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Abstract

Electrostatic charge accumulation and consequent electrical breakdown of dielectric materials have
been implicated in many electronic equipment failures on spacecraft in synchronous orbit. These failures
have ranged from temporary anomalies to permanent failures of major subsystems. This paper reviews the
relevant background of both surface and internal charging and the factors that lead to the design of a rele-
vant space experiment. The purpose of the planned space experiment is to measure charge buildup and
discharge phenomena in ways that will lead eventually to greater immunity in spacecraft electronic circuit
design. The paper describes as well how the time derivative of the total current in typical surface dis-

charges can be regarded as a universal constant, considerabl

bility test planning.

1. Introduction

Spacecraft in synchronous orbit (and lower
orbits as well) experience significant charge accu-
mulation during periods of unusually high emis-
sion of charged particles from the sun [1]. The
higher-energy electrons can penetrate into the
spacecraft interior where they become lodged in
electrical insulators (deep or internal charging).
The lower-energy electrons penetrate just under the
surfaces of the exposed dielectrics used for thermal
control and for the support of solar cells (shallow
or surface charging). When electrical breakdown
occurs in either of these situations, the crucial
aspect is the propagation of the discharge. It is this
propagation that mobilizes the charge and channels
the resulting current, such that, in laboratory simu-
lations, peak ejected-electron currents have
reached hundreds or even thousands of amperes
(2]. Actual spacecraft discharges are believed to be
smaller but still damaging, the consequences rang-
ing from temporary electromagnetic interference to
permanent physical damage in spacecraft devices
or subsystems, and even loss of entire spacecraft,
such cases going back as far as the 1960s or 1970s
and continuing into the 1980s and 1990s [3, 4, 5].
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y simplifying EMC predictions and suscepti-

Indeed, these "spacecraft anomalies" have been
problematic for such a long time that well-orga-
nized efforts have been made to record and catego-
rize them {6, 7], those events believed due to
electrostatic discharge showing correlation with
solar emissions, eclipse conditions, local time
(midnight to dawn), and time of year (equinox).

2. Spacecraft Deep Charging and Dis-
charging

Tree-like discharge patterns (sometimes
referred to as Lichtenberg figures) were first
observed by Gross in borosilicate glass [8] and
Plexiglas [9] after exposure to 2 megavolt-level
electron beams and subsequent discharge trigger-
ing by driving a grounded pin into the side of the
specimen, as shown in Fig. 1. The tree patterns are
formed within the specimen near the electron stop-
ping distance which is of the order of 10 mm in
many of these experiments. Because the discharge
occurs deep within the dielectric specimen, it never
reaches the specimen surface (except at the
grounded pin), with the result that the specimen
can be wrapped in thin metallic foil without any
effect. Therefore the progress of the discharge is
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the progress of a breakdown track into an isolated,
precharged region.
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Figure 1. Bright discharge and permanent damage
tracks in a thick dielectric block under
bombardment by monoenergetic
(> IMeV) electrons.

It has been shown by Cooke ef al. [10] that
the velocity of discharge propagation is dose-
dependent, which is to say dependent on the depos-
ited charge density, higher charge densities produc-
ing higher local electric fields and faster
propagation. Moreover, the same authors observed
that a discharge could traverse an uncharged region
if that region were narrow enough. By measuring
the current to the initiator pin and noting its min-
ima as the discharge crossed narrow uncharged
bands, they made absolute measurements of dis-
charge velocity, typically in the range of 1.4 to
6.3x 10° m/s (11, 12) (it is possible that these
velocities are slightly low due to added delays in
traversing the uncharged bands).

Deep charging with resultant discharging
was demonstrated to be a potential threat to space-
craft, in laboratory experiments on printed circuit
boards carried out by Wenaas et al. [13]. More-
over, such discharges were shown to occur in
space, in a variety of metal-shielded configurations
[14]). Evidence suggests that deep charging may be
the cause of at least some spacecratt operational
anomalies and subsystem failures [3, 4, 5].

3. Spacecraft Surface Charging and Dis-
charging

It is well known [1] that 5-30 kV electron
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beams incident on thin specimcns of spacecraft
dielectrics such as Teflon, Kapton and Mylar can
produce strong discharges. The scaling of dis-
charge properties with specimen area has proved to
be particularly revealing [15]. The proportionality
of released charge to specimen area lends support
to the notion that most of the deposited charge is
somehow mobilized and blown off. More subtle is
the proportionality of peak current and discharge
duration to the square root of the area (i.e. propor-
tional to the linear dimensions of the specimen).
This duration proportionality suggests that the dis-
charge 5propagates at a finite velocity, typically
7% 10” nvs (not much greater than the value for
deep discharges). For round, disk-shaped speci-
mens, the velocity is calculated as the specimen
radius divided by the time between the half-maxi-
mum levels of the discharge current. The peak cur-
rent proportionality to linear dimension suggests
that the discharge process is that of a wave expand-
ing from the initiation point, accompanied by elec-
ron current ejection proportional to the length of
the wavefront. This postulated process is sup-
ported by the observation that discharge current
waveforms are often symmetric, with roughly
equal rise and fall times.

This "burning wavefront" or "brushfire" pro-
cess is believed to involve the acceleration of dis-
charge-emitted ions over the surface ahead of the
wavefront, these jons being attracted to the undis-
turbed embedded electrons [16, 17]. The embed-
ded electrons are then drawn to the surface by
high-field conduction (or possibly by electrical
breakdown and plasma eruption through the sur-
face). Excess electrons are then blown off to pro-
duce the peak currents that can be over 1000 A for
an exposed area of one square meter. This process
is depicted-in Fig. 2.

In seeming contradiction to the "brushfire"
process is the frequent observation of bright, irreg-
ular lightning-like traces over the surface during a
discharge. Also observed are tunnel-like damage
tracks {2] located a few micrometers below the sur-
face and reminiscent of the deep-discharge "tree"
structures. These shallow damage tunnels often
break through the surface or form surface grooves,
thus very likely being the source of dense plasma
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that could provide ions to support discharge propa-
gation, as well as providing the high current of
blowoff electrons. The tunneling process is
depicted in Fig. 3.
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Figure 2. Charge accumulation and discharge
processes, showing the accelerated-ion
contribution to discharge propagation.
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Figure 3. Punchthrough-initiated breakdown

and discharge propagation showing
tunnel formation in a thin dielectric
sheet.

The damage tracks and the lightning-like
traces have related directions [18]. However, no
one-to-one correspondence between them has been
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identified.

It is curious that the damage tunnels are usu-
ally observed near "punchthroughs” to the underly-
ing metallization which is common in Spacecraft
thermal blankets.  Thus the damage tunnels,
although dramatic when seen in scanning electron
microscope images, probably do not play a large
part in surface discharge propagation.

The significance of discharge-emitted
plasma has become somewhat clearer over the
years. In his excellent 1983 compendium and
interpretation of discharge examples, Frederickson
[19] drew attention to the high density of emitted
plasma. Recently, in 1992, Frederickson et al. [20]
noted that the emitted plasma was dense enough to
trigger discharges between biased metal plates
some distance away from the dielectric arc.

The discharge propagation mechanism has
been linked to "barrier-jumping” of surface dis-
charges [21]. More recent advances in this line of
thought [22] have led to the conclusion that ejected
ions are the principal trigger for "sympathetic” dis-
charges on nearby charged surfaces, thus lending
credence to the "brushfire" postulate of ion-assisted
discharge propagation.

4. Spacecraft Testing

The only comprehensive Spacecraft charg-
ing design guideline document is the 1984 NASA
report by Purvis et al. [23]. Additional insight has
been offered in a paper by Whittlesey et al. [24]
which includes a useful latitude-vs-altitude chart of
relative charging threat. The NASA report does
not deal with internal charging/discharging but
rather focuses on external dielectric charging and
surface discharging. Such a discharge produces a
pulse of high-current electron blowoff which even-
tually returns to the spacecraft to form a complete
circuit. It is this large current loop that couples
EMI into the spacecraft, so it is also this current
loop that must be replicated for susceptibility test-
ing.

The NASA document [23] recommends use
of the arc generator originally specified for space-
craft testing in MIL-STD-1541 and shown in par-
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tial schematic in Fig. 4. At an applied voltage of

1:100 turns ratio

electrodes

1000  OIwF
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Figure 4. Arc source specified in MIL-STD-1541

and included in NASA TP-2361. The
autotransformer has a distributed
capacitance of about 50 pF. The DC
supply is switched off before the SCR
is switched on.

19 kV, it produces a peak current of 80 A, a current
pulse risetime of 5 ns and a pulse width of 20 ns. It
can be used at a short distance (30 cm) from the
spacecraft or in contact with it, the contact test
being the more severe of the two, especially if the
current is passed between distant points on the
Spacecraft in simulation of the return current path
mentioned in the foregoing paragraph.

Standard arc generators designed to satisfy
human ESD standard IEC 801-2 should not be
applied directly to spacecraft because the risetime
is generally too fast, the decay time is too slow, and
the initial high current peak is not representative of
spacecraft external discharges. However, it can be
argued that the use of indirect discharge (direct dis-
charge to a large metal plate close to the space-
craft) introduces enough pulse smoothing to make
the test relevant [25). Spacecraft surface dis-
charges have wide ranges of peak current and pulse
duration on account of the peak current and pulse
duration proportionality to the linear dimensions of
the charged region, so a range of 1,000:1 is not out
of the question, and a range of almost 5 orders of
magnitude has been noted [26].
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5. A Universal Rate-of-Rise Estimate for
Surface Discharge Currents

The simplified "burning wavefront” process
discussed in Section 3 implies that the instanta-
neous total discharge current / is proportional to
the length of the wavefront L , making

I =kL @)

where k is a constant. If the discharge starts at the
straight edge of a dielectric sheet lying on a
grounded metallic surface, the wavefront length is
half the circumference of a circle with radius p
which is the radius of the wavefront. Further, if the
velocity of discharge wavefront propagation is
V = dp/dr , then

dl

dr ~
Applying (1) to a discharge starting at the edge of a
circular dielectric specimen of radius r , one finds

that
ﬁ Imax
= — % (3)
Tr

which for typical data on specimens 1-3 mil thick
of Kapton, Mylar or Teflon leads to

kxV 2)

-

k=5 A/cm 4)
For a velocity approximately equal to
7x10°m/s , application of (2) leads to

il =1 A/ns 5)

dt

Examination of samples of existing data tends to
validate (5) within a factor of two, with no strong
dependence on physical parameters having been
identified so far. Equation (5) could be helpful in
estimating worst-case levels of electromagnetic
interference in cases where d//dt coupling is cru-
cial.

Equation (5) is also useful to evaluate sus-
ceptibility test techniques. In Section 4, the MIL-
STD-1541 arc generator example should produce a
current rise rate of roughly 8 to 10 A/ns, which rep-
resents overstress related to electromagnetic cou-
pling by perhaps as much as an order of magnitude.
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6. Factors Influencing Spacecraft Experi-
ments

The development of design guidelines to pre-
vent spacecraft electrostatic discharge damage is
highly desirable. Laboratory experimentation is
the primary means to this end. Ultimately, space
experiments must be carried out to ensure that the
concepts developed in the laboratory are applicable
to the space environment.

A parallel objective would be the develop-
ment of a satellite instrument that could provide
advance notice of potentially dangerous charge
accumulation. Such an instrument might also pro-
vide useful retrospective data in the event that ESD
problems did arise.

The detailed study of the ambient energetic-
particle environment requires spectrometers whose
cost and weight would limit their use to a few sci-
entific satellites. For research purposes, an array of
test cells used in conjunction with energetic-parti-
cle spectrometers would be appropriate, and such
an arrangement was employed in the CRRES
experiment [27]. This experiment was aimed at
detecting discharge pulses in cases where the
dielectrics in question were completely covered
with 0.2 mm aluminum foil, such that only elec-
trons with initial energies over 150 KeV could
reach the dielectric specimens. The earlier SCA-
THA experiment [6] included uncovered speci-
mens and also included methods to measure
surface potentials.

Electrometer
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W

Conceptual design of a test cell for measurement of charge accumulation (slowly varying elec-

Figure 5.

V

Ammeter

trode floating potential) and discharge occurrence (transient current to ground from embedded

electrodes and blowoff collectors).
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Here, it is suggested that a hybrid test cell
could provide some information on the incident
electron spectrum while at the same time testing
circuit-like configurations for both charge accumu-
lation and discharge occurrence.  Specifically,
arranging conducting electrodes at various depths
in a dielectric specimen could provide information
on the depth of penetration of the incident electrons
(hence their energies), while at the same time mod-
eling the multilayer circuit boards that are widely
used in spacecraft electronics. The electrodes
would be in two configurations, floating (for mea-
surement of surface potential using electrometers),
and grounded (through a resistor, so that discharge
current could be deduced from a measurement of
transient voltage across the resistor). The concep-
tual design is shown in Fig. 5.

A test cell of the type shown in Fig. 5 (but
without the blowoff collectors) has been built using
Plexiglas 6 mm thick and wire probes at three
depths (4 mm, 2 mm and flush with the surface).
Floating potentials up to about 3 kV were mea-
sured on the surface probe for an incident 20 KeV
electron beam, and lower voltages were measured
on the deeper probes. For higher energies up to 2
MeV, a Strontium-90 radioisotope source was
used: it produced the largest potential on the mid-
dle probe, showing that the probe potential varia-
tion with depth is an approximate indicator of the
incident electron energy.

7. Transient Test Cell Data

The potential of a floating electrode in
response to the environment is expected to be slow,
having time scales of several minutes to hours. If
an electrode loses its charge due to some form of
breakdown, our recent experiments show that the
result would be a change in its potential with a time
scale of a small fraction of a second to a few min-
utes. If the electrode potential were sampled at 30-
second intervals (the same rate as used in the
CRRES experiment), then it should be possible to
distinguish between rapid discharge events and
slow environmental effects.

Actual discharge currents are expected to be
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very fast, with rise and fall times as short as 10 ns
or even shorter. Discharge currents could be moni-
tored by a scheme in which the transient current
charges a capacitor whose voltage is periodically
sampled at a relatively slow rate. The discharge
current to an electrode would depend on the effec-
tive capacitance between the stored charge and the
electrode, such that a change in the stored charge
would induce a detectable current in the electrode.
If a discharge produces the release of charge from
the specimen surface, then this charge can be cate-
gorized as "blowoff” and could be intercepted by
the electrode (shown in Fig. 5) that is in the form of
a strip or band around the upper part of the cell’s
inside wall, or the charge could be intercepted in
part by the wire grid over the cell. Alternatively,
this wire grid could be a metal foil that would func-
tion as an energy filter as well as a means to pick
up blowoff charge.

8. Conclusions

In principle, it is feasible to design a simple
spacecraft test cell that can be instrumented to pro-
vide information on the energetic-electron environ-
ment and its tendency to charge dielectrics and
attached floating metal, thereby to generate poten-
tially disruptive discharges. A design for such a
test cell has been outlined, and a laboratory version
has been built and tested.

As well, it has been shown that surface dis-
charges on thin spacecraft dielectrics exhibit a
characteristic rate of rise of total discharge current
of about 1 A/ns. This