viin A A vxmax : Vmin A
5 3.7 5.0x10710 3.4 1.0x107° 3.5 5.0x10”10 -
10 9.0, 8.2:9,0 | 3.0x10°8 8.3 1.3x10"7] 9.0,8.2: 9.0|3.0x10°8
5 11.6,10.8:10.2] 2.0x10" 8.9 2.6x1077|11.6,10.&10.2{1.7x107’ 0.65
20 12.2,11.6:10.1| 3.1x10™’ 10.0 3.5x1077|12.3,11.640.1{2.9x10"7 | 1.40
25 11.2,11.2:9.6 | 3.3x10"/ 9.1 3.9x10 7|  <10.8 3.5x1077 1.44

* When surface voltage profile is not flat Viax values are voltages at opposite edges of

sample and vmin is voltage at centre of sample.
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PINHOLE AND TRACKING DUE TO DISCHARGE IN ELECTRON-IRRADIATED
KAPTON. ELECTRON ENERGY, 30 keV; BEAM FLUX, 12 nA cm_z;
MAGNIFICATION, x12.

FIGURE 10.

FIGURE 11. EVAPORATION OF POLYMER AND METAL DUE TO DISCHARGE IN ELECTRON-
IRRADIATED ALUMINIZED KAPTON. ELECTRON ENERGY, 30 keV; BEAM
FLUX, 12 nA cm~2; MAGNIFICATION, x12.
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DIELECTRIC SURFACE DISCHARGES: EFFECTS OF COMBINED LOW-ENERGY
AND HIGH-ENERGY INCIDENT ELECTRONS*

K. G. Balmain and W. Hirt
University of Toronto

SUMMARY

A study has been made of the effect on dielectric surface discharges of
adding high energy electrons at 5 pA/cm2 to a primary 20 keV, 10 nA/cm
electron beam, the high-energy broad-spectrum particles coming from the f-
decay of Strontium -90. Kapton exhibits the most surprising effect, which is
significantly increased discharge strength, increased waiting time between
discharges, and a decreased number of discharges per specimen before discharge
cessation. Mylar exhibits similar but less pronounced effects, while Teflon
is relatively unaffected. There is evidence that with Kapton and Mylar the
high energy electrons act in some way to delay the instant of discharge
ignition so that more charge can be accumulated and hence released during
discharge.

INTRODUCTION

Spacecraft in synchronous orbit are exposed to a natural energetic
electron flux with a continuous energy spectrum extending into the MeV range.
It has been estimated that this energetic flux could penetrate the outer skin
of a spacecraft and cause arc discharges to occur in interior dielectrics
(ref.1l). It has also been estimated that nuclear RB-decay electrons could
augment the naturally occurring high-energy electron flux by one to two orders
of magnitude, thereby contributing to stronger charging or discharging
phenomena (ref.2).

Most laboratory simulations of spacecraft charging have been carried out
using metal-backed dielectric sheets exposed to monoenergetic electron beams
in the relatively low energy range of 15-25 keV, but recently evidence has
been introduced indicating that a monoenergetic electron beam in the
relatively high energy range of 200-500 keV can by itself cause discharges to
occur (ref.3) or can modify discharges caused by a simultaneously "applied low-
energy beam (ref.4). In particular it was found (ref.4) that the addition of
200 keV electrons at 100 pA/cm2 completely prevented the occurrence of

*Research supported by U.S. Air Force Weapons Laboratory and by NASA under
NASA Grant NSG-7647.
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discharges due to a 25 keV beam, even when this low energy beam's current
density was ashigh as 13 nA/cm?. The further investigation of this latter
effect of combined high and low energy beams is the objective of the research
reported here, with the primary innovation being the use of a broad-spectrum
Strontium - 90 high-energy B-particle source.

EXPERIMENTAL CONDITIONS

In the planning stage it became clear that the experiments would be
extremely time-consuming, so that the number and ranges of the parameters
selected would have to be limited. Therefore it was decided to select only
one set of fluxes, with the high energy flux lying very roughly between the
expected natural and nuclear-enhanced values as evaluated in the literature
(ref. 4), and the low energy flux large enough to permit completion of the
experiments in a reasonable time. Thus the selected current densities were
10 nA/cm? for monoenergetic 20 keV electrons and 5 pA/cm? for the broad-
spectrum emission from 90gr. Theoretical estimation of the emission from a
100 mCi 99Sr source indicated that a current density of 5 nA/cm2 would exist
at a distance of 3 cm from the source and Faraday cup measurements in a
vacuum confirmed this estimate.

It was decided to test three materials, FEP Teflon 50 uym thick, Kapton
H 50 pm thick and Mylar 75 pum thick. One reason for this choice was the
existence of extensive discharge data on these three materials with respect
to exposed-area scaling (ref., 5) and with respect to incident-flux scaling of
the discharge peak current, released charge, energy dissipated and pulse
duration (ref. 6). Also, Kapton was selected because of its use in previous
high-energy tests, and Teflon and Mylar were chosen to reveal differences
among polymers., The specimen area was kept constant at 11.7 cm?.

It has been mentioned that discharge tests can be time-consuming. One
reason for this is specimen fatigue which means that on a particular specimen
discharging can suddenly stop and not recommence, or the properties of the
discharges can change as the discharges continue. This means that a complete
discharge history for each specimen must be recorded and the specimens changed
frequently. Furthermore specimen fatigue is a property which is as important
as discharge pulse strength in assessing the effects of high-energy electron
exposure.

The experimental arrangement is shown in figure 1. The radioisotope
source was positioned so as to produce minimum blockage of the low energy beam
when the low and high energy electrons were incident simultaneously. For low
energy incidence alone, the radioisotope source was removed. Also shown in
figure 1 is the emission spectrum of the high-energy source, a spectrum which
exhibits a lower-energy peak due to the B-decay of Osr to 60Y, and a higher-
energy peak due to the B-decay of 90y to stable 29zr.
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SPECIMEN DISCHARGE HISTORY EXAMPLES

Each specimen was found to exhibit a particular kind and degree of
fatigue as discharges recurred, and so for each specimen the discharges were
assigned serial numbers. The progression of some discharge properties with
serial number is shown in figure 2 for a single Teflon specimen and low-energy
electron incidence. The substrate and mask peak currents both decrease slowly
for the first nine discharges, during which the waiting time between discharges
increases erratically. Then there is a sudden change to lower peak currents
and shorter waiting times. This type of sudden change correlates with the
formation of a "punchthrough" or "pinhole" in the specimen and the subsequent
arcs tend to concentrate on the punchthrough. It would appear probable that
subsequent discharge arcs are initiated at the punchthrough and then propagate
away from it.

The specimen time histories were organized according to serial number
and the discharge properties averaged for each type of material. The example
of Kapton exposed to low-energy electrons is shown in figure 3, in which the
average peak current actually rises slightly as the discharges proceed, a
process which is clearly the opposite to fatigue. The vertical bars in figure
3 indicate the ranges for all values measured.

As shown in figure 3 the waiting time exhibits a great deal of
variability, indicating that the slight downward trend in the average may not
be significant. It is worth noting that the longest waiting time before a
discharge in this sequence was 1% hours while the shortest was 20 seconds.

Any specimen which did not discharge over a period of 1% to 2 hours was deemed
to have ceased discharging and was replaced with an unexposed specimen; some
specimens did not-discharge at all. In this set of experiments Kapton did

not develop punchthroughs although in previous experiments on the same type
and thickness of material, occasional punchthroughs did occur.

DISCHARGE OCCURRENCE

The periods of discharge occurrence and the points of discharge cessation
are charted for the individual specimens as horizontal lines in figure 4. For
Teflon, punchthrough-type discharge occurrence is designated by dashed lines.
In the figure the vertical bar following each 6th discharge is a reminder that
the computed averages of the discharge properties include only the first six
discharges, and furthermore these averages exclude punchthrough-type discharges.

For Teflon the effect of adding high-energy broad spectrum electrons was
to increase by 50% the number of instances of punchthrough occurrence; however
the number of normal discharges per specimen remained essentially constant at
about 6. For Kapton the number of discharges per specimen declined from 10
to 4.5 upon addition of the high energy electrons. For Mylar the corresponding
change was from 4 to 3 discharges per specimen. Clearly Kapton was the only
one of the three materials to exhibit increased fatigue in the form of
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significantly fewer discharges per specimen upon addition of high energy
electrons from the “¥Sr source.

AVERAGE DISCHARGE PROPERTIES

The discharge current pulse properties were averaged over the first six
normal discharges and the results depicted as bar graphs in figures 5, 6, 7
and 8. As for the discharge strength, figure 5 shows that on Teflon the
addition of high energy electrons causes the peak current and released charge
to decrease slightly, but has the opposite and much stronger effect on Kapton
and Mylar. Indeed for Kapton the released charge is tripled and the energy
dissipated (shown in figure 6) is multiplied by a factor of seven. The pulse
durations shown in figure 6 are relatiyely unaffected by the high energy
electrons.

AVERAGE WAITING TIME

The increased discharge strength for Kapton and Mylar as referred to
above correlates fairly well with the increased waiting time shown in figure
7. This correlation is better for the released charge than for the other
discharge properties as can be seen in the table below.

Ratio of High + Low to Low Energy Average Discharge Properties

I Qs Es Ts Tu
Kapton 2.6 3.0 7.1 1.2 4.1
Mylar 1.6 1.8 2.6 1.2 1.9

Presumably the added high energy electrons act in some way to permit charge to
build up for a longer period before discharge occurs. It is conceivable that
the beam-induced conductivity allows enough charge redistribution to prevent
early formation of charge concentrations and resultant breakdown-level fields.
Whatever the reason may be, the factor of four increase in waiting time is
particularly significant because it allows time for a much larger charge to
accumulate. The longer waiting time also greatly extends the time required to
perform the experiments.

The average mask-to-substrate ratios of figure 8 indicate that the
addition of high-energy electrons has little effect. Because these ratios and
also the pulse durations are so little affected, it seems reasonable to
conclude that the addition of high-energy incident electrons does not affect
discharge dynamics.
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TRENDS DURING FIRST SIX DISCHARGES

It is reasonable to ask whether or not the averages presented as bar
graphs in figures 5 through 8 mask any significant variations during the first
six discharges. The average discharge histories plotted in figure 9 address
this question by showing that the peak current does not change greatly with
discharge serial number, and even increases slightly in the case of Kapton for
both the low energy and the combined high and low energy exposure., For
specific serial numbers, the peak currents varied typically over a 2:1 range.
The other discharge properties (released charge, energy, pulse duration)
exhibited similar variations, indicating that the average discharge properties
are indeed representative of all the discharges.

The waiting times as shown in figure 9 vary appreciably, with the rapid
increase for Teflon exposed to low energy electrons being especially
noticeable, These waiting times for Teflon for a given serial number varied
typically over only a 4:1 range while the averages varied over a 10:1 range,
which tends to support the significance of the 10:1 variation. However no
explanation is apparent. For Mylar the variation with serial number is less
pronounced and probably not significant in view of the 4:1 range at a given
serial number. For Kapton the situation is quite different because the
variations at a given serial number were typically over a 15:1 range. In
addition for the high-energy case the 6th Kapton discharge waiting time was
derived from only two specimens, so consideration of all these factors
suggests that the Kapton waiting time variations (decreases) over the first
six discharges probably are not significant.

CONCLUSIONS

It is necessary to consider a detailed discharge history for each
specimen tested in order to characterize properly each material with respect
to both fatigue and average discharge properties. Such discharge histories
show, for example, that the formation of a punchthrough is characterized by
an abrupt change to weaker and more frequent discharges.

The addition of high-energy, broad-spectrum electrons to a 10 nA/cmz,
20 keV electron beam has the following effects:

1. For Kapton the number of discharges per specimen is cut in half.

2. For Kapton and Mylar, the discharges that do occur are much stronger.

3. The waiting time between discharges for Kapton and Mylar increases
greatly, in approximate proportion to the charge released during

discharge.

4. The pulse durations and mask-to-substrate ratios remain essentially
unchanged for Teflom, Kapton and Mylar.
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5. For Teflon the steadily increasing waiting times for low-energy
electrons become appreciably smaller and constant upon addition
of high-energy electrons.

Thus for Kapton in particular, and to a lesser degree for Mylar, the
effect of adding broad-spectrum high-energy incident electrons is to cause
discharges which are stronger but fewer in number and less frequent. However
the fact that the pulse durations and mask-to-substrate ratios are unchanged
suggests that the physics of the discharge process is unaffected by the high-
energy electrons. The correlation between the waiting-time and released
charge suggests that the high energy electrons influence strongly the charge
accumulation process. It is postulated that additional beam-induced and
nonlinear conductivity during the charge-up process acts to delay the
formation of charge concentrations and resultant high-field regions which
are strong enough to trigger discharges.

The low-energy flux levels employed are somewhat higher than the values
expected in synchronous orbit, and the ratio of low-energy to high-energy
fluxes is 2000 which is also high with respect to synchronous orbit.
Nevertheless conditions have been found such that discharges are made stronger
by the addition of energetic electrons rather than being eliminated completely
as found in earlier work done at lower low-energy fluxes (ref. 4). Although
further study is required, it is clear at this stage that the spacecraft
charging threat to satellites cannot be dismissed easily because of the
presence of high-energy electrons in synchronous orbit.
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PRELIMINARY COMPARISON OF MATERIAL CHARGING PROPERTIES USING
SINGLE-ENERGY AND MULTIENERGY ELECTRON BEAMS

R. C. Adamo and J. E. Nanevicz
SRI International

BACKGROUND

Although it has long been recognized that the electron injectifmf occurring
during a magnetic substorm have a continuous energy distribution, *“ monoener-
getic beams have been used for laboratory siglg%ations of spacecraft changing
startipg with the early experiments at SRI and continuing for several
years. The use of monoenergetic beams for laboratory experiments and simula-
tions continued largely because they were easy to assemble. It was recognized,
however, that the results observed with a monoenergetic simulator might not
duplicate those that would occur in space. Accordingly, when the prototype of
an electron source capable of producing a continuous energy distribution became
available at SRI, it was applied immediately in a set of coarse experiments to
compare the charging properties of a spacecraft material under a monoenergetic
beam and under a continuously distributed beam.

EXPERIMENTAL SETUP

The test setup used in these preliminary experiments is shown in
Figure 1. The electron source was mounted in the top of a cylindrical vacuum
chamber. A sheet of 5-mil-thick Kapton was placed on an insulated metal sub-
strate placed on the bottom of the vacuum chamber. Provisions were made to
measure the dc current arriving on the substrate. A field meter located off the
edge of the test sample provided a means for measuring the potential of the test
sample. A retarding potential analyzer was used to measure the energy spectrum
of the incident electron beam.

The energy spectra of the electron beams used in the experiments are shown
in Figure 2. These included a 15-keV monoenergetic spectrum shown in
Figure 2(a), and two continuous spectra with the characteristics shown 1in
Figures 2(b) axéd 2(c). The total beam current density in each case was adjusted
to be 10 nmA/em“. It should be noted that, in these experiments, no effort was
made to duplicate the spectra occurring in space. The tests were intended
simply to compare material charging properties using monoenergetic and con-
tinuous multi-energy beams. Although the spectra in Figures 2(b) and 2(c) are
shown stepped, they were actually continuous. The steps in the figure are
simply an artifact of the energy-measurement technique employed.

TEST RESULTS

The results of the tests on the 5-mil Kapton sample are shown in Table 1.
With the monoenergetic beam, the sample charged to 12 kV and electrical dis-
charges occurred. With the multi-energy spectra the samples charged to only
6 kV and 4 kV, and no discharger were observed.
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Although only the most rudimentary experiments have been conducted thus far

using the SRI multi-energy electron gun, the results of these experiments and
other work reported at this conference” indicate the need for accurate simula-
tion of the space environment if we are to be able to relate the simulation
results to in-orbit behavior of satellites.
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Table 1

Test Results on 5-mil Kapton Sample

Spectrum (10 nA/cmZ)

Equilibrium Potential

Equilibrium Bulk-Current

15-keV Mono-energetic
#1 Multi-energy

#2 Multi-energy

12 kV (at breakdown)
6 kV (no breakdown)

4 kV (no breakdown)

2 nA/cm2 (at breakdown)
0.2 nA/ cm2

0.15 nA/cm®
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FIGURE 1 TEST SETUP
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BRUSHFIRE ARC DISCHARGE MODEL*

G. T. Inouye
TRW Defense and Space Systems Group

SUMMARY

A l-dimensional arc discharge model incorporating a brushfire-type
propagation of a discharge wavefront has been investigated. A set of
equations somewhat similar to those leading to the diffusion equation have
been developed which include electrical, thermal, and plasma parameters. The
solutions of these equations are shown, under simplifying assumptions, to be
consistent with a propagating brushfire wavefront. Voltage, current, plasma
density, temperature, and resistivity profiles are obtained.

Mechanical forces, magnetic and electrostatic, are considered in
evaluating the flashover to blowout current ratio, G', for arc discharges with
the brushfire parameters developed in the model. This ratio is an important
factor in determining the electromagnetic interference (EMI) impact of arc
discharges on spacecraft electrical subsystems. The conclusion of the
analysis is that electrostatic forces are much more important than magnetic
forces. The magnitude of the G' factor obtained, 58.5 percent, is within the
range of those obtained by experimental means. Improvements in the analytical
model as well as in the experimental approach are recommended.

INTRODUCTION

The problem. of characterizing dielectric surface arc discharges due to
spacecraft charging has been approached mainly by experimental means in the
past because of the lack of an analytical model. A number of recent papers
have presented analytical approaches to the problem.(1,2) The work
presented here is a continued development of the concept of a brushfire
propagation model developed by J. M. Sellen Jr. and the author.(3,4)

From the viewpoint of the implications of arc discharges on the immunity
of spacecraft to the EMI generated, the question of where the arc discharge
currents flow is a critical factor. This problem has been formulated by
defining a factor, G', which is defined as the ratio of the blowout to
flashover currents, The flashover component is viewed as that which flows
essentially from the dielectric surface through a breakdown region, perhaps an
edge with high electric fields, directly back to the metallized backing of the
dielectric surface. Flashover currents, because their geometrical extent is
limited, are not expected to be a major source of spacecraft EMI. Blowout
currents, on the other hand, may have a large impact on electrical subsystems
because they result in replacement currents flowing through the spacecraft
structure which must be of a magnitude equal to the blown off electron
current. The density of replacement current flowing in the spacecraft

*This work was supported under NASA Contract NAS3-21961.
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structure is highly dependent on the location of the arcing source and on the
particular configuration of the spacecraft. An arc on a boom mounted object,
for example, may result in boom currents which couple very well into cabling
along the boom. A spacecraft body-mounted source, on the other hand, may be
so well grounded and shielded that only currents very close to the source are
of sufficient magnitude to be of concern. Thus, the determination of a
representative value of G' and its dependence on the size of the arcing source
and any other parameters is of prime concern for spacecraft design. Any
analytical arc discharge model should provide results that are consistent with
experimental data. In addition, however, the work presented here predicts
facets of the experimental approach, such as the spatial distribution of
blowout currents and the dependence of G' on the sample grounding impedance,
which were not adequately considered previously.

ARC DISCHARGE OVERVIEW
The brushfire propagation model addresses only the latter portion of the
evolutionary processes involved in an arc discharge. The scenario would be as
follows:

1. Differential chargeup by the environmental plasma and solar ultra-
violet radiation

2. Edge breakdown at a weak point
3. Surface breakdown
0 High field emission
o0 Avalanching processes
4. Brushfire propagation
o Blowout and flashover currents, G'
o Dependence on spacecraft potential
o Limiting mechanisms on propagation
The question of how external dielectric surfaces charge up differentially
with respect to the grounded underlying vacuum deposited aluminum (VDA) or to
structural metal is a complex problem which is not addressed here. Generally,
the most hazardous situation exists when a dielectric surface is charged
negatively with respect to the underlying metals by an excess of impinging
electrons over positive ions. This is because with a reverse polarity, i.e.,
when the metals are negative and the dielectric surface is more positive
because of photoemission or secondary emission, a field emission/secondary
electron avalanche process tends to limit the magnitude of the differential
potential to below 1000 V.

For the purpose at hand of developing an arc discharge model, the
chargeup process is imporant in that negative chargeup potentials of 5 kV to
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20 kV have been measured experimentally. The other important feature of
chargeup for our present purpose is that theory and experimental evidence(5)
indicate that significant densities of electrons may be buried at depths of
the order of 1 micron below the surface at the time of the discharge. This
feature of buried electronic charge should also exist on dielectric surfaces
which have no net surface charge because of photoemission or secondary

emission. In fact, the buried charge should be somewhat deeper and more dense
since retarding potentials are not present.

Dielectric breakdown due to high differential voltage stresses generally
occurs for electric fields in the range of 10% to 100 V/cm at the edges of
thin (~50 microns or 0.005 cm) insulating sheets. Punch-through far from the
edges occurs with fields of the order of 107 V/em. In practice, even
punch-throughs probably occur at weak points where slight imperfections or
irregularities exist in the material. Edges consist of exaggerated
irregularities because they are created by slicing with a knife edge or by
punching with stitching needles, and thus, are subject to high field emission
and avalance breakdown in a manner similar to that which will be discussed for
surface breakdown. The similarity to surface breakdowns probably goes even
further in that this type of breakdown is associated with surface and
off-surface processes rather than those within the bulk of the material.

The net effect of an edge breakdown is that the potential of the surface
near the edge goes to nearly 0 V, assuming that the thin dielectric is over a
conducting plate which is at voltage reference, 0 V. Taking a single ionized
particle of atomic weight 16 (oxygen) as being typical, the velocity
associated with a 10 kV voltage drop is 3.5-10° m/s. Starting at zero
velocity, the time for such an ion to traverse the 2 mils or 50 micron
thickness of the dielectric is 0.3 ns. This order of magnitude time span, a
fraction of a ns, is much shorter than the tens to hundreds of ns duration of
vacuum dielectric surface arcs. '

Assuming that a 2-mil thick sheet of Kapton, e, = 3, breaks down at
10 kV over a semicircular area with a radius equal to its thickness, the
capacitance is 52 pf/cm? or 2-10-3 pf, and the charge stored is 2.10-11
Coulomb. Assuming that all of this charge is dissipated in 0.3 ns, the
corresponding current would be 0.068 A. Thus, the current, charge, time span,
and energy (~10-7 joule) involved in the initial edge breakdown are quite
small and negligible compared to those in the events that follow. The main
effect of the initial edge breakdown is to create a plasma cloud and a surface
electric field which initiates a subsequent surface dischage.

Dielectric surface breakdown has been reported to occur more readily, at
104 to 105 V/cm surface electric fields, than breakdown in the bulk of
dielectric materials. The surface breakdown fields are expected to be highly
dependent on surface conditions such as cleanliness, smoothness and absorbed
gases.

BRUSHFIRE PROPAGATION MODEL

The experimentally observed "wipeoff" of charge over many hundreds of
cm, and possibly greater areas of dielectric surface, requires either some
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mechanism for propagation of an initial surface breakdown in a brushfire mode
or that somehow all of the participating charge release occurs simultaneously
over a large area. The propagation mode seems more plausible and is discussed
further here. The source of discharging energy, the stored charge per unit
area, is depleted, and the discharge must be fed by a forward propagation of
the brushfire periphery into the still-charged regions of the dielectric. To
discuss the brushfire propagation process, some of the basic equations are
presented first. Then, a simplistic piecemeal solution of various aspects of
the problem is presented to provide an insight into the quantitative aspects
of the problem. Even the basic relations such as those for ablation and
jonization are not developed from first principlies, but rather, are taken from
existing experimental data and theoretical work found in the literature.
Figure 1 provides an overview of the brushfire propagation analysis.

The basic equations to be satisfied for the brushfire propagation problem
are:

aJ
v 1 7s 1
‘ST H - A Jg = -5

(1,2)
s

Q
2

where the potential, V, and surface current density, Jg, are functions of
horizontal distance, x, and time, t. The two other parameters of this
l-dimensional formulation are the capacitance per unit area, C, which is 52
pf/cmé for a 2-mil thick dielectric with a dielectric constant of 3, and the
surface resistivity, og (ohms-per-square), of the plasma sheet that conducts
the arc discharge current, Jg. The geometry of the problem is shown in
Figure 2. The initial voltage, -5 kV, was selected to give a 106 v/cm
electric field bulk breakdown for the 2-mil dielectric thickness. A final
voltage of -2.5 kV was assumed on the basis that about 50 percent of the
initial voltage has been observed experimentally to remain after the
discharge. As an initial guess, the voltage is assumed to decrease linearly
with distance providing an electric field of 104 V/cm. The voltage gradient
region is therefore 0.25 cm long. Combining equations (1) and (2) to
eliminate Jg gives

v _ 1 oy (3)
ot Ps ax2

This would be the diffusion equation with the diffusion coefficient, D:

2
Vv _ . a%V 1
_3t = D—Eax where D -C—ps

except that pg is not a constant in our problem. This is fortunate because
the diffusion equation does not lead to a propagating mode with a constant
velocity.
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The plasma resistiv

ivity, o, and surface resistivity, pg, are functions
of the temperature, T:(6

i
)

v
n

K
;372 ohm - cm, where K = 0.03 ohm-cm-evs/2 (4a)

g = o/d= g—-T'3/2 ohms

©
n

(4b)
where d is the thickness of the plasma sheet. It is of interest to note that
p is independent of the density of the plasma particles.

T is governed by a set of equations similar to those for V:

aT
T (5,6)

=l

"

L ]
%H
5

=
|

1

|-

where H is the heat flux, ¢ is the specific heat, M is the mass density, and R
is the thermal resistivity. For our problem here we neglect thermal
conductivity, because of the short time spans involved, and assume that R is
infinite. The rate of heat energy deposition in an incremental distance, dx,
in equation (5) is the power density, Pg:

oH _ _ v 2
3% = Ps = Jg 3¢ watts/cm (7)

The specific heat, c, is obtained using the gas constant, R, by assuming

that the plasma consists of neutrals, ions and electrons, each with 3 degrees
of freedom.

Cn = %-. 9R = 4.5R = 4.5 * 8.314 = 37.41 joule/(deg-mole) (8a)

Assuming the dielectric material has a molecular weight, G, of 16, c is
given by:

¢ = c /6 = 2.34 joule/(deg-gram) = 2.71+10% joule/(ev-gram)  (8b)

where cp is defined as the specific heat per mole and Gp is defined as the
mass density per mole.

The mass density, M, to be used in equation (5) is composed of two
components, My, due to ablation because of the power dissipation, Pg, and
Mo which is due to the initial field emission electrons:
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2

M= Ma + Mo grams/cm (9)

The ablated mass density, M,, is assumed to be proportional to the time-
integrated power density, Pg:

Ma = “/; Ps dt grams/cm2 (10)

The proportiona]it{ constant, g, is taken from the pulsed plasma thruster
technology data.(7

g = 8.32-107° grams/joule

We view ablation as being due to "pounding" of the surface by ions which are
accelerated by the electric field due to the electrons which have been stored
(buried) by the basic spacecraft charging process.

Mo is not due to heating in the thermal sense but rather is due to
collisions between the initial electrons, that are emitted or "pulled-out" by
high field emission at localized regions of high electric fiela, and the
dielectric surface atoms. The high field emission current density, J, is
described in terms of the electric field, E, by:(8

9
J = 6.5:10" g% 5510

According to this equation, J has a nearly step-function increase at

9 volt/meter = 6.5+107 V/cm

E=6.510
Experimentally observed threshold electric field intensity of 104 V/cm,
nearly four orders of magnitude less, must be due to the fact that localized

regions of high electric fields exist on a sufficiently small microscopic
scale.

My may be evaluated by equating the energy gained by these field-
emitted electrons to an initial temperature, Tj:

!
k AT1 = eAV = eEb AX

where k is the Boltzmann constant and e is the electronic charge. We take the
characteristic distance, A, to be the Debye shielding distance:

T.
A=6.9 ﬁl

138



where Ty is the temperature in °K, and n is the E]asma density in number/cc.
Ep is the surface breakdown electric field of 10* V/cm. These equations
may be integrated to give:

2 6.9eE,\2
A" . 2 _ b}© _ wanl?
i K, where A" = (T) = 1.602°10

—
"

1.381 - 1013

Ty = —F7 g ev where n and n  are in partic]es/cm3 (11)

The constant of integration, n,, has been introduced approximately in the
form of additional number density where T; varies inversely as the total

density, by taking T; as 2500 ev when n is zero. Recall, that n is the
number density due to ablation.

This density, n, is evaluated from the ablated mass density, M, by

n = 6.02-1023 molecules 1 mole y grams 1
mole 16 grams a cmz *dcm

22 Ma molecules
3.76°10 —;- -——1;;5——-

The parameter, d, is the thickness of the plasma film or sheet and is
assumed to be 1 percent of the voltage gradient region of 0.0025 cm. The
number density, ng, is

anl3
n, = ll%guég———-= 5.523 * 10° particles/cm3 (12a)

The corresponding mass density, Mg, is:

_ L 16 1a-16 2
Mg = ngd * ———3 = 3.67°10 grams/cm (12b)

6.02 10

SIMPLIFIED ANALYSIS

The simultaneous solution of all of the equations presented up to now is
rather complex and requires a computerized solution,
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Here, some quantitative feeling for the results is obtained by a
piecemeal approach with simplifying assumptions.

The first assumption is that there is a solution in which a constant

brushfire propagation velocity, vp, is appropriate. With this assumption,
time variables may be replaced with space variables:

= . of _ of
X Vbt, 3t " vb 3 (13)

Equations (1) and (2) may then be integrated to give:
Jg = Cvy (V,-V), and (14)

')
v = Vm (l-z'f(X)), where f(x) = va {(.ps d, (15)

where Vg, is the maximum voltage change (2500 volts), and V is the voltage at
any point x in the voltage gradient region. For this part of the analysis the
zero reference voltage is taken to be the potential at the bottom of the
voltage falloff region; i.e., the V= 0 at x = £,

A further simplification of the problem is obtained by assuming that the
voltage profile is known, a linear dropoff to a Vgjpna1 of zero as shown in
Figure 2. Temperatures, resistivities, particle densities, current densities
as well as a new voltage profile can then be calculated. Consistency of the
new voltage profile with the assumed profile will put constraints on the
possible values of the parameters involved.

The assumed voltage profile is given by
= - X = -
V=V, (1 -3) =V, -Ex

The breakdown value of the surface electric field, Ep, is assumed to be
104 v/cm.

The plasma parameters for the voltage gradient region may be calculated
and are shown in table I. The parameter, h, is included in the equation for
Th to account for the fact that not all of Pg goes into heating of the
plasma, and raising the temperature. A heat absorption calculation shows that
the heat loss into the dielectric surface constitutes a major sink for the
energy in the plasma. The plasma thickness, d, was assumed to be 0.0025 cm,
or 1 percent of the length of the voltage gradient region, £. Mz and T
do not depend on d, but n and pg do. It should also be noted that all four
of these parameters are independent of the brushfire velocity, Vp. This is
because they all depend on the time-integrated power density, Ps, i.e., the
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energy, which is independent of velocity. The temperature, T, in the equation
for surface resistivity, pg, is a composite of the initial field emission/

Tow collisional plasma temperature, T;, and the temperature due to heating,
Th. These two temperature profiles have been combined in the
root-sum-square sense:

= 2 2,0.5
T (Ti + Th )

Since only the T, component of T depends on h and the T component does
not, h was selected to give the most reasonable voltage profile, V(x) (see
Figure 3a), when computed using equation (15). The value selected was

h=8.71-10"%, h = 1.964°107%, where ¢ = 2.71°10% joules/(ev-gram), and
cg

g = 8.32-10'6 grams/joule

As noted previously, h is a very small fractional number. The term in
the expression for f(x) in equation (15):

12(%343/2 Cvy

must be a constant.

This means that the individual parameters may change as long as the value
of the above combination remains constant. For example, if the per unit area
capacitance C is doubled, the propagation velocity, vy, is halved. There is
no reason to expect ¢, g, or h to change when C is doubled by halving its
thickness. It is possible, however, that c, g, or h may have values different

from those assumed here, but their combination, cg/h must remain at the same
value.

For all of the computations and parametric curves which will be presented
next, the brushfire propagation velocity, vp, was selected to correspond to
that of an ion of mass 16 (oxygen) accelerated through the breakdown voltage,
Vp, or a 2-mil sheet of Kapton. The bulk breakdown electric field is
assumed to be 106 v/cm:

vb = \/Zevb/m =2.45 ° 107 cm/sec for Vb = 5000 V

Figure 3a shows the assumed voltage profile, V(x), which is moving to the
left at a velocity, vp, equal to 2.45-107 cm/sec. V drops linearly from
2500 V at x = 0 to zero at x = £ where £ was chzsen to be 0.25 cm in order to
give the surface breakdown electric field of 10 V/cm. Figure 3a also shows
the current density, Jg, which increases linearly from zero at x = 0 to 3.18
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Alcm at x = £. Figure 3b shows the power density, Pg, which increases
linearly from zero at x = 0 to 3.18-10% w/cm? at x = £. The plasma ion
and electron density, n;j, is also shown in Figure 3b. It varies
parabolically from zero at x = 0 to 2.03-1019 particles/cm3 at x = £.

The ionization is assumed to be 10 Tercent of the total and therefore the
neutral particle density is 1.83-1016 particles/cc at x = £.

Figure 4a shows the temperature, T, and surface resistivity, pg, as a
function of x/L.

Figure 4b shows the originally assumed linearly falling voltage profile
and the voltage profile computed by using the p¢ integral in equation (15).
It can be noted that V(o) is only 90 percent of V, at x = 0. However, the
voltage gradient is greater than the surface breakdown electric field of 104
V/cm when x/f is greater than about 0.5. The temperature in Figure 4a is
extremely "hot" for small x/£ values but cools down quickly as the plasma
density increases. A minimum is reached at x/¢ equal to about 0.4 where the
heating effect takes over, and the temperature rises slowly as x/¢ increases
beyond this point. The surface resistivity profile in Figure 4a varies as the
inverse three-halves power of T.

In order for the computed voitage to be identical to the assumed voltage
profile, the surface resistivity would have to be an inverse function of x:

1 A -
Pg = cv;y, va %[Dsdx = ln-%, where e f(x) =-%

The physics of the problem requires initially a very hot plasma and
therefore a very small resistivity, rather than the initially very large
surface resistivity required by the assumed linear voltage profile. What this
says is that the linear voltage profile was not a good assumption. The
computed profile of Figure 4b is presumably a better approximation to the
"real" propagating brushfire voltage profile. In principle, iteration of the
computations performed here with the computed voltage should provide a better
solution. This is not done here, and a more thorough analysis using a
computer is recommended.

BLOWOUT AND FLASHOVER CURRENTS, G'

The ratio of blowout to flashover currents, G', is a very important
parameter in defining the EMI margin of immunity of a spacecraft to arc
discharges. The current density, Jg, of 3.18 A/cm calculated in the
previous section is that which flows to the point of arc discharge initiation
in a plasma sheet and thence directly to the conductive substrate below. This
is what has been termed the flashover current. Because of the localized
nature of this component, the electric and magnetic fields effects are also
expected to be localized. Previously, the only long range effect considered
was that due to the displacement current, CdV/dt, where C is effectively the
capacitance to space of the arcing element and dV/dt is the time rate of
change of the surface voltage. Because C is very small (~pf/cmé) the
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corresponding currents are very small, and the voltages induced into cable
harnesses were very small and at nonhazardous levels. Blowout currents are
additional to the displacement currents discussed above. If they are of
appreciable magnitude, they could be a serious source of hazard to spacecraft
electrical subsystems.

In this section the results of the previous section on brushfire
propagation are used to estimate the blowout current. Both magnetic and
electrostatic forces were examined, and the conclusion was reached that only
the latter is of consequence. Electric fields normal to the dielectric
surface will force electrons to move away in the z direction. The
overwhelming majority of electric field lines emanating from the electrons
collected from environmental charging land on positive charges induced on the
substrate. A few field lines, however, must go off to space to account for
the voltage fall-off (or rise) from the dielectric surface potential to the
space plasma potential (zero). Thus, it is already clear that the dielectric
surface potential, through its associated electric field, plays an important
role in determining the blowout to flashover arc discharge current ratio, G'.
The magnitude of the electric field for a conducting sphere is

v

E..=—3% - S (MKS units)
radial 4 5 eoai a

where a is the radius of the sphere and V¢ is the surface potential and Q is
the charge. For an arcing dielectric surface on a real spacecraft, a is not
an easily defined parameter and requires a time-dependent NASCAP type of
3-dimensional LaPlace's equation solution in an arc whose discharge charge
time is measured in nanoseconds.

We know that a is not as large as the spacecraft dimension and not as
small as the dielectric thickness, For our purposes here, we assume that it
is comparable to the size of a typical spacecraft box (or 20 cm), but keeping
in mind that Ep34ia1 varies inversely as a.

The fact that edge or punch-through breakdown occurs at -5 kV, but -2.5
kV remains after the discharge, has been ignored up to now except to take the
2.5 kV differential as the voltage which "drives" the brushfire.

Thus:

= X
VS-V°+Vr+Vm (1-—")

where V, is the spacecraft ground potential, V, is the remaining voltage
after the discharge (2500 V) and V, is the maximum brushfire driving poten-
tial (2500 V). The proper signs have to be used to account for the fact that
we are considering forces which drive electrons off of the surface. Ions are
pulled harder against the surface. For the time being V, will be assumed to
be zero.
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The velocity and displacement in the off-surface z-direction for an
electron released at z=0 and t = 0 are given by

dvz

Fz ek, = e Vs/a =M

Incorporating, as before, the space-time equivalence via the brushfire
propagation velocity vp:

j-x 2eV 2eVm .
0= J gl (e ) oo gl x (- g

evm 2 X
) dx = x“(1- 3

2
mav,

z(x) =

The above equations apply in the MKS system of units. If a, vp, and x are

in cgs units, vz and 2z ma% be obtained in cgs units by multiplying both of
the above equations by 10%,

8ure 5 shows v, and z plotted as functions of x/f. At x =, v, is
3.37-10° cm/sec and z is 19.1 cm. These values for electrostatic
deflection are about eight orders of magnitude greater than the comparable
values caused by magnetic forces on the plasma current.

To calculate the off-surface surface current density, Jg;, an
integration over x has to be performed:

X
1
J ; (xl) =1!- e n(x) v, (xl-x) dx

2eV X

- X
m
EEV; (xy - x) (1-

L

1

where v, (xl -x) = ) 104 cm/sec

n(x) = sz e1ectrons/cm3 (x in cm)

21 16

A= 0.1 - 3.76-10%" gce /2d = 3.25+10

ey (xl) is plotted in Figure 8 for 0<x<0.05%.

X1.4 2x
Jgz (xq) = 3.04-10 (———4 (1 - 5—-4 amp/cm
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At x3 = £ = 0.25 cm, Jg; would be 18,240 A/cm, which is much too large
in view of the 3.18 A/cm value for Jg (in the x-direction) in the plasma
sheet at x = £. There is, however, a mechanism whereby Jg, is cut off at a
much smaller value. The situation is that at the same time as the off-surface
charge is being evaluated by electrostatic forces, the charge finds itself
above a plasma whose Debye length is shorter than its height above the surface
of the dielectric. At some height, z, and Debye length, i, the electric field
due to the charges below becomes completely blocked off, and the effective
electric field becomes zero. MWe assume that this height, z, is equal to 4.6a;
i.e., when the electric field is shielded by 99 percent.

The effective height z (x) is calculated by averaging the z-distance
travelled by all of the particles released from x = 0 to x = xj.

X

1
T(xl) =-—x-——1——— f n(x) z (x1 - x) dx
8[ In(x) dx 5
2eV X, - X
where z (x, - x) = —m (x -x)z (1 - —l————-) ‘104 cm
1 mavg? 1 6t

eV .2 x X X X
- L
Z(x) =2 (12 (- 100 =229 D2 - g em

mav

b

The Debye length is given by

A =6.9 (T/n)o'5 c

where T is the temperature in 'K and n is in electrons/cm3. Figure 6 shows

z and A plotted for 0 < x < ¢ (where £=0.25 cm). It can be seen that z is
much greater than A for most of the range of x/t except near x = 0. At x = ¢,
z is about 2 cm, which is about 10 percent of the value for Z, the height of a
single electron released at x = 0. Since the temperature for small values of
x is nearly completely dominated by the initial high-field-emitted electrons
which are cooling off:

; o1 - l.381-10"

j n+n

w10l7
oy £ 1:60°10°" o

0 n

_6.9.4.00-20% _ 2.%6-10° _ 8.49-10% _1.36.108

and A =
n 3.25.100x¢ xé (x/1)°

m
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Equating z to 4.6a:

(x1/1)4 = 2.73:10°%, x,/4' = 0.0407, x, = 0.0102 cm

1

Putting this value for x; into the equation for Jg, (x1):

4 6

Jgp () = 3.04:10" « 2.73.107" = 0.083 A/cm

The blowout to flashover current ratio, G', taken to be the ratio of Jg;
(x1) to the maximum value of the plasma sheet current, Jg, (at x = £) is
then G' = Jg; (x1)/Js(2) = 0.083/3.18 = 0.026 or 2.6 percent. Figure 7
shows z and 4.6x plotted versus x/f and their intersection at x/¢ = 0.041.

A more nearly correct calculation for Jg, involves inserting the Debye
shielding effect into the expression for v,. We consider the shielding to
apply to the external electric field by mu?tip]ying the potential by the
exponential factor so that the corrected off-surface velocity, v,* is given
by:

X X
12e Vm (1-7)
mav,

< -Z/
v, * (xl) = e dx

X

Since the x values of consequence are very small (x/f < 0.05), the above
expression may be simplified to
x —
m‘/‘le'Z/)‘dx
b

"X

» 26V
v, * =
z mav

From the previous analysis,

/3 = 2.29 (x/0)%/(1.36°1078x%/12) = 1.68°10° (x/1)?

Figure 8 shows v,* computed numerically and plotted as a function of x/£.
It starts at about 108 cm/sec at x = 0 and drops to nearly zero by the time
that x/g = 0.04. The expression for Jg, now is

mav

X 2 X
2e°V A 6 4
Jop (Xg) = fl en (x)v_* (x) dx = —"™ fl 2 dx fl o~1:682107(x/4)
sz A 2 — 4 J

independent of the upper limit of the integral, xj, for values of x/{
greater than about 0.04. This value is
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Jsz = 0.0126 A/cm

and the ratio of blowout to flashover currents, G', is
G' = JSZ/Jz = 0,0126/3.18 = 0.40%

Comparing Figures 7 and 8, it is clear that cutting off J¢; at z = 4.6

gives too large a value of x/¢ and hence too large a value for Jg; and G'.
From Figure 8, the "correct" values of the parameters for Figure 7 should have
been:

X/t = 0.0258, 1 = 2.11-1073 am, z = 1.47-107% cm
2/x = 1.43, and e %/ = 0.2

The Debye shielding effect has reduced J¢, from an excessively large
value, 18,240 A/cm, to a value of 0.0216 A/cm. This latter value leads to a
G' of 0.40 percent, which is much smaller than those that have been previously
reported by us as well as by others. Another "correction" that should be
applied is the fact that Debye shielding does cut off the electrons that are
Teaving the plasma sheet due to electric fields. However, the potential of
the plasma remains unchanged, and thus the electric fields beyond the plasma
remain unchanged. Therefore the "escaped" electrons continue to be
accelerated by the surface potential even through their number is fixed.
Since cutoff occurs at a very small x value (x/t = 0.0254, ¢ = 0.25 cm), the
accelerating potential is very nearly:

Vm + Vr = 2500 + 2500 = 5000 volts

where Vi, is the maximum voltage change, and V. is the remaining voltage
after the discharge.

The surface current density, Jgz, by the time the escaped electrons
have traversed the whole arcing source then is given by:

Ze(vm + Vr) 0.5 9
Jsz = Nevz where V, = | —— = 4,19 « 107 cm/sec

N is the number of released electrons per cm? and is obtained from n{x) by
integration from x = 0 to x = x] or x/¢ = 0.0254:
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n(x) = 3.25 1016x2 electrons/cm3

=
]

X1 9
. f n(x)dx = 2.774+10° electrons/cm?
(o]

Therefore

Jsz = Nevz = 1.8 A/cm, and G' = JSZ/Jx = 1.86/3.18 = 58.5%

Since the electrons, in increasing their kinetic energy by 5 keV, have
been accelerated in the x~direction as well as the z-direction, the use of the
full 5 keV in calculating Jg, is not valid. A particle pushing trajectory
calculation for the electrons in the presence of existing electric fields is
required. Figure 9 is the author's conception of how the equipotential and
electric field lines should appear. The escaping electrons do accelerate
through the full 5 keV but the current, properly, should not be termed Jgg.
From the "guessed" field configuration it appears that the blowout currents
should be travelling at about a 45 degree angle to the surface in the
direction of the ignition point,

EFFECT OF SPACECRAFT POTENTIAL ON G*

The importance of external electric fields in determining the blowout to
flashover current ratio, G', has been discussed in the previous section. In
the analysis, the change in the surface electric field due to the arc
discharge was taken into account by the space and time dependence of the
surface potential, Vg. However, the reference voltage, the spacecraft
potential, V5, was assumed to be constant at zero volts. In orbit, the
blowout of the arc discharge electrons must be compensated by the recollection
of an equal number of electrons if the spacecraft potential is to be
unchanged. Any inequality between blowout currents and return currents must
be "made up" by displacements currents in the following charge balance
equation:

t

CealVg + V) + j;

[ t
1,dt = Coav, + L 1,dt

In the above equation Cg is the capacitance of the arcing element to the
remainder of the spacecraft (or to space), and C, is the capacitance of the
spacecraft to space. I, is the blowout current from the arcing element, and
Iy is the replacement current to the remainder of the spacecraft. Taking the
derivative of the equation gives the current balance equation which must be
satisfied during the arc discharge:
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d o d
Coge Vet Vo) + 1, =Coqg Vo * Iy

I, is the blowout current density, Jsz, computed in the preceding section,
multiplied by an appropriate width dimension. I, is the integral of all of

the replacement current densities collected over the entire exposed surface of
the spacecraft. As I, is collected, it returns to the arcing element via
various structural paths on the spacecraft. Obviously, the structural current
density is low at remote portions of the spacecraft, and becomes greater as the
current flow paths converge towards the arcing element. For this reason, it is
to be expected that the potential victims of EMI closest to the arcing source
would be the most susceptible.

The point here is that V, adjusts itself in a time dependent manner to
assure that the current continuity equation is satisfied. Since electrons are
leaving, V, will go more positive. If, as assumed, Vy is initially near
zero, Vo will become absolutely positive and attract electrons from the
environment surrounding it, and repel ions. How far positive it becomes is a
function of the surface area of the whole spacecraft, and the accessibility of
replacement electrons. The problem is similar to that of computing the
spacecraft charging potentials, but on a much shorter time scale--tens of ns
rather than minutes.

The availability of electrons in the ambient plasma may be estimated as
follows: Assume that electrons may take as long as 1 us to reach the
spacecraft, a sphere of radius, R, of one meter at a potential, V,, of 1 kV.
The radius, r, from which electrons can arrive at the surface in ? us is given
by:

dr _ _l2 0.5 _ |2 0.5
a-t--v(r)-[-miv(r)] = [m_e.lTS;?J

2(,1-541:5) 2.0 . Z VR 0.5,

lneo

r= {%[-:3 VOR] 0'5t + Rl's} 2/3 9.47 meters for t = lus

For t = 100 ns, r is 2.44 meters. Assuming that the electron density is 1/cm3
a spherical volume, for 1 us, contains 3.20-1010 electrons or a charge of
5.12-10-9 coulombs. By comparison, a 20 ¢cm wide arcing source, grounded,
would have a current I, of 19 A, and would emit, in 1 us, a charge of 1.9:10-°

coulombs. This is more than three orders of magnitude more charge than is
available,
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Another calculation which indicates that the current available is
insufficient to “clamp" Vg5 utilizes the Langmuir - Mott Smith equation for
the attraction of electrons at a Maxwellian temperature, T, to a conducting
sphere of radius R:

v
_ 2 0, _ an-d
I =4 Jo(l + T‘) = 22.510 " A

\
for R=1,V =T =1kV, and J = 1 na/an® = 10> A/m2

a "resistance," Ro’ may be calculated from Ro =V = 4-106 ohms

The solution for the blowout current, I,, in the presence of a variable
time dependent Vg, may be obtained from the following

| Jszw; J 2 = Nevz; vV, = s V. =V - Y

S Zz m

-
N

. 1
o™ IrRo’ Vo = -C-(;-f cht

In the above equations, w is the width of the arcing source, N is the number
of electrons that have been ejected before the Debye shielding cutoff, Vg is
the surface potential, V. is the remaining voltage after the discharge

(2500 V), I, is the resistive replacement current flowing in Ry, and I. is the
displacement current flowing in the capacitance of the spacecraft to space,
Co- The electrical circuit is shown in Figure 10.

The above equations lead to the following result:

2
t_ 1, xp . 1- x2+ Bx - 1
T % g g 1) - )

where p and q are roots of x2 + Bx-1 = 0,

_ 0.5 _ .
T2 Roco’ X IZ/IZO . Izo = A/Vr = 1.316°w(cm) A,

- 0.5. = = = .
A = Ne(2e/m) 100 w = 0.0236 w, B Rolzo/vr w Ro/1900.

Figures 11 and 12 show I,(t) and Vo(t) for w = 10 cm. and various values of
Rg. The time constant, T = RoCq, varies from 1l ns to 1 us on the assumption
tﬂat the C4 is 100 pf. For Ry large, V, approaches Vy and I decreases
because Vg becomes small. For Ry small, as in many vacuum tank experiments,
Vo never gets very large, and I, remains near I,o. Figure 13 shows the steady
state I, and V, plotted as a function of Rg.
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The preceding discussion about R, indicates that it is quite large. For
the approximation that I, << I, the solutions for I, and V, are:

I, = 1po [1-t/(21g)], Vg = V,[1-(1 - 2%;42]

I, decreases linearly to zero in a time 27, = 20oVy/Izq = 3.8-10~7/w seconds
or 38 ns for w= 10 cm. Vg, rises parabolically to V. in the same time
period. For a 10 cm square sample, then the brushfire propagates according
to our model in a time, t, of:

t = 10 cm
2.45+107 cm/sec

= 408 ns

I,, however, lasts for only 38 ns or about 10 percent of the discharge time
with an "average" G' of 29 percent rather than the peak value of 58 percent.
Thus, the in-orbit G' is of shorter duration and of lower average magnitude as
compared to a laboratory determination with R, shorted to ground. A proper
laboratory experiment should incorporate a high R, but should also include

an appropriate C,.

LIMITING MECHANISMS ON BRUSHFIRE PROPAGATION

The question arises as to whether some processes exist whereby the
brushfire propagation might be limited. The paper by Aron and Staskus(9)
seems to indicate that propagation continues for samples as large as 5058
cm2, Their samples (4 mil teflon) were laid on an aluminum plate that was
0.313 cm thick. This seems to indicate that the plasma sheet resistance, the
part behind the voltage gradient region, is not a problem.

In some applications, the dielectric sheet with the vacuum deposited
aluminum (VDA) 1is not over a good conducting ground plane. In these cases the
surface resistivity of the VDA film becomes important. Typical values are in
the order of 1 ohm-per-square, but this may be exceeded by more than a factor
of 10 after handling and during the installation process. A 100 cm long
sample then will develop more than 1 kV with a 1 A/cm arc discharge surface
current density, Jg. If one considers then that arc discharge surface
currents are really not l1-dimensional, but rather flow from the whole surface
towards a single breakdown point, the surface current density increases
greatly and therefore the voltage drop may become comparable to the voltage
across the dielectric before breakdown. Although the brushfire propagation as
developed depends only on the electric field at breakdown, Ep, rather than

the voltage, Vi, a dependence on the latter may develop in a more critical
analysis.

Figure 14 shows an example of a set of surface voltage measurements
before and after an arc discharge. The discharge clearly did not wipe off the
stored charge uniformly. The charge seems to have flowed towards the edge at
which breakdown occurred, but was slowed down as the distance from that
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location increased. This particular sample was mounted on an aluminum
substrate. However, the VDA was sandwiched with a Kapton sheet between the
VDA and the aluminum substrate. Thus, resistive currents were forced to flow
through the VDA rather than through the substrate.

SUMMARY AND CONCLUSIONS FROM THE BRUSHFIRE ARC DISCHARGE MODEL ANALYSIS

Summarizing the analytical development of the arc discharge brushfire
propagation model should begin with noting the many deficiencies. The first
is that the analysis is l-dimensional while most arcing configurations are
2-dimensional. Thus, no account is taken of the "sidewards" propagation
effect both as it affects the brushfire wavefront steepness requirements, and
the greater concentration of plasma sheet currents as they converge towards
the arc initiation point. There are many assumptions which may or may not be
justified such as the ignoring of thermal conductance, and the assumption that
the plasma thruster data, 8.32-10-6 gram per joule of material ablated,
was applicable. The assumption of a plasma sheet thickness, 1 percent of the
length of the voltage gradient region, was not derived from physical
principles, but rather, from an idea of what a "sheet" should be. The
gram-molecular-weight of the dielectric material, 16, also was a guess, and
the specific heat depends on this number. The plasma properties which would
clearly identify the time dependent roles of electrons, ions and neutrals have
not been carefully treated. In particular, the inertial/collisional role of
ions in determining the brushfire velocity should be included in the basic
equations so that the velocity is consistent with the other physical processes
involved. The areas of improvements that are needed in the present analysis
are summarized below. As stated previously, there are many improvements that
can be made in the analytical model as presented here, and it is hoped that
this work will provide some insight into how a more nearly correct model
should be formulated.

0 Many assumptions need to be examined

- Thermal conductivity, mass ablated, plasma sheet thickness,
etc.

0 More physical processes need to be included

- Role of ions in determining brushfire velocity; ablation,
jonization and radiation processes

- "Mechanical" processes of particle acceleration and colli-
sions

0 Self-consistent solutions are needed
- Computerized approach
0 Mode1 should be expanded to include the 2-dimensional problem

The analysis has provided a first-cut solution to voltage, current,
plasma density, temperature and resistivity profiles associated with the
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plasma sheet of a propagating brushfire wavefront. The flashover surface
current density associated with the discharge rises linearly with distance
away from the head of the wavefront as

Jsx = vavmx/z
At the bottom of the voltage falloff region Jg reaches a maximum value:
Jsx = vaVm = 3.18 A/cm, for Vm = 2500 V

which is proportional to the breakdown voltage V. The duration of the arc
discharge is simply the sample size (linear dimension) divided by the
brushfire propagation velocity, vy, To the extent that the theory is
applicable to the 2-dimensional case, the duration should be proportional to
the square root of the area. The following combination of parameters for a
given dielectric material must be a constant:

|
cg\ 3/2
(F) Cv b

where c is the specific heat, g is the mass ablated per joule, h is the
fraction of the power expended in raising the plasma temperature, C is the
dielectric capacitance per unit area and vp is the brushfire propagation
velocity. The above combination of parameters must be a constant for a given
dielectric material except that C also depends on the thickness. Thus,

increasing the thickness decreases C, and hence vp should decrease
correspondingly.

Another result of the analysis is that magnetic V X B forces are much
less effective in producing blowout currents than electric field forces.
Debye shielding of electric fields limits the blowout electrons to the very
tip of the brushfire wavefront. An analogy for the blowout current would be
the smoke puffing out of the smokestack of the locomotive of a train as it
moves forward -- not the whole train burns. The blowout electrons are
accelerated by the chargeup potentials and the ratio of blowout to flashover
currents, G', has been calculated to be

G' = 58.5%

This value of G' takes into account the experimentally observed fact that
about one-half of the stored charge (1/4 of the stored energy) remains after
the discharge. If the fraction of remaining charge were lower, the flashover
current would be proportionately larger, but the blowout current would be
about the same since the number of electrons remains nearly the same and the
total accelerating potential also remains the same. Thus G' would decrease,
but only by a factor of about two. From the results of the above analysis, G'
is independent of the size of the arcing source. The surface voltage at
breakdown affects G' as its square-root.
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The dependence of the blowout current, and therefore G', on the
spacecraft potential is rather drastic, and depends on the capability of the
spacecraft to collect return currents, either from the surrounding plasma or
from the blowout current itself. The spacecraft potential rises in order to
compensate for the blown off charges and to collect the required number of
electrons, or to make up the deficiency via displacement currents. Because
the spacecraft capacitance to space, Dy, is small (~100 pf), the
accelerating potential for the blowout electrons is quickly cancelled -- in 38
ns out of a total of 408 ns for the whole brushfire process to take place —
in our example of a 10 cm square arcing source. Most laboratory experiments
in the past have grounded the arcing source to the vacuum system ground
through a low resistance of a few ohms. A more proper simulation of in-orbit
conditions for arc discharges would be to increase the grounding resistance to
greater than 10,000 ohms, and add a parallel capacitance of about 100 pf. The
conclusions resulting from the brushfire model analysis are summarized below:

0 The flashover surface current density, Jg,, (3.18 A/cm), is proportional
to Vp.

0 (h/cg)3/2-va is a constant (see text for definition of parameters).

0 The discharge duration is proportional to the length of a l-dimensional
source.,

- And is proportional to the square-root of the area of a 2-dimensional
source,

] The blowout surface current density, Jg,, (1.86 A/cm), is proportional
to the square-root of the surface potential at breakdown.

0 G' (58.5 percent) is independent of the area of the arcing source.
- Depends on electric field forces; magnetic forces are negligible.

0 G' is grossly affected by how the spacecraft potential varies during the
discharge.

- Jgz is cut off by positive spacecraft potentials (smaller net poten-
tials) during the discharge.

0 Laboratory measurements of G' should take into account conditions on
orbit.

The author acknowledges the contributions of two colleagues to the
present analysis of the arc discharge brushfire propagation model. J. M.
Sellen, Jr. coined the term, "brushfire," and formulated the initial concepts
on the steepness requirements for a propagating wavefront. R. L. Wax
critiqued many aspects of the model. In particular, his insight into the
plasma physical processes was invaluable.
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Plasma Parameter Resulting from a Linear Voltage Gradient

Table 1.
J = CVpV x/t = Cv.E,x o = g T 32 12(89)3/2[ny )-8z
s b'm b*b s d *x
P* dg o = JEp = CE2x T, = - %ﬁsdt . T:% (1 + x2/R)
M, = f gP dt = gcE, 2x%/2 where A = 2M /(gCE, %) = 1.70+1078cm?

ns= 3.76'10229CEb 2)(2/(2d) and Th is the temperature due to heating.
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.

INITIALLY HOT PLASMA
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y
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\ 4
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BRUSHFIRE WAVEFRONT

A 4
CONDUCTING PLASMA FiLM in the
LOW VOLTAGE GRADIENT REGION

b 4
EMISSION of ELECTRONS and IONS;
BLOWOUT-to-FLASHOVER RATIO, G

Figure 1. Overview of the Brushfire Propagation Analysis
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EFFECTS OF SECONDARY ELECTRON EMISSION ON CHARGING*

Martin S. Leung, Michael B. Tueling, and Edwin R. Schnauss
The Aerospace Corporation

ABSTRACT

A detailed description of the secondary electron emission characteristics
is essential to the understanding of the charging behaviors of various dielec-
trics. Laboratory charging studies using two electron sources with different
energies show that the charging behaviors of typical spacecraft thermal con-
trol dielectric surfaces are extremely sensitive to the shape of their second-
ary emission curves. The results also suggest that the electron spectrum in a
natural charging environment can be separated into three distinct regions
(noninteracting, discharging, and charging) depending on the kinetic energy of
the incident electron relative to the charged surface, and on the secondary
emission characteristics of the material. To a first order approximation, the
relative number of electrons in these different regions determines the poten-
tial of the charged surface. In this paper, we report detailed measurements
of the secondary electron emission characteristics of Kapton, and also discuss
the effects of bulk conductivity and secondary emission on surface charging of
these materials.

INTROBUCTION

The understanding of material charging requires a detailed knowledge of
both the charging environment (ref. 1) and certain electronic properties of
the material (ref. 2). Under electron irradiation and in the absence of pho-
toillumination, the equilibrium surface potential is determined by two basic
material properties: 1its conductivity, and secondary electron emission. The
relative importance of these two properties depends on the magnitude of the
incident current compared to the bulk leakage current. In conductors and
semiconductors, the leakage current is high and the material behaves as a sim
ple ohmic element, i.e., the surface voltage is directly proportional to the
incident current density. In the case of low-conductivity materials, the in-
coming current is not necessarily dissipated by the leakage current, resulting
in a charge buildup in the material. Such a buildup retards the incident cur-
rent and modifies the kinetic energy of the electrons such that there is an
increase in the number of secondary electrons emitted from the surface. Even-
tually, the surface will charge to an equilibrium potential, at which point,
the incoming primaries will be balanced by the outgoing secondaries. In this
limit, the equilibrium surface potential is controlled by the secondary elec-
tron emission behavior of the target material. The purpose of this paper is
to discuss the effects of secondary emission on material charging under single
and dual energy electron irradiation, and to present novel techniques for mea-
suring secondary emission parameters in the laboratory. We would also like to

*This work was supported by the U.S. Air Force Space Division under Con-
tract F04701-80-C-0081.
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point out how these parameters can be used to add to the understanding of ma-
terial charging in an environment where the electrons are distributed both in
energy and space.

BACKGROUND

When a solid is bombarded with energetic electrons in the keV range, a
large number of low energy secondary electrons are generated in the solid
within a certain distance from the surface. The secondaries which have the
appropriate trajectories and sufficient energy to overcome the work function
of the surface can escape from the solid. A number of authors (ref. 3) have
written on the theoretical as well as the experimental aspects of the basic
phenomenon. In general, it is found that the number of secondary electrons
emitted depends critically on the kinetic energy of the primary electrons. In
addition, it is also observed that the yield curve describing the production
of the secondaries as a function of the primary electron energy can be reduced
to fit a universal shape. A "typical" secondary yield curve for an insulator
is shown in figure 1. The curve is a plot of &, the number of secondaries
emitted per incident primary, as a function of the kinetic energy of the pri-
mary electrons at the surface. At low incident kinetic energy, the electrons
striking the surface do not have sufficient energy to generate large numbers
of secondaries and hence § is less than unity. As the kinetic energy increas-
es, although the incident electrons penetrate deeper into the material, more
secondaries are being created and allowed to escape giving rise to a & which
can be significantly greater than unity. Thus, & will continue to increase
rapidly until the penetration depth most favorable for the production of sec-
ondaries is reached. At this point, § reaches a maximum (§pax) at energy
Emax. Beyond this point, the number of electrons emitted decreases because
the bulk of the internal secondaries are generated increasingly deeper in the
solid reducing the probability of escape. This results in § < 1 at high inci-
dent electron energies. Depending on the material and its structure, the val-
ues of 8pax and Epayx can differ widely. For most insulating materials, such
as metal oxides and organic polymers, §pax iS usually greater than unity. 1In
these materials, two other energies in the secondary yield curve are important
for describing material charging. They are the first and second crossover
points, E; and Ejy, where § = 1. In particular, Ejy is especially important
to material charging due to electron bombardment.

In terms of theoretical treatment of secondary emission, the formulation
given by Sternglass (ref. 4) has been found to be in fairly close agreement
with experimental measurements. This formulation assumes that all the second-
ary electrons are generated at a mean depth, Xy, where the average forward
momentum of the primaries vanishes. Secondly, the model assumes that the
fraction of the secondaries escaping from the surface decreases exponentially
with the depth of generation. Further considerations show that Ay is propor-
tional to the square root of the primary energy, £E. Therefore, the fraction
of secondary electrons emitted is proportional to exp(-BEllZ), where g is a
constant related to the escape depth of the material. The total secondary
yield is then given by

s(E) = AE - exp(-gEl/?) (1)
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where A is material dependent parameter, characteristic of the efficiency of
secondary electron emission and backscattering. For a particular material,
§(E) is fixed by two points, s(Eyy) = 1 and

ds(E) 0
max
Hence, equations (1) can be rewritten as
§(E) = .E%i. . exp -E—%TZ (Ell2 -E%{2> (2)

max

Emax and Eyp in equation (2) control the shape of the secondary yield curve.
In the fo]‘owing, we shall describe how these parameters are determined in the
laboratory and how they can affect material charging in space.

EXPERIMENT

Our technique to study secondary emission was based on measuring the back
surface electric field of a sample film while the front surface was irradiated
with either one or two monoenergetic electron beams. The back field measure-
ment method was the same as the one used in the Satellite Surface Potential
Monitor (SSPM) for determining material charging aboard the P78-2 SCATHA satel-
lite (ref.5). The crucial part of the instrument consists of an electrostatic
field meter placed at a fixed distance behind the dielectric film sample which
was mounted rigidly on a holder with conductive epoxy. The samples used in
the measurement were common external spacecraft thermal control surfaces, in
many cases they were polymers with their back surfaces metalized. Therefore,
a small portion of the metalization had to be removed to enable the electric
field due to the charge build-up to terminate at the sensor. The removal of
metalization lowers the capacitance of the film in the region where the
measurement is made, causing that portion of the film to charge much more
rapidly than the rest of the sample. However, at equilibrium, independent
measurement of the front surface potential profile showed that the potentials
of the metalized and the unmetalized portions of the film are equal. More-
over, the back and the front surface measurements were sufficiently well cor-
related that the back surface field can be calibrated to infer the front
surface potential accurately. In addition, the back metalization acts as a
collector for the current passing through the bulk of the film. Hence, this
configuration provides the measurement of both the surface potential as well
as the leakage current at equilibrium simultaneously.

In the laboratory, the front surface of the sample was irradiated with
one or_two monoenergetic electron flood guns in a vacuum chamber at a pressure
of 10~7 Torr. To avoid undue damage to the sample by arc discharges, the
incident electron energy was kept below 6 keV. Both the surface potential and
the bulk leakage current were monitored continuously. The samples used in the
actual measurements were made from 5 mil aluminized Kapton obtained from the
same batch used for making the SSPM flight samples. The samples were assem-
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bled by the Air Force Material Laboratory and the aluminized Kapton film was
supplied by Sheldahl, Northfield, Minnesota.

RESULTS AND DISCUSSION
Charging under Monoenergetic Irradiation

In this set of experiments, the surface potential of Kapton was monitored
while being irradiated with a single electron beam at normal incidence. The
energy of the primary beam was varied from several hundred volts to several
kilovolts. The results show that the equilibrium surface potential of a low
conductivity material, such as Kapton, is clearly dominated by secondary emis-
sion. A plot of the measured surface voltage as a function of the primary
beam energy 1is given in figure 2. For beam energies below Ejj, where 6 > 1
(shown in the upper trace), the surface tends to charge up positively instead
of negatively. Within this & > 1 range, the equilibrium surface potential is
insensititive to the incident beam energy; a large change in the primary elec-
tron beam energy causes only a small change in the surface voltage. However,
for incident beam energies near Eyj, the surface potential drops rapidly as
it crosses the zero line. Beyond this point, the surface charges up negative-
ly and the measured potential is directly proportional to the primary beam
voltage with a slope of unity. This behavior can be understood by the follow-
ing explanation.

At Tow incident beam energy, the kinetic energy of the electron arriving
at the surface causes more secondary electrons to be emitted per primary elec-
tron, ¢ > 1. The surface experiences a net depletion of electrons, giving
rise to a positive surface voltage. In principle, the magnitude of the posi-
tive potential will continue to increase and accelerate the primaries towards
the surface until the kinetic energy of the primaries striking the surface is
equal to Eyj where § = 1. However, the surface is prevented from becoming
too positive due to the abundance of low energy electrons around. The re-
attraction of these low energy electrons pins the surface voltage low and
makes it rather insensitive to changes in the incident beam energy. wWhen the
beam energy is equal to Ejy, the number of incoming primaries is exactly
balanced by the number of outgoing secondaries. There is no net gain or loss
of electrons at the surface and thus the surface becomes uncharged. In fig-
ure 2, this corresponds to the point at which the measured surface voltage
goes to zero. At this point, Ejy, the second crossover energy, can be meas-
ured directly from the beam voltage. Beyond this point, the beam energy moves
into a region where § < 1. There will be a net absorption of electrons at the
surface. The accumulation of these incoming electrons gives rise to a nega-
tive potential at surface. This negative potential slows down the incoming
primaries and causes § to increase towards unity. At equilibrium, the surface
will charge to a potential such that the electrons arriving at surface will
have a kinetic energy equal to Eyj and a 6 = 1. As a result, the surface
charges up to a potential equal to beam energy minus Ejj. Experimental ob-
servation agrees quite well with this analysis. At beam energy higher than
E1r, the surface potential tracks the beam energy linearly and

-eVg = Eg - Eqg (3)
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where Vg and Eg are the surface potential and the beam energy, respec-
tively. In addition, the linear relationship between Vg and Eg extends

over several kilovolts. This result points out the fact that the secondary
emission yield is not sensitive to the surface potential acquired on the
material. This is important because the bulk of the secondary emission data
reported in the literature were obtained by conventional methods which re-
quired the material surface to be at or near ground potential. This finding
removes some of the uncertainty concerning the validity of using the data ob-
tained by the conventional methods and applying them to situations where the
material is charged to several kilovolts.

Two-Electron Beam Charging

In this section, the charging behavior of a dielectric in a multienerge-
tic electron environment will be discussed. The discussion will be based on
the results of a set of charging experiments using two electron guns at dif-
ferent energies. The angle of incidence for each gqun was offset about 3 deg-
rees from the sample normal. Based on the data presented in the next section,
the effects of this minor offset are negligible and will be ignorea in the
following discussion.

The significance of secondary emission in a distributed environment can
be understood by the following analysis. First consider an insulator being
irradiated by a single electron beam. As a result, the surface potential
developed is controlled by the energy of the beam, Egj, via secondary emis-
sion. As we have shown in the previous section, for beam energy greater than
Ei1 of the materia], the surface charges up negatively, and, at equilibrium,
-eVg When the second beam is turned on, the surface potential
created Ey the irst beam retards the electrons in the second beam. At the
same time, the origin of the secondary electron yield curve is also shifted
from zero for an uncharged surface to -eVg when'the surface is charged, as
shown on an absolute energy scale in figure 3. In this representation, it is
clear that the electrons from the second beam fall into three distinct cate-
gories, namely noninteracting, discharging, and ¢harging, depending on the
beam energy.

Based purely on an energy argument, electrons with energy lower than the
surface potential will be reflected and will not interact with the surface at
all. As we increase the energy of the second beam, it is equivalent to moving
the arrow for Ego in figure 3 to the right. We note that there is a region
between -eVg and -eVg + E] (the first crossover) where the electrons are
weakly charging. However, since this region is narrow (~50 V for Kapton) and
the effect small, we can safely ignore its contribution. Therefore, electrons
from the second beam with energy less than -eVg + E] can be considered
noninteracting.

In the second category, at higher beam energies, the electrons with Egp
between -eVg + E1 and -eVg + Ey; will have the appropriate kinetic energy to
impact the surface with a secondary yield greater than one. The net increase
in the secondary emission due to the second beam causes the surface to dis-
charge. Consequently, the surface voltage wiil shift to a lower value Vg'
in order to re-establish current balance. At equilibrium, the number of
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electrons emitted due to the second beam has to be balanced by the number of
electrons absorbed from the first beam, or,

6(Egy * eVg.)dpgy * 8(Epy * eVgu)dgy = Jpp + Iy (4)

where Jg1 and Jgp are the current densities of the first and the second beam
at the surface, respectively. The relation described in equation (4) provides
a way of sweeping out the shape of the secondary emission yield curve by vary-
ing the current densities and the beam energies. However, this way of deter-
mining 6§ is tedious experimentally and requires a great deal of curve fitting
and optimization. Fortunately, a faster and more convenient method has been
developed for determining the secondary emission yield curve by measuring
Emax and Ey; for a particular material.

In this method, the dielectric is irradiated simultaneously with two
electron beams. The energy of one beam is fixed while a second, the probe
beam, whose intensity is modulated scans continuously over a wide range of
energy. The current of the probe beam is deliberately kept low in order not
to disturb the equilibrium surface voltage established by the first beam. In
this measurement, the surface voltage is monitored continuously and the small
AC component 1in surface voltage induced by the modulated probe beam is meas-
ured by synchronous detection. The amplitude and phase of the AC component
are determined by the number of electrons emitted or absorbed by the surface
due to the probe beam. Hence, a plot of the synchronous change in surface
voltage as a function of the energy of the probe beam is directly related to
the secondary emission yield curve of the material. Such a plot and the ex-
perimental conditions used are shown in figure 4 from which we can extract
Emax and Eyy directly. For Kapton, we found that Eyax = 250 V and E] =
1000 V. These values agree with those determined previously in our {abora—
tory. Figure 5 shows the secondary yield curve for Kapton obtained from equa-
tion (2) using the values given above. These results show that the modulated
probe beam method offers a convenient and accurate way for determining the
secondary emission properties of various film-type dielectric materials.

Once the shape of the secondary emission curve is determined, the charg-
ing response of a material to a multienergetic electron flux, F(E), can be
understood. As discussed earlier, the spectrum of these electrons can be
divided into three critical regions, as shown in figure 6. Electrons with en-
ergy below -eVg + Ey are noninteracting and can be eliminated right away.
Between -eVg + Ey and -eVg + Ej], electrons have a 6 > 1 and a tendency to
discharge the surface. Above -eVg + Ejj, because & < 1, electrons in this
region tend to cause the surface %o charge negatively. In order to maintain
current balance for a material with zero leakage, the total number of elec-
trons emitted (6 > 1) must be balanced the electrons absorbed (§ < 1). Hence,

/

-eV

EU
[s(e + evg) - 1]F(E)eE = 0 (5)
3

where E, is the highest energy of the nonpenetrating electrons and F(E)
is the incident electron flux at normal incidence. When equation (5) is not
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satisfied, Vg will shift to a new surface potential Vg' wuntil current
balance is reestablished. Similarly, a change in the electron distribution
will result in a change in the surface voltage. Therefore, conceptually, this
analysis provides a physical link between the properties of the material and
the electron distribution of the environment in determining its surface poten-
tial. It should be noted that, in the absence of photoillumination (causing
photoemission and photoconductivity), secondary emission is the most important
factor in controlling surface charging of low-conductivity materials. How-
ever, a number of other effects, such as electron induced conductivity and ion
induced secondary emissions, have to be considered in the order to make the
analysis more applicable to actual substorm charging in space.

Angular Dependence

In the preceding discussion, it has been assumed that the primary elec-
trons strike the material surface at normal incidence. However, it is well
known that oblique incidence produces more secondaries than normal incidence.
This is due to the fact that the secondary electrons are generated closer to
the surface and have a greater probability of escaping from the solid. As a
result, both Epax and Epy in equation (2) will increase as the angle
of incidence increases. Hence, the dependence of these parameters on incident
beam angle is critical to understanding the charging behavior of materials in
space where the incident electrons may strike from all directions.

Recent analyses indicate that the electron angular distributions in near
geosynchronous orbits are highly anisotropic during geomagnetically disturbed
times. An estimate indicates that the electron current normal to the earth's
magnetic field line is roughly three times larger than the current parallel to
the field line (fig. 7). The data presented in the figure were obtained from
a natural charging event on Satellite P78-2 on February 12, 1979. The angular
distribution of the electron current was obtained by integrating the electron
flux between 3.4 and 19.4 keV provided by the SC-2 particle counter on board
P78-2. 1In figure 7, the angularly resolved current was plotted as a function
of magnetic angle and universal time (UT) in seconds for three consecutive
satellite spin cycles. Each spin cyclie is about 60 seconds long. Due to sym-
metry along the magnetic axis, the current-angle profile is approximately the
same in each half cycle. Since this charging event was occurring in the sun
and the direction of the solar radiation was approximately parallel to that of
the current maximum, charging of the SSPM samples could only take place in the
dark half cycle of each satellite rotation. Since the SC-2 particle counter
and the SSPM are located at different parts on the spacecraft, there is a time
delay between the two measurements. The crosses in figure 7 mark the onsets
of the dark half cycles from which the SSPM charging data presented in fig-
ure 8 were obtained. The solid lines in figure 7 represent, given the time
delay, approximately the current profiles that would impinge on the SSPM in
the dark half cycles marked by the crosses respectively. Notice in figure 8
that, during the first dark half cycle (UT = 18292), the Kapton surface did
not show any sign of charging until the sample rotated to within 30 degrees
[120°] from the current maximum [90°]. The angles quoted in brackets are the
magnetic angles given in figure 8. In the next dark half cycle (UT = 18346),
the electron distribution in the plasma sheet hardened and the peak current in
figure 7 went up. During this time, the Kapton sample began to charge earlier
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(about 55 degrees [145°] from the maximum) and subsequently charged to a high-
er potential. In the last half cycle, the electron distribution softened
slightly and the Kapton charging profile is intermediate between the profiles
in the first and second half dark half cycles, it did not begin to charge im-
mediately. Instead, charging occurred only when the angle of incidence of the
peak current approached normal incidence. In addition, the onset and the mag-
nitude of charging are highly correlated to the intensity of the peak cur-
rent. These results show that charging is quite sensitive to the anisotropy
of the electrons in the plasma sheet. Hence, there is a need to understand
how the angle of incidence influences the charging behavior of dielectrics.

In the laboratory, a monoenergetic charging beam was used to examine the
effects of varying the angle of incidence on charging. The equilibrium sur-
face voltage was found to decrease with increasing angle of incidence as ex-
pected from higher secondary emission. Figure 9 shows a family of charging
curves for Kapton at different angles of incidence. When the threshold beam
voltages for surface charging and the slopes of the charging curves of fig-
ure 9 are plotted against the angle of incidence, e, they are found to follow
cosle (fig. 10). From these results, we found that the angular dependence
of the equilibrium surface potential is given by

-eVS(e) = cosze EB - E?I (6)

)
where E]] 1is the second crossover energy of the material at normal incidence
and Eg the primary electron energy. Consequently, the angular dependence

of the second crossover, Ejj(e), for Kapton can be determined by setting
-eVs(e) = 0, and, Ejj(e) - Eg,

II
E;f(e) = —= (7)
I cos‘e

The same angular dependence can be obtained by applying Sternglass' theory.
These results indicate that, for a particular material, the momentum-loss mean
free path controls the production of the secondaries and hence the charging
characteristics of the material. They further suggest that the secondary
emission yield should increase as (cos?e)-1 with increasing angle of inci-
dence. However, more work is needed to confirm the validity of this depen-
dence.

SUMMARY

In the absence of light and high energy particles, the surface potential
of Kapton is found to be controlled by secondary emission. Under monoenerge-
tic electron irradiation, the surface voltage varies linearly with the beam
voltage. In a multienergetic environment, the surface voltage is determined
by the convolution of the electron distribution and the secondary electron
yield of the material. Using single and dual electron beam charging tech-
niques, we have devised methods for measuring the critical secondary emission
yield parameters as well as the angular dependence of these parameters for
Kapton. This information is not only essential to the understanding of mate-
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rial charging in space but also valuable as input to the NASCAP spacecraft
charging modeling code.
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SECONDARY ELECTRON EMISSION YIELDS*

I. Krainsky, W. Lundin, W. L. Gordon, and R. W. Hoffman
Case Western Reserve University

SUMMARY

The secondary electron emission characteristics for a variety of space-
craft materials have been determined under UHV conditions using a commercial
double pass CMA which permits sequential Auger electron spectroscopic analysis
of the surface. We have examined the transparent conductive coating indium
tin oxide (ITO) on Kapton and borosilicate glass and indium oxide (I0) on FEP
Teflon. Total yields vary slightly with samples and with substrates. The
total SEE coefficient, O » ranges from 2.5 to 2.6 on as-received surfaces
and from 1.5 to 1.6 on *Ar sputtered surfaces with < 5 nm removed.

For these measurements a cylindrical sample carousel provides normal inci-
dence of the primary beam as well as a multiple Faraday cup measurement of the
v nA beam currents. Total and true secondary yields are obtained from target
current measurements with biasing of the carousel. A primary beam pulsed mode
to reduce electron beam dosage and minimize charging of insulating coatings
has been applied to MgF2 coated solar cell covers.

Electron beam effects on ITO were found quite important at the current
densities necessary to do Auger studies (0.6 pA minimum or v 1 x 1077 A/cm?)
but relatively unimportant at the 10 nA levels used in short exposure methods
or pulsed methods (150 nA peak, 2 us) for obtaining SEE coefficients. Angle
of incidence dependence for I0 on FEP Teflon has been obtained for 0.5 < EP <
5.0 keV.

INTRODUCTION

One result of the current interest in spacecraft charging pehnomena has
been the development in 1978 by NASA of a computer code — NASCAP - capable of
providing a detailed picture of the charging process for realistic three-di-
mensional models of spacecraft (ref. 1). Amajor impediment to the use of NAS-
CAP is the paucity of data for the secondary electron emission characteristics
of actual spacecraft materials. Methods for obtaining these data from well-
characterized surfaces using a commercial cylindrical mirror analyzer (CMA)
were developed, tested on clean Ag and Cu surfaces, and applied to aluminum
alloys with varying surface treatments typical of those used on spacecraft
(ref., 2). Target current measurements gave electron yield data as a function
of primary energy, EP. The CMA provided both the surface composition and the
secondary electron energy distributions, N(E), for a given EP from integration
of the CMA output, operating in the standard derivative mode.

To overcome severe charging effects experienced with a thick insulating
coating such as anodized samples we have developed a pulsed beam technique
using sufficiently low dosage to permit measurements on thin insulating layers.

*Work performed under NASA Grant No. NSG-3197
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This method, together with that of short DC exposures to the primary beam, has
been used to obtain secondary yields from thin (Vv 20 nm) transparent conducting
coatings, indium-tin oxide (ITO), on three insulating substrates: borosilicate
glass, Kapton, FEP Teflon, and MgF, on quartz. The influence of electron beam
dosage effects has been explored in order to extrapolate the results back to
typical current densities at the spacecraft surfaces. The effect of mild Ar
ion sputtering of as-received surfaces has also been observed as a guide to
changes in yield which may occur under prolonged plasma exposure in space.
Secondary electron yields for 0.5 keV < EP < 5 keV have been measured at vary-
ing angles of incidence.

EXPERIMENTAL TECHNIQUES AND MODIFICATIONS

The electrons below 50 eV are usually termed "true secondaries" and the
electrons above 50 eV termed '"backscattered" (ref. 3). Thus, the true SEE co-
efficient § is just the number of true secondaries emitted per primary electron.
Typically, measurements of conducting surfaces involve determination of the
target current under two conditions: I,, where backscattered electrons are re-
jected (biasing the target at + 50 V relative to the grounded surroundings) and
I_, where all outgoing electrons are rejected (biasing the target at - 50 V).
The primary current, I , is found by displacing the carousel so that the beam
enters the Faraday cup. As noted in reference2,d§ = (I - I_)/I_ to a good
approximation while the total SEE coefficient 0 = 1 - I_/I_ and includes elas-
tically and inelastically backscattered electrons in additgon to the true
secondaries.

With thick insulating layers on the target surface, charging will take
place, where the sign of the charge depends on whether 0 is S 1. For our geo-
metry, the CMA entrance grid subtends an angle of 1.5 T steradians and is
always grounded, Thus electric fields are developed as the target surface be-
comes charged.

Pulsed Beam Techniques

To minimize charging effects on insulating layers as described above, we
have introduced a pulsed beam technique together with a low energy electron
flood gun to restore the surface to an uncharged state. If a single square
current pulse of length T is incident on the insulator layer mounted on the
target and the target is biased negatively to repel all secondaries then, re-
ferring to the equivalent circuit (figure 1(a)), the charge accumulated on the
target is

T
q = J I dt = 1I_ and the potential drop across the input capacitor
0

Ci is V_ = q/Cq = TI;/Ci. Hence, as defined earlier, the total SEE coefficient
0= 1-I_/1, = 1-V_/V_ . By observing V_ for a series of pulses at fixed EP, the
presence of charging effects can be observed as a monotonic change in its value.
Exposure of 'the surface of the insulating layer to low energy electrons from a
flood gun will then restore the surface to a nearly uncharged state. Pulse
measurements with +50 V applied to the target provide I+ so that n might be
determined as well.
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Beam pulses were produced through pulsing a beam blanking circuit. The
process is illustrated schematically in figure 1(b). Single pulses from the
pulse generator drive the blanking circuit which in turn controls the elec-
tron gun extractor potential. Target current pulses are typically 2 us dura-
tion with a 0.2 pys rise time. They are registered by a sample-and-hold cir-
cuit for measurements by a DVM. The original pulses are stretched in time by
a high input impedance follower, amplified by a factor of 100, and then enter
the sample-and-hold circuit.

Methods used for Secondary Yield Measurements
A - Short exposure to the primary beam

In measurements of secondary yield from conducting surfaces, DC exposure
to the primary beam is a standard practice. To avoid over-exposure to the beam,
particularly in the case of transparent conducting coatings, we have been care-
ful to limit exposure time to a minimum, consistent with the observation of
adequate signals. Thus we have used the beam blanking.circuit in a manual
operation mode to limit the time on the sample to 1 to 2 seconds. After com~

pleting beam alignment and focus of the primary beam, I_ is measured using
the Faraday cup. The beam is then cut off and the carousel translated so
that the beam will strike the sample at the new desired location. With
the target biased at +50 V, I; is found by disengaging the beam blanking
circuit for v 2 sec. The ammeter response time is % 1 sec. The target is
then biased to -50 V and I_ is found in another 2 to 3 sec. interval.
Finally, the carousel is translated to bring the beam into the Faraday cup
and again disengaging the blanking circuit to permit a second measurement
of Ip. This procedure is repeated for each required value of EP.

From this series of measurements we obtain both 0 and § as defined ear-
lier. Also, by scanning across the Faraday cup we determine that the beam
diameter is v 2 mm. Typical primary currents ranged from 1 to 10 nA.

B - Pulsed beam measurements

A manually pulsed beam is employed, as described earlier, for the study of
insulating surfaces and to avoid beam damage with conducting surfaces. The
value of I, is determined with the Faraday cup in place. During this time the
beam is operated in a chopped mode to allow centering on the cup. A typical
maximum value of the current pulses is v 50 nA. After blanking, the carousel
is shifted so that beam will strike the desired location on the sample. Then,
with the target biased at -50 V relative to ground a 2 usec pulse is delivered
and the value of I_ on the sample-and-hold circuit read from the DVM. Repeti-
tion of a single pulse in the region where 0 > 1 provides a quick test for
charging, since 0,5 will drop monotonically if charging is present. In the
presence of charging, use of the low energy flood gun between pulses assures
that the sample surface is restored to its uncharged state, but does not guar-
antee the absence of charging during an individual pulse nor avoid field
gradients in the sample near-surface region. Testing for charging in this
latter case can be done by reducing pulse height and width and comparing the O
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values obtained. At present, noise in the sample-and-hold circuit limits us
to a pulse height of v 12 nA in Ip'

Generally, only I_ was measured in this mode so the backscatter coeffici-
ent, N, was not obtained. Since n is not a large fraction of o for insulators
of low atomic number and is relatively constant in energy above a few hundred
volts, an estimated value can be assigned without introducing serious. Z-depen-
dent uncertainties.

MATERIALS EXAMINED

Samples of three insulating materials, Kapton, FEP Teflon, and borosili-
cate glass coated with indium tin oxide (ITO) by the General Electric Company
were provided to W. L. Lehn of the Air Force Materials Lab, Wright Patterson
Air Force Base. Reactive sputtering techniques (ref. 4) were employed using
a magnetron sputter gun, In/Sn targets and an oxygen + argon atmosphere. The
compositions are nominally 907 InjO3 and 10% SnO, but the stoichiometries are
uncertain. ITO film conductivity generally increases with the density of oxy-
gen defects (ref. 5). :

Table I gives a summary of the types of samples studied with nominal ITO
thickness and back surface coating listed. We found that the ITO coating on
the FEP sample had a very high~-to-infinite resistance and showed sufficient
charging that we could not make an Auger determination of In, Sn, or O present
on the surface. An indium oxide (I0) coating, found by GE to be more com-
patible with FEP Teflon (ref. 6) was obtained. It had been prepared in essen-
tially the same manner as the ITO coating. Samples are v1 cm x 1 cm, cut
from 10 cm x 10 cm sheets of ITO on Kapton of I0 on FEP Teflon and from
2.5 cm x 2.5 em tiles of ITO on borosilicate glasg with individual samples
identified. All samples were inserted into the UHV system without prior sur-
face cleaning except for blow-dusting with Freon gas.

The relative amount of In, Sn, and O in ITO, as well as other contaminants
were obtained by AES methods. A surface contamination layer was present which
increased the secondary yield compared to samples from which the contamination
layer had been removed by Ar ion sputtering.

As a comparison with commercially available transparent conducting coat-
ings (TCC) films, samples were obtained from Sheldahl. No nominal composition
was supplied but our Auger analysis indicated the major components of TCC on
Kapton were In, Sn, and O plus contamination.

MgF, coatings on quartz substrates were obtained from OCLI, and data ob-

tained from both the coated and uncoated surfaces of the solar cell super-
strates.

RESULTS AND DISCUSSION
The results will focus on yield data and include figures of G(E) and/or

§(E) for various coatings. Results of a study of the influence of the electron
beam and sputtering of samples are included.
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Indium Tin Oxide Coatings

These data, in contrast with later pulsed results, have the advantage of
containing both the total SEE coefficient, ¢ and true SEE coefficient § so are
presented first, although they do represent a greater net exposure to the elec-
tron beam than do our pulse measurements. Furthermore, we note that earlier
data obtained in this system for the SEE backscatter coefficient, n, of Ag ran
(ref. 2) about 35% below the accepted value.T The reason for this discrepancy
has not been determined but may be related to field distortions between the
carousel and its surroundings during I, measurements. Thus, we place greater
emphasis on the 0 values obtained here.

Typical results for as-received surfaces of ITO on Kapton and borosilicate
glass and I0 on FEP Teflon are presented in figures 2, 3, and 4. Primary beam
currents and current densities are provided with each figure and SEE para-
meters tabulated. Particular samples cut from the sheet initially provided to
us are identified for future reference. The current density values are only
approximate since the beam profile is not rectangular. The data are remark-
ably similar considering the range of samples. Figure 5 presents the normal-
ized § curves,

Differences between measurements on nominally similar specimens introduce
the general question of reproducibility. Surface contaminants are the most
important factor but surface roughness, general composition (particularly the
variation in conductivity associated with varying O concentration), and elec-
tron beam effects cannot be neglected. § values obtained from three different
locations on a single sample of IO on FEP and the variation for two different
samples of ITO on borosilicate glass are small. We conclude that the uncer-
tainties in a given measurement of § (and 0) are approximately + 0.1 with
variations among samples occasionally outside this range.

The total SEE coefficient for the as-received surface of typical samples
of Sheldahl TCC on Kapton and Teflon is not significantly different from the
SEE coefficients from the GE as-received surfaces.

A comparison between pulsed beam and short exposure results for the GE
samples was made using normalized curves to minimize the effect of variations
among different samples of the same material and of possible effects of elec-
tron beam dosage as considered later. With the possible exception of IO on
FEP Teflon no differences were encountered.

Magnesium Fluoride Coated Solar Cell Covers
MgF, on fused silica required the pulsed beam technique because of the

high (essentially infinite) sample resistance. In spite of the charging ob-
served during SEE measurements, AES spectra were obtained without shifts of

+Bronshtein (ref. 7) using a 47 collector geometry, quotes values of 0.38 at 1
kV and 0.41 at 4 kV while our values were 0.25 and 0.27 at these primary ener-
gies, with the 1.5 7 solid angle geometry of our apparatus.
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the Mg and F peaks, but AES spectra were not obtainable from the other side
due to charging. Because of possible identification difficulties in coding of
the coated side, both the MgF, and quartz surfaces of the OCLI standard solar
cell covers were examined. Figures 6 and 7 present the § and ¢ data obtained
for the MgF, and fused silica surfaces, respectively. All data wereobtained
by the pulsed beam method in which I; and I_ were directly measured with + 50
V potentials on the target. The data for the fused silica side are quite
stable when compared to earlier samples, but the MgF, surface appears erratic.
These data must be regarded as preliminary as we are not certain of the origin
of the variations. As a result we have not listed the yield parameters.

Surface Contamination of ITO Coatings

The influence of surface contamination is best illustrated by comparison
of SEE coefficients before and after argon ion sputtering. We examine these
after presenting the AES evidence for a change in surface composition with
sputtering. Auger spectra taken before sputtering of ITO on Kapton and IO on
FEP Teflon show the presence of similar contaminants - C, S, Cl - on each of
the as-received surfaces. After Art sputtering of ~ 1 nm of the nominal 20 nm
of ITO on Kapton film, there is little change in concentration except for the
expected appearance of Ar and an increase in S. This particular increase cor-
related with results to be discussed later under electron beam damage. After
" 4 nm has been sputtered away (on a different sample) ITO on Kapton exhibits
a significant clean-up of the surface contaminants. The In/Sn concentration
increased but may be an artifact or a depth effect or be sample-dependent.
This requires further study, as does our assumption that the 4 nm sputtering
produces a "clean" ITO surface. It is, however, consistent with the results
of electron beam damage studies discussed later.

Figure 8 shows the large changes in § values as a result of sputtering.
The enhancement of the SEE coefficients due to contamination which exists
prior to sputtering is evident and merits further study. Normalization of the
8 curves emphasizes a relative decrease in the high EP values for § with in-
creased sputtering. This difference is unexpected, in the sense that the true
SEE coefficients for most materials fit a common normalized yield curve.

Electron Beam Effects

Electron beam effects on surface composition have been well documented in
the past, particularly in the case of Auger analysis where the measurement pro-
cess can perturb the results. Such effects have a two-fold relevance to the
present study. First, a knowledge of surface composition is essential to the
general characterization of the surface for correlation with secondary emission
yield. Second, the SEE coefficients (which are measured at a much lower cur-
rent density than that used for Auger data) depend on electron beam effects.
This, in turn, requires a detailed evaluation to predict their applicability
to spacecraft charging.

In our preliminary studies of the SEE coefficients of ITO, we discovered

that the values were dependent on whether the area under investigation had
been previously exposed, as for example, in focussing the primary beam or in
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previous Auger studies. After becoming aware of this problem we took data in
the short exposure mode as outlined earlier and, when the pulsed beam circuit
was available, we used this technique in the majority of cases to minimize
dosages., This approach still does not provide a satisfactory answer to the
question of the applicability of our results to spacecraft, in view of the
extremely low current density in the plasma environment of the craft. To this
" end, we carried out an investigation of the electron beam dosage dependence of
0 and of the Auger measurements of surface composition. This was accomplished
by observing the time dependence of the parameter in question at a series of
different primary current values, operating in the DC mode.

Measurements of 0(t) at a given current were done at an EP of 3 keV so
that they are beyond EP_,,. The primary electron gun was well stabilized be-
fore data were taken with the target biased at -50 V relative to ground. The
beam size was determined in a position scan across the Faraday cup and typi-
cally had a diameter of v 0.8 mm. A series of 0(t) values were obtained at
each of 6 different values of Ip ranging from 10 nA to 36 A, Ip was checked
before and after a given series of O0(t) measurements at that current to cor-
rect for a slight monotonic drift (v 2%) which continued to occur. Results
are displayed in figure 9 with data points from 0.1 min to v 120 min at each
current. The earliest points are not indicated because of the difficulty of
displaying the time scale appropriately but all values began at or near a O of
1.25 to 1.3. Thus, while not shown, rapid drops in 0 occurred, particularly
at the higher currents. The 55 nA current curve started from a value close to
that of the others but dropped abruptly to the "plateau" shown in figure 9.
This effect has not been observed at other locations on the sample with other
current levels nor has the reproducibility of the 55 nA result been checked.
Wherever tested, we note that the effects illustrated here are not reversible
with time.

For all Ip > 0.6 YA an obvious discoloration developed with a diameter
about equal to the e~ beam spot area of 5 x 103 cm?. At the higher currents
(36 pA) perforation of the Teflon substrate resulted from the thermal damage.
We speculate that contaminants, especially S, are brought to the surface and

lead to a decreased secondary yield.
Angular Dependence of SEE Yield

It is well known that for metals as well as for semiconductors SEE co-
efficient ¢ increases with increasing incident angle ¢ of the primary beam
(ref. 7). In accordance with Bruining (ref. 8), primary electrons moving
in straight paths penetrate to a smaller depth normal to the surface when
the angle is slanting. Thus, secondary electrons are generated on the average
at smaller depth and have an increased probability of escape. As a re-
sult 0 is larger. Simple calculations based on this consideration give. the
following dependence of 0 coefficient on the incident angle, ¢, relative to
the specimen normal.

2n %%%%-z x0.(1-cos &) )

where x is the penetration length measured along the incident path, and a is
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the absorption coefficient. Of course, the constants 0, and o should depend
upon the primary electron energy. Similar considerations apply to n.

Our aim was to investigate the angular dependence of 0 and n coefficients
for conducting coatings on Teflon and Kapton substrates. We constructed a new
holder with a commutator for in-target current measurements using a Faraday
cup with the sample at the focus of the CMA. The specimen rotates such that
the incident electron beam varies from O to 90 degrees with respect to the
specimen normal.

Figures 10 and 11 display experimental data (0(¢) and n(¢)) for I0 on
Teflon. Plotted in the form of equation (1), the normalized ¢ data are linear
at EP = 5 keV but fall below the line at small values of cos ¢ and lower pri-
mary energies. The backscatter coefficient shows deviations for the higher
energies,

CONCLUSIONS

Our studies of the electron-induced secondary electron yields for vari-
ous spacecraft materials may be summarized as follows.

1. Reliable pulsed beam methods have been developed for use with insu-
lating samples.

2. Techniqges using low incident electron currents (< 10 na) must be
used to avoid e beam damage to plastics coated with ITO. The decreased
yields that follow are associated with surface compositional changes.

3. Significant surface contamination is present on as-received materials
which results in increased SEE yields. The use of in-situ AES with SEE yield
measurements is encouraged.

4. The incident angular dependence of 0 and n of thin conducting coat-
ings on plastics is consistent with a simple penetration depth model.
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TABLE 1
Front Surface Back Surface
Coating Coating
Nominal Nominal
Source Thickness Substrate Thickness
GE IT0% 20 nm Kapton, 3 mil AL 20 nm
(10248 K-2)
GE b 1102 20 nm FEP Teflon, 5 mil Ag/Inconel 20 nm
(10248 T-1)
GE ITOa 20 nm borosilicate glass
(Corning 0211 Microsheet)
Ge® I0 10 nm FEP Teflon
4-18-9T1-34
Sheldahld TCC Kapton 2 mil AR
G410620
G409420 TCC Teflon 2 mil Ag/Inconel
(probably FEP Teflon)
e
OCLI MgF, Fused silica

aNominally 90% Iny03 and 10% S5n0p but uncertain stoichiometry. Prepared by
reactive sputtering in an oxygen + argon atmosphere, using magnetron sputter-
ing with in-situ RF activation.

bFilm showed very high - « resistance in two-probe measurement and exhibited
serious charging effects in electron beam. ITO layer apparently deteriorated
during storage.

“Obtained as replacement for original ITO on FEP Teflon film. Non-uniform in
that showed large variations in resistance by two-probe measurement.

dSheldahl, Northfield, Minnesota 55057. No information supplied on thickness

of TCC nor composition. Resistivity given as < 250 KQ/A.

eOptical Coating Laboratory, Inc., Santa Rosa, California, 95403. No, informa-
tion was supplied.
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(a)

Fig. 1(a). The equivalent circuit of the target showing the input capacitor,
Cij and the sample capacitance between the sample surface and
carousel, Ct’
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(b)

Fig. 1(b). Block diagram illustrating the circuits used in the puised beam
mode of operation. '
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Fig. 2. SEE coefficients § and o for ITO on Kapton, as-received surface. The
short exposure method was used with J_ ~ 400 nA/cm? and 1I_ = 14 nA.
Sample K-85A. P P
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Fig. 3. SEE coefficients & and o for ITO on borosilicate glass, as-received
surface. The short exposure method was used with J_ ~ 300 nA/cm?
and I) = 10 nA. Sample B-72. P
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Fig. 4. SEE coefficients § and o for I0 on FEP Teflon, as-received surface.
The short exposure method was used with J_ ~ 480 nA/cm?® and I_ = 15 nA.
Sample T-86A. P P
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Fig. 5. Normalized § values for the as-received ITO films on Kapton and boro-
silicate glass and I0 film on FEP Teflon. Samples and conditions
identical to figures 2, 3, and 4
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Fig. 6. Preliminary data for SEE coefficient & and o for MgFy, as-received
surface. Single pulse method was used with Ip = 12 nA in the pulse.
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Fig. 8. Comparison of S§(EP) for as-received and jon sputtered surfaces of ITO
on Kapton. The short exposure method was used.
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Fig. 9. Total SEE coefficient for ITO on Kapton as a function of time at
EP = 3 keV for different electron beam currents, Ip.
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OBLIQUE-INCIDENCE SECONDARY EMISSION FROM CHARGED DIELECTRICS*

James W. Robinson and Paul A. Budd
The Pennsylvania State University

SUMMARY

Secondary electron emission coefficients have been measured on FEP-Teflon
for normal and oblique incidence in the presence of a normal electric field.
Such measurements require knowledge of the electrostatic environment
surrounding the specimen, and they require calculation of particle
trajectories such that particle impact parameters can be known. A simulation
using a conformal mapping, a Green’s integral, and a trajectory generator
provides the necessary mathematical support for the measurements, which have
been made with normal fields of 1.5 and 2.7 kV/mm. When incidence is norg@l
and energy exceeds the critical energy, the coefficient is given by (V./V)'" ",
and for oblique incidence this expression may be divided by the cosine of the
angle. The parameter VO is a function of normal field.

INTRODUCTION

Experimental measurements of secondary electron emission coefficients
(SEEC) for FEP-Teflon are reported here. Two features of the work make it
unique. Measurements made on a charged specimen are affected by the surface
field, and they are made at oblique incidence such that trajectories are
influenced by the electric fields. Two activities, experimental measurements
and computer simulation, have been combined into a complementary procedure
which ylelds the desired results. The simulations, which have been described
in reference 1, are reviewed here briefly, and typical measurements are
described.

Previous Work

Katz et al (ref. 2) have developed a spacecraft charge modelling code
NASCAP which uses a functional form for SEEC similar to the straggling theory
presented by Lye and Dekker (ref. 3). They also use a functional dependence
for angle of incidence similar to that proposed by Jonker (ref. 4). Yet
experimental measurements have generally not been available. Quoc-Nguyen
(ref. 5) measured SEEC in normal fields for normal incidence, finding that the

*
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critical point for unity emission is a function of surface field. This report
is a direct extension of the work initiated by him.

Procedures

The specimen of 0.12-mm FEP-Teflon is placed on a flat grounded platform
which may be rotated in a cylindrical shell as illustrated in figure 1. The
specimen is oriented mnormal to the flux from a mono-energetic flood gun and
the cylinder is rotated so that a window is placed above the specimen. After
a steady state 1is reached, the flood gun 1is turned off and the. cylinder is
again rotated so that the specimen is enclosed in a well defined electrostatic
environment. The specimen holds its charge for long periods of time; decay
during an experiment is negligible. Discharging 1is done by exposing the
specimen to the flood gun while the flood gun potential is gradually reduced.

The distribution of charge on the specimen 1is determined from an
assessment of electron trajectories which come near to but do not strike the
specimen. The probing beam, which is injected through a slot in the cylinder,
has a width less than 0.2 mm and provides highly resolved measurements. When
the beam does not strike the specimen, it wusually reflects back to the
cylinder where it is detected with fine probe wires. Measurements of beam
exit positions for various injection points and injection velocities provide a
basis for determining the potential distribution on the specimen. The
simulations are important in this phase of the work.

Once the distribution of potential 1is known, impacting trajectories can
be simulated for the purpose of calculating impact point, impact angle, and
impact velocity. This information is crucial for interpreting the
measurements of SEEC. Though SEEC is relatively easy to measure, a measured
value is of worth only when the impact parameters are known.

The actual measurements of SEEC are accomplished by directing an electron
pulse of known charge (about 1pC) at the specimen and detecting a change of
charge induced in the metal substrate behind the specimen. If these charges
are designated as Qi and QS, then the SEEC is

o = 1-0Q./Q (1)

This definition collects backscattering, inelastic scattering, and the low-
energy SEEC into a single parameter.

SIMULATION

The geometry of the experimental system, a half-cylinder, was chosen for
several reasons, one being experimental convenience. However the choice was
primarily related to the need for simulating the experimental system with a
numerically efficient process. The use of a sufficiently long specimen (at
least equal to the diameter) allowed calculations to be done in two instead of
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three dimensions, and consequently, a technique using conformal mapping could
be applied. By this method, the half-cylinder was easily converted to a half-
plane where a Green’s integral yielded electric potential. Repeated
applications of this technique provided the data needed by particle trajectory
tracing routines. The methods described here have been developed by Quoc-—
Nguyen (ref. 5) and Robinson and Tilley (ref. 6), and they have been adapted
to this geometry by Robinson (ref. 1).

Conformal Mapping

If the radius of a semicircle in the upper half plane W is A then the
mapping

Z = M/ {1+6/A)%} (2)

converts that semicircle into the upper half plane Z by opening it at the
point W=iA. The potential of a point is the same in either plane but fields
computed in the Z plane must be transformed according to the equations

E = SE_ +TE
u X y

3)
E =-TE_ + SE
v X y
where S and T are defined by
dz/dw = S + iT (4)

Green's Integral, Surface Potential,and Fields

In the Z-plane the potential at some point (X,Y) 1is given by an integral
over the specimen’s surface where potential on the surface is designated
P’(X). The integral is

P(X,Y) = &

B P'(X') &’
[ ;

B (x—x')2+Y (5)

The surface potential P’(X) has been expressed for this work as a
polynomial in X, the transformed variable, rather than being expressed in
terms of U. The expression is

m
P'(X) =L Ai(x/B)i
1=0 (6)
where m is finite. It has been assumed that P’(-B)=P’(B)=0 and that,

consequently, the sum of even A/s is zero and the sum of odd Ajs is zero. It
is experimentally convenient that A0 is the potential at the center of the
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specimen. Furthermore all of the odd A, values are zero when the potential is

symmetric about the origin, a common though not necessary experimental
condition.

When the expression for surface potential is substituted into the Green’s
integral, the resulting expression may be written as

P(X,Y) = (/1) I (A1}, /B") (7)
where

H ®+x)lar
]
1 L (®R%4y2) (8)

and where L=-B-~X and H=B-X. Electric field components are found from the
negative gradient of the potential and are

E_=-(2¢/1) I (AT, /B) 0
By = 2/Y + 2¥7/m) % (AL, /BD)
where the integrals are
B RER)T ar
i J L (R%*%)? (10)
H (R+x)i drR
= J L ®%r2)2 (11)

Typically one specifies the radius A, the specimen width B (as measured
in the conformed plane), the coefficlents A,, and some point (U,V). Then a
direct procedure may be followed to obtain tﬁe required results. A conformal
mapping yields the point Z (or X,Y) and the three integrals are evaluated.
Field components so obtained are then mapped back to the original W plane.

In the limit as Y>0, the integrals diverge, but an analytical limiting
procedure can be applied to obtain equations for the fields on the surface of
the specimen.

DeVogelaire's Method

This method, which is used to generate particle trajectories, applies to
second order differential equations without explicit first derivatives (ref.
7. It 1is correct to fourth order and uses a relatively simple stepping
procedure. The coordinates and velocity components must be known at some time
t, and also the coordinates must be known at the time corresponding to a half-
step before t,. Field components are calculated at these points. Then, for
the U-motion, a new half-step (designated by h) is taken with
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2
U, = U, +VT/2 + QU ((3+F)E - FE_, )/24 (12)
where T is the time step, U is coordinate, V is velocity, E is field, and Q is
the charge/mass ratio. Usually F may be considered to be unity, though it is
assigned a different value when a change of time step is implemented. After
the half-step, the fields at the new point are evaluated and the whole step is
completed with

2 |
Uppp =Ug + VT +QI°(E + 2E, )/6 (13)

i+l
Equations similar to these are used simultaneously for stepping in the V-
direction. After a step has been completed the new velocities are evaluated
from the U-equation

\ =V o+ QT(EU + AEhu + E )/6 (14)

u,i+l u,it+l

and from a similar V-equation. The stepping procedure is repeated as many
times as needed to trace the complete trajectory.

As the particle approaches the specimen the time increment is reduced by
a factor of 4. This is done by defining the factor F to have a value 1/4 for
the next step only and by redefining the time step with T=FT. Likewise for
particles leaving the region close to the specimen F is set equal to 4 for omne
time step only to cause an increase in the size of the time step.

Special procedures are required when the trajectory runs into a boundary.
When the particle approaches the plane of the specimen a branch occurs so that
the trajectory can be ended precisely on the plane. This is done by
calculating the value of time step required for the last step and then by
using that time step in the usual formulas. The trajectory may also intersect
the circular boundary. In this case the trajectory at the last point inside
the boundary is linearly extended until the boundary is crossed.

Two different subroutines have been developed to start two different
types of trajectory. In each case the given point which represents injection
of a particle is treated as a preceding half step and the reference point is
generated by appropriate equations which take an initial half step. One
calculation starts from the circular boundary and corresponds to particles
injected at that boundary. The other starts on the surface of the specimen
and allows the user to specify conditions at that end of the trajectory, which
is traced backwards from the specimen to the cylinder.

The trajectory tracing routines have been executed many times for a
variety of conditions. Figure 2 shows typical impacting trajectories for
which the specimen potential varies as

P’ = 1-x/B)° (15

and for which the particle energy is 1.56 times the potential at the center of
the specimen. Figure 3 shows particles which have energy of 0.85 times the
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potential at the center of the specimen.
EXPERIMENTAL PROCEDURES

The system, shown in figure 1, was placed in a stainless bell jar agg
evacuated by a turbomolecular pump.to a pressure below the gauge limit of 10
torr. Continuous pumping and operation of filaments for days at a time
assured stable and reproducible measurements. Both specimen platform and
cylinder were rotated with stepper motors which took 200 steps/revolution.
One step corresponded to a motion of 0.8 mm at the periphery of the cylinder.
This system could be used in a variety of modes for measuring non—impacting
trajectories, specimen surface potentials, and SEEC for impacting
trajectories. In an auxiliary series of measurements a small Faraday cup was
placed on the platform next to the specimen so that reference measurements of
SEEC could be made for the conditions that surface potential was zero and that
incidence was normal.

Probing Beam

The beam was a versatile tool for making the various measurements of
interest. It was admitted to the cylinder through a slot cut in the cylinder
such that no matter how it rotated, the beam was not blocked. The beam itself
was shaped by slits and aperture plates so that it had a cross section of
about 2x0.2 mm. The longer dimension was oriented parallel to the axis of the
cylinder, and the beam was deflected in the direction of the shorter
dimension. Sensor wires, mounted at the slot of the cylinder, rotated with
the cylinder and detected the beam either where it entered or where it exited,
if indeed it did return to the cylinder.

The beam was deflected by applying voltage between deflection plates
which were located behind the beam orifice. Either steady state or pulsed
voltages could be applied, the steady state being more useful for beams
returning to the cylinder and the pulse being useful when the specimen was to
be struck briefly with a measurable packet of charge. A typical pulse
duration was 1 ms though for some cases much longer pulses were used. Typical
beam current was lnA and a typical charge packet was 1pC. By measuring
deflection voltage required to move the beam from one sensor wire to another,
one could determine the deflection factor and thus correlate simulated and
experimental deflections.

The mechanical alignment of the gun was not perfect but that problem was
easily resolved by assigning the condition of normal incidence to be that
deflection voltage for which a beam returned to its point of origin. This
condition was for a charged specimen which was rotated so that it faced the
beam.
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Surface Potential

The peak surface potential, which is represented by A., is determined
experimentally before computer simulations can be attempted. “When the surface
has been charged with a flood gun potential of V_ then the difference, V_-A,,
is equal to the critical voltage for which the S$EEC is unity. This val&e gs
influenced by surface field strength which in turn is related to sample width;
it was 6 mm for this work. The surface potential was defined experimentally
to be the lowest possible probing beam accelerating potential for which any
perturbation in surface charge (or substrate charge) could be noted. Normal
incidence at the center of the specimen is required for this measurement.
Table 1 shows results of several such measurements and it also shows nommal
electric field EV at the center of the specimen.

When A was determined, then trajectories of the form shown in figure 3
could be compared with experimentally measured trajectories. The end points
of the trajectories were the quantities compared. Figure 4 illustrates this
comparison for a specimen originally charged with a 10kV flood beam. The
various curves correspond to different choices of the exponent M in the
expression

P’ = AO{l—(X/B)M}, (16)

and consequently, for this case M should be 4 for a best fit. More elaborate
functions could be used for P’ but for the study of incidence on the center of
the specimen, further refinements were not incorporated.

SEEC for Uncharged Specimen

The experimental system does not contain provisions for measuring the
charge packet delivered by the pulsed probing beam. Consequently several
measurements were made with a small Faraday cup inserted above the specimen
platform and offset slightly so that the beam could be directed alternately at
the specimen and the cup. These measurements were made at normal incidence
with the surface of the specimen discharged so that beam trajectories could be
assumed to be straight lines. When such measurements had been completed, the
SEEC could be computed, and the values so determined could be used for
calibrating the beam in the absence of the cup.

For this series only, Q, was measured with the cup and Q was the charge
induced in the substrate whe% the beam struck the specimen. SThen equation 1
was applied and the SEEC so calculated were represented by

N
o (Vy/V)" = (Q;=Q)/Q (17)
where V>V _, VO=1.5kV, and N is approximately constant. Table 2 shows recorded
data and ghe corresponding values of N. It has been assumed that N=0.58 for

normal incidence on the uncharged specimen, and this value is used 1in
calibrating all other measurements.
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SEEC for Charged Specimen

With no Faraday cup present, the specimen is charged and struck with a
charge packet from the probing beam. Thus Q 1is measured for whatever surface
potential and angle of incidence are of Tnterest. Then the surface 1is
discharged and struck again at normal incidence. From this second
measurement, Q, is determined by using equation 17 and the assumed value of N.
Finally the SEEC is calculated from equation 1.

One requirement 1is that the injection point and injection velocity be
carefully calculated so that the impact parameters will be as desired. The
simulation of trajectories provides the necessary data yet an uncertainty does
exist as to the value of deflection plate voltage which corresponds to a
radial injection of the beam. Ideally this voltage would be zero yet slight
misalignment can cause it to be different. Data shown later illustrate this
problem which, though not serious, might be alleviated by breaking the metal
backing of the specimen into two zones. Then the transition point between
zones could be precisely located in terms of deflection plate voltage.

Another requirement is that the charge packet be sufficiently small that
the surface potential changes little. If a second response at the same spot
is smaller than the first, then the pulse size is too large. Larger pulses
could be used when the SEEC was close to unity than otherwise because Q_ was
zero at the unity conditiom. The challenge of measuring with small cﬁarge
packets was to establish conditions where drift and noise associated with the
electrometer measurement did not obscure the data. One source of noise may be
micro—discharges on the surface of the specimen; noise was greater on a
charged specimen than on an uncharged specimen. Cleanliness 1is also
important. Drifting generally could be controlled by carefully shielding the
critical hardware from the charged particle enviromment created by the
electron beam sources.

EXPERIMENTAL DATA

Measurements have been made for values of V_ shown in table 1 of 8 and 12
kV where angles of incidence have ranged as higg as 70 degrees. First it is
noted that the form of equation 17 is appropriate for normal-incidence data if
N=0,58 and V. 1is 1.85 kV for a surface potential of 6.15 kV (or 1.96 kV for
10.04 kv). Figure 5 illustrates the function and shows superimposed data
points for the case where surface potential is 6.15 kV. These normal
incidence measurements are made in the center of the specimen, yet location of
the precise center is not critical as the measured SEEC is insensitive to the
point at which the measurement is made. This 1is because the potential
function has a broad maximum in the center and also because slight deviations
from normal incidence are inconsequential.

Also shown in figure 5 are curves for angles of incidence 6 which were
obtained by dividing equation 17 by cos(8) according to the usually assumed

205



theory (ref. 4). These theoretical curves were used in constructing figure 6
which illustrates measurements at oblique incidence.

All of figure 6 was generated from simulation and the assumed theoretical
dependence upon 6 except for the data points which have been superimposed.
Except for an obvious lateral shift of data points, which is related to
establishing a reference deflection voltage, the match between theory and data
is excellent. The data points themselves are easily located on the figure in
terms of the experimental parameters of Q , Q,, and deflection voltage.
However some additional explanations are néeded” for the calculated curves.
The experiment was simulated by assuming a form for P’ with an exponent of 6
as shown in equation 15. It was also assumed that the parameters from table 1
for V_=8 were appropriate. Finally it was assumed that the impacting beam had
an enéergy of 9.5 keV as was the case for the experiment. The injection point
for the beam was chosen to cause a 45-degree impact angle at the center of the
specimen and then numerous beams were simulated where the deflection angle of
the beam was varied, as shown in figure 2. Figure 6 shows the surface
potential of the specimen, the impact position for each of several simulated
beams, the impact angles of each of those beams, and deflection plate voltages
corresponding to each of the simulated beams. Then from figure 5 the
secondary emission coefficlient was calculated for combinations of surface
potential and angle of incidence. The data shown in figure 6 is typical of
many measurements which have been made. Its characteristic 1is that the
measured SEEC is much larger off center, where angle of incidence is greater,
than in the center where the impact energy is lowest. It should be noted here
that the side of the specimen shown is the side opposite from the beam source.
The impacts on the near side of the specimen are at lesser angles of incidence
and the values of SEEC are corresponding lower. Field strength is of course
not constant over the range of data shown but for this case one may assume it
to be reasonably constant out to 2 mm where the tangential component becomes
significant.

Figure 5 indicates that for angles of 70 degrees or more, the critical
point may be as high as 10 kV, This has indeed been demonstrated by
measurements with both of the previously specified charging conditions.
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Table 1: Surface Potential, Critical Voltage, and Normal Field
for Various Flood Beam Potentials

V. (kV) AO (kV) V (kV) E_ (kV/mm)
C \'4

f

6. ] 4.2 1.8 0.98
8. I 6.15 1.85 1.50
10. | 8.08 1.92 2.09
12. I 10.04 1.96 2.73
14, | 12.0 2.0 4,08

Table 2: Measurements for the Uncharged Specimen

vV (kV) Q, (®C) Q; (pC) o N

4.0 6.00 12.8 0.53 0.61
5.0 6.25 12.8 0.51 0.55
6.5 3.30 5.75 0.43 0.58
8.0 2.25 3.75 0.40 0.55
10.0 6.50 4,20 0.34 0.57
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TANK TESTING OF A 2500-cm2 SOLAR PANEL

Renate S. Bever
NASA Goddard Space Flight Center

John Staskus
NASA Lewis Research Center

A. INTRODUCTION

A fairly large, 50cm by 50cm solar panel test patch was investigated for Spacecraft (S/C)
charging and arcing effects. This was done in the course of verification testing of a new solar panel
design for the Tracking Data Relay Satellites or TDRS System. Thus bombardment with mono-
chromatic electrons, whose energy could be varied up to 20 kilovolts, was carried out at the NASA
Lewis Research Center, in the 2m x 2 m tank testing facility.

The objectives of the test were severalfold and somewhat similar to those described by Bogus
on the Canadian Technology Satellite type of solar array, reference 1, namely:

(a) to obtain an estimate at what voltage of electron bombardment arcing would be probable;
(b) to find whether the energy content within the arcs would be tolerable or damagingly large;

(c) to repeat and continue an incomplete test on a smaller TDRS solar panel test patch reported
upon by Inouye and Sellen, reference 2;

(d) to try and separate thermal and photoeffects;
(e) to ascertain whether silver from the interconnects would be sputtered off during arcing;

(f) to see whether materials used were such as to minimize arcing.

The large electron bombardment facility at Lewis RC is in demand for other projects of higher
priority, and thus it was available for TDRS for only a limited time. Despite this, some of our
objectives could be accomplished, and this paper reports on several of the observations made.

B. DESCRIPTION OF THE SOLAR PANEL TEST PATCH

The large solar array of the TDRS,being manufactured by TRW Space and Defense Systems
for Space Communications Co., consists of two wings, each of 3 panels, each panel measuring
150 inches by 50 inches. These panels are a new design with aluminum honeycomb core and
Kapton face sheets. The back face sheet is perforated and painted with graphite-containing epoxy
paint of lower than 100,000 ohms/square surface resistivity. The spacing between adjacent solar
cells is extremely close with the interconnect stress relief loop protruding above the cover glasses
of uncoated ceria~doped glass. See figures 1a) and 1b). In one respect the test patch supplied by
TRW Company was different from the flight hardware: the 50cm by 50cm test patch has seven
columns (3 strings) of ceria~doped cover glasses and five columns (2 strings) of fused silica cover
glasses coated with magnesium fluoride, as shown in figure 2. This panel was one of the Life test
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panels. There are diode boards on the panel and bare Kapton borders (the edges are Kapton tape,
painted conductively), and thermistors and connectors are at the upper panel edges. The latter
were immediately covered with an aluminum shield; also the bare Kapton borders were covered
with aluminum foil for some of the data runs, but not all. Thus the test specimen was adequately
large and representative of the real design, but it also had considerable complexity.

C. FACILITY AND INSTRUMENTATION

The 2m x 2m NASA-LeRC electron bombardment test facility is shown in figure 3 and also
in reference 3. The panel was centered on the vacuum chamber axis 125cm downstream from five
divergent beam electron guns located on the chamber door. Five guns were used in order to im-
prove the uniformity of the electron flux over the large area presented by the test panel. The guns
were arranged in a 30cm square array with one gun in the center to irradiate the corners and
center of the test panel respectively. The accelerating potential for all five guns was provided by a
single high voltage power supply. The electron flux contributed by each gun could be adjusted by
independent filament current and grid voltage controls. The flux at a plane 12cm in front of the
test panel was monitored by a vertical array of five 10cm?2 discs which could be swept horizontally
across the chamber. The center disc traversed a path through the chamber axis. The vertical sepa-
ration between discs was 15cm. The currents intercepted by the discs were measured with Keithley
616 digital electrometers whose analog outputs were displayed on one of two eight-channel strip
chart recorders. During electron gun adjustment prior to a test, a swinging shield containing an
array of current sensors protected the test panel. The test began when the shield was swung to
the chamber wall.

The panel surface potential was monitored with two TREK model 340HV electrostatic volt-
meters using model 8052E probes. The probes followed curved paths at a distance of two to three
millimeters above the surface of the panel. The outputs from the voltmeters were displayed on
one of the eight channel strip chart recorders (BRUSH Co.).

A 15cm diameter loop antenna located to one side of and upstream from the test panel mon-
itored the discharge activity on the panel. The signal from the antenna was fed into three counters
with voltage thresholds of 1, 2, and 5 volts. The frequency of the counts indicated the frequency
of discharges with energy greater than that required to trip the counter. A still camera located
outside one of the windows on the chamber door was also used to record the discharge activity of
the panel. Time exposure photos recorded the visible evidence of discharges taking place on the
test panel. The camera’s field of view covered approximately 40% of the panel area.

A 12kW, 2 lamp, Xenon arc solar simulator was available to simulate the solar input to the
test panel. It was positioned outside the vacuum chamber and the short wavelength cutoff was ap-
proximately 20004 so little photoemission could be expected from the test panel.

A low energy plasma source producing ionized nitrogen was used between electron bombard-
ment tests to neutralize the negatively charged panel surfaces.

A temperature controllable cylindrical chamber liner was available to investigate thermal ef-
fects on the charging and discharging of the test panel. It was capable of operating over a -190°C
to +120°C range.
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The solar array test panel was mounted on ceramic posts at its corners to provide DC isolation
from the chamber. Fifteen leads from the panel were brought through a multipin vacuum bulkhead
feedthrough mounted in the center of a 39cm diameter dielectric flange. The dielectric flange pro-
vided the necessary DC isolation when it was desired to float the panel or place a multimegohm
resistance between it and ground. Ten of the leads came from the five strings of solar cells on the
panel. These were then connected to a single common lead external to the vacuum chamber and
hence thru an electrometer to ground. Three leads came from two thermistors; one lead from the
aluminum honeycomb core and backside conductive paint and hence thru an electrometer to ground;
and one lead from the aluminum shield thru an electrometer to ground. Alternatively multimegohm
resistor strings could be placed between the various elements and ground. Intercepted or leakage
electron currents were measured using Keithley 616 digital electrometers with analog outputs dis-
played on the 8 channel chart recorders.

D. CHARACTERIZATION OF SOLAR PANEL TEST PATCH,
WITH METALLIC PARTS GROUNDED

Prior to any electron bombardment, the current-voltage curves of the solar cell strings were
obtained at Goddard Space Flight Center. At the LRC facility the electron bombardment was then
carried out. For all these experiments, unless otherwise stated, the current flux density in the elec-
tron beam, at the sample, was kept at a spatial average of about 3 nanoamperes/cm2. It varied
somewhat across the cross section of the beam at the sample due to its large size, by about a fac-
tor of 2. =

An excerpt from a data scroll taken in the test configuration described in part C is seen in
figure 4, demonstrating what was continuously and simultaneously recorded: the time in minutes,
the current from the aluminum shield in microamperes, the current from the solar cell strings in
microamperes, the current from the honeycomb core and backside paint in tenths of microamperes,
the surface charge-up voltages as read by the two TREK electrostatic probes, in kilovolts. Below
12kV the current traces were mostly smooth, meaning that no arcing was occuring.

Sustained arcing occurred first at 12keV beam voltage, figure 4. The centers of the ceria-
doped glasses are at a lower charge-up voltage 6 + 1kV than the fused silica glasses at 9 + 1kV,
with respect to the grounded interconnects. At a beam voltage of 20kV the arcing events became,
of course, extremely numerous. For modest arcing, as in figure 4 at 12keV, the direction of the
transient current flow through the solar cell strings was usually an electron flow from ground, but
- the core and backside paint leads sometimes had an electron flow from ground and sometimes a
vastly increased spike over and above leakage current to ground. It must be concluded that for as
complex a system as this panel several modes of arcing were possible.

One can summarize an entire data sequence in a graph of electron. beam voltage versus cover-
glass voltage and versus currents to ground, of which the only true leakage current is the honey-
comb core current, as in figure 5. The coverglass voltage over the central portion of the glasses is
used as the parameter for plotting of the graph here and for discussion because it is easily estimated
from the TREK probe tracings. There is a much lower voltage at the edges of the glasses where
the arcing really occurs, hut this voltage is difficult to ascertain from the tracings. It is obvious
that after sustained arcing begins at about 12keV beam voltage the cover glass voltages no longer
increase very much with increasing beam voltage. Why arcing from the much less charged ceria
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glasses begins at about the same beam voltage as from the more highly charged fused silica glasses
is not understood, unless arcing from the latter serves as a triggering mechanism.

Calibrated equipment that permits one to obtain data on the arcing transients as to peak cur-
rent and time duration is available at LRC. The ground current leads are surrounded by one-turn
Pearson model 110S transformers which are connected to Biomation 8100 digital waveform re-
corders. However, to avoid ringing, the ground lines have to be terminated in 50 ohm impedances
which cause a decrease in the amount of charge that would otherwise be removed from the cover
glasses during a given discharge. Nevertheless, figure 6 shows a few typical discharge transients:

Beam voltage: 12keV

Time duration: 1 to 2 microseconds

Charge content: 1 to 10 microcoulombs

If from the fused silica glasses charged to 9kV, then Energy content: 0.009 to 0.09 joules

Direction of electron current through solar cell strings: most often from ground.

Two questions now arise:

(1) If the ground termination resistance were only a few tenths ohms what would the charge and
energy contents in the arcs be?

(2) Are these arcs due to a charge wipe-off from one solar cell, or from a characteristic few, or
from the entire panel?

In other words, does the charge and energy content of a given arc depend on the total area
of the solar panel? A carefully controlled area experiment, blocking off parts of the panel area
with metal masks is needed to settle this question. In the meantime, the fact that our data fits on
a charge content versus load resistance graph, figure 7, from a much smaller TDRS type test panel,
reference 2, looks somewhat encouraging that only a limited area of cover glasses is involved in a
given arc. Moreover, visual observation when beam voltage was 12keV, showed arcs to be associ-
ated with a small bright spot surrounded by a bluish glow which, at 12keV only extended over a
portion of the field of view, which itself was smaller than the panel.

Time exposure photographs were taken, of which figure 8 is an example showing 20 minutes
of arcing in a 20keV electron beam. The arcs occur mostly between the solder strips, interconnects
| and coverglasses in the same column of cells. Note the very bright arcing between adjacent columns in
| the upper right-hand corner of this picture. After seeing this picture, it was discovered that a string
of 5 cells had inadvertently been left disconnected and floating. This was corrected.

Some other interesting observations were made. Figure 9 shows a charge-up sequence with a
10keV beam. The Kapton border is exposed to the beam this time and charges to its full poten-
tial of 7.6kV in a half minute, whereas the coverglasses require five minutes before they become
fully charged to 7kV and 4.5kV respectively. Hence differential charging can be most serious dur-
ing changes in the Space environment-going from sunlight to eclipse and vice versa or beginnings
and terminations of geomagnetic substorms.

Measurements were made at 25°C on the volume resistance of the ceria-doped uncoated
glasses as compared to the resistance of the fused silica with MgF coated ones:
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Fused silica glass resistance in ohms/cm? for 0.015cm thickness, 25°C,
At 250 volts R = 3.5 x 1014 ohms/cm?
1000 volts R = 1.9 x 1014 ohms/cm?

Ceria—doped glass resistance in ohms/cm? for 0.015cm thickness, 25°C,
At 250 volts R = 4.2 x 10! ohms/cm?
1000 volts R = 0.9 x 10! ohms/cm?2.

Thus ceria doped glass at room temperature has 2000 times the conductivity of fused silica glass,
thus permitting charge reduction by leakage current. The delayed reduction of arcing when the
solar simulator outside of the vacuum system was turned on and delayed resumption when it was
turned off, was probably due to a still further increased conductivity when heated rather than en-
tirely a photoemissive effect. When the lamps were on: the fused silica stayed stubbornly charged
at 16kV while the ceria glass came down to 3kV. The ceria glass is therefore a more desirable
material from the S/C charging point of view.

E. CHARACTERIZATION OF SOLAR PANEL TEST PATCH; METALLIC PARTS
SEMI-FLOATING ON 25,000 MEGOHMS TO GROUND

It was decided to characterize the panel with 25,000 Megohms instead of 0 ohms to ground.
In this way one simulates two different “‘grounds’:

(a) The ambient plasma sheath ground = tank walls;
(b) The spacecraft ground = metallic parts potential.

The effect is seen in figures 10 and 11. At a 10keV electron beam the metallic parts charge to
5000 volts as proved by either the 25,000:1 voltage divider or the high voltage probe readings.
When the electron beam voltage is turned off and then the high voltage trace obtained, the negative
cover glass voltages with respect to the metallic parts remain, looking like a roof without the house
under it and is only between 1 to 2kV. In a 15keV beam the metallic voltage is ~5500 volts, the
fused silica is —12,000 volts, the ceria glass is -11,000 volts, the difference still not being quite
enough to cause arcing. At 20keV beam voltage, the metallic voltages are at -6250 volts, the
silica glass is at ~14,000 volts, the ceria glass is at about -12,500 volts; the difference with respect
to S/C ground being about 8,000 volts and 6,000 volts respectively, and arcing is sustained as in
part D described above. This arrangement with the metallic parts semifloating is probably a better
simulation of what happens in Space than to ground the metallic parts. In fact the behavior is
very much as in a recent report by Koons, Mizera et al., on SCATHA, reference 5. (There on
March 28, 1979, a 20keV substorm caused the S/C to charge to -8,000 volts with respect to the
plasma and the materials on the satellite surface potential monitors to various negative potentials
in the kV range with respect to the S/C. Two arcing events were recorded as a consequence.)
Note that in the dark, even in the 25,000 Megohm to ground arrangement, as in eclipse in Space,
the cover glasses are still of negative polarity with respect to the interconnects. Time exposure
photographs have verified that under these conditions there is visible arcing. The charge-up volt-
ages and the arcing depend very sensitively on the current density of the beam at a given beam
voltage. When the current density was cut from 3 to 1na/cm? at 20kV, arcing stopped from the
ceria glasses, but was still happening in a reduced manner from the fused silica glasses.
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Work was done with the Solar Simulator on, outside of the vacuum chamber, shining light
from the same side as the electron beam: Arcing frequency decreased, but there was a time lag
indicative of heat rather than photoeffects. A similar time delayed remission and resumption of
arcing occurred when the experiment was repeated by passing hot air through the chamber shroud,
thus heating and later cooling the panel against an LN, shroud without any light whatsoever. The
ceria—doped glass probably becomes quite conductive with heating, and the effects observed so far
are probably thermal rather than photoemissive.

F. WORK WITH A BARE KAPTON SUBSTRATE STRIP NEXT TO THE CELLED TEST PATCH

The solar panels on the TDRS System each have a bare substrate portion without solar cells
on the front side of area 50 inch by 15 inch. In order to test this situation, a bare piece of sub-
strate 50cm by 15cm, appropriately edged with conductively painted Kapton tape, was butted next
to the celled panel. The butt joint was covered with 0.0075cm thick Kapton tape and the honey-
comb cores and backside painted coatings were connected together. Electron bombardment with
20keV electrons at the usual 3na/cm?2 flux was done, with the cores and solar cells grounded
through electrometers, or through 50 ohms when transients were measured with the Biomation
equipment. Arc counts at about -24° (-10°F) and +46°C (+115°F), as well as time exposure
photograph were taken at 30 minute intervals. The total bombardment time accumulated during
this part of the experiment was roughly 8 hours with order of magnitude of 10,000 arcs occuring.
The results were to some degree surprising:

(1) The bare Kapton section had puncture arcs through the Kapton tape over the butt joint des-
pite the grounding together of the cores. Thus stubborn arcing occurs at discontinuities.

(2) Fewer arcs according to the arc counter occurred with the bare Kapton next to the celled
panel than without it as seen in table I. However, charge content in most of the arcs is some-
what larger than earlier in the entire investigation. The time exposure photographs, figures
12, and 13 show that at 47°C (115°F) the appearance of the arcs on the fused silica side is con-
centrated in a definite pattern whereas at =24°C (~10°F) for the silica glass, and at both hot
and cold temperatures for the ceria glass the arcing results in more of a diffuse glow. The arc
count is less at the higher temperature. At the colder temperature, note the straight line arc-
ing pattern perpendicular to the edge of the solar cells, extending out over the Kapton border
for about 2 to 3mm and outlining the underlying honeycomb. This occurs with or without
the bare Kapton piece.

G. CONTAMINATION AS RESULT OF CHARGING AND ARCING

When the panels were removed from the vacuum chamber, following sequence F above, there
appeared on the fused silica glasses, but not on the ceria glasses small discolored contamination
areas where the arcing had been hitting the glass as seen in the accompanying photograph, figure
14. Auger spectroscopy revealed this to be mostly silicon, carbon and oxygen with other minor
trace elementsibut decidedly not silver from the interconnects. The origin of these materials could
be from the RTV’s on the panel or from vacuum chamber sources of contamination. The point
here is that interaction of the charging and arcing with whatever matter is present, to the fused
silica glasses, but not to the ceria, even when the metallic underlayers are grounded, will produce
a deposit of contaminants on the glasses. Effect on the current-voltage curves of strings 4 and 5
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that were covered with the fused silicia glasses was small, but there was a consistent decrease of
output power of 2% as opposed to no change from the ceria glass covered strings.

H. BACKSIDE BOMBARDMENT WITH ELECTRONS

Abbreviated backside electron bombardment gave results, partly similar to front side work.

(1) When the metallic portions were grounded, then a very few arcs began to occur with beam
voltage at 12kV as recorded by the arc counters. The solar cell leakage current trace became
increasingly ‘‘noisy” as beam voltage was increased.

(2) When the metallic portions were on 25,000 Megohms to ground, then the arcs did not begin
until beam voltage was 18kV.

(3) Time exposure photography showed no visual evidence of arcs on the Kapton, indicating that
they were induced on the front side and that the conductive painting of the perforated back-
side Kapton was adequate. However, the unpainted harness insulation appeared as emitting
light under electron bombardment.

I. CONCLUSIONS
Ceria-doped glass is definitely to be preferred to fused silica glass for reducing charge build up.

In sunlight the TDRS solar panel which has ceria glass on the front and conductive paint
(100,00 ohms/square) on the backside is probably a good design for reducing charge-up. In a
geomagnetic substorm such as simulated here, there will be arcing at the interconnects during
eclipse and transitions into and out of eclipse. This is especially true in view of the very cold
temperatures that will be reached by this lightweight array, when the ceria glass will not be as
conductive as at room temperature.

The Kapton bare patch, although no very large arcs were measured from it, should still be
conductively painted. Any discontinuity on it will serve as arcing center.

The differential voltages on the panel determine when arcing first begins, and the electron
beam voltages which cause this, vary, depending upon whether the metallic structure is directly
grounded or semifloating. This can explain the variety of beam voltages for arcing inception,
reported by different experimentors as between 14kV and 20kV and obtained by different
techniques (reference 5, Table 1-2).
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Arc Cor~+< and Currents to Ground, when 'll;zl:?ll(apton Panel is Butted next to Celled Panel
With Bare Kapton Panel next to Fused Silica
i | AreComt | o |, | P Temp

0 0,0,0

30 693,218,12 0.33 0.048 0.8 -23°C
0 0,0,0

30 320,171,10 041 0.057 1.45 +44°C

Without Bare Kapton Panel

0 0,0,0

30 922,325,30 0.68 0.054 0.55 -22°C
0 0,0,0

30 380,189,34 0.47 0.059 0.5 +46°C

With Bare Kapton Panel next to Ceria~Doped Glasses

0 0,0,0

30 836,166,21 0.28 0.043 0.75 -23°C
0 0,0,0

30 424,164,17 0.32 0.0645 L5 +44°C
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(A} No electron beam,
tube filaments on,

(B) 20keV electron beam,
panel at +47 C,

(C) 20 keV electron beam,
panel at -25°C.

C

Figure 13. 30 Minute Time Exposure Photographs, bare
Kapton Portion Butted Next to Ceria - Glassed
Portion of Celled Panel
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Figure 14. A. Photograph of Contamination Deposit on
Silica Glasses After Long-Term Arcing

B. Scanning Electron Microscope Picture
(320X) of Same
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CHARGING AND DISCHARGING CHARACTERISTICS
OF A RIGID SOLAR ARRAY

George F. Brady, Jr., David A. Vance, and Stanley A. Greenberg
Lockheed Missiles & Space Company, Inc.

SUMMARY

Two rigid solar array panels were subjected to a simulated geosynchronous
orbit substorm environment. During the charging sequence, distributions of
accumulated surface charge were measured under eclipse and sunlit conditions.
Discharge events were characterized with respect to voltage pulse signatures and
amplitudes on the solar array bus leads.

Post-exposure analysis of the sclar array panels indicated that the elec-
trical characteristics were not degraded in spite of the substantial discharge
activity. However, significant cratering and discoloration of the Tedlar di-
electric were observed.

INTRODUCTION

Performance characteristics of rigid solar array panels during geomagneti-
cally quiet periods are well documented. However, during substorm conditions,
the complex arrangement of dielectric and conductive elements make adequate
modeling of the effects of charging and discharging processes on array functional
properties very difficult.

Concerns have been raised that solar arrays may suffer degradation as a
result of plasma interactions and that anomalies may develop in the spacecraft
bus load. Details of the plasma interactions with the materials of construction
and how that phenomenology influences solar cell electrical output are not well
understood. Under orbital conditions, the surface materials which are directly
exposed to the environment include the dielectric panel substrate, cover glasses
and anodized aluminum panel rear face. In addition, there are the exposed con-
ductive elements of aluminum honeycomb panel as well as positive and negative
terminals and cell interconnects.

This paper describes the low-energy (20 kV) electron irradiation tests which
were used as a representative simulated geosynchronous substorm enVvironment for
rigid solar array panels and presents the results and analysis of those
investigations.
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TEST CONFIGURATIONS

The simulation tests were conducted in the Lockheed Advanced Systems Divi-
sion's Space Envirommental and Research Chamber (SEARCH) located in Palo Alto,
California. The vacuum chamber is c¢ylindrical with a diameter and length of
2.4 nm (8 ft) and 4.6 m (15 ft),* and is equipped with a liquid nitrogen shroud.
The large chamber dimensions, relative to the test panels, minimize the inter-
actions between the irradiated specimens and the chamber walls. A schematic
representation of the test configuration is presented in figure 1. Figure 2
shows the sample mounting and electron gun arrangement on the chamber door prior
to test. During test, the chamber pressure was maintained below 1.3 mPa (10-5
torr) .

The solar cell panels consisted of eighty-eight 2 cm x 4 cm solar cells con-
nected in series and mounted on a 2.5 x 10~3 cm (10-3 in.) thick white pigmented
Tedlar substrate supported by an aluminum honeycomb structure. A resistive load
and blocking diode network was provided as a simulation of a spacecraft power bus
line (figures 3 and 4).

The electron flux was provided by a Kimball Physics electron flood gun
operated at 20 keV. This system provided a nominally uniform circular beam pat-
tern with a diameter of 45 cm (18 in.) at the sample plane. Beam uniformity was
determined using a scanning Faraday cup and stationary calibrated Faraday but-
tons at a series of current densities and electron energies. During the simula-
tion tests, the electron flux was maintained at 10 nA/cm  with 20 kV electrons.

Solar simulation was accomplished with a collimated water-cooled 2 kW
mercury-arc lamp mounted externally, the beam being introduced to the chamber
through a fused silica window. For this system, 36 percent of the radiant energy
lies in the 200 to 400 nm region so that adequate UV radiation for photoemission
was available. The total UV intensity was approximately equivalent to one sun.
In addition, a 150 W tungsten lamp was used to provide illumination in the solar
cell active spectral region so that changes in panel current-voltage character-
istics could be monitored in situ.

Solar panel surface potentials were measured by means of a Trek Model 340 HV
non-contacting voltmeter probe mounted to an x-y translating table controlled by
stepping motors. Coordinates were mapped prior to test in order to index loca-
tions and locate limit switches for null adjustment. Locations were repeatable
to +£0.01 cm. A ground plate was also provided as a voltage probe zero reference.

Discharge voltage pulses across the solar array were recorded by means of a
Tektronics 7834 storage oscilloscope and a Micro Instruments 5201B memory volt-
meter. The voltage pulses were transmitted through high voltage 100 pF blocking
capacitors, as shown schematically in figure 5.

*For the principal measurements and calculations, the International System of
units (SI) was actually used.
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TEST PROCEDURE

The test environments and event sequencing are depicted in figure 6. Addi-
tional tests were also conducted which simulated eclipse conditions exclusively.
Duplicate panels were subjected to the entire testing sequence.

RESULTS AND DISCUSSION

Surface Charging Activity

The non-contacting voltmeter indicated significant activity took place on
the surface of the solar cells and on the exposed Tedlar dielectric. Solar cell
panel surface potentials fluctuated throughout the electron impingement tests
during both sunlit and eclipse conditions. In addition, differences in surface
potential activity was indiscernible between sunlit and eclipse conditions.

Surface potentials sometimes were greater than 18 kV for short periods
before discharging. However, the potentials usually remained between 6 kV and
15 kV. Fluctuations in potential usually consisted of rapid changes as a result
of continuous low level discharges (less than 100 V). However, the frequency of
major surface flashovers took place on the order of one per minute which resulted
in surface potential changes greater than 15 kV.

Flashovers were detected by observations through the chamber view port
during eclipse conditions. Time-exposure photographs also recorded discharge
activity.

Bus Voltage Activity

Bus voltage pulses were recorded by photographing the pulse signatures on
the oscilloscope screen which were retraced by the oscilloscope memory. Voltage
pulses were as great as 1.9 kV across the simulated spacecraft bus load. Typi-~
cally the pulses had a 10 ns rise time with a duration of 1 ms. The memory
volt-meter detected a considerable number of voltage spikes of magnitudes less
than 100 V. 2ll voltage pulses were positive. There was not convincing evi-
dence that any negative pulses occurred. A typical pulse is shown in figure 7.

Panel Material Changes

Discharges from the white pigmented Tedlar film resulted in significant
cratering and penetration to the aluminum substrate, as shown in figure 8. Addi-
tionally, there appeared to be discharges of opposite direction manifesting
themselves as microscopic raised areas with subsurface conical voids terminating
at the surface. Areas with significant discharge activity through the Tedlar
showed carbonized conductive paths to the substrate. Examination of the Tedlar
showed that the discharges caused melting of the aluminum substrate at the base
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of the craters. However, the solar cells remained electrically isolated from
the honeycomb panel support. Removal of some cells after testing revealed no
evidence of discharges under the cells.

Exposure to the electron enviromment led to a significant darkening of the
white Tedlar. In areas of greatest discharge activity, the solar absorptance
increased to greater than 0.49 from an initial value of 0.24. Infrared emittance
remained unchanged at 0.86.

No evidence of physical or optical property changes was obtained upon
examination of the individual solar cells or interconnects.

Panel Electrical Output

Comparison of pre-test and post-test electrical characteristics (current-
voltage curves) indicated that no significant changes resulted from the simula-
tion tests, despite the extensive charging and discharging activity. During
exposure to the simulated substorm environment with illumination, no changes
in solar panel electrical output were observed.

CONCLUDING REMARKS

Exposure of rigid solar array panels to simulated geosynchronous substorm
conditions resulted in no apparent change in their photovoltaic characteristics.
However, significant discharge activity into the power bus was observed. Elec-
tical discharges on the Tedlar insulation led to multiple breakdowns with crea-
tion of conductive paths to the honeycomb substrate support. From the limited
exposure period it is not possible to conclusively determine the probability
that cell shorting could result from long-term discharge activity.

In conjunction with the creation of multiple craters in the Tedlar dielec-
tric, the large change in solar absorptance has serious implications. The in-
creased solar absorptance will result in an increase in solar array operating
temperature with concomittant reduction in electrical power output.

The high voltage spikes associated with the observed discharges may be
propagated into the solar array power conditioning system of a spacecraft via
the array buses. These transients may be difficult to filter because of their
high energy, high voltage and short duration. In addition, the radiated energy
from these pulses can result in significant electromagnetic interference with
communications, command and control and logic operations.
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Figure 8 - Discharge Cratering in Panel Isolation
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MATERIALS CHARACTERIZATION STUDY OF CONDUCTIVE FLEXIBLE
SECOND SURFACE MIRRORS

F. Levadou and S. J. Bosma
European Space Research and Technology Centre

A. Piillous
Départment d’Etudes et de Recherches en
Technologie Spatiale

SUMMARY

This paper describes the status of prequalification and
qualification work being performed at ESTEC Noordwijk and at
DERTS Toulouse on conductive flexible second surface mirrors.

The basic material is FEP teflon with either aluminium or silver
vacuum deposited reflectors. The top layer has been made conduc-
tive by deposition of a layer of Indium oxide. Both materials
have been tested in combination with a grounding method
developped in the ESTEC Materials Section.

The results of a prequalification programme comprising of
decontamination, humidity, thermal cycling, thermal shock and
vibration tests are presented. Test parameters are thermo-
optical and electrical properties.

Furthermore the electrostatic behaviour of the materials under
a simulated substorm environment as well as electrical
conductivity at low temperatures have been characterised.

The effects of simulated ultra violet and particles irradiation

on electrical and thermo-optical properties of the materials
are also presented.
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INTRODUCTION

In the frame of studies on electrically conductive thermal
control materials, the ESTEC Materials Section has been involved
since several years in the development and qualification of
conductive flexible second surface mirrors (ref. 1).

The studies presented in this paper have been mainly performed
for ISPM and METEOSAT projects as well as in co-operation with
DERTS (Toulouse - France) on a DERTS Research Programme for
evaluation of conductive thermal control materials and associ-
ated grounding techniques under simulated synchronous orbit
(ref. 2, 3, 4).

This paper describes the prequalification and qualification
status, as they are defined by ESTEC Materials Section, for
either conductive flexible second surface mirrors (SSM) commer-
cially available, or for commercial flexible SSM on which a
conductive layer has been deposited.

The work performed by ESTEC Materials Section covers the
definition and preparation of conductive materials and grounding
techniques as well as the prequalification programme.

The technique for grounding conductive layers developped a few
years ago by ESTEC Materials Section was utilised for these
studies.

The work performed by DERTS was mainly the evaluation of the
charging performance and the studies on space stability of the
grounded conductive SSM under synchronous space environment.

MATERIALS PRINCIPLE

Basic materials are flexible second surface mirrors : aluminised
or silvered FEP teflon and aluminised Kapton. The front face of
the SSM is covered with a conductive transparent layer. The
conductive layer must be transparent to avoid changes of the
thermo-optical properties (i.e. absorptance and emittance) of
the SSM.

The transparent conductive materials can be deposited according
to different techniques and are generally Indium-oxide or
Indium~Tin oxide (ITO)layers of a few hundred angstroém thickness.

PRINCIPLE OF THE GROUNDING CONTACT

ESTEC Materials Section has developped a few years ago a
technique which can be used for grounding a conductive surface
to a structural part or an intermediate metallic layer (ref. 5).
The materials used for the contact joint are silicon rubber

RTV 566 produced by General Electric together with conductive
powder Cho-bond 1029B from Chomerics.
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Preparation of the conductive adhesive

Hundred parts by weight of RTV 566A are mixed with 250 parts
by weight of Cho-bond 1029B. After mixing together, the
catalyst RTV 566B is added in 0.15 parts by weight. After
further mixing the adhesive is degassed under vacuum.

Joint formation
Two different kind of joints have been used.
Strap joint (fig. 1)

This is an electrical contact between the conductive layer

and an aluminium strap. The strap has generally dimensions

of 8 mm x 80 mm and a thickness of 30 um.

The strap is degreased by being wiped with a Kimwipe soaked

in Freon TF. Then the Dow Corning DC 1200 primer is applied

at the end of the strap and to the end of the conductive SSM
sample. A small amount of the conductive adhesive is applied
to the primed area of the conductive sample layer and the
primed aluminium foil is placed over it. A special heating tool
developped for this purpose by ESTEC Materials Section is
applied over the joint. Cure time, temperature of the tool and
load pressure are defined. Previous investigation studies

have shown that ideal parameters are:

- cure time : 2 minutes
- temperature : 100°C
- load : 200 g

Blanket mode (fig. 2)

This 1is an electrical contact between the top conductive

layer and the metallic layer (aluminium or silver/Inconel) on
the back side of the SSM.

A hole is punched through the sample. Primer is applied on the
edges of both sides of the hole. A small amount of the conduc-
tive adhesive is put inside the hole. Two tabs of aluminium,
with diameters a bit bigger than the diameter of the hole are
applied on both sides of the conductive adhesive after priming.
Then the heated tool is applied over the joint with the same
parameters as above.

A typical application of a strap joint is at the edge of a sheet,
for the interconnection of different sheets or grounding to
structural elements. The blanket mode would be applied in the
central part of the sheet, e.g. a thermal blanket, to connect
the ITO to the metal backside of the SSM.
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TEST SEQUENCE

The test sequence consists of a prequalification programme and
a qualification programme as they are defined by ESTEC Materials
Section Specifications.

The samples have been submitted to the following prequalifi-
cation tests:

- chemical spray (also called Decontamination Test)
= humidity test

- thermal cycling test (ref. 6)

~ thermal shock test

- vibration test (acoustic)

The test parameters were:

- visual inspection

- electrical contact resistance and total resistance
measurements (ref. 7)

- thermo-optical properties measurements (ref. 8)

- adhesion testing (ref. 9)

Table 1 is an example of a typical prequalification programme.

Furthermore, the materials have been submitted to the following
qualification tests:

- electrostatic behaviour under a simulated substorm
environment
- irradiation test under UV and particles environment.

The test parameters were the same as for the prequalification
tests, except that during the electrostatic test the surface
potential reached by the sample has been monitored.
In annex I the method developped by ESTEC to measure both
electrical contact and total resistances is described.
TEST MATERIALS

Aluminised FEP teflon with ITO deposit
-~ Sheldahl G409520 : 2 mil teflon thickness
= Sheldahl G409550 : 5 mil teflon thickness

- Balzers/Sheldahl 3 mil teflon thickness with ITO deposit
by Balzers.
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Silver FEP teflon with ITO deposit

Sheldahl G409420 : 2 mil teflon thickness

Sheldahl G409450 : 5 mil teflon thickness

General Electric/Sheldahl : 5 mil teflon thickness with ITO
deposit by G.E.

Aluminised Kapton with ITO deposit

General Electric/Sheldahl : 5 mil Kapton thickness with ITO
deposit by G.E.

Sheldahl : 0.5 mil Kapton thickness with
Nomex scrim,

Table 2 shows a list of typical values for optical and electrical
properties of these materials.

TEST RESULTS
Effects of chemical spray

This test is incorporated in the prequalification programme to
simulate the effects of cleaning the conductive materials.

Test samples are sprayed for one minute with iso-propyl-alcohol.
None of the materials showed a significant variation of electri-
cal conductivity. There is in some cases a slight improvement

of solar absorptance due to the cleaning procedure.

Effects of humidity exposure

The test materials are submitted to 95% relative humidity and
a temperature of 50°C during one week.

It appears that humidity has a direct influence on the conduc-
tivity of Indium oxyde or Indium-Tin oxyde layers. All test
materials show considerable increases in resistivity after
exposure; some typical results are:

- 5 mil silver teflon : before humidity 0.1x10% to 10x106 g
after humidity 106 to 109 g

- 2 mil aluminised teflon

before humidity  5x106 to 20x106 @
after humidity 108 g

= 0.5 mil alumin. Kapton

before humidity 1x106 to 20x106 g
after humidity 107 to 109 @

After the humidity exposure several test samples were submitted
to high vacuum and the electrical resistance monitored in-situ.
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The conductivity of each material increased under vacuum
conditions, an improvement which continued throughout the
exposure to vacuum. An example is shown in fig. 3.

These facts support the theory that water absorption has a
degrading effect on the conductivity of Indium based layers,
but that these effects are not of a permanent nature at least
after short term exposure to humid conditions. There is, however,
evidence that these layers will not recover after long duration
exposure (2 years) to humidity levels of 70% or higher.

The optical properties of the conductive SSM are not affected
by the humidity test.

Effects of thermal cycling

The tests were performed in accordance with specification
ESA-PSS-11 (QRM-04T). Some materials were submitted to 100 cycles
between +100°C and -150°C, other materials to 100 cycles between
+25°C and -150°C. Thermal cycling proved to be detrimental to
teflon-based SSM for both sets of temperature limits. The ITO
layer on teflon shows numerous microcracks (fig. 4), which are
believed to be caused by local stresses originating from the
difference in thermal expansion for teflon and ITO. In the case
of silver coated teflon, the silver reflector also showed micro-
cracking (fig. 5).

On the contrary, ITO layers on Kapton based SSM proved to be
stable. No cracking was observed and the conductivity of the
ITO layer improved as would be expected due to removal of
absorbed water during the vacuum and temperature conditions of
the thermal cycling.

Some typical results are:

- 5 mil silver teflon : before cycling 0.1x106 to 10x106 @
after cycling 108 to 1010 g

- 2 mil aluminised teflon : before cycling 5x106 to 20x106 g
after cycling »1010 g

- 0.5 mil alumin. Kapton : before cycling 1x106 to 20x106 g
after cycling 1x106 to 10x106 g

The 2 mil teflon had a "milky" appearance after cycling, which
caused an increase of solar absorptance.

The cracks in the silver reflector of the 5 mil teflon SSM did
not cause any measurable variation in optical properties, but
are liable to cause losses due to corrosion during long term
contact with chemical agents (as existing in an adhesive).

The Kapton SSM also showed no change in optical properties.
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Effects of low temperature
Test configuration

The surface resistivity measurement is performed with a three
electrode arrangement. This method is illustrated in Annex 2.

Test facility

The test sample with the electrode configuration was mounted to
the sample holder of the "BISE" (ref. 10) vacuum facility. This
sample holder is a hollow disc through which it is possible to
circulate liquid nitrogen.

The temperature of the sample was monitored with three chromel-
alumel thermocouples. The electrical leads of the electrode
configuration were connected to an electrical vacuum feedthrough
to allow for in-situ resistance measurement. A vacuum of more
than 10°% torr was achieved with a turbo pump assembly. The
liquid nitrogen shroud of the "BISE" chamber was filled before
cooling down the sample to avoid excess contamination depositing
on the cooled sample surface.

Electrical measurement method

In-situ measurement: The Voltameter method was applied, as
illustrated in the electrical diagram of fig. 6.

The internal resistance of the electrometer is connected in serie
with the unknown resistance, to serve as a current limiting
element. The current to the test sample was set at 1x10-6A

and applied continuously during the test. Voltage and temperature
over the test sample were measured and monitored with a chart-
recorder during the test run.

Ex-situ measurement: The surface resistivity (Pg) has been
measured with a probe consisting of two 1 cm wide copper
electrodes at 1 cm distance of each other, in combination with
a Hewlett Packard digital multimeter 3456B. A weight of 200 g
was applied to maintain a standard pressure on the probe.
Readings are made after one minute electrification time.

Sample conditioning

The sheet material is stored under a relative humidity of 65% -
70% and a temperature of 18°C - 20°C.

Ex-situ measurements of surface resistivity are performed in the
conditions stated above.

In-situ measurements of surface resistivity are performed in the
prevailing chamber conditions.
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Test results

Table 3 compiles the last results for the SSM materials.
Although the samples do not have similar "absolute" results,
they behave identical in various ways:

- Three out of four samples show a sudden decrease in surface
resistivity after first exposure to wvacuum.

- All samples show a significant drop in surface resistivity
after the total test phase, when compared to the initial value
under identical conditions.

- All samples show an increase in surface resisitivity after
air inlet.

- All samples show a drop in surface resistivity when irradiated
with UV light and subsequent recovery after interruption of
the UV radiation.

- All samples show an increase in surface resisitivity with
temperature decrease. A nominal value is difficult to determine
but it appears that the rate of change is related to the
absolute value of surface resistivity of the sample. In terms
of the final pg in vacuum, the Apg/AT varies between 1% and
10% of opg-

- Water abgorption has a highly negative effect on the conduc-
tivity of ITO. The tests demonstrate that the conductivity of
the ITO layer improves with vacuum exposure time (fig. 3).

Fig. 7 shows a typical curve for surface resisitivity as a
function of temperature. The lower two curves are the cooling
down and warming-up phases with no correction for the vacuum
recovery effects. The upper two curves have been corrected for
this phenomenom.

Effects of electrostatic testing

In order to assess the electrostatic behaviour of ITO coated
SSMs, various samples have been tested at DERTS in the CEDRE
simulation chamber.

This facility enables to irradiate specimens with electrons in
the 4-25 keV range. The irradiation uniformity (better than

10 percent) at the sample is obtained by scattering of the
electrons through a thin aluminium foil (1.2 um thick). Samples
are maintained in close contact by their rear side with an
aluminium plate which is grounded through a nanoammeter which
enables to measure the leakage current I during irradiation.

The current Isec collected on a hemicyclindrical electrode
surrounding the sample allows to evaluate the secondary emission
of the irradiated surface. The conductive ITO layer is grounded
by means of either a metallic frame in contract with the surface
or aluminium straps bonded to the ITO by conductive adhesive,
which enables to measure the surface leakage current Isurf.
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The surface potential of the specimens is measured by a contact-
less method with a potential probe (capacitive sensor) moved

by a mechanical scanner. Impulses in the recording of the
leakage current indicate the occurrence of discharges if any.

Table 4 shows that the ITO layers deposited by BALZERS and
SHELDAHL are equally effective in suppressing potential build
up and discharges, when grounded. The surface potentials of non-
coated SSMs are also given in table 4 as a comparison. No
potential increase has been identified after that both ITO
coated samples had been rolled around cylinders (4 mm diameter)
in perpendicular directions.

Table 5 gives the results that have been measured under irradi-
ation on two ITO coated aluminised Kapton samples, of which the
ITO laver was grounded by means of four interconnects obtained
by the conductive adhesive technique; one of these samples has
undergone all the prequalification tests. No charge build up
has been noticed in the simulated substorm environment. However,
the secondary emission as well as the leakage current seem
slightly higher in the case of the sample exposed to the pre-
qualification programme. However, its total surface current
(collected by the aluminium straps bonded to the ITO) is still
very high.

Effects of simulated space irradiation

The stability of various conductive SSM has been assessed by
irradiation either with UV only or with UV and particles.

Figure 8 gives the results of an irradiation by UV of ITO

layers applied by SHELDAHL on silvered FEP 2 and 5 mil thick.
The degradation under UV of a 3 mil aluminised FEP from SHELDAHL
is also reported in figure 8 together with the degradation of the
same aluminised film that has been coated by an ITO layer made
by BALZERS. The solar reflectance variations have been obtained
at DERTS from in-situ spectral measurements that have bheen
carried out on samples irradiated at 30°C under vacuum by two
filtered Xenon short arc sources giving only ultra-violet
radiation in the 200-380 nm wavelength range with a sun multi-
plication factor of 2.

The same UV sources have also been used in conjunction with
proton and electron accelerators in order to provide conditions
of exposure simulating the geosynchronous orbit environment

for a North/South satellite face. The irradiation was sequential
with a continuous ultra-violet exposure (2 "suns") and periodic
particle bombardment.
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In order to simulate one year in space, the following conditions
were chosen 1112 UV esh, 4.29x101% protons cm-2 at 40 keV

(normal incidence), 1.42x1013 protons cm-2 at 150 keV (normal
incidence), 8.6x101% electrons cm-2 (45° incidence). Figure 8
shows the solar reflectance variations that have been measured

on a silvered FEP sample (2 mil) and a silvered FEP sample

(2 mil thick) with an ITO layer deposited by SHELDAHL. During
irradiations the ITO layers were grounded. From the curves in
figure 8, it seems that the degradation kinetics of the conduc-
tive ITO manufactured by SHELDAHL and irradiated by UV plus
particles is nearly identical with the one observed as conse-
quence of an irradiation by UV only. That means that UV radiation
is more deleterious than particles in optical degradation of ITO
layers. In spite of the short duration of the tests, a tendency
towards saturation is noted in the degradation of these conduc-
tive layers. On the other hand, the second surface mirrors without
conductive overcoating are more severely degraded when irradiated
simultaneously by particles and ultra-violet.

Of significance might be the less extent of degradation observed
in figure 8 with the ITO coatings made by BALZERS and GENERAL
ELECTRIC: the preparation method is of prime importance in the
colour centre formation under radiation.

The behaviour of the ITO layer is the same whether it is grounded
during particle irradiation or not.

It has been verified that the total electrical resistance
measured in-situ between aluminium straps applied with conductive
RTV 566 on the ITO layers (2 mil silvered FEP SHELDAHL) was not
modified by exposure to the combined enviromment described above.
(N.B. the samples were not illuminated nor irradiated by parti-
cles during measurements).

DISCUSSION

This research programme has established that conductive layers

of Indium-oxide or Indium-tin-oxide do not have a general
behaviour pattern, but depend on different application parameters.
The performance of the conductive layer will vary with such
factors as:

- deposition technique (e.g. vapour deposition or sputtering)
- substrate material

- substrate temperature during deposition

-~ random conditions during deposition (vacuum, contamination)
- material history (perforation, humidity exposure, handling)

Of the flexible materials tested, Kapton proved to be the best
host for an Indium based conductive layer.
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Two prequalification programmes on two individual materials
from different manufacturers showed that the ITO layer is
mechanically stable: no cracks were observed after thermal
cycling, neither for a vapour deposited layer nor a sputtered
layer. The initial electrical and optical properties did not
show major variations after the total prequalification. The
conductivity of the ITO layer recovered during thermal cycling
from water absorbed during the humidity test.

No significant charge build up was observed on the sputtered
layer during the electrostatic charging test either on the ori-
ginal material or on a sample which had undergone all prequali-
fication tests.

Teflon based conductive SSM proved to be extremely vulnerable
to thermal cycling: both sputtered and vapour deposited ITO
layers showed numerous microcracks. In the case of the silver
SSM, the metal reflector was also cracked.

Thermal cycling caused the 2 mil aluminised teflon to go milky
which resulted in a degradation of solar absorptance. The
initial resistivity of teflon based conductive SSM tends to
be higher than the equivalent Kapton material.

The teflon based SSM does not charge during electrostatic
charging tests, however, recent results show that a sample
which had been submitted to the total prequalification
programme did support charge up to several hundred volts.

The degradation of the optical properties of ITO layers under
simulated irradiation is very dependant on deposition type

and manufacturer. Based on UV and particle irradiation
sputtered ITO (GENERAL ELECTRIC) appears to be more stable

than vapour deposited ITO (SHELDAHL).

The main degrading factor is ultra-violet irradiation, although
BALZERS vapour deposit an ITO layer which is very stable under
ultra-violet exposure. Unfortunately this material is a one
time experimental batch made by BALZERS under ESA contract and
is not commercially available.

The degradation of the ITO due to UV has a tendency to saturate
after exposure periods of more than a vear.

Indium based conductive layers are very vulnerable to water
absorption. Short term humidity effects will recover during
vacuum exposure, however, long term humidity effects cause
permanent damage. It is recommended to store conductive SSM
in a controlled dry environment and to record batch histories
with respect to storage conditions and handling.

The ESA developped grounding technique based on conductively
loaded RTV 566 proved to be applicable on both Kapton and teflon
SSM and was stable during prequalification and qualification
tests.
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CONCLUSIONS

Kapton based SSM with a conductive ITO layer is a very
promising solution for electrostatic charging problems.

The teflon based SSM with a conductive ITO layer evaluated
during this programme will not fulfil strict electrostatic
charging requirements. There are still a number of verification
tests on-going to determine if the present material, despite
the risk of ITO cracking could be used on spacecraft which can
tolerate limited charging levels.

Manufacturers are recommended to investigate the possiblities
of optimising the ITO layers on teflon with respect to deposi-
tion technique, substrate temperature etc. This test programme
indicates that initial optical and electrical properties as
well as space stability depend heavily on these factors.

Manufacturers must be able to garantee an ITO layer of standard
quality if this type of solution is to be competetive with
other types of conductive thermal control coatings in the
future.
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ANNEX 1
ELECTRICAL RESISTANCE MEASUREMENTS

Background

In the case of a grounding point on a highly conductive substrate
material, e.g. aluminium, it is sufficient to measure the total
resistance of the grounding point and substrate, because a change
in the contact resistance from the 1092 range to the 10092 range
will be easily detected, the substrate resistance being a few
milliohms only.

In the case of a low-ohmic contact (102 to 1002 range) on a sub-
strate material with a high ohmic resistivity (kQ-MQ range), the
contact resistance is more difficult to determine. This is the
situation for the grounding configuration under evaluation.

The Indium-Tin oxide layer shows variations of hundreds of ohms
during a measurement. This is only a few tenths of one percent
with respect to the actual resistance of several megohms, but

is of the same order of magnitude as the contact resistance of
the grounding point.

For this particular grounding configuration, the contact resis-
tance will be defined as the combined resistances of the aluminium
strap, the conductive adhesive and the ITO boundary layer at the
contact point.

Electrical contact resistance

Several methods have been evaluated which appeared capable of
determining the contact resistance in a high ohmic chain. Figure 1
shows the sample configuration for the method which proved to

be most effective. The three-contact principle is used to obtain
the contact resistance of the centre electrode. The three elec-
trodes were formed by aluminium straps bonded with conductive
adhesive, as described in section 3. Figure 1 shows the electrical
circuit applied.

The power supply and the ammeter are connected to the centre and
right electrodes; the right electrode functions only as a current
conductor.

The voltmeter is connected between the centre and.left electrodes.
The left electrode functions as a potential electrode. Owing to
the internal resistance of the voltmeter, the current passing
through circuit "A" will be approximately a factor 1000 smaller
than that passing through circuit "B".

Adjusting the power supply in circuit "B" enables the current
through the contact resistance to be fixed. Circuit "A" is used
to determine the voltage drop over the contact resistance, from
which the contact resistance can be deduced.
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On the basis of this method, a jig has been developed which
ensures that the samples are measured under similar conditions of
electrode pressure and sample positioning.

CIRCUIT CIRCUIT
v ‘A ‘B -]' P
Ri:‘010§2 Re
A
1
L  p—
JJ SN
R4 R2
Rc

FIG.1

The symbols used in Fiqure 1 have the following meanings:

P = power supply,

A = Keithly Model 602 electrometer (applied in ammeter mode),

V = Hewlett Packard multimeter 3465B (applied in voltmeter mode),
Rj = internal resistance of voltmeter = 1010q ,

R} = contact resistance of left electrode plus resistance of

ITO layer between left and centre electrodes,

Ry = contact resistance of right electrode plus resistance of
ITO layer between right and centre electrodes,

Ry, = contact resistance of centre electrode.

Total electrical resistance

After each successive test, the total electrical resistance of
each sample was measured with the Hewlett Packard multimeter
3465B applied in ohmmeter mode. The total electrical resistance
is defined as the electrical resistance measured between left
and right electrodes and includes contact resistance of left and
right electrodes as well as the resistance of the intervening
ITO layer. Figure 2 illustrates the test method.

|

)
&)

§2 = OHMMETER
Ry= TOTAL ELECTRICAL RESISTANCE

FIG. 2
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ANNEX 2
SURFACE RESISTIVITY MEASUREMENT

We now consider a strip of width dx which is at a radius x from
the centre of the sample. The resistance of the strip according
to the definition of the surface resistivity is:

drR = pgX dx/2nx (1)

Pg= surface resistivity (Ohm).

The voltage drop dV over this section will be:

dv = I x dR (2)
I = current through sample,

or dv = Ix pgX dx/2nx (3)

The total voltage drop between two electrodes of radius R
and R will be:

V2 R2 dx

fy1 &V = eg* /R max (4)
v2 - v1 =£85% 1 22 (5)
RI
The surface resistivity between two electrodes is given by:
R2
Py 27V/I x Ln == 38 (6)

For the dimensions of the two inner electrodes as shown in
fig. 1 the equation is:

pg = 27(V/I)/Ln 5 (7)
pg = 21.47jf (8)

ymm

100
150mm
200mm

FIG 1 ELECTRODE CONFIGURATION
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TABLE |
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Sample preparation

visual inspection

in-air resistance

in vacuum resistance

optical and scanning electron
microscope

peel testing

long-term storage

Chemical spray (isopropyl aic.)
visual inspection
in-air resistance

peel testing

Heat and humidity (50°C; 95%)

visual inspection
in-air resistance

peel testing

Acoustic (Thor-Delta spec.)

visual inspection
in-air resistance

peel testing

Thermal cycling (~ 150°C + 100°C)

visual inspection
in-air resistance

peel testing



Material xg £n Ps
Sheldahl alu teflon 2 mil 0.18 0.64 6-19 MQ
Sheidah! alu teflon 5 mil 0.20 0.76 9-40 MQ
Balzers alu teflon 3 mil 0.15-0.17 0.7 0.5-2KQ
Sheldahl Ag teflon 2 mil 0.08-0.09 0.64 08-2MQ
Sheldahl Ag teflon S mil 0.10 0.77 1-2MQ
G.E. Ag teflon 5 mil 0.12-0.16 0.79-0.80 1-20 MQ
G.E. alu kapton S mil 0.38-0.39 0.77 60-140 KQ
Sheldah! alu kapton 0.5 mil 0.75-0.73 048 50-260 KQ
Table 2 - Materials Properties
Initial pg Initial pg Final pg Final pg
Material in air in vacuum Ap AT in vacuum Ps in air
RT. RT. R.T. after UV R.T.
SHELDAHL FEP/AL 2 mil 2 MQ 24 MQ 113-117KQPC | 6 MQ 4.6 MQ 9.4 MQ
SHELDAHL FEP/A] S mil 20 MQ 7 MQ 0.60 MQ/°C | 6 MQ 3.0MQ 11.4 MQ
SHELDAHL FEP/Ag 5 mil 8 MQ 7 MQ 104-118 KQ/°C | 2 MQ 0.9 MQ 1.2 MQ
BALZERS FEP/AI 3 mil 9.0KQ 716 KQ 3443 QF°PC | 32KQ 26 KQ 58 KQ
Table 3
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SURFACE POTENTIAL VOLTS
BEAM INTENSITY
ENERGY ALUMINIZED ITO(BALZERS) SILVERED ITO (SHELDAHL)
(keV) (nAcm™?) FEP on Aluminised FEP on Silvered FEP
3 mil FEP 3 mil 2 mil 2 mil
5 1 1900 <10 2000 <10
10 1 5400 <10 5400 <10
15 1 10300 <10 10000 <10
20 1 15000 <10 15000 <10
25 1 discharges <10 9800 <10
10 5 5500 <10 5400 <10
15 5 10300 <10 10000 <10
20 5 15400 <10 15400 <10
Table 4 - Behaviour of ITO coated FEP in a simulated substorm environment. (Not submitted to prequalification test).
BEAM ENERGY/INTENSITY
SkeV 10 keV 15 keV 20 keV
Z
o 1.25nAcm™?2 0.7nAcm™2 0.5nAcm™? 0.5nAcm™2
=
ws 2
P~ E | Vivolts) <10 <10 <10 <10
o
b 8
L<g| 1nA) 0.5 0.2 0.08 0.12
2 a
(o4
2 I,«(nA) 10.5 1.5 it 10.5
a
I..(nA) 12 4 25 1.5
Discharges no no no no
z V (volts) <10 <10 <10 <10
o
: s I + 1.(nA) 1 1.1 1.2 1.2
XES
b I r(nA 4 5.5 9 8
== 8 wr{nA)
<<z
2 a | 1.(nA) 16 8 25 1.7
o4
w
2‘_ Discharges no no no no

TABLE 5 - BEHAVIOUR OF THE ITO-COATED KAPTON GROUNDED WITH A CONDUCTIVE ADHESIVE IN

A SIMULATED SUBSTORM ENVIRONMENT
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FIG. 1: GROUNDING STRAP CONFIGURATION

FIG. 2: BLANKET MODE GROUNDING CONFIGURATION
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FIG.3 SURFACE RESISTIVITY AS A FUNCTION OF TIME
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Fig. 5: Micro-cracks in silver layer after thermal cycling.
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Fig. 6 Electrical measurement diagram.
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DESIGN OF AN ARC-FREE THERMAL BLANKET

Christakis N. Fellas
British Aerospace Public Limited Company
Space and Communications Division

SUMMARY

One way of dealing with the problem of spacecraft charging is to provide
a thermal control surface which will not charge up to the breakdown level,
while retaining its thermal control properties. A thermal blanket config-
uration meeting these requirements has been designed at British Aerospace
(ref. 1).

Arcing is eliminated by limiting the surface potential to well below
the threshold level for discharge. This is achieved by enhancing the leakage
current which results in conduction of the excess charge to the spacecraft
structure. The thermal blanket consists of several layers of thermal control
(Space approved) materials, bonded together, with Kapton on the outside,
arranged in such a way that when the outer surface is charged by electron
irradiation, a strong electric field is set up on the outer Kapton layer
resulting in a greatly improved conductivity.

This paper describes how the basic properties of matter were utilised in
designing this blanket and how charge removal was achieved together with
the optimum thermo-optical properties.

INTRODUCTION

When a surface is subject to electron bombardment, the important electron
parameters are the electron energy and the flux. The electron energy
determines the maximum surface voltage that may be attained, provided the target
material has a thickness well in excess of the electron range in that material
(ref. 1). The flux level, i.e. the current per unit area incident upon the
surface determines the rate of charging dV/dt. This also depends on a number
of other factors and is given by the equation

av 1 (1)
av _ 1 . = VI,
dt C (Ilnc § J )
where C is the capacity of the surface
T. is the incident current

inc

2 T. 1s the sum of all components of the removal current, given by
CRN

J
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= +I_ +I +
g Ij Ipr ph bs Isec * Il (2)
I
r

where is the incident proton current
Iph is the photo—electric effect induced current
Ibs is the back-scattering current
Isec is the secondary electron current
and Il is the leakage current through the dielectric material,

The design of an arc-free thermal blanket involves the enhancing of one
of the removal currents, namely the leakage current, so that dV/dt becomes
zero at a surface voltage potential well below that anticipated from the
electron energy.

When the equilibrium surface voltage is below the discharge threshold
for the entire range of electron energies anticipated, no discharges will
occur. Thus an arc-free thermal blanket is obtained.

THE LEAKAGE CURRENT

In order to enhance the leakage current the parameters affecting its
value are examined and one or more of these are varied accordingly. The
leakage current may be considered as the sum of three components. The
ohmic current, the internally induced secondary current and the transmission
current, Thus we may write

I. =1 (3)

. + I. +
1 ohmic I1nsec Itrans

The ohmic current is the current which flows through the dielectric as a
result of the existence of a potential difference across the material, In
reference 1 an approximate expression is derived from classical mechanics for
this term

aexp - EYi ) sinh { V.ea (4)
ohmic P KT d KT
where AW'j is the ionization potential of the material

T 1is the absolute temperature
K is Boltzmann's Constant

V  is the surface voltage
d

is the material thickness
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e 1s the electronic charge

and a 1is the average distance between atoms in the material,

The internal secondary current, referred to by other authors as "radiation
induced conductivity", is the current resulting from the liberation of electrons
from the atoms in the material by a process where energy from incoming electrons
is transferred to material electrons. Although an analytical expression
for this component has not been derived it is believed to be dependent on
the electric field, the energy of the incident electrons and the flux of the
incoming electrons,

.The transmission current is the product of the electron transmission
probability and the incoming current. The transmission probability P, for a
simplified square wave potential is given by (ref. 1)

pr~ oexp (~ 2 bt a) (5)

where d is the material thickness

and D' is given by

2 (6)
ey (v, - 1)

b1

is the electronic mass

is Planck's Constant (divided by 2mw)

where

< X B

is the max., surface potential

H

and is the kinetic energy of the incoming electrons,

The expressions given by equations (4) and (5) show that the leakage
current is dependent exponentially upon the material thickness and consequently
a decrease in thickness will lead to a much increased leakage current, In
the case of a thin aluminised Kapton sheet, provided the aluminium layer is
grounded a decrease in the material thickness will also lead to an increase
electric field and this will influence the migration of charges deposited
within the material to the aluminium layer. The electric field results
from very low energy electrons, with near zero range, depositing their charge
on the surface of the material,

As can be seen from equations (4) and (5) when the material thickness
is decreased the relative proportion of the constituent currents of Il given
in equation (3) change, so that for d=o, I I, = I. and the
surface voltage is zero. When the materla} thlcﬁness has*8°finite value the
ohmiec current and the internal secondary current have a non zero value
provided there are sufficient low energy electrons to build up a voltage
on the surface,
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This may lead to a leakage current in excess of the incident current and such
currents have been observed experimentally (ref. 1 and 2),

THE MULTILAYER THERMAL BLANKET

The thickness of the material determines the thermo-optical properties, so
that a decrease in thickness reduces both the absorptivity a and the
emissivity € of the material, In general the ratio a/e, which is a figure
of merit for thermal control materials, increases with decreased thickness.
For a 3 mil aluminised Kapton for instance afe = 0,538 whilst for a 0,25 mil
Kapton this figure becomes 0.688,

Another reason why a super thin dielectric film cannot be used as a
thermal blanket is the mechanical properties of such film, The material
must be sufficiently strong to withstand the testing environment., Thus for
a Kapton film a thickness value of less than 2 mil is not considered practicable.

In order to overcome this problem, a multilayer thermal blanket (*) has
been designed combining good mechanical strength, acceptable thermo-optical
properties and the ability to conduct incident charge and keep the surface
potential to well below the discharge threshold for the material, The proto-
type version is shown in figure 1. The outermost layer is a thin aluminised
Kapton film. The thickness of 0,25 mil shown here is sufficient to keep the
surfgce potential to below 2.5 KV at room temperature (or below 3.2 KV at
-170°C) which is well below the discharge threshold of approximately 9 KV,
The maximum potential value is obtained when the incident electrons have a
mean range of approximately equal to 1/3 of the material thickness. For a
0.25 mil Kapton maximum surface potential is obtained with T KeV electrons.,
At higher energies the surface potential is reduced as the radiation induced
conductivity is increased coupled with an enhanced diffusion process in the
presence of a strong electric field and a shorter migration distance as the
electrons are deposited closer to the charge collector,

The thermo-optical properties of this prototype multilayer thermal blanket
are determined by the outermost layer, so for the configuration shown in
figure 1 a/e is 0,688,

The mechanical properties of the blanket are determined by the overall
thickness of the blanket. The thicker (2 mil) aluminised Kapton is attached
to the thinner aluminised layer by means of a double-sided pressure sensitive
adhesive (e.g. Y966 PSA).

The thermo—optical properties of the configuration shown in figure 1
are limited by the thickness of the outermost layer, In order to overcome
this the aluminium and the adhesive have been replaced by a single transparent
conductive adhesive, This improved version is shown in figure 2.

(*) UK patent application No. 8035523 / USA application No, 204,703
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A transparent conductive adhesive does not exist as such but it is possible

to dilute a polyurethane based silver or cobalt loaded paint (e.g. Coballoy
P212 *) and use it to attach the two layers of Kapton together, It is possible
to spray a layer thin enough to be optically transparent but still retain

enough conductivity for the multilayer principle to operate, A resistivity

of 2 MQ or less is believed to be sufficient,

An alternative to the use of conductive transparent adhesive is to use
0.25 mil Kapton spattered with Indium Tin Oxide and attach it to aluminised
Kapton using a clear polyester adhesive, Such an arrangement is shown in
figure 3, The advantage of this design is that the materials used are already
qualified for Space use and the ITO spattered process on Kapton provides
uniform reproducible properties on the inner conductive layer, which are
difficult to achieve with a spray.

EXPERTMENTAL TESTS

The prototype multilayer thermal blanket of figure 1 has been extensively
tested at the UKAEA electron Irradiation facility. The test results have
been reported elsewhere (ref. 1).

Two samples of approximately 100 cm2 were irradiated using monoenergetic
electrons at 20°C and =170 C. The electron,.energy was varied from 3 to 30 kev
at flux levels varying from O.4 to 35 nA/cm”, No discharges were observed
at either temperature during six hour irradiation periods, under several
different combinationg of flux and energy. The maximum surface voltage record-
ed was 3.2 EV at =170 C with an incident electron energy of T kev and a flux
of 24 nA/em®. The surface potential was substantially reduced at higher
electron energies. The maximum surface potential at 20°C was 2.4 kV.

The tests described above prove the success of the design in eliminating
arcing of a dielectric, while maintaining the good thermo—optical properties,
The results obtained from measurements of the leakage current and surface
voltage were in accordance with the theory used to design the blanket.

Samples described in figures 2 and 3 are currently being investigated
and the results will be the subject of another publication.,

CONCLUSIONS

The success of the multilayer thermal blanket in eliminating arcing
indicates the validity of the design principles used., Placing a charge
collector at a certain depth in the dielectric sets up a strong electric
field, improving charge mobility towards the charge collector and enhancing
the leakage current., The increase in the leakage current is sufficient to
make 4V/dt = 0 at surface voltage level well below the discharge threshold.

¥ Available from Graham Magnetics Inc., Texas, USA,
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The same principle has been used to design thermo-optically improved
versions with optically transparent charge collectors, This design has been
applied to second surface mirrors as well and results of the investigations
will be published in due course,
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CHARGING CONTROL TECHNIQUES*

R. E. Schmidt
General Electric Company

SUMMARY

Transparent conductive thin films of indium oxide and indium-tin oxide
are evaluated for their properties to control charge buildup on satellite
materials. Both oxide coatings are evaluated for their uniformity, stability,
reproducibility and characteristics on various substrate materials such as
FEP Teflon, Kapton, and glass.

Testing of the coated and uncoated satellite materials have been tested
in 30cm square sizes. The materials performance have been characterized in
multiple energy electron plasma environment and at low temperatures.

Grounding techniques for application to the coated multi-layer insulation
(MLI) blanket designs and OSR arrays have been fabricated in the larger areas
and tested under electron irradiation to evaluate their performance.

INTRODUCTION

The application of transparent conductive thin films to external space-
craft dielectric materials has been demonstrated on a small scale and shown
to perform satisfactorily in simulated geosynchronous plasma charging environ-
ments. (Ref. 1) Several metal oxides have been evaluated using a number of
deposition techniques including conventional vapor deposition, and RF and DC
sputtering. Thin films of indium tin oxide (ITO) deposited using magnetron
sputtering techniques has been found to provide the most stable conductive
transparent coatings on spacecraft materials. Developmental work on coatings
of indium oxide (I0) have also shown promise but have not been carried as far
as the ITO. The work described in this paper represents some of the process
development toward the optimization and characterization of these thin semi-
conductor oxide coatings and the evaluation on larger sizes performed for
qualification for use on thermal control satellite materials

PROCESS DEVELOPMENT

The development efforts on the process characterization concentrated on

*This work was supported by the AFWAL, Materials Laboratory under Contract
F33615-78-C-5119
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determining the allowable variation in the process and coating parameters and
still achieve highly transparent and conductive coatings on large sample sizes
up to 30cm square. These process development characterizations considered
deposition rate, reactive oxygen partial pressure and in situ biasing, coating
thickness, uniformity, and a comparison between 10 and ITO. This development
has been evaluated in terms of the coating's solar absorptivity, surface
resistance, stability of its shelf life, stability to tape and rub tests, and
charge control performance under simulated substorm environements.

Thin conductive films of indium tin oxide (ITO) and indium oxide (I0) were
evaluated on three types of substrates typical of external satellite dielectric
materials. The materials considered were silvered and uncoated 125 mm (5 mil)
FEP Teflon, aluminized and uncoated 75mm (3 mil) Kapton and silvered and
uncoated glass tiles. These materials represent flexible second surface mirror
materials, external multilayer blanket insulation material, optical solar
reflectors (OSR) and solar cell coverglasses.

The depositions of the semiconductor oxides onto the substrate materials
were made by reactive magnetron sputtering in a Varian 3120H sputtering system
using planetary fixture. The reactive deposit is accomplished by sputtering
from the indium or indium-tin metal target in a partial pressure oxygen
atmosphere. Magnetron sputtering has been found to be a cooler process as
compared to conventional vapor deposition techniques, This is an important
factor for depositions onto thermally sensitive materials such as Teflon.

Deposition Rate, Thickness

o Best results were obtained by slowing the deposition rate down to about
1A/sec and using an oxygen/argon gas flow ratio of about 1/3 to 1/4. The
combination of the slower deposition and reduced oxygen partial pressure gave
highly transparent films which were uniformly conductive across the 30cm
square sheets of FEP Teflon and Kapton. The low deposition rate in combination
with an in situ RF power applied to the sample holder resulted in an improved
coating oxidation. Because of the relatively low melting temperature of the
indium-tin target only about one percent of the available magnetron power was
used during the deposition. Operation at higher power levels had the tendency
to raise the temperature of the target and increase the probability of melting
the metal target and electrically shorting the magnetron.

The oxygen/argon ratios were evaluated using a constant value for the
oxygen flow rate of about 8cc/min into the chamber which corresponds to a
partial pressure of about 53mN/m2 (0.4m Torr.). Reactively sputtering at
1A/sec, thickness of 200A, 300A, 500A, 800A, 1000A and 5000A were deposited
during different runs with the deposition time being the only variable. All
of the coatings were done with an in situ RF field of about 250 watts applied
to the planetary fixture. 30cm square sheets of FEP Teflon, and Kapton and
12 one inch square tiles of microsheet were mounted onto the planetary during
a typical run. Table 1 shows the relative surface resistance and optical
properties of the ITO coatings as a function of coating thickness and oxygen/
argon relative abundance. There does not appear to be a strong dependence
between surface resistance and coating thickness. However, as the partial

268



pressure of oxygen flowing in the system is reduced, a definite increase in
coating conductivity is observed, implying less oxidation and creation of a
higher concentration of conduction electrons in the film. Furthermore, while
the coating thickness had little effect on coating conductivity, the effect on
the optical properties was more pronounced. Figure 1 shows the effect of the
coating thickness on the spectral response of the transmittance through the

coated microsheet. These values are for the higher resistance coatings in
Table 1.

In addition to the SSM applications of the ITO, two coatings were applied
to solar cell coverglass to evaluate their effect on cell performance. Figure
2a shows the I-V performance curve of the 2cm by 4cm solar cell before and
after deposition of a 300A coating of indium tin oxide. The curves indicate
about a 20% decrease in power at the peak power point. (.109 watt to 0.87
watt) as a result of the coating. The sheet resistance of the conductive
coating was measured to be about 1K« /O . The coverglass was bonded to the
cell with Sylgard 182 and tested in a large area Pulsed Solar Simulation
(LAPSS) facility.

Figure 2b shows the IV performance curves of a typical 2cm by 4cm solar
cell before and after the deposition of a 100A thick ITO coating. The curves
for the 100A ITO coated coverglass indicates about a 2% decrease in power at
the peak point (0.005 watt to 0.113 watts). The transmittance of the 100A
ITO coated coverglass was R = 0.120 and T = 0.868 for an absorptance of 0.01,
an increase of less than 1% over the uncoated coverglass. This represents
a significant reduction with coating thickness. The effect of the coating
observed in both cells was primarily a decrease in the closed circuit current
with Tittle to no effect on the open circuit voltage.

Substrate

A definite dependence of the surface resistance on substrate material is
shown in Table 2 with the harder substrates such as Corning 0211 microsheet
glass having the highest conductive coatings, while the coatings on the FEP
Teflon consistently had a high surface resistance for all of the thicknesses
deposited. The amount of variation observed in the surface resistance of the
indium tin oxide coatings on glass was found to be highly dependent upon the
coating thickness and independent of the oxygen-argon settings. The typical
standard deviations decreased from about 50% of the average value of the 100A
coatings to about 10% for the 500A coatings. In contrast, the standard
deviation in the surface resistance of the ITO coatings on the 75£4m (3 mil)
Kapton was typically greater than 50% of the average value. Unlike the g]ass
substrate, there was no consistent decrease in the variance with the thicker
coatings on the Kapton. The FEP Teflon substrates showed a large variance
in surface resistance in relation to the mean value reported in the Tabie. In
all cases, the standard deviation of measurements across the 30cm samples was
as large as and in some cases up to two times the average of the measured
values.
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I0 vs ITO

Initial indium oxide (I0) coatings were deposited by reactive vapor
deposition and showed significantly higher surface resistances compared to the
ITO coatings deposited by magnetron sputter. They also required post
deposition head treatment to improve the transparency of the deposited films.
The increased oxidation during this post deposition treatment resulted in the
increased transparency as well as, an increased surface resistance. It also
produces the additional undesireable side effect of curling the edges of the
polymer substrates, particularly on the FEP Teflon. Since reactive deposition
of ITO from an indium-tin target was not attempted using resistive heating
techniques, it was not clear whether the magnetron sputtering technique is a
perferred technique or that ITO is a superior performance coating. Therefore,
a similar process development was undertaken to evaluate indium oxide coatings.
The initial coatings were applied in a thickness of 500A using an RF bias on
the sample holder for improved coating oxidation and stability. Transparent
conductive coatings were obtained using only slightly different deposition
parameters (particularly the 02/Ar ratio) than the ITO and required no post
deposition heat treatment.

Because of the relative ease of using DC biasing techniques as compared
to RF biasing, a DC Power source was used in place of the RF source. The
result was that thin conductive transparent indium oxide coatings were depos-
ited on microsheet, Kapton and FEP Teflon substrates with resulting electrical
and optical properties as good as was obtained using the RF bias.

Substrates of glass and FEP Teflon were coated with thin coatings of I0
and ITO in order to compare the two coatings in their optical and electrical
properties in addition to their relative stabilities. The deposition of both
oxides were made in thicknesses between T100A and 300A according to the quartz
crystal monitor (QCM) which was set to their respective densities. Slightly
different argon and oxygen flow rates and partial pressures were used to
deposit the I0 and ITO coatings. Both coatings were deposited using a DC bias
on the sample planetary. It was found that in general, a slightly higher
oxygen flow rate and partial pressure was necessary to deposit coatings of I0
compared to the values required to deposit ITO coatings with similar optical
and electrical properties. Table 3 summarizes the coatings which were made
and their respective surface resistances which were measured immediately after
the deposition.

The surface resistance of I0 and ITO coatings from selective runs defined
in Table 3 were remeasured after about four weeks. Comparison of measurements
on coated samples from run numbers 1, 3, 5, 7, 10, 11, and 13 indicated
similar changes in surface resistances for both I0 and ITO coatings. In the
case of the higher resistance ITO coatings (relative to the other values)
deposited during runs number 1 and 3 resistance decreased by factors of 10
and 2 respectively, while for the other I0 and ITO coatings the second surface
resistance measurements were in general, 2 to 3 times higher. Therefore,
both coatings seem to have comparable short term shelf 1ife stability with
comparable surface resistances for the same coating thickness.
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QUALTIFICATION TESTING

The materials testing discussed in this section cover a wide range of
end-user concerns for application of the I0 and ITO coated polymers and glass
substrates. These include shelf life, humidity, thermal, vacuum, handling,
grounding, ionizing radiation in addition to the performance under electron
irradiation simulating the geosynchronous plasma environment.

Stability

Surface resistance and reflectivity measurements were taken on a group of
I0 and ITO coated samples which had been metalized on the back surface. For
both the indium oxide and indium-tin oxide coatings, the surface resistances
were in the range of 1 to 10kn/o with the 300A coatings having the lower
samples during the month of close evaluation.

Several large 30cm square samples of indium tin oxide and indium oxide
coated Kapton and FEP Teflon which had been prepared early in the program were
inspected and remeasured to determine their shelf Tife surface resistance.

The coated samples came from two sets of depositions conducted in October,
1978 (IT0) and April, 1979 (I0). Surface resistance measurements were made
across the 930cm¢ area of four sheets of the I0 and ITO coated samples and the
range of readings reported in Table 4. The values shows very little change

in the surface resistance of both the I0 and ITO coatings. A1l the materials
had been kept between tissue paper to keep them clean and stored in large
envelopes in open laboratory cabinets.

Humidity and Temperature

Another group of samples containing all six types of substrates and
coatings were suspended over a large container which was partially filled
with water. The container was then covered and placed in an oven which was
maintained at a temperature of about 40°C. The reflectivity of the samples
were measured after 3 days and are shown in Table 5. Additional measurements
were not possible because of peeling of silvered backing on the glass and FEP
samples. Surface resistance measurements on two sets of samples used in the
humidity/temperature test are shown in Figure 4. The behavior of the coating
surface resistance as a result of the higher temperature and humidity was
found to be very dependent upon coating thickness and independent of the
substrate. The curves indicate a large increase in the 100A coating compared
to a high stability in the 200A and 300A thicknesses. The ITO exhibited
larger variations than the I0 coatings at the lower thickness. However, the
variation in surface resistance during the two to three week exposure of all
the coatings remained well within the allowable range for charge control
surface properties.

Handling
A series of handling tests were performed on a 200A thick I0 coated

aluminized Kapton film. The tests were done to simulate several of the
operations which the blanket material might experience during a typical
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fabrication operation. A 30cm x 30cm sample was cut up into 2.5cm x 10cm
strips for the purpose of this test. The magnetron sputtered coating had a
surface resistance of about 2Ka/@d . The results are shown in Table 6. The
following discussion describes each test.

Crease Test - The strip was bent +180° with the I0 coated side out. The
crease was completed by pressing the bend together between the fingertips.

The surface resistance was measured before and after the bend. A second strip
was then creased in a -180° bend.

Tape Test - A 1.25cm wide Scotch Brand utility tape from 3M was pressed across
the 2.5cm wide coated sample strip and removed. The surface resistance across
the area was measured before and after the test. The tape was applied a
second time and remeasured.

Rub Test - A 2.5cm wide strip of coated Kapton film was first rubbed with a
dry Q-tip for about 10 seconds. A second test was performed with a wet Q-tip
soaked in isopropyl alcohol.

Roll Test - A 2.5cm wide strip of coated Kapton was stretched with the coated
side facing out over a 0.8cm diameter dowel with 180gm mass attached to the
other side for tension. The strip was then slid over the dowel several times
and the surface resistance measured periodically.

Thermal Cycle - A 2.5cm wide strip was alternately placed in a dewar of liquid
nitrogen and removed and brought back to room temperature. The room temper-
ature resistance of the coating was recorded after each LN2 cycle.

Ionizing Radiation

The effect of ionizing radiation on the I0 and ITO coatings were evaluated
by placing 5cm wide strips of coated Kapton and FEP Teflon in a Gamma Cell
model 220. The Cobalt 60 radiation source provided 1.7 and 1.33MeV photons at
a flux of about 4.5Krads/min. Because of the ionizing effect of the radiation
on air, the test was performed with the samples in a nitrogen gas purged cell.
The radiation exposure was performed in 100 hour increments with visual
inspection and surface resistance measurements between each increment. The
samples were suspended between ends of an 8 inch diameter by 10 inch long
cylindrical test cell and removed for each resistance measurement. Since FEP
Teflon becomes brittle under this exposure, the surface resistance was
measured in situ across the two ends through a piece of 1.25c¢m wide 3M con-
ductive copper tape bonded to each end. Table 7 summarizes the coating
performance after 700 hours of exposure. As seen from the data, the I0 and
ITO are stable under the ionizing radiation exposure.

Electron Irradiation

The characteristics of the larger uncoated and coated thermal control
materials were tested in GE's large ESD test facility. The primary feature
of this 1.3m diameter by 2.1m long vacuum test facility shown in Figure 5, is
its dual beam electron flood gun capability. Each gun is capable of
simultaneous irradiation of test specimens mounted at the opposite end of the
chamber with electron energies_from 0.5KeV up to 40KeV and at current
densities in excess of 10nA/cm? or as low as desired. The vacuum test facility
uses a combination of cryogenics and turbomglecular pumping to achieve a
nominal operating vacuum in the low 10-4N/mZ (high 10-7 Torr) range.
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The interior of the system is shrouded with a high permeability foil for
reduced interference from external magnetic fields. The vacuum is monitored
with an ion gauge which is turned off during measurements to prevent photo
emission effects from the gauge filament. A viewing port on the side of
chamber which is normally covered is used for sample viewing and photographic
recording of any ESD phenomenon.

A11 test samples and diagnostics are mounted on the "swing away" door of
the vacuum chamber. The platform for the samples and all diagnostics is a
91cm by 91cm grounded aluminum panel mounted on the inside of the chamber door.
This allows for easy access to samples requiring complicated handling
techniques. The 91cm square platform allows for simultaneous measurement of
the performance of up to four 30cm square samples.

The diagnostics system was assembled to measure the charge control
characteristics of flat 30cm square samples of conductively coated polymer
films., The 30cm (1 foot) square samples are mounted to aluminum plates
which are electrically isolated from the mounting table with Teflon spacers.

A square aluminum ring is placed around the perimeter of the sample exposing
a 29cm square. This electrode holds the sample in place and is used to meas-
ure any surface currents. A schematic of the sample configuration is shown

in Figure 6. Keithley 410 picoammeters are connected between the back plate
and surface ring and ground to measure displacement and surface currents. The
schematic also shows the rotary arm whose axis is at the center of 91cm table.
A Faraday cup mounted to a moveable carriage on the arm is used for measuring
the current density across the sample. A Trek electrostatic surface volt-
meter probe is also mounted on the rotary arm carriage for measuring surface
potentials up to 20KV anywhere on the surface.

To provide a data base line for comparison with coated materials two
30cm (12") square uncoated sheets of 5 mil FEP Teflon and 3 mil Kapton were
tested simultaneously under electron irradiation. The two samples were
tested_in an electron beam up to 16KeV at an average current density of about
2nA/cmé,. Table 8 shows the surface and bulk currents and surface potentials
as a function of incident electron energy. Surface discharges became so

frequent at this current density above 16KeV that no additional measurements
were made.

The surface potential of both materials rises nearly linearly with
incident electron energy. The bulk currents of both materials increased
significantly with respect to the surface current at the incident energies
above 8KeV with the largest increases in the thinner Kapton. The discharge
rates were not recorded for these measurements.

Another series of exposures of these two uncoated samples were made using
both electron guns to show the charging control influence of the lower energy
electrons. Each surface was irradiated for several minutes before steady
state current readings and surface potential profiles were recorded. Table 9
summarizes these steady state measurements.

The variation of surface potential with incident electron energy or combin-
ation of energies shows the controlling influence of the lower energy
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electrons when they are allowed to predominate. Not shown here is the Tong
time constant and relative intensities required of the lower energy electrons
to effectively discharge a precharged surface, particularly at the higher
voltages.

In constrast to these currents and surface voltages 200A thick ITO
coatings on 30cm squares of 75pm Kapton and 125um FEP Teflon were tested under
similar conditions of energy and density. The surface resistance of both
samples were measured before mounting and were in good a$reement with the ]
values reported in Table 2. Table 10 summarizes the surface and conduction
currents through the ITO coated materials. A change of direction in the bulk

current was observed in the thin Kapton between 1 and 2KV due to the materials
secondary emission variation over this voltage range. It should be noted that
this reversal was not observed in the uncoated materials.

Similar measurements were recorded on 100A and 200A I0 coatings with
similar results. Following stabilization of the currents the Trek probe was
swept across the samples while the beam was on. Before and after each sweep
the probe calibration was checked over a grounded plate. No significant sur-
face potentials were recorded 1in any of the measurements on any of the
coated materials. Typically surface potentials of the coated polymers were
below -10V during radiation and returned to zero when the beam was turned off.

GROUNDING

A 30cm X 30cr: sheet of I0 coated aluminized SQAm thick Karton was used in
the assembly of a conventional multilayer insulation (MLI) blanket to evaluate
the utility of conventional blanket grounding techniques. The indium oxide
coated Kapton had a surface resistance of about 2Ka./o across the transparent
coating. The MLI covered with the transparent conductively coated aluminumized
Kapton consisted of about 20 layers of alternating doubly aluminized 6xm (0.25
mil) thich mylar and dacron mesh.

The whole assembly was grounded with a Z shaped aluminum foil, which was
laid in contact with each aluminized surfaceg on one edge of the blanket as
shown in Figure 7a. The top flap of the Z foil aluminum strip was placed in
contact with the indium oxide coating. At the bottom flap of the Z foil a
strip of conductive metal velcro was attached. The whole assembly was then
sewn together with a dacron thread. The grounding Z foil was about 5cm (2")
in width. A similar Z foil was sewn on the same side but opposite corner of
the blanket in order to facilitate hanging the blanket for subsequent ESD
testing. This second Z foil used a standard cloth type velcro rather than the
conductive hook used for ground. The strip of conductive metal velcro was
attached to the top of the test sample holder shown in Figure 7b. The velcro
was attached to the aluminum plate using Eccobond 57C and the blanket was
suspended from the velcro strip. The surface ring with teflon tape on the
back side to isolate it from the I0 coating was placed over the blanket to
prevent irradiation of the exposed blanket edges. The back plate sample
holder and masking ring was then connected to ground through Keithley 410A
picoammeters. In this configuration the resistance of the I0 coating to
ground was measured to be within 50K.a to 75K.a. from anywhere on the top of
the blanket.
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The blanket assembly was then tested _in an electron plasma with an
average current density of about O.5nA/cm2. The electron energy was varied
between 1KeV and 20KeV and the bleed off current from the I0 coating to
ground was recorded for several minutes at each energy level. The total
bleed off current through the ground connection was approximately 0.3pA.
The Trek electrostatic voltmeter probe was swept across the center of each
sample after about 5 minutes of irradiation at each energy level while the
electron plasma was still on. No surface potential above 10 volts was
observed.

Two OSR arrays of uncoated and I0 coated SSM tiles were tested in a
30cm X 30cm array to evaluate the scaled up grounding technique for the
coated tiles.

These coated tiles were bonded to a 30cm square 1mm thick alodyned
aluminum panel using RTV 566 and 567 loaded with 12% graphite fiber to
provide a ground for the I0 coating as shown in Figure 8a. A diluted SS
4155 primer was applied to both the aluminum and silvered microsheet OSR
surface as is the usual procedure to improve the bonding strength. The
average resistance between the top of the coated OSR and the aluminum
panel was measured for all 144 tiles to the 44K with a maximum and
minimum values of 410K a.and 140.a.. The tiles were bonded to the
aluminum panel using standard vacuum bagging techniques for a uniform
pressure application. The 12 by 12 array of I0 coated and silvered 0211
glass tiles were mounted in the ESD facility along with a 12 by 12 array
of uncoated silvered 0211 galss. The uncoated array was also bonded to
an aluminum panel with graphite fiber loaded RTV 566 adhesive. Figure 8b
shows the placement of the two OSR panels in the chamber. An aluminum
ring insulated on the back was placed over the samples for holding them
in contact with the back plate used to measure the ground current. The
surface ring was also attached to ground. One row of glass tiles along
an edge of the uncoated array was unsilvered in order to evaluate the
possible effect of any discharges or current through the glass on the bond
with the conductive adhesive.

The samples were irradiated simultaneously by electrons between 1KeV
and 16KeV at current densities of about 1nA/cm¢. Higher energies were not
used due to incidence of violent discharge on the uncoated sample. Table
11 summarizes the measured currents and maximum surface potential from the
two samples. The measured surface potential on the uncoated array during
the 16KeV irradiation is lower than that measureed during the 12KeV
irradiation, due to the large fluctuations in the surface potentials
occurring during the larger discharges. The notation on the uncoated
ground currents illustrate the increasing discharges both in magnitude and
frequency with increasing electron energy. The surface potential on the
array of 10 coated OSR's never exceeded 10 volts negative.

CONCLUSIONS

Highly stable, low resistance, low absorptance thin coatings of indium-tin
oxide and indium oxide have been successfully and repeatedly deposited on
flexible and glass thermal control spacecraft materials. Reactive magnetron
sputtering from a metal alloy target has been shown to provide very
repeatable depositions. The results show that optimum transmission and
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solar reflectance and performance in a radiation environment can be
obtained only by minimizing the coating thickness. The optimal thick-
ness for a particular application must be determined by balancing the
deposition capability and handling characteristics with a resistivity
and solar abosrptivity stability sufficient to achieve charge control.

Storage, handling and environmental testing indicate that 200A
coatings can be reproducibly deposited and provide highly stable semi-
conducting properties with solar absorptances of less than two percent
The coatings applied to glass, FEP Teflon and Kapton substrates can be
tailored to the Tow kilohm/square range. Because of the nature of the
sputtering process, particularly for non-dedicated systems, exact values
of the process variables cannot be specified. However, the general
dependence between the process variables and coating pronerties have
been established.

A11 radiation measurements of the coatings under simulated sub-
storm conditions have exhibited the characteristics of stable charge
control. Measurements of surface potentials during and after irradiation
by electrons up to 30KeV and ionizing gamma radiation show an effective
stable grounding surface.
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TABLE 1.

COMPARISON OF COATING THICKNESS AND 02 RELATED PRESSURE

DEPOSITION OXYGEN/ARGON FLOW RATE
THICKNESS
o 8/24 8/28
(a) SURF SURF,
R ! A IRrEs. k) R T | A | RES.(Kn)
200 .14 .82 .04 530 .12 .87 .01 9.1
300 .17 .78 .05 1900 .18 .80 .02 6.4
500 .17 .77 .06 127 .17 .76 .07 2.1
800 .17 .77 .06 5600 .15 .76 .09 1.3
1000 .15 77 .08 735 .15 .77 .08 4.0
5000 .13 .71 .16 70 .14 .71 .15 11.2

Table 2 Average Surface Resistance of ITO Coated Stbstrates

Oxygen: Argon Flow Ratio = 1:35 Oxygen: Argon Flow Ratio = j.4
Thickness

o
{A) Glass Kapton FEP Teflon Glass Kapton FEP Tefloa
100 L 1330 207 x 103 8.7 292 14.3 2 103
59 2960 106 11.0 1 8.8 x 103
200 8.5 $32 13 x 103 1.1 10 6.7 x 103
6.4 492 7.8 x 103 1.5 31 10.8 x 103
2.1 340 12.7 x 10°
300 1.22 134 3.3 x 103 1.2 2 3.1 x 103
0.8 304 2.23 x 103 1.0 299 2.9 x 103
500 1.53 633 4.8 x 107 0.54 8.0 S.4 x 103
1.47 88 6.1 x 10° 0.72 5.0 1.5 x 103

-
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TABLE 3.

I0 AND ITO COMPARISON

SIZE THICKNESS SURFACE
RUN # SUBSTRATE (cm x cm) 4) COATING RESISTANCE (5.)
1 Glass 2.5x 2.5 1004 170 140 K
FEP Teflon 2.5x5 1004 ITO 9 Meg
2 FEP Teflon 15 x 15 1008 1TO 500 K - 5 Meg
3 Glass 2.5 x 2.5 200X 1TO 20 K - 100 K
FEP Teflon 2.5x5 2004 1TO 30 K - 40 K
4 FEP Teflon 15 x 15 2005 110 20 K - 80 K
5 Glass 2.5 x 2.5 3004 1TO 3 - 3.5K
FEP Teflon 2.5x5 3004 1TO 5K
6 FEP Teflon 15 x 15 3008 1TO 3-10K
7 Glass 2.5 x 2.5 100X I0 12 - 18 K
FEP Teflon 2.5x 5 1004 10 65 - 140 K
8 Glass 2.5 x 2.5 100X 10 14 K
FEP Teflon 2.5x 5 1004 10 80 K
9 FEP Teflon 15 x 15 1004 10 35 K - 85 K
10 Glass 2.5 x 2.5 200} 10 4 -6 K
FEP Teflon 2.5%x 5 2004 10 6 - 10 K
FEP Teflon 15 x 15 2004 10 8 - 16 K
11 Glass 2.5 x 2.5 3004 10 1.2 K
FEP Teflon 2.5x5 300A 10 1.5 K
12 FEP Teflon 15 x 15 3004 10 .9 -1.5K
13 Glass 2.5 x 2.5 500& 10 .5 - .7K
FEP Teflon 2.5x5 5004 10 4o~ 5K
14 FEP Teflon 2.5x 5 5004 I0 4= JTK
TABLE 4. LONG TERM ITO AND IO COATING STABILITY
SUBSTRAT | COATING THICKNESS | INITIAL Rs SHELF LIFE | SURFACE RESISTANCE
(A) (Kn) (Months) (Kn)
KAPTON ITO 100 10 22 10-50
200 20 22 20-490
KAPTON 10 100 15 16 3-5
100 8 16 3-8
FEP TEFLON | 1ITO 100 1.4 x 10 23 3x 10% - 2 x 108
200 1.2 x 10% 23 1-2x10°
F&P TEFLON 10 100 2 -50x 104 17 7 x 104 - 30 x 104
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TABLE 5. COATING STABILITY UNDER HUMIDITY TEST
REFLECTIVITY
Coatirg 3 Pays of
Coating Substrate Thickness (ﬁ) Initial Humidity
170 Glass/Ag 0 0.92 -
100 0.90 0.88
200 0.88 -
300 0.&¢ 0.84
FEP/Ag 0 0.86
100 0.85 0.85
200 0.82 -
300 0.80 0.82
Kapton/Al 0 0.37
100 0.37
200 -
300 0.35
Io Glass/Ag 0 0.92 -
100 0.86 0.85
200 0.84 -
300 0.81 0.79
FEP/Ag 0 0.86 -
100 0.8 0.82
200 0.78 -
300 0.76 0.76
Kapton/Al 0 0.37
100 0.37
200 3.34
300 0.29

TABLE 6. I0 COATING HANDLING TESTS

TEST PRE TEST RESISTANCE POST TEST RESISTANCE

(Ka) (Kxn)

CREASE +180° 3 1.5 x 10°
CREASE -180° 5 330
TAPE 1st 2 4
TAPE 2nd 4 6
RUB-DRY 2 9
RUB 1st WET 3 22
RUB 2nd WET 70
ROLL 3 2.5 3.0
10 - 3.2
20 - 3.8
THERMAL CYCLE 1 3 3
2 - 3
3 - 3
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TABLE 7. [IONIZING PHOTOﬁ*EXPOSURE

EXPOSURE 10/KAPTON I1TO/KAPTON ITO/FEP

(107RAD) (k) (k) (K<)
0 0.62 5.16 625
2.7 0.53 1.68 340
5.4 0.48 1.47 2400
8.1 0.45 1.18 4500

10.7 0.51 2.22 2100

13.4 0.50 1.32 3200

16.1 0.50- 1.18

18.7 0.47 1.39

® Cobalt bo-&

TABLE 8 UNCOATED FLEXIBLE SUBSTRATE PERFORMANCE UNDER
MONOENERGETIC IRRADIATION

TEFLON (5 MIL) KAPTON (3 MIL)
ot | comenr | cumen AT comen | comeens R T A
(rv) (nA) (n4) (v) (v) (nA) nA V) (v)
1 a3 3 0 -1 23 95 -17 -39
2 68 135 -42 -154 30 244 -775 -998
3 18 88 -900 -1140 28 170 1450 -192
4 14 92 -1738 -2065 22 157 L 2400 -2925
5 15 110 -- -3090 24 175 | 3300 - 4020
6 14 96 - 3550 -4000 2 155 4200 -4960
7 n 100 -4380 -4870 22 152 4800 -5730
8 15 99 -4850 -5730 38 152 5270 - 6500
10 28 105 -6570 -7800 80 148 6950 -8420
12 a8 102 -7780 - 9240 140 143 7560 -9390
14 a8 105 -9300 | -10980 167 145 8230 - 9840
16 59 100 -10970 | -12480 200 142 8790 ~10770
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TABLE 9 UNCOATED FLEXIBLE SUBSTRATE PERFORMANCE UNDER MULTIPLE

ENERGY TRRADIATION
P T ON/Ag KAPLON/A)
Yace Line I /1 Ys I Lo/ 1y v.
RUN A GUN (W) (nA7cal) (nA) ) (nA) v)
! 1 1 0.8 6.0 0.42 -6 24.5 | 0.5 -2
2 2 Ik 0.8 15 .1 -6 .0 | o -0
A 2 2 0.8 5.2 a.) -324 170 | -914
3 ! 2Ky 0.8 3.1 4.0 -377 1.2 | 015 -976
a [ 2KV
1.9 15.8 1.0 -10 88 0.44 -176
| 2 v
5 1 3KV
1.9 17.0 1.4 -4 92 0.38 -249
L2 | w
6 1 3KV 0.8 2.3 5.9 -1486 59 | 1.8 -1950
7 1 Wy
2.6 28.2 0.9 -1478 45.5 | 0.38 -1916
2 13}
8 1 3KV 0.8 1.9 5.4 -1478 a8 | 2. -191
9 1 3KV
1.5 5.8 6.2 -759 185 | 1.6 -1080
2 2Ky
10 1 1 0.8 3.5 0.6 -6 7.4 0.16 -8
n 2 1 0.8 6.5 0.94 -8 4 0.17 -9
12 1 2 0.8 3.3 4.2 -485 " 0.51 | -866
1 2
13 1.4 13.4 0.85 -9 69 0.36 -85
2 1 .
1 4
14 1.4 15 1.1 -12 ” 0.37 | -130
2 1
1 5
15 1.5 17.5 1.2 =117 90 0.47 -136
2 1
16 1 4 0.8 3.5 1.9 -2610 a 0.23 |-2868
7 1 5 0.8 4.3 3.4 -3521 a0 0.23 |-3742
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TABLE 10 SUMMARY OF CURRENT MEASUREMENT ON ITO COATED KAPTON AND FEP

TEFLON FLIMS
ITO/Kapton (75 um) |ITO/FEP Teflon (12.5 um)
Vzi?:ge Surface Bulk Surf-;"c; . T_ .-l;ulk |
Current Current Current Current
(kV) (na) (nA) (na) (na)
1 720 ~-75 28 32
2 230 52 36 25
3 270 48 40 18
4 800 37 55 13.5
5 1200 29 84 10
7.5 1500 26 110 7.6
10 1600 25 125 7.3
15 1650 24 150 7.8
20 1700 24.5 170 8.8
30 1800 26 210 10.5

TABLE 11 PERFORMANCE CHARACTERISTICS OF 12" X 12" OSR ARRAY

ACCELERATING INCIDENT UNCOATED COATED  (200A 10)

POTENTIAL FLUX, GROUND CURRENT | SURFACE POTENTIAL GROUND CURRENT | SURFACE POTENTIAL
(kv) (nA/cm®) (nR) v) (nA) (v)
1 1.3 27 -30 89 -15
2 0.9 52 -35 187 -10
3 1.1 355 -280 249 -15
4 1.0 305 -950 240 -10
3 1.3 360 2425 330 -10
8 1.2 395 -4000 375 -10
10 1.0 335" -6050 360 -10
12 11 370" -7750 420 -10
16 1.3 560ttt -6500 460 -10

*10 DISCHARGES/90 SEC  (4:10-40nA; 6: 40-50nA)
** 9 DISCHARGES/90 SEC  (5:10-50nA; 4: 50-100nA)
*+27 DISCHARGES/90 SEC  (21: 10-50nA; §: 50-100nA, 1: 100-2000A)
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Figure 5. - Sample configuration in test chamber.
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CHARGING CHARACTERISTICS OF SILICA FABRICS*

Léon Levy and Alain Paillous
O.N.E.R.A.—Centre d’Etudes et de Recherches de
Toulouse (France) ‘

SUMMARY

The charge dissipation mechanism of silica fabrics and FEP/
silica fabric/Aluminum composites has been studied by means of
various sample configurations that have been tested under mono-
energetic electron beams at energies between 5 and 20 keV. Groun-
ding of the aluminum rear face of the composite is necessary in
order to ensure a good electrostatic performance. The surface
potentials are dependent on the flux rate in the range 10 pA cm”
to 3 nA cm~? they are the highest at the lowest flux rate.
Strong discharges have been evidenced at 20 keV. They do not occur
under 15 keV electrons. A substantial decrease in the surface
potential of the sample is observed every time that an irradiation
by low energy electrons (2 to 4 keV) is performed simultameously
with the irradiation by medium-energy electrons (10 to 20 keV).
Silica fabrics and composites are very sensitive to contamination
or contamination-plus-irradiation effects.

2

INTRODUCTION

Silica fabrics have been proposed for use as passive thermal
control coatings that do not support charge build up under elec-
tron bombardment at energies to at least 30 keV with associated
current densities in excess of 30 nA cm™® (ref., 1).

This excellent behaviour under simulated substorm conditions,
has been explained (ref. 2) by a secondary emission conductivity
where secondary electrons produced by the primary electron beam
are thought to be a cloud of free charges in the voids between the
silica fibers within the dielectric material. If that is the case,
the charging performance of the quartz fabric ought to be good
only if this fabric is directly connected by its back face to a
grounded metal plate.

A composite obtained by laminating at 280°C the quartz fabric
with a FEP film and an aluminum foil, has been proposed for use
aboard spacecraft, because bonding of the aluminised rear face of

*This work has been supported by the U.S. Air Force Materials Lab-
oratory under grants AFOSR 78-3704 and AFOSR 80-0183.
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this laminate to the spacecraft structure by means of an adhesive
eliminates the problems of adhesive migration and contamination
through the fabric (ref, 1).

This composite was said (ref. 3) to have also a good behaviour
under electron bombardment (moderate surface potentials, no sudden
discharge) in spite of the dielectric nature of the FEP film,

It was decided to verify such a behaviour,

Various comparative tests under electron irradiation (in the
range of energy 2-20 keV) were performed in order to evaluate the
charging performance of diverse configurations all including silica
fabrics with or without electrical grounding. Some experiments
were also carried out in order to explain the conductivity mecha- .
nism of silica fabrics and related composites. Moreover some tests
were performed in order to gather data concerning the contamina-
tion effect on the charge control performance and a dual electron
beam was used so as to assess the experimental validity of results
drawn from simulation procedures using a monoenergetic electron
beam.

The results of the experiments (that are fully described in
ref. 4,5,6) are summarized hereunder.

MATERTIALS

The silica fabric was furnished by AFML/MBE; this material is
the 581 Astroquartz lot 98269 heat cleaned at 800°C for 3 hours in
air,

The composites were also provided by AFML/MBE: the 581 Astro-
quartz lot 98369 was heat cleaned in air at 800°C for 3 hours and
then laminated at 280°C to an aluminum foil with I mil type A FEP
Teflon film, Two series of composite specimen that differed by the
thickness of the aluminum foil (0,5 mil and 1 mil) were used
successively,.

THE FACILITY

Figure 1 is a schematic view of the '"CEDRE" (Chambre pour
1'Etude des Revétements sous Electrons) facility used to assess
the electrostatic behaviour of dielectric coatings in simulated
geosynchronous substorm environment.

Turbomolecular pumping units allow the chamber and the elec~
tron gun to be operated at pressure levels less than 5 107° Torr.
The main electron accelerator (SAMES manufacturer) works in the
range 4 to 25 keV with fluxes up to 10 nA cm-2? at the sample level,
An aluminum foil 1,2 pum thick is used in order to scatter the elec-
trons and to obtain a good irradiation uniformity at the sample,
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The sample holder is made up of four plates (200 by 200 mm)
each maintained at a constant temperature by a circulating fluid.
This holder is sustained by a rotating shaft allowing the present-
ation of any of the four plates in front of the energetic elec-
tron beam. In normal conditions, two faces can receive specimens
the two others being used as Faraday cup holder and surface poten-
tial measurement calibration system. The irradiated area is res-
tricted at the sample level by use of collimating openings, if it
is wished.

The surface potential of specimens is measured by a poten-
tial probe (capacitive sensor) moved by a mechanical scanner. A
potentiometric system allows the recording on a X-Y plotter of
the surface potential profile of the electrically charged coating
after that the sample holder has been rotated.

The secondary electrons emitted by the irradiated sample can
be measured toghether with the backscattered electrons by means of
a hemicylindrical electrode | surrounding the irradiated area and
collecting the current ISec (see Figure 1).

The fixation system of the sample enables to measure the
surface leakage current I on a circular ring 3 lying on the
sample surface but out ofs%ﬁg irradiated area. A circular guard
ring 5 , electrically insulated from the ring 3 by a 125 micro-
meter thick FEP film, covers the whole ring 3 and enables to mea-
sure the current I . In case of measurements using electrodes
3 and 5, the samplg under irradiation is grounded by its peri-
phery ; however it is possible to disconnect from the ground the
rings 3 and 5 in order to provide a grounding of the sample only
by its back face. The specimen is fixed on a metallic plate
which is grounded by means of a nanoammeter giving the sum of the

volume leakage current plus the capacitor current I = IL + IC.
1 , 3 and 5 are also grounded by means of other nanoammeters.

All the currents are simultaneously recorded.

Two immovable Faraday cups 4 are used to monitor continuously
the electron flux rate during irradiation.

Under certain circumstances, the current (I,) on a metallic
plate 6, next the sample but set back from the sample surface,
must be measured also.

A second gun enables to irradiate the samples with electrons

in the range 2-5 keV., However the implantation of this gun neces-
sitates the removal of the hemicylindrical measurement electrode.

SECONDARY EMISSION, VOLUME LEAKAGE CURRENT, SURFACE LEAKAGE
CURRENT AND POTENTIALS

Secondary emission, volume leakage current and surface
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leakage current are the three means by which electrons are likely
to escape from a dielectric irradiated by low energy electrons.
The knowledge of their relative importance could help to give the
best rules of conductin order to lower the surface potential value
and to suppress the arcing risks.

Accordingly, it was decided to evaluate the secondary emission,
the volume and surface leakage currents for various sample config-
urations using silica fabrics and silica fabric/FEP/Aluminum compo-
sites.

Sample configurations

The fixture means and the various electrodes for measurements have
been described above. Five samples were used: a) one layer of the
quartz fabric in direct contact with the grounded sample holder,
b) three layers of the quartz fabric in direct contact with the
grounded holder, c) one layer of the quartz fabric insulated from
the grounded holder by a FEP film (125 um thick), d) one layer of
the composite (rear aluminum layer in direct contact with the
grounded holder), e) one layer of the composite insulated from the
grounded holder by a FEP film,.

Procedure

In a first phase, the various samples have been irradiated
at one selected beam energy for about 18 minutes with their peri-
phery grounded by the metallic ring as described above. During
this period, after fixed times of irradiation (0.5, 1, 2, 5, 10,
18 minutes) the irradiation was stopped and the potential measu-
red. Immediately after this period, without sample discharging,
the metallic ring was disconnected from ground for about 10 minu-
tes while the beam conditions were set at the same value. Then
an other potential measurement was done.

Four energy levels of the electron beam were used successiv-
ely: 5, 10, 15, 20 keV with respective intensities 1.25, 0,7, 0,5
and 0.5 nA cm—2, At the end of each irradiation stage and before
starting the next, the samples were totally discharged by irra-
diation with low energy electrons (3 to 5 keV).

Variation with time

a) For a 5 keV electron beam and for all sample types and conf-
igurations, the surface potential value is recorded equal (or very
near) to zero. All incident electrons are reemitted as secondaries
(assuming that the current I_collected on the guard ring is in
its nature identical with I_® collected by the hemicylindrical
electrode). The sample—to-hgiﬁer current I as well as the leakage

current I are very near to zero.
surf
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The electrostatic behaviour here is very independent of the
manner the sample is fixed. The interaction of the beam with the
quartz fabric seems to take place at the very surface and the
direct secondary emission is the only discharging process,

b) At 10, 15 and 20 keV beam energies, two general behaviours

can be differentiated, The first one (behaviour "A") corresponds
with the usual behaviour of dielectrics under electron beam when
their rear face is in contact with a grounded holder. In such a
case, an increase in the surface potential with irradiation time
is noted simultaneously with a decrease in the sample-to-holder
current I, I is the sum of the charging current I_ (related to

the dielectric capacity C by the expression I, = CdVS/dt), and the
leakage current I_., through the insulator (whdése value increases
with the surface potential VS). '

The second type ("B") corresponds with a non-monotonic poten-
tial variation, increasing for the first few minutes of irradia-
tion, then decreasing to a steady~state, with a leakage current I
generally increasing at the same time.

This behaviour "B" was observed much more generally. Associa-
ted with the peak value of the surface potential, a maximum in
the secondary electron emission is noted on the 1 records as
well as on the I_ records. The electric field at the surface is
guessed to deterfine this secondary emission because it is acting
as an extracting field.

An increase in the value of the sample-to-holder current I
is generally observed with time. At steady-state, this current 1is
a leakage current.An example of this behaviour is given in fig-
ure 2 for the one layer quartz fabric sample not insulated by FEP
at 15 keV., In the three layers configuration of the silica fabric
in the same beam conditions, it seems that the leakage current is
not existing at first and that the behaviour is rather of type "A";
then after a certain threshold of the electric field inside the
material has been exceeded, the leakage current arises contribut-
ing to discharge the sample. This threshold is not in evidence
for all sample configurations : it could happen very soon after
beginning of irradiation in the case of a single layer directly
grounded (Figure 2) owing to a smaller thickness with regard to
the electron penetration depth. This is corroborated by the fact
that at 10 keV, the three layers sample of silica fabric shows
only the behaviour "A" when the one layer sample shows the beha-
viour "B" : the rather large thickness in this 3 layers configura-
tion enables to conclude that the back layers of silica fabric are
acting as an insulator.

Besides this case, the behaviour A has been noted only at
10 and 15 keV, for the composite insulated by a FEP film.
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TABLE 1 - SURFACE POTENTIAL MEASUREMENTS (INVOLTS) AT STEADY-STATE

CONFIGURATTIONS
GROUNDING BE AM
FABRIC FABRIC FABRIC COMPOSITE
CONDITIONS ENERGY 1 3 OVER COMPOSITE
LAYER LAYERS FEP OVER FEP
vith 5 keV <10 <10 < 10 < 10 < 10
grounded
peripheric 10 keV 260 660 450 480 610
ring at the (%) (%)
surface 15 keV 1320 2000 2230 2210 1485
20 keV 5800 (%) 6100 7425 (%) 5350 (%) 4125
5 keV <10 < 10 < 10 <10 < 10
peripheric
ring not 10 keV 230 700 770 440 775
grounded (%) (%)
15 keV 1452 1900 2230 2200 1402
20 keV 5500 ") 6100 7100211) 5530 4000

Note: the

(*) discharges

(**) not equilibrium conditions

samples had never been irradiated before the experiment starting




The leakage current I, observed for the quartz fabric is
probably originating from the existence of secondary electrons
acting as free charges in the voids between fibers and creating
conducting paths through the fabric cross section (ref. 2).

Values at steady state

Table | reports the surface potential V_ as a function of
the beam energy E . The general trend that i8 observed is an
increase in the pbtential value when the beam energy is increased.
Identical values of V_ are obtained, in given beam conditions,
whether the sample sutface is grounded at its periphery or not.

In Figures 4 to 8, the results at steady state are shown in
a diagrammatic presentation that allows to visualize the relative
importance of the various current components measured as defined
earlier. Each current component

is representated by a vector

Lec the modulus of which is equal to
(secondary electron the direct ratio of this current
emission) to the sum I of all the currents.
collected on the
hemicyli } I : I + I + 1 + I + I
Ig mmcﬂgggﬁie sec surf g H
tollected on the guard ri The I, value was not measured

for all the configurations. It
has been used where available, (x)

The vector orientation allows
to discriminate the various
current components as sketched
in Fig. 3

lsample to holder)

Fig. 3 Diagrammatic presentation
of measured currents

Secondary emission current (Is ), as already said, is the
only important discharging mechanism at 5 keV, It decreases when
the energy is increased in the 5 to 20 keV range, where the other
currents are detected, namely the sample-to-holder current I,
and the surface current, I .

surf

I takes a minor importance as a discharge mechanism

sur . s . . .
except 1n the following cases: silica fabric or composite insula-
ted by FEP, and three fabric layers in contact with the grounded
holder. In these three cases, the surface seems to be the less
resistive path to ground, compared to the volume. This is noticed

(#) In figures 4 to 8 a dotted vector denotes that the I, compo-
nent was not measured.
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particularly in figure 6 where the grounding of the peripheric

ring cancells out the current I,This is also in evidence in fig-
ures 5 and 8 where the same grounding induces only a reduction of
I. In the case of the samples insulated by FEP (figures 6 and 8),
care must be taken not to identify the just above mentioned I cur-
rent with a leakage current. In the latter case, the I current

that was recorded was probably due to a mechanism different from
the secondary emission conductivity: it may be a field emission at
the specimen edge as suggested by the very noisy records of I that
were obtained. In all other cases, the I current can be identified
as a leakage current involving a secondary emission conductivity.
As such, this leakage current appears to be the most important dis-
charging mechanism at energies greater than 5 keV, This is in
evidence in figures 4 and 7 for the 15 keV and 20 keV energy beams.

Discharges

As a general statement, whenever sudden discharging of the
irradiated sample was observed, pulses were recorded on the various
currents. A sudden decrease in the sample-to-holder current I was
always correlated to a sudden increase in the I current. This
means that electrons emitted from the sample weté collected by the
hemicylindrical collecting electrode. Other currents showed almost
always correlated pulses the polarity of which was not always the
same. Their intensity depended on the sample nature as well as the
beam conditions. Some very large variations in I were probably due
to the total discharging of the sample surface. Others were proba-
bly corresponding to rather small local discharges,

All the sample configurations we tested exhibited a trend
towards strong discharges at the 20 keV energy for which very
strong pulses occuring at a very high rate were observed with the
samples insulated by the FEP film. The samples grounded by their
back face (direct contact with the sample holder) showed less pro-
nounced discharges. The grounding of a ring put on the surface did
not decrease appreciably the discharge risk.

At 15 keV numerous small current pulses were observed for
the composite as well as for the quartz fabric whenever they were
insulated by a FEP film. When the rear face of the composite or
quartz fabric was in direct contact with the grounded holder, there
was neither arcing nor tendency to arcing.

At 10 and 5 keV, discharges did not occur whatever configur-
ation was.

From the various data that were gathered, it seems very dif-
ficult to localize the breakdown areas of the various configura-
tions tested. The geometrical disposition of the sample holder,
the rings as well as the actual sample configuration could be
of first importance in the initiation of discharges. Several
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competiting mechanisms were obvious for some of the samples we
tested.

Remarks

The behaviour of the composite under an electron beam simu-
lating the substorm environment seems to be closer to the one of
the quartz fabric alone than to the one of the quartz fabric elec-
trically insulated by a FEP film. This observation strongly sug-
gests that the quartz fibers of the composite are in close con-
tact with the back aluminum foil. This fact is corroborated by
a study under optical microscope. Therefore the FEP layer does
not form a continuous barrier within the laminated composite that
we have tested.

The behaviour of the composite is satisfactory only if its
aluminum rear face is grounded. The use of a conductive adhesive
is therefore strongly recommended for bonding the laminate compo-
site to the metallic spacecraft structure or to the next grounding
point.

Strong discharges were observed at 20 keV with the composite
material as well as with a silica fabric that was directly groun-
ded by its back face. Previous observations (ref. 2, 3) did not
indicate this trend,

FIELD-DEPENDENT CONDUCTIVITY OF THE COMPOSITE

The silica fabric behaviour has been attributed (ref. 2) to
a secondary emission conductivity. Such a conductivity can explain
the decrease in V., (or the peak value) in the curve giving the
surface potential in terms of time, that has been observed (beha-
viour "B") at 10, 15 and 20 keV., However this peak value occured
at rather high values of the surface potential (about 1000 Volts).
Consequently it appeared useful to evaluate the conductivity in
quartz fabrics for similar electrical fields. It was decided to
apply to a composite sample such electrical fields corresponding
to potentials in the 0-1 kV range and to evaluate the electrical
conductivity through the sample under electron beam. The experi-
ments were performed in a facility similar to the one described
in reference 2, but with far lower current densities, higher surf-
ace potential and higher beam energies.

Procedure

Samples were irradiated by an electron beam with a fixed
electric field imposed across the cross section of the composite.
The composite was mounted with its aluminized back face directly
on a grounded sample holder., The outer fabric surface was in inti-
mate contact with a brass grid. The grid potential v, with
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respect to the sample holder was held below 1500 Volts, which was
in the presence of incident electrons, the threshold value for
breakdowns to occur. The transmission coefficient of the wire
screen was experimentally determined and found to be 50 per cent,

currents I

The potential V0 was fixed at a given level and the three

leakage’?

and 1

secondary supply were simultaneously

measured at steady-state. The beam conditions were the following:
-2
5 keV/0.25 nA cm

15 keV/ 1 nA cm ™

2
’

(at sample level, after grid), 10 keV/1 nA cm_z,
20 keV/ 1 nA cm” 2,

All experiments have been performed with the sample of the
composite,

Iy
(nA) RESULTS
t[“ There is a very rapid increase
A A in the leakage current with
10 5 the applied voltage V, for Vo
e greater than two or three
L hundred volts. That is to say
717 that the resistance across
1 A 10key | 1nA/L 1 the cross section of the comp-
1 ra ? osite decreases for surface
. potentials values beyond a
Eime DA certain threshold,
\

o W This large dependence of the
' > conductivity on the electric
0 500 1000 (wugnovo field is shown in Figure 9A
. for a 10 keV electron irra-

Figure 9A: leakage current versus . .
applied voltage at 10 keV for the d}atlon of the sample. In

. Figure 9B is plotted the sur-
composite face potential induced by the
Volt\s§1‘ same electron irradiation in
1000 terms of time. Figures 9A and

9B do match together since an

10keY |07nA/nt increase of conductivity ex-
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tial decrease after a very

AN
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short irradiation time. The
measured values at 15 keV
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gestive of a surface poten-

tial in strong correlation

with a field-dependent cond-

Figure 9B;:
time at

uctivity.
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surface potential versus ted current I is
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leakage
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very low for Vo less than 1100 Volts; one must remind that the
surface potential observed under a 5 keV electron irradiation is
zero due to the very high secondary emission that can be evidenced
by the current collected on the hemicylindrical electrode,

INFLUENCE OF THE IRRADIATION DENSITY ON THE CHARGE DISSIPATION
PERFORMANCE

Purpose of study

The secondary emission conductivity mechanism postulates
that a free electron population is created inside voids between
silica fibers. This suggests a possible irradiation density influ-
ence on the charge dissipation performance. Accordingly it was
decided to perform several electron irradiations at various beam
densities in order to compare their effect,

Procedure

A first series of tests was run at 10 keV with one specimen
of the composite that was irradiated in the following sucessive
conditions:

(a) 10 pA em~2 for 16000
(c) 100 pA cm—2 for 2800
(e) 1 nA cm~? for 1000
(g) 10 pA cm™2 for 20000

(b) 30 pA cm~2 for 5300 s
(d) 300 pA cm~? for 1900 s
(£) 3 nA cm~2 for 1000 s

mw nu n n
we we we we
we we W

Between these various irradiations the sample was totally
discharged with electrons at 5 keV 1 nA cm~2,

The same sample was used for a second series of tests at
15 keV in the following conditions:

(h) 10 pA cm~? for 27000
(j) 100 pA cm™? for 4000
(1) 1 nA cm~? for 400
(n) 10 pA cm~?% for 27000

; (i) 30 pA cm~? for 13000
s (k) 300 pA cm~? for 1800
;
;

2]

n
we we we

(m) 3 nA cm~? for 133 s
(0) 100 pA cm~?2 for 4000 s,

v n n

For the irradiations at 15 keV, the sample charge was also
removed after each irradiation step with an electron beam at 5 keV
1 nA cm~2 or 5 keV 10 pA cm~—?

The surface potential was measured at several exposure times
for each irradiation step.
Results

Figure 10 gives the surface potential in terms of total inci-
dent charge Q (flux rate by irradiation time) for an electron
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irradiation at 15 keV, This figure clearly shows that the poten-
tial values at steady state depend on flux rate, while the inter-
madiate values (for incident charge lower than 10-% C) depend only
on the integrated stored charge., These experimental values of
potential can be compared to calculated potential values of pure
capacitors submitted to the same irradiation, assuming a secondary
emission coefficient equal to 30 per cent. The curves labelled

C; and G in figure 10 are corresponding respectively with the
value 5 and 8 pF cm ~2. This observation helps to elucidate the
electrostatic behaviour of silica fabrics and composites under
electron bombardment ; at 15 keV, they behave like a capacitor
until a leakage current arises, due to the secondary emission con-
ductivity, for potential values around 1000 Volts.

The flux rate dependency is illustrated in figure 11 where
the potential values at steady state are expressed in terms of
flux rate., This dependency is particularly obvious at 15 keV bet-
ween 0.01 and 0.1 nA cm™ %2, At 10 keV the variations of the poten-
tial value at steady-state are much less noticeable,

Irradiations at 5 keV and 0.01 nA cm ? were also performed
in the same sample that had been irradiated with 10 keV and 15 keV
electrons, It was checked that no detectable potential appeared
in these conditions. Moreover an irradiation at 5 keV and 0.0l
nA cm”2 effectively discharged a sample that had been previously
charged at 10 or 15 keV,

It is worth noting that the surface potentials which can be
measured for irradiated quartz fabrics and composites are depen-
dent on the sample history : they are increasing with the time
of exposure to vacuum and/or irradiations. The irradiation labelled
(g) after two days under vacuum and several irradiation steps,
corresponded to a potential at steady-state (reported in figure 11)
250 V higher than the one recorded at irradiation (a). However
after a certain time a stabilization seems to occur: irradiations
(h) and (n), (j) and (o) led exactly to the same potential after
respectively four and eight days under vacuum. Nevertheless, one
must remind that the results in figures 10 and 11 could be slight~-
ly different, depending on the sample history under vacuum (conta=-
mination).

Forecast consequences

The increase in the surface potential for decreasing flux
rates should have no technological consequence, since, for beam
conditions that are representative of the geosynchronous environ-
ment during substorms (flux rates between 0,1 and 2 nA cm‘zgref.7)
only very small potential variations are expected for a given
energy.
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INFLUENCE OF THE PRESENCE OF LOW ENERGY ELECTRONS (2 to 4 keV)
TOGETHER WITH HIGH ENERGY ELECTRONS (10 to 20 keV)

Purpose

Evidence has been given above that a very high secondary
emission can be measured by an hemicylindrical collecting elec-
trode for a 5 keV electron irradiation on silica fabrics with a
surface potential equal to zero. When the electron beam energy
is increased to 10, 15, 20 keV, the secondary emission is decrea-
sed and a leakage current that is due to the secondary emission
conductivity can be measured; the surface potential becomes measu-
rable then increases up to reach some thousands volts for a 20 keV
beam. However the results that have been reported above for 10 to
20 keV electrons, have been measured only with quasi-monoenergetic
electron beams. According to ref. 2, as the beam energy is increa-
sed above 5 keV, the incident electrons generate secondary elec-
trons deeper within the material where they are unavailable to act
as charge carrier towards the surface, In an actual substorm envi-
ronment, there is a continuous distribution of electron energies,
Accordingly it seems interesting to evaluate the silica fabric
behaviour under irradiation either with a wide spectrum of elec-
trons or at least with two simultaneous beams of electrons giving
two quasi-monoenergetic beams in two different energy ranges, The
second method is easier. It was decided to irradiate the composite
with low energy electrons (2 to 4 keV) acting together with medium
energy electrons (10 to 20 keV).

Procedure

The facility was redesigned to allow a simultaneous irradia-
tion by low energy (2 to 4 keV) and medium energy (10 to 20 keV)
electrons,

Two samples of the composite have been irradiated with the
same procedure. One of them (A) is a specimen that had not been
irradiated previously. The second (B) had been irradiated for
32 hours in an earlier test; this latter specimen has therefore
a complicated history from both points of view of contamination
and irradiation.

The energy of the low energy beam (beam !) was set at 2 or

4 keV ; the energy of the medium energy beam (beam 2) was set at
10, 15 or 20 keV,

The following energy pairs have been successively achieved
(a) 2 keV and 10 keV ; (b) 2 keV and 15 keV ; (c) 4 keV and
15 keV 3 (d) 4 keV and 20 keV,

For each energy pair, several ratios of the two beams inten-
sities have been selected. For each of these various ratios, the
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sum of the two beam intensities has been kept constant:; 0,7 nA
cm™2 for the energy pair (a), 0.5 nA cm~2 for the next pairs (b),

(¢) ’ (d).

The procedure and irradiation times are as follows:

[ —~
I -

BEAM 1 (Low ENERGY) FOR 1,5 MINUTE

BEAM 1 (Low ENERGY) + BEAM 2 (MEDIUM ENERGY) FOR 20 MINUTES

|
BEAM 1 (Low ENERGY) FOR (0,2 MINUTE

[SURFACE POTENTIAL MEASUREMENT]

[cHANGE IN FLUX RATES OF THE BEAMS]
>

{BEaM 1 For 15 T0 30 minuTes|

[ CHANGE IN ENERGY OF BEAMS]
L

~-

The leakage current is the only current that could be record-
ded during irradiation,

Results

Table 2 gives the potential values measured for various
combinations of energies and beam intensities,

The occurrence of pulses in the leakage current of the sam-
ples is also reported in table 2 as number of "arcing events'.
It is worth noting that four rather small breakdowns have been
observed at 15 keV on the contaminated composite (sample B), Many
events are noticed at 20 keV for both samples.

Discussion

A substantial decrease in the surface potential of the sample
is observed every time that an irradiation by low energy electrons
(2 to 4 keV) is performed simultaneously with the irradiation by
medium-energy electrons (10 to 20 keV) : see table 2,

The dependency of surface potentials on the presence of low

energy electron is shown to be quite considerable and to make obso-
lete most previous test results with monoenergetic beams. Moreover,
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TABLE 2 - RESULTS OF THE EXPERIMENTS WITH THE DUAL-BCAM

BEAM 1 BEAM 2 saMPLE o (%) sampLE BCM*)
Energy| Flux [Energy Flux Surface | Arcing|Surface | Arcing
keV rate K ratf poten- events jpoten-— events
( ) nAcm 2 (keV) macm” 2| tial(V) (%) |tial(V) (**)
1 2 0.7 - 0 - 0 -
2 2 0.6 10 0.1 <10 - <10 -
3 2 0.35 10 0.35 10t020 - 650 -
4 2 0.1 10 0.6 160 = 1260 -
5 - - 10 0.7 740 - 1460 -
6 2 0.5 - - < 10 - <10 -
7 2 0.4 15 0.1 10to020 - 300 -
8 2 0.25 15 0.25 400 - 4410 -
9 2 0.1 15 0.4 1180 - 4500 -
10 2 - 15 0.5 1980 - 4500 4
11 4 0.5 - - < 10 - < 10 -
12 0.25 15 0.25 1200 = 3960 -
13 4 0.5 - - 10 no 510 no
14 4 0.4 20 0.1 80 0 720 1
15 4 0.35 20 0.15 360 10 970 1
16 4 0.30 20 0.2 745 9 6600 12
17 4 0.25 20 0.25 1215 14 8190 78
18 4 0.20 20 0,30 1420 12 8100 119
19 4 0.15 20 0.35 3600 12 8200 60
20 4 - 20 0.5 4500 28 8370 150
(*) Experiments | to 12 have been successively performed with
the same specimen, that was replaced by a new one for the
experiments 13 to 20
(**) For a 20 minutes period of time

(***) This sample has been previously irradiated and contaminated

306




it does confirm the contamination effect to be mainly an altera-
tion of the secondary emission surface properties, The decrease
in surface potential is explained by an enhancement of the secon-
dary emission of the silica fabric for primary electrons in the 1
to 5 keV range.

Surprisingly with the medium energy beam fixed at the 20 keV
level, arcing events are still observed when the low energy beam
is applied. However, the uniformity of the 4 keV beam is rather
bad, In its right part, the composite is receiving certainly a
far less density of low energy electrons than in its left part,

No scan in the horizontal direction could allow to determine whe-
ther the surface potential is higher in the right part and whether
arcing can originate from this area,

Table 2 shows that the low energy component decreases also
the electric charge of the contaminated sample (sample B) under
electron beam but it is obvious that its efficiency is far less
than with an uncontaminated sample (sample A).,

Consequences

The electrostatic tests that are performed usually on silica
fabrics and composites appear to be pessimistic because they are
carried out with monoenergetic beams at rather high energies (10
to 20 keV)., In space, wide distribution of energies including
electrons in the range 1 to 5 keV are always observed. They tend
to lessen the surface potentials that could be inferred from the
laboratory tests with monoenergetic beams on materials for which
the secondary emission conductivity is the principal charge dissi-
pation mechanism.

REMARKS ABOUT THE EFFECTS OF CONTAMINATION

A systematic increase in surface potentials has been obser~-
ved as often as successive irradiations under vacuum have been
carried out in the same conditions on quartz fabrics and composi-
tes - see for instance the examples given above at the section
dealing with the effect of flux rate.

This behaviour is probably a consequence of a contamination
layer build up in an imperfectly clean vacuum on the quartz fiber
surface whose properties, namely secondary emission, are likely
modified., Several experiments (that will be reported later on in
an other paper) have substantiated this assumption but they have
also shown that the contaminant layer as well as its effect depend
on the irradiation received by the surface. The results obtained
with the dual beam show the great importance of such a phenomenon
for the technological use: in space the good electrostatic behaviour
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of the quartz fabrics will be probably progressively degraded as
a function of the number of orbits with a greater probability of

arcing events, if a great care is not exercised in preventing
from contamination.

CONCLUSION

Owing to a secondary electron conductivity, the silica fabrics
support moderate charge build up under electron irradiation simulating
the substorm conditions at geosynchronous orbits. The behaviour
of the fabric/FEP/Aluminum composite is similar to the one of the
silica fabric but its aluminized rear face must be grounded, for
instance by use of a conductive adhesive, in order to lessen the
discharge risks which could occur between 15 and 20 keV, Silica
fabrics and composites are very sensitive to contamination or
contamination-plus-irradiation effect: in space, the good electro-
static behaviour of the fabric will be progressively degraded as
a function of the number of orbits with a greater probability of
arcing events if a great care is not exercised in preventing from
contamination,
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ELECTROSTATIC CHARGING CHARACTERISTICS OF THERMAL CONTROL
PAINTS AS FUNCTION OF TEMPERATURE*

Paul A. Robinson, Jr.**
Hughes Research Laboratories

A. C. Whittlesey
Jet Propulsion Laboratory
California Institute of Technology

SUMMARY

In a study of the charging characteristics of paints for various uses on
spacecraft under electron hombardment we have found the following:

There is not a strong temperature dependence of the charging
characteristics between -1550C and +300C,

There is a noticeable hysteresis effect as the electron beam
energy is varied,

A11 of the paints tested exhibit large secondary yields at low
(~ 1 keV) bombarding electron energies.

Surfaces can charge either positively or negatively depending on the
conditions and the paint,

Paints are not simple; will require more detailed study; and will
probably act differenctly in multiple energy electron tests,

INTRODUCTION

Painted surfaces are common on spacecraft because of their desirable
thermal and mechanical properties The concern of spacecraft designers for
the electrical properties of spacecraft surfaces underlines the importance of
the charging characteristics of spacecraft paints as well, since in some cases
partially conductive paints may be used as substitutes for more traditional
materials with high resistivities. Spacecraft design requires that the surface
charge build-up be less than the material breakdown voltage. For scientific
spacecraft, the absolute potential on the spacecraft surface should be small
when compared to the electric fields to be measured or the particle spectra
to be sampled.

* The research described in this paper was carried out at the Jet Propulsion
Laboratory, California Institute of Technology, under NASA Contract NAS7-10C

** Current address: Jet Propulsion Laboratory
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Even if the spacecraft has an absolute net charge, the differential
charging of surfaces should'be limited té avoid further-disturbance of nearby
electrostatic fields; for the Galileo spacecraft, a maximum 10 volt differential
surface potential was desired under all environmental conditions. The electrical
properties of spacecraft paints (CTL-15, S13G-low)(1) have been of interest to
spacecraft for a long period. Normal paints such as S13G low outgasing do
charge to some degree2. Nonetheless, they do not charge to the high levels
observed for Tef]onR, and KaptonR surfaces. In this report, we will begin by
discussing our results on standard spacecraft paint, and then on several con-
ductive paints,

STANDARD CHEMGLAZE PAINT

The surface potential versus electron beam energy for standard Chemglaze
paint is shown in Figure 1, In this experiment, the incident electron flux was
kept at about 1 nanoamp/cm and the sample at room temperature, The surface
potential builds up almost linearly with the accelerating beam voltage until
the beam energy reaches about 10 keV. At that point the surface voltage
saturates at just over 400 volts even though the beam energy increases to 20 keV,

After exposure to the 20 keV beam, the beam energy was reduced to 5 keV,
and the sample was cooled. The surface voltage did not return to its previous
value at 5 keV, but remained at the voltage it had reached in the 20 keV beam.
This effect may be important in situations where the environment is changing
rapidly,

As the temperature of the sample falls (as seen in Figure 2) the surface
potential raises at a rate of approximately 1 volt/degree Kelvin, reaching its
highest value near the coldest temperature. These hysteresis effects may be due
to the heterogeneous nature of paints. Suppose that part of the paint is a
very good insulator, charges to high voltages and has a long decay constant,
but that the remainder of the paint is relatively conductive, does not charge to
high voltage and tends to bleed charge off rapidly. This material will then
behave in a manner similar to that observed. Some electrons will happen to
penetrate into regions of high resistance and become trapped. Because these
regions have long decay times, varying the incident beam energy will not cause
a readjustment of this charge. This will produce the effect seen when the sample
was first exposed to a 20 keV beam and then returned to a 5 keV beam without a
significant change in the surface voltage,

The second feature of paints observed, namely the increase in surface
voltage as the temperature decreases, can be explained by the characteristics
of the relatively conductive part of the paint. In most non-metallic materials,
the resistance of the material increases as the temperature decreases. In the
case of a two-resistivity material, such as the one we have postulated for
paints, this means that the ability of the material to bleed charge from the
insulating areas is now reduced, and the material will charge to a higher levels
as the material is cooled.

Figure 3 shows the increase in surface voltage as the sample is cqo]ed and
warmed during exposure to a 20 keV electron beam, The cooling and warming curves
are separated by as much as 100 volts, The cooling curve voltage lags while the
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warming curve leads the straight line fit to both curves, This could well be
due to the difference in temperature between the surface of the paint, and the
point of temperature measurement, or it could be due to the fact that all of

the surface voltage measurements were made while the temperature of the sample
was charging,

CONDUCTIVE PAINTS

Four paints, 2 black and 2 white, modified to be conductzv , have been
tested in the experimental facility described in another paper(3), For these
tests the paint samples were mounted so as to be in good thermal contact with
the liquid nitrogen plate, but electrically isolated from it., The experiment
was carried out in the same manner as the tests described above, except that
data was taken during both warming and cooling in 1, 5, 10, and 20 keV, The
test matrix is shown in Table I. Typical cooling and warming curves are shown
in Figures 4 and 5. The rate of cooling {or warming) depends strongly on the
rate at which LN2 (or room temperature air) is pushed into the cooling fixture.
These were adjusted by hand to allow the maximum time to be spent at each
temperature data point. Table II shows the paint samples tested. The results
of extensive testing are shown in the next four figures (6,7,8,and 9). These
show the surface potential as measured by a Monroe electrostatic non-contact-
ing voltage probe. The electron beam was removed by closing a mechanical valve
between the electron source and the sample during surface voltage measurements,
The beam current was adjusted to remain at approximately 1 nanoamp/cm2. The
temperature was varied using the Tow temperature fixture described earlier.

These results show there is no strong temperature dependence in the
electrical characterization of these paint samples, but the surface potential
was in excess of the 10 V differential desired by the Galileo project for
science considerations.

One notable result is that there is no apparent temperature dependence
to the surface potential, which is at variance with expectations based on
resistance measurements. Resistance measurements vs temperature at JPL (not
published) show a 10% change in resistance over the same temperature range.
There is no ready explanation for this apparent discrepancy, but it indicates
that conductive paints cannot be analyzed in terms of a simple E = IR model.

Another of the interesting questions raised by these tests is the apparent
non-repeatability of the test results at 1 keV, After exercising the sample
in the 5, 10 and 20 keV beams, and throughout the temperature range, the sample
was returned to room temperature and exposed to a 1 keV beam, Generally, the
results of the last measurement at 1 keV disagreed with the initial data taken
at room temperature and 1 keV, This effect could be the same effect we first
noticed in testing the regular Chemglaze samples, except that these samples
are much more conductive, and so the effect is not as pronounced, however, our
experiments with secondary emission. described below suggest a more subtle
explanation,

The total back current measured in a 1 keY beam is grossly different from
the expected beam current even though the surface potential is approximately
zero. This is due to high secondary emission at 1 keV, In separate experiments
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on selected samples a small bias was applied to the sample to verify that
secondary electrons were indeed responsible for the Tow observed back current,
In these experiments the current collected by the wall of the chamber, as well
as the current through the sample were measured, The wall current should in-
crease as more secondaries are emitted, The current through the sample with

and without a bias applied to the back of the sample were also measured. During
these experiments the temperature and electron flux were varied, However, the
temperature and flux variations did not have as significant an effect as the
time. Figure 10 shows the gradual increase in the secondary emission coefficient
as a function of time as measured during these .experiments, During this time a
cooling and warming cycle took place with 1ittle apparent effect. The long

time constant observed is apparently due to the nature of secondary emission
itself. For this paint, the secondary emission process takes a considerable
period of time to become established when exposed to beams which cause high
secondary emission, This effect undoubtedly plays a role in the observed
discrepancy between samples exposed to 1 keV electrons before and after exposure
to other energy electrons,

The most puzzling result of this study is the occasional measured positive
surface potentials at high beam energies. Surface contamination causing a very
thin insulating surface (perhaps caused by cyro-pumping of outgassed products
on the sample) could be responsible, since 20 keV electrons from a thin insulat-
ing surface has been suggested as a possible mechanism. Another possibility is
the inaccuracy of the voltage probe at such low potentials, or in the presence
of the plasma produced by the high energy electron beam,

CONCLUSION

Conductive paints are not simple. They will require more detailed study
to understand their behavior under electron bombardment. Although they do not
charge to any significant degree, they do have very interesting properties,
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TABLE I.  TABULAR LISTING OF MEASUREMENT CONDITIONS, TEMPS vs.

ACCELERATING VOLTAGE, KeV

2 5 10 15 20

(Room Temp) 230C
-10
-45
-88
-127
-155

D> > DX < X X

DX >< DX DX < X
D DX > > > >
> > > > XX X<

TABLE II.

ESD-CONDUCTIVE PAINTS TESTED

KeV

METHOD USED TO MAKE

PAINT COLOR CONDUCTIVE
Chemglaze, modified Black Carbon Filler
2004 over 9922 primer
with 2% carbon black
Bostic Finch 463-14 Black Carbon Filler
Zinc Orthotitanate White Unknown
Goddard NS43C White Unknown
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EVALUATION OF CHARGE CONTROL TECHNIQUES ON SPACECRAFT THERMAL
SURFACES (ELECTROSTATIC DISCHARGE STUDY)

*P. A. Robinson, Jr., E. M. Brown, S. M. Conan, C. R. Dulgeroff,

W. R. Elkman, G. J. Holm, L. C. Lawton, G. J. Pack, and D. L. Shannon
Hughes Research Laboratories

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.

8 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:

o If the sample would arc

° 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 (v-195°C) does not significantly
increase the arc energy for a gridded Kapton sample.

This paper is 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 speculations.

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 an 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

321



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 S13G-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. 1In 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 (103 9 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 ANALYSTS

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
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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 Experimerntal 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 iy. 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 iy. 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 &, 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.

330



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 between the 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 8> Arc? for LZEEESt Arc, XV 8es
TEFLON
Plain 20 Yes 150 >8.0
Pinholes spaced at 3/8 1in. 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 —_
. $§13G-Lo 20 No —_— A
MIRRORS
Plain 15 Yes 16 4.
Conductive edge 1.0 mA/cm2 20 No —_— 9.
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)
Il’ Iz’ Q’ E’
Sample -8 _3 -6 -3

10 A} 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.

Figure 2. Divergent electron source.
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Figure 3. Low temperature fixture.
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CONDUCTION THROUGH PUNCTURES IN METAL-BACKED DIELECTRICS*

A. Meulenberg
COMSAT Laboratories

i’. A. Robinson, Jr.}
Jet Propulsion Laboratory
California Institute of Technology

SUMMARY

The current conducted through a dielectric, as well as
the characteristics of any arcs, are significantly influenced by
the presence of punctures through the dielectric. This paper pre-
sents a theoretical mechanism to explain the main features of ex-
periments with punctured spacecraft-thermal-blanket materials.

The model is based on consideration of the electric fields devel-
oped about punctures; the focusing of primary electrons toward the
punctures; the generation, migration, and cascade of secondary
electrons along the surface; and the radiation induced conductiv-
ity characteristics of thin dielectric films. Qualitative predic-
tions of the model agree with experiment results.

INTRODUCTION

Observation of discharges at defects or edges of thermal
blanket materials exposed to an electron beam has led the authors
to study pinholes as a means of reducing problems associated with
charging of spacecraft dielectrics. Current leakage through punc-
tures in dielectrics to a charged conductor beneath has been a
concern for a number of years (ref. 1-7). 1In 1969 an anomalously
high current collection ability of pinholes in dielectrics was
first reported by Sellen et al. (ref. 1), who were studying the ef-
fects of drainage current through solar cell interconnects in ion-
ospheric (100 to 600 mile altitude) plasma. Pinholes are small,
and it would be expected that the trapping of negative charge on
the dielectric surface near positively charged pinholes would re-
pel, and therefore reduce, the collection of negative charge
(ref. 6).

*This paper is based in part upon work performed at COMSAT Labora-
tories under the sponsorship of International Telecommunications
Satellite Organization (INTELSAT) and in part upon work performed
at Hughes Research Laboratory under Internal Research and Devel-
opment funds.

tFormerly at Hughes Research Laboratory.
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Figures 1 and 2 show some measurements of pinhole current
collection for positively biased pinholes, as a function of the
area of the dielectric surface and the applied voltage. At low
voltages (the conductor beneath the pinhole set below +1000 volts)
the pinhole is effectively shielded from the plasma as originally
expected. However, as the voltage increases, the current col-
lected on the conductor exceeds that predicted from simple probe
theory or simple electrostatic effects (ref. 6). The higher than
expected current through the pinhole was tentatively attributed
to surface leakage currents near the pinhole. Equally unusual
are the effects of the surface area of the specimen (a ring of
dielectric concentric about a pinhole). The "effective" area of
current collection can be as large as the surface of the sample
itself (ref. 2).

EXPERIMENT

The situation of a positively charged pinhole in a dielectric
surrounded by a neutral plasma (as generally assumed in the above
references) is somewhat similar to the authors' configuration of
a grounded pinhole in a dielectric being irradiated with an elec-
tron beam. Experimental results pertaining to pinholes used in
this way are shown in figures 3 and 4 and table I. Details of
the experiment used to obtain the results presented here are given
in Reference 8. 1In figure 3a, the dielectric surface voltage is
plotted versus the electron beam energy for planar Kapton and
Kapton with pinholes. At beam energies up to 8 keV, there is no
significant difference in equilibrium voltage. Above 10 keV,
further charging of the punctured Kapton is prevented by arcs.
Similar results below 10 keV for Teflon are shown in figure 3b.
The leakage current as a function of the number of pinholes is
shown in figure 4. Table I contrasts the arc energies for planar
Teflon and pinholed Teflon.

In the discussion that follows, the punctured structure will
be compared with an identical planar structure that has not been
so altered. The influence on experimental measurements of surface
potential and current collected by the metal back will be consid-
ered as a function of hole density. The probability and nature
.of surface discharges will be contrasted for the two structures.

THEORY

The structure considered is a hole punched through a dielec-
tric sheet (very large compared to the pinhole) from the metal
coated side. The conditions include a monoenergetic electron beam
normally incident on the dielectric surface with the metal layer
grounded. Interaction of the beam with the structure and develop-
ment of potentials, electric fields, and currents in and around
the dielectric adjacent to the hole will be discussed.
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Charging of Planar Samples

An electron beam, incident on a planar dielectric, will gen-
erate electron-hole pairs and deposit negative charge up to the
electron range in the material. This negative charge will elec-
trostatically drive electrons from the metal backing to ground,
leaving a positive charge at the metal-dielectric interface. The
electric field generated between the negative front surface volume
and the positive back layer will polarize the dielectric and
direct the otherwise random motion of thermally generated mobile
charge carriers in the bulk and of radiation induced charge car-
riers in the irradiated volume.

Charging will continue until steady state is established be-
tween the incoming electron beam, secondary and backscattered
electrons, and carrier migration through the bulk and surface
layer of the dielectric. At steady state, since the surface po-
tential will generally be within several kilovolts of the beam
energy, the beam will not penetrate as deeply as initially.
Therefore, charge redistribution within this surface layer could
be considerable; however, most of the charge, prior to steady
state, will migrate toward the back surface. Near steady state,
the secondary emission coefficient approaches 1, and most of the
newly deposited electrons migrate toward the front surface rather
than toward the back. (This migration toward the front surface
is a consequence of an electric field generated by the positive
charge remaining on the front surface when secondary electrons
are knocked off by incident electrons, and by the electrons
trapped deeper in the dielectric.)

Charging of Punctured Samples

If the unbounded surface described above is punctured, then
a ground point is established on the front surface and steady
state conditions are modified significantly in the vicinity of the
hole. 1Initial charging conditions are not much altered until the
surface potential begins to approach a high negative steady state
value. As the surface potential away from the hole becomes more
negative and secondary emission increases, this region contributes
less and less to the current being collected at the back surface.
The surface in the immediate vicinity of the hole maintains a
lower secondary emission because it is still close to ground po-
tential. The near ground potential is maintained by surface con-
ductivity enhanced by tertiary emission (electrons knocked from
the surface by secondary electrons) and has several influences:

a. the beam incident in that area penetrates as deeply as
at initiation of charging, and with the much lower secondary emis-
sion of the initial conditions;

b. the incident beam is focused toward the hole by the low
potential; and
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c. the strong potential gradient on the surface approaching
the hole acts as an electron multiplier, thereby transporting a
disproportionate number of electrons to the ground plane.

The effect in each case is an increase in the electron current
collected on the back plate (figure 4); in fact, the current den-
sity collected by the hole and its immediate surface area may be

2 or 3 orders of magnitude higher than that expected from the area

of the pinhole alone or than that migrating through an equivalent
bulk of the dielectric.

The local potentials are useful in describing the charge
and discharge phenomena in the vicinity of a hole. Figure 5 il-
lustrates the potential well in which secondary electrons are
trapped and, along with the tertiaries, collected by the ground
plane in a hole. This figure also indicates that holes reduce
the surface potential in only a small area about the hole; there-
fore, a very large hole density is required to alter the general

surface potential measured only a small distance from the
dielectric.

Discharges in Dielectrics

High energy electrons focused and incident on the area about
the hole generate a high density of carriers at a depth greater
than that in the planar areas. Since the potential is also much
less negative near the hole, transverse surface fields will be much
greater and the consequent surface and subsurface current densities
will be higher than for nonadjacent regions. If holes in the di-
electric are formed by mechanically punching through from the
metal layer side, then the metal will probably emerge through the
deformed dielectric in such a manner as to intersect the heavily
irradiated region (figure 6). The radiation induced conductivity
(RIC) would then be field enhanced to propel electrons through
the dielectric toward the emergent metal. 1If such currents happen
to find or generate a preferred path, ohmic heating (which will
increase conductivity) and thermal runaway could result in an
electric discharge across or under the surface near the hole.

Since the discharge mode is for trapped electrons going to
ground, a negative pulse is expected. The low energy negative
component of this discharge would be confined to the vicinity of
the hole (and collected at the ground) except to the extent that
the steady state potential is disrupted by the plasma generated
by the discharge. However, some electrons would escape and con-
stitute a positive pulse as viewed from the metal back. The pos-
itive ions created in the plasma formed by the arc in the hole
will be accelerated away from the hole; most will go into space,
but many will return to the negatively charged surface away from
the hole. Positive ions returning to the surface will generate
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secondary electrons, most of which will escape (adding to the tail
of the electron pulse), but many of which will find their way to
the hole region and contribute to the tertiary electron cascade
across the surface toward the ground plane. The resultant current
observed on the back metal contact would be a fast, ringing pulse
with little energy content.

Two types of discharge are possible in planar dielectrics.
The first is a discharge from the stored-charge regions beneath
the surface to the metal backing. The energy liberated in the
discharge will vaporize material, which often blasts through the
front surface as well as the back. If this discharge does not
erupt through the front surface, the negative pulse seen in the
ground line will be very small since charge redistribution is not
great. 1If, however, the discharge does erupt through the front
surface, then a large electron concentration will be accelerated
away from the surface and create a strong positive pulse in the
ground line. Positive ions (from the plasma caused by the dis-
charge) falling back on the negatively charged surface will gen-
erate a large number of secondary electrons which, when also
accelerated away, could increase both the intensity and duration
of the positive pulse. The presence of a hole in the dielectric
will reduce the probability of a discharge to the metal layer in
a planar region since a discharge is more likely to occur at the
hole. As described above, a discharge near a hole produces a
ground pulse which is not very large. Once occurring, it reduces
the negative surface potential to some extent over most of the di-
electric, as a result of positive ion return and tertiary emission.

The second type of discharge possible in planar dielectrics
is a surface discharge resulting from an edge, an anomaly, a bi-
layer (ref. 9), or some other mechanism. If this discharge cre-
ates a plasma on the surface, which is then charge separated by
the surface fields, a large pulse will result from the initial
flux of electrons (separated from the plasma) driven off and fol-
lowed by the secondary electrons generated by the returning ions.
Again, on a pinhole sample this type of discharge can occur away
from a hole, but is less likely to do so because of the lower arc-
ing threshold near a hole.

A major point to be emphasized is that a discharge at or near
a pinhole is significantly altered by the presence of this "ground"
and its associated electric fields. A large percentage of elec-
trons (particularly the slow ones), that would otherwise escape
from the surface and contribute to the positive ground pulse, are
collected by the pinhole, and only neutralize their image charge.
The current pulses induced by discharges near a hole are therefore
much smaller and faster than would be expected from a planar sur-
face. Hence, use of pinholes in dielectrics can lower the impact
of surface discharges on a spacecraft by reducing the energy of a
discharge (table I), and by reducing the magnitude of the dis-
placement current.
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The current collected by the metal back can be dominated by
the regions associated with the holes (as described above) and
therefore this "back" current should be proportional to the number
of holes in the sample. Edge leakage could interfere with this
proportionality until the hole currents dominate edge leakage or
unless the edges are shielded or "guarded" with a high voltage
ring to prevent current flow around the edge to ground. When the
pinholes exceed some concentration, the back current will begin
to saturate as individual "drainage" patterns begin to overlap.

CONCLUSIONS

A model describing the charging and discharging of punctured
dielectrics exposed to an electron beam has been proposed to ex-
plain the experimentally observed reduction in surface potentials
and in discharge energies as compared to nonpunctured dielectrics.
This model leads to the following predictions for metal coated
dielectrics with holes punched through from the metal back:

a. High surface potentials (up to the breakdown level) will
still occur over most of the dielectric. A surface potential probe
should show dips when it traverses holes only if its sensor is
close enough to the surface. Only when the hole density becomes
very high will the measured surface potential show significant
decrease.

b. Current collected from the back metal layer will be
proportional to the hole density over a large range if edge ef-
fects are removed and the hole area is not much less than about
0.1 percent of the measured area.

c. Discharges are more likely to initiate at the hole re-
gions, and thereby reduce the probability of discharges occurring
elsewhere. The observed discharge image on the "back" current
monitor will be faster and much smaller for a discharge near a
hole than for a discharge on an unmodified planar sample.

This analysis pertains to a laboratory environment, and must
be altered for a dielectric in a "hot" space plasma, where the
isotropic energy spectrum will smear out the charge deposition in
the surface layer and greatly enhance the space charge beyond the
surface. However, the mechanisms for initating discharges and
reducing their impact by the presence of punctures should remain
valid and therefore important as a means of charge control in
dielectrics.
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Table I. ENERGY REMOVED DURING DISCHARGES IN
TEFLON AS A FUNCTION OF PINHOLE DENSITY
|

Beam Energy Arc Energy Surface Voltage
Sample (keV) (mJ) (kv)
Plain 20 150 >8.0
Pinholes at 3/8-in. 10 80 8.5
Spacing
Pinholes at 1/8-in. 10 20 4.5
Spacing
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Figure 1. Pinhole Collection Current as a Function of Positive
Applied Voltage. Experimental data for a pinhole (solid curve)
are compared to simple probe theory for a sphere (dashed
curve) (ref. 1)
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ACCELERATED ALPHA-S DETERIORATION IN A GEOSTATIONARY ORBIT*

Otto K. Husmann
Messerschmitt-Bélkow-Blohm

SUMMARY

The SSM alpha-s long term stability strongly depends on the
charged particle energies encountered in a geostationary orbit.
Here the requirement for conductive surfaces leads to accelerated
& deterioration, due to lack of retarding potentials.-
Diflectric mirrors without conductive coating improve the d
long term stability of teflon FEP. Mosaic like fractures within
the IF-filter dont affect it. In presence of a conductive layer
on top of the IF-filter , however, they lead to the loss of con-
ductivity. A sandwiched in PMMA varnish film for improvement of
the substrate tensile strength enhances the & decay. Quartz
fiber reenforced teflon FEP as substrate may €liminate the
IF-filter tendency to fracture without impairing &ge

INTRODUCTION

Among a limited variety of plastic materials teflon FEP
frequently is selected as SSM for satellite thermal protection
because of its high transparency over a wide spectral range , the
relative stability of its transparency , and because of its
applicability also to odd shaped structures.

With the demand for extended satellite life times in a geo-
stationary orbit the teflon FEP alpha-s stability may be in-
sufficient, in contrast to its performance in a near earth orbit
(ref.1-5). Here in addition to the electromagnetic radiation,
energetic electrons and protons accelerate the SSM “s deteri-
oration.

Under charged particle exposure dielectric as well as not
grounded conductive surfaces build up electrostatic charges with
potentials in the Kvolt range, that may lead to spontaneous
discharges (ref.6-~8).

In the psst , differential charging of satellite dielectric
surfaces has led to disturbances and occasionally to the break-
-down of the communications system, in conjunction with the de-
struction of electronic components. To reduce the danger of loss
of the satellite through such events, a new requirement was
formulated for the lay out of future satellite surfaces. This
requirement of an entire outer conductive shell also encompasses
the thermal control surfaces. The grounded conductive films

* This work was supported by the BMFT through the DFVLR, W.Germany
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eliminate the development of static potentials and differential
charging.

In terms of the X_ stability of SSM , these conductive
grounded surfaces are Tess beneficial , because due to lack of
retarding potentials the charged particles impinge on the SSM
with their full energies , leading to accelerated alpha-s in-
creases.

Alpha-s changes are related to the generation of F-Centers
within the foil. To retard their development, interference fil-
ter (IF-filter) were deposited on top of the teflon foil, with
their reflection maximum located at 480 nm, according to the
extraterrestrial solar radiation intensity maximum. Within its
narrow wave length range such dielectric mirror reflects the
electromagnetic radiation , before it passes through the SSM.
Radiation damage then appears as reduced transpsrency at in-
creased wave lengths , adjacent to the IF-filter spectral re-
flectance.

SAMPLE SELECTION

Earlier studies showed, that the ZnS/A1.0 IF-filter on
a thin teflon FEP film develop many fine fragtéres during expo-
sure, which do not affect the alpha-s value (ref.9). However,
they severely incapacitate the conductive layer (ITO) conduc-
tance. To alleviate this tendency to fracture, a simple remedy
was tried. Between the teflon substrate and the IF-filter a
two micron thick PMMA varnish layer was sandwiched in. Now the
bending radius of the SSM , measured on a cone, decreased from
about 13 mm to 6 mm prior to the IF-filter fracture, due to
increased tensile strength of its substrate. These samples,
and for comparison , samples of the same mske, but without PMMA
varnish, and without ITO were included in the test. Additionally
two teflon FEP samples without the protective IF-filter, one of
them with ITO, were tested.

SAMPLE FABRICATION

Sample substrate was 125 micron thick teflon FEP, with
vapor deposited silver reflector, with a thin Inconel film for
corrosion protection. Because both, silver and PMMA varnish do
not easily"wet" the teflon foil, prior to their deposition 30 2
thick layer of Al,0, were placed on both sides of it. Sub-
sequently , PMMA agnish followed on the front side of the SSM
and was vacuum dried. For improved adhesion, here again a 30 R
thick Al O3 film advanced vapor deposition of the seven layer
IF-filte%, with ZnS its outer components (ref.10,11): To com-
ply with the requirement of a transparent conductive surfaceg,
the samples with PMMA varnish finally were coated with 100 §

In;0; + 10% SnO, (ITO). This coating has sufficient hardness
to r251st wear., It shifts the IF-filter reflection maximum
20 nm upward and increases «_ by about 0,02.- For contacting,
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the short sides of the samples had thin strips of gold coat
added, leaving an area of 11 x 11 mm open for the radiation
exposure. Both sample sides were ground connected outside the
chamber.- With 3M transfer glue 467 they were fixed to their
gupports.- The majority of the tested samples were fabricated
by the R.BOSCH GmbH.

TEST EQUIPMENT

For performance evaluation of the teflon FEP SSM under
simulated solar radiation conditions, the Messerschmitt-Bolkow-
Blohm Combined Effects Chamber was used. The technical capabi-
lities of this chamber are briefly lined out(ref.12). The
simulated solar radiation exposures proceeded under clean vacu-
um conditions , maintained with an ion pump. Pressures ranged
around 2,7 x 1077 Pascal during the UV and electron exposures.
With the proton generator on, the pressure was about 8x10~
Pascal.

As UV radiation source a 900 Watt Xenon lamp with Suprasil
bulb was employed. To utilize its entire UV output, these
lamps are operated in a dry nitrogen atmosphere,in conjunction
with a sapphire window toward the vacuum chamber. Their UV
spectral intensity distribution repeatedly was measured with a
Schoeffel GM-=100-3 double monochromsator in the wave length range
from 180 nm to 450 nm.- Their is no flat UV intensity distribu-
tion across the sample area. Instead, theoretical studies indi-
cated 33 % decrease from the center samples to the outer ones.
The actual intensity distribution varies with the Xenon lamp.

It has been measured with a Kendall Mark IV radiometer.

With two Farsday cups, movable across the sample area,
scans of the electron and proton current densities were per-
fqrmed. The intensity distributions of both above the samples
are flat within + 5 %. However, in presence of targets with
dielectric or nof grounded conductive surfaces , these charge up
and disturbe the original current density distribution.- All
currents were measured with a Keithley 602 electrometer instru-
ment.

The sample holder temperature was kept at 10°C.Temperatures
measured on one sample surfacg with 50 micron dismeter thermo-
couple wires were close to 27°C, with the UV lamp on. According
to the number of solar constants brought onto each of the six

samplgs, maximum sample temperatures were estimated to be close
to 40°0C.

For in situ alpha-s measurements a Beckman DK - 2A spectro-
photometer is meted to the vacuum chamber. Its light spot size
on the sample is 4,5 x 7 mm.- 130 reflectance measurements |,
mostly 10 nm apart, are transferred into a programmed desk
calculator,
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that prints the alpha-s values under consideration of the solar
gpectral intensities according to ASTM E 490 73%a after comple-
tion of the scan. The spectrometer is calibrated with an alu-
minum mirror. The &, measurement error is # 0,01.- For in situ
measurement of the Surface resistances the vacuum chamber has
52 electrical feed throughs.- Prior to and also after comple-
tion of the test , all samples were inspected for fractures,
signs of electric discharges, and visible changes of the re-
flector were checked after exposure, Further, adhesion tape
tests provided information concerning adherence of the IF-filter
to the substrate.

TEST PARAMETER

To gain insight into the long term performance of teflon
FEP SSM with IF-filter protection, the first test was extended
over 11000 equivalent sun hours (ESH), with simultaneous expo-
sure to UV, electrons and protons. During a short supplementary
test, electromagnetic and charged particle radiations were alter-
nately applied.

To reduce the time needed for such test, max. UV intensities
were 4,5 solar constants. - Electron and proton energies were
20 Kevolt. The charged particle intensities were maintained
within the lower 109/cm? sec range. A total of 10716/cme electrons
as well as protons were brought onto the semples.

The electron penetration depth is proportional to U2, with

U the acceleration potential., For acceleration potentials bet-
ween 5 Kvolt and 60 Kvolt this penetration depth can be cacula-
ted according to the simplified Schonland equation (ref.13,14).
The proton penetration is negligible (ref.15).

Pertaining to the small electron =nd proton current den -
sigies in a geostationary orbit, surface resistances in the
10° 0 ohm range are tolerable, if the entire sample surface
contributes to the conductance. In contrast, fracture of the
conductive coating leads to the development of isolated little
islands, that dont contribute to the conductance across the
SSM. Here differential charging and increase of the resistance
impair the satellite communications.

TEST RESULTS

Table I presents the data aquired during the 11000 ESH ex-
posure. - The top of table I comprises the accumulated electron
and proton radiation doses, followed by the number of ESH and
the alpha-s. Finally the resistesnces in @1 ohm are compiled.

Fig. 1 presents the ®_ data vs time of UV exposure (ESH). The
charged particle and 8v irradiations started together.

To study the effect of alternste UV and electron/proton
exposures, a second set of similar samples followed the 11000
ESH test. Table II and Fig.2 present their test data.
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DISCUSSION OF RESULTS

Teflon FEP

T™wo kinds of alpha-s deterioration have been encountered.
The first one, reduction of transparency , predominantly within
the visible range , is common to both studied brands. ILoss of
the Ag - reflector together with its Inconel shield during ex-
posure repeatedly was observed on only one brand of samples.

11000 ESH Exposure : The slowalpha-s growth during the
first 600 ESH also of the sample with ITO (fig.1, C & D) 1is
affected by the UV and charged particle fluxes. Within this
span of time the spectral reflectance curves reveal not yet
damage to the reflector. The AW exceeds that of both other
brand semples of the supplementar§ test, also under considerati-
on of the different charged particle loads. The surface resis-
tance of sample D fluctuates during this time between 10™ and
2,? x 102 @ohn. Subsequently it moves step by step into the
1071 B ohm range (table 1I).

After 600 ESH and more than 2 x 1012 charged particles/cm2
ol . increases at an accelerated pace , up to 0,65 after 11000 ESH.
G§adually on both these samples the Ag reflector together with
its Inconel shield disappears. This not only is indicated by
the accelerated alpha-s increases, but also by the decay of the
spectral reflectance, at first between 1 and 1,5 microns, ex-
tending later to 2,5 microns wave length.

On one such sample the reflector later was restored,
dropping its alpha-s from 0,65 down to 0,33. This leads to a
Ad., of 0,22 due to transparency change of the 125 micron thick
foiY, in agreement with &N _ of 0,09 after 11000 ESH, measured
earlier on a 50 micron thicR different brand teflon FEP sample
with no damage to its reflector.-

During the supplementary test, partial loss of the reflec-
tor on the first brand of samples was confirmed after 1600 ESH
(fig.II, D). Here two samples of the other brand (fig.II, B)
show no damage to their reflectors. Over 1800 ESH they reveal
only moderate ®& _ increases despite grounded ITO. Their surface
registanceﬁ are fairly high (see table II) and fluctuate between
10° and 107" g ohm. In particular after the second application
of charged particles , accelerated cis decay is noticed during
the subsequent UV exposure.

Teflon FEP with IF-Filter

11000 ESH Exposure : During the course of the 11000 ESH
exposure_ alpha-s increases from 0,11 to 0,14 and 0,15(table I,
fig.I, B). Small reflectance losses adjacent to the IF-filter
spectral characteristic are the cause. The filter reflectance
maximum sagged from 97% down to 90%.- According to J.Stevens
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et al. (ref.6) under charged particle exposure on dielectric
surfaces retarding potentials develop. Here such potential
prevents electrons from penetrating deep into the sample materi-
al. It can be estimated, that all electrons are stopped within
the IF-filter. Further, the IF-filter reflects within its
spectral characteristic the UV radiation, before it can reach
the teflon substrate.- After 11000 ESH the only visible changes
of these SSM were mosaic like fractures within the filter.

During the supplemental test, two samples (fig.II,A),
identical to those of the long term test (fig.I,B) show after
the second electron and proton. applications only negligible
changes of o, , less severe than those encountered during the
long term test. However, during the long term test first
1800 ESH these samples experienced higher charged particle doses.

Teflon FEP with IF-Filter and ITO

After 1500 ESH this sample (fig.IL,C) shows a &0&_ of 0,05,

with cherged perticle doses in the 1075/cm2 range (tab®e I1).
Its surface resistances are high and fluctuate. It is difficult
to asses , how much of its surface contributes to the conduc-
tance. ZEach of the two charged particle administrations leads
to accelerated us changes during the following UV exposure.
Prior to cherged particle application its alpha-s remains un-
changed during UV only exposure. The timing of the electron
and proton applications is of importance for its alpha-s per-
formance.

Teflon FEP with PMMA Varnish, IF-Filter and ITO

Here alpha-s increases fairly steep, and nearly doubles
during the first 1200 ESH. It reaches 85 % of its final value
after 1800 ESH. Within the first 1800 ESH the surface resistances
fluctuate Dbetween % and 69 0K ohm. Later they increase by a
few orders of magnitude. How much of the ITO remains ground
connected is difficult to asses. Probably the alpha-s chenges
would have been more severe, if the resistances had not increased.

Microscopic inspection revealed as many mosaic like frac-
tures within the IF-filter, as were encountered on such samples
without PMMA varnish and without ITO. Here the spectral reflec-
tance curves imply step by step break down of the IF-filter in
the course of the 11000 ESH exposure.

~ About 3 % shrinkage of the PMMA varnish with fractures of
micron size were recorded. Scanning electron beam microscope

itgdies showed partially coagulated In205 in form of tiny drop-
ets.

CONCLUDING REMARKS

According to the preceding test results, during extended
space missions in a geostationary orbit only those SSM with
IF-filter protection yield sufficient alpha-s stability. 1In
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conjunction with an ITO top layer, however, they have two draw-
backs : Under the reported test conditions with UV-radiation,
and 20 Kevolt electrons and protons they suffer under accelerated
alpha-s deterioration. Secondly, IF-filter fracture leads to loss
of conductivity .

Comparison of the test results, gained from the SSM with
IF-filter protection with those,that carry grounded conductive
top layer leads to the conclusion, that the charged particle
energies predominantly affect the SSM alpha-s stability(ref.13,
14). According to Holman (ref.16) under'"severe" solar substorm
conditions the max. electron and proton energies range around
12 Kevolt. During "mild" and also during "moderate'" substorm
activities , their energies are 3 to 6 Kevolt. Their intensi-
ties are similar to those of a "severe" sugstorm, where Ehe inte-
gral particle flux per year amounts to 107 electrons/cm“ and
2 x 1014 protons/cm2. Garett (ref.17) suggests Maxwell-Bolzmann
energy distributions for the charged particles. With such distri-
bution the majority of particles have energies of less than 12
Kevolt. Less energy means less damage. (This also applies to
the probsbility of electrical discharges due to charge build up
within the bulk of the SSM (ref.18) ).

Consequently , the presented results may not be identical
with the alpha-s deterioration of SSM in a geostationary orbit.
For a more realistic damage evaluation, therefore simulation of
the actual space environmental radiation conditions is mandatory.
Referring to Holman and Garett , the charged: particle energies
applied here by far exceed those of the synchronous orbit.
Also monoenergetic psrticles should be replaced by particles
with energies- y that come close to those of a Maxwell distribut-
ion.

To comply with the requirement for conductive surfaces with-
out resistance fluctuations and resistance changes, improved
substrates are demandede To increase its tensile strength,
teflon FEP reenforced with quartz fiber may be of advantage for
IF-filter deposition. The quartz fiber refractive index nearly
matches that of teflon FEP, and quartz fiber is even more resis-
tant to UV radiation, as the plastic is.

Further investigations of this technology, however, only are
warranted, if the actual space environment radiation conditions
are less severe, than those simulated during the 11000 ESH
and the supplementary tests, reported here.
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APPENDIX
The Schonland equation, used here , is
-12 2
S =2,1x10 X Uaccel/ < R cm

with U the acceleration potgntial in volts, and the density of

the sample material in g/cm”. S is the electron penetration
depth in cm.

This equation may be applied within the energy range from
5 Kevolt to 100 Kevolt (ref. 13, 14).

ADDENDUM

Microscopic inspection of the reported samples did not
reveal punchthrough electrical discharges . However , damage
due to surface discharges on samples without ITO , in particular
on those with IF-filter, was noticed (ref. 19).

Fig. 3 presents the exposure dependent alpha-s data of the
first 11000 ESH SSM sample test. Here the AO(S come close
to those of the second 11000 ESH exposure. The charged particle
energies were maintained at 20 Kevolt, corresponding to those of
the second long duration test. - Here ITO were grounded within
the vacuum chamber. Therefore no surface resistance data are
available. - The substrates of the samples represented by curves
4, C, and D are 125 ,u thick teflon FEP ; that of curve B is
50 ,u  thick. - All tésted SSM  have vapor deposited Ag reflector
with Inconel corrosion protection,

Sample "curve A" carries a seven layer 7ZnS/Al O3 inter-
ference filter. Sample C corresponds to that of cur%e” A, but
carries in addition a grounded ITO top layer. Sample "curve D"
has a PMMA varnish film sandwiched in between the teflon sub-
strate and the IF-filter. A& ground connected ITO tops the
multilayer SSM. Sample '"curve B" is of a different brand. Here
the ungrounded ITO has been vapor deposited on teflon.
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Table 1I. 11000 ESH Teflon FEP SSM Exposure
Alpha-S and Surface Resistance Data

Integral Fluxes

e /cm® 0 12102 2310715 | 4x107%} 8x107% | 6x107%} 6x1075 | 121076
p*/em® 0 2x1015] 3x1015] 531015} 7x1015 | 1x1076]1x1076 [ 1x1016
ESH-uv] o 300 | 600 1200 | 1800 600__]7200 |11
Samples LAl p h a - 8

E‘e%m"’}?%g 0,13 0,25 0,27 0’29 0,30 0,31 0,32 0,33

+ ITO 0,73 | 0,21 |o,22 | 0,24 |o,es |o0,25 |0,27 |o0,28

feg%g“ FEP| 0,12 | 0,14 |o,75 | 0,25 |o,31 |o,55 lo,63 |o,65

Teflon FEP| 0,11 | 0,72 |0,1
+IF-Filter| 0,11 | 0,12 |01

Teflon FEP| 0,11 | 0,72 }0,15 0,26 lo0,39 ]o,50 Jo,57 ]o,58

Teflon FEP| 24x10°| 5x10° | 7x10° | 69x107| 2x10% | 1x108 |8x107 | 7x107

tODMA IFL %107  4x10% [ 18x10% | 19x10%| 10" [ 5x107 [9x107 [2x10™
Teflon FEPI  10*|17x10® | 3x10%| 2x10%| 1x10% | 6x10® | 108 |9x1070
Table II. Alpha-S and Resistance Data of the Alternate
UV, Electron, and Proton Exposures
INTEGRAL CHARGED PARTICLE FLUX
- 2 14 15
e /cm 5x10 1x10,
p*&cm2 9x’1014 2x1015
ESH - UV 0 300 600 1200 1500
SAMPLES A L P H A - 8
yerton FE 1 0,132 | 0,132 | 0,132 {0,139 | 0,15 10,169 |o0,785
Teflon FEP | 0,12 0,12 0,12 |o,12 0,124 |o,124 | 0,126
+ ITO 0,104 | 0,105 | 0,107 | 0,11 | 0,116 |0.117 |o0.12
Teflon FEP | 0,1 0,1 0,7 ]o,7 0,103 lo,104 | 0,104
+ IF-Filter] 0,1 0,1 0,1 0,1 0,103 {0,103 0,103

Teflon FEP | 0,108 | 0,108 | 0,114 {0,121 } 0,153 0,183 |o0,22

SURFACE RESISTANCES, 9 Ohm

Tof [ 13

L2150 FEP | 551010 | 7x10"3 5x1070 | 3x10% 5x10

Teflon FEP | 2x103 5xﬂog 7210701001 4x103
+ 1ITO 102 | 8x10 6x1019| 2x10 3x10710
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OPERATIONAL STATUS OF THE SPACE TEST PROGRAM P78-2
SPACECRAFT AND PAYLOADS

1Lt. Richard N. Osgood
U.S. Air Force Space Division

INTRODUCTION

The Space Division Space Test Program P78-2 spacecraft is the spaceborne
element of the NASA and USAF Charging Investigation. Built by the Martin
Marietta Corporation in Denver, the spacecraft provides the on-orbit support
for twelve Air Force, Navy, and NASA payloads. These payloads are attempting
to measure the buildup and breakdown of charge on various spacecraft components
and to characterize the natural environment at synchronous altitudes. The
spacecraft and payloads have been on orbit for twenty-one months supporting
this investigation. This is a summary of their operations.

ORBIT

On 30 January 1979 at 2203 GMT a NASA McDonnell Douglas Delta 2914 launch
vehicle boosted P78-2 into orbit. The booster inserted the spacecraft into a
nominal 180 km x 43,240 km orbit from Launch Complex 17, Cape Canaveral AFS,
Fla. After the spacecraft separated from the third stage the AF Satellite
Control Facility (AFSCF) began its command, control, and communication
function. Its first task was to checkout the spacecraft subsystems and pre-
pare the spacecraft for insertion into the final orbit. Seventy-two hours
after launch the AFSCF fired the apogee insertion motor (AIM) and placed the
vehicle in its near geosynchronous orbit. The final orbit parameters are:

Apogee 43,240 km

Perigee 27,550 km
Inciination 7.9 deg

Drift Rate 5 deg/day easterly

The alignment of this orbit causes two eclipse seasons per year. Each
season is approximately forty days long and each eclipse may last up to
seventy minutes. Because of the drift and the eccentricity of the orbit,
the satellite encounters each eclipse at varying altitudes. A third of the
eclipses have been sampled at altitudes above synchronous and the remaining
two thirds at altitudes below synchronous altitudes.
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SPACECRAFT

Configuration

The P78-2 spacecraft has a cylindrical shape 1.70 m in diameter and
1.75 m in length. It is spin stabilized about its axis of symmetry at 1 rpm
(fig. 1). Five experiment booms, two to four meters in length, were deployed
radially from the center band. This boom configuration isolates sensitive
experiments from spacecraft influences and provides a clear field of view.
In addition to the rigid booms, a pair of fifty meter electric field antennas
extend outward from the base of the vehicle. The solid fueled AIM was ejected
from the aft end after final orbit insertion to limit the contamination. All
of the booms and antennas deployed successfully, all covers opened, and the
AIM was jettisioned without incident. The spin axis is fixed in the orbit
plane and is kept broadside to the sun by weekly precession maneuvers.

Subsystems

A11 of the spacecraft subsystems checked out properly after launch.
Since then only the telemetry subsystem has encountered any problems (table I).
After two weeks of use on orbit the signal strength from the vehicle sharply
dropped twelve to fourteen decibels. Fortunately the anomalous telemetry
string still produced a usable signal. Naturally we were hesitant to select
the backup transmitter until the problem with the first was better understood
since the second string had to be protected to transmit science data from the
first eclipse season. Fortunately the problem disappeared while ground
testing of the flight spare was being conducted and it has not reoccured.
Unfortunately the ground tests were inconclusive and although multipaction
was the suspected cause, nothing was proven. Operations continued on the
first string. Since then, the second string has been selected for its reduced
electromagnetic interference. The remainder of the subsystems are operating
properly and another three years of operations are possible.

PAYLOADS

Payload checkouts for SCl through ML12 were completed by 12 March 1979
despite the difficulties presented by the transmitter anomaly. Only SC6, the
AFGL Thermal Plasma Analyzer encountered problems during checkout. On the
final step of a stepping operation, SC6 failed due to an excessive power draw
in the electron step generator. All attempts to work around the failure and
save the ion half of the experiment have also failed. This is a catastrophic
failure for SC6.

The next payload problem affected SC7, the NASA/MSFC Light Ion Mass
Spectrometer. On 20 Feb 79 the SC7 internal power supply failed after ten
days of active data collection. This is a catastrophic failure for SC7.

The net effect of losing SC6 and SC7 is the loss of most of the low energy
particle data (fig. 2).
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No other catastrophic failures have occured (table II). Lesser failures
include the SC2 probe biasing failure, the SC4-1 pulsed mode failure, and the
SC4-2 neutralizer failures.

The SC2 boom mounted experiments had the capability of biasing the
electrical potential of their spheres. However, during induced charging
operations with the SC4-1 electron gun on 30 March 1979, the biasing function
of both spheres failed. At the time the electron gun was operating in a
continuous mode at -3 KeV. Data obtained from the SC1-8B Pulse Analyzer and
the SC1-7 RF Analyzer indicated that discharges were occuring on the vehicle.
These discharges were sufficient to disrupt the telemetry signal for thirteen
seconds. In addition, both the SC2-1 and SC2-2 probe biasing functions
failed coincident with two of the larger pulses. Additional damage was caused
because the failures went undetected. Thus the probes remained on with
maximum bias and the electrostatic analyzers (ESA's) were inundated with Tow
energy particles. In addition, although the SC4-1 pulsed mode was not being
used, it has never operated successfully since then.

The SC4-2 neutralizer elements were used to emit a neutral beam of
positive ions and electrons from the ion gun. Both of these elements have
failed with time and SC4-2 is now capable of emitting a stream of only
positive ions. The magnitude of this loss has been reduced by using the
electron gun in coordination with the ion gun.

The most curious anomaly to affect the SCATHA payloads. occurs to the
SC11 Magnetometer. SC11 incorporates two high pass filters and may select
either the 1 Hz or the 5 Hz filter by command from the ground. Its normal
configuration uses the 1 Hz filter. However, during some SC4 operations the
5 Hz filter has been switched to without commanding. In addition, SC11 has
switched to the 5 Hz filter on one occasion when no SC4 operations were
being conducted. This is the only time that it has occured without SC4
induced charging.

Other than these instances, all experiments are behaving nominally with
some degradation to the sensors which have ESA's.

SUMMARY

In summary, the P78-2 spacecraft and payloads have operated for twenty
one months and have collected data continuously. Four eclipse seasons have
been covered in detail. In that time there have been .only two failures which
might affect the SCATHA mission. These are the SC6 and SC7 faijlures.
Although the mission was only planned for one year, the vehicle has been
supported for almost two years and further long term operations with the
materials payloads are under consideration.
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TABLE I. - P78-2 SPACECRAFT SUBSYSTEMS:

OPERATIONAL STATUS

SUBSYSTEM

REMARKS

Telemetry and Command

POWER

THERMAL

ATTITUDE CONTROL

Signal strength
after two weeks
after two weeks
No reoccurrence
Currently using

nominal load is
NOMINAL

NOMINAL (3 year

from the vehicle dropped 12-14 dB
on orbit. Returned to normal
of reduced operations.

redundant string (improved EMC)

NOMINAL (Solar Arrays produce 9 amps, and the

8 amps.)

supply of hydrazine remains)

TABLE 11, - P78-2 EXPERIMENTS: OPERATIONAL STATUS
# EXPERIMENT STATUS

SCl-1,-2,-3 Satellite Surface Potential Monitors NOMINAL

SC1-7 RF Analyzer NOMINAL

SC1-8A VLF Analyzer NOMINAL

SC1-8B Pulse Analyzer NOMINAL

sC2-1,-2 Plasma Potential Sensor Probe Biasing Failure 3/30/79
and some ESA Degradation

SC2-3E Electrostatic Analyzer (ESA) Partial ESA Degradation

SC2-3B Ion Detector NOMINAL

SC2-6 Energetic Proton Detector NOMINAL

SC3 High Energy Particle Spectrometer NOMINAL

SC4-1 Electron Beam System Pulsed Mode Failure 3/30/79

SC4-2 Ion Beam System Neutralizer Failure 10/25/79

ScS Rapid Scan Particle Detector Partial ESA Degradation

SC6 Thermal Plasma Analyzer Failed during checkout 2/10/79

SC7 Light Ion Mass Spectrometer Failed after 10 days 2/17/79

SC8 Energetic Ion Mass Spectrometer NOMINAL

SC9 Auroral Particles Experiment Partial ESA Degradation

SC10 Electric Field Experiment NOMINAL

SC11 Magnetic Field Monitor NOMINAL

ML12-3,-4 Thermal Control Coatings NOMINAL

ML12-6,-7 Temperature Controlled Quartz Crystal NOMINAL

TPM Transient Pulse Monitor NOMINAL
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Figure 1. - P78-2 on-orbit configuration.
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Figure 2 - Particle detector envelope.
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ELECTRON ANGULAR DISTRIBUTIONS
DURING CHARGING EVENTS*

J. F. Fennell, D. R. Croley, Jr., P. F. Mizera, and J. D. Richardson
The Aerospace Corporation

SUMMARY

The angular distributions of electrons and ions at times of spacecraft
charging have been examined for several charging events. Generally it is
found that electrons measured perpendicular to the earth's magnetic field are
more intense and more energetic than those measured parallel to the magnetic
field during charging events. During the substorm charging injection, the
electron spectra harden at all angles to the magnetic field as the evolution
of the charging spectra is monitored by the P78-2 satellites. An example of
the onset of charging and the changes in the electron distributions is exam-
ined in detail. The evolution of the electrons from a "soft” plasma sheet
distribution to a "hard"” charging distribution is compared with the charging
of Kapton on the satellite and the spacecraft frame potential. The ions are
used to determine the spacecraft potential. Evidence of periodic surface
potential variations related to particle anisotropies are presented and dis-
cussed.

INTRODUCTION

The evolution of the near synchronous particle environment at the onset
of a substorm or injection has been the subject of much investigation over the
years. The primary interest has been in trying to understand the physical
mechanisms by which the plasma is energized and transported to the near syn—
chronous region. In this report we will not attempt to add to such under-
standing. Instead, we are going to accept its occurrance as a fact and exam-

ine how the plasma changes and the effect the changes have on the satellite
itself.

Much has been written on the subject of the plasma's interaction with
satellites in space (see ref. 1). We will be emphasizing the charging of
spacecraft surfaces and dielectric materials by the energetic plasma that
envelopes the spacecraft during substorm injections. We will put special

*
This work was supported by the U. S. Air Force Space Division under Contract
F04701-80-C-0081.
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emphasis on the anisotropies of the plasma and its reflection in final charg-
ing of surfaces.

OBS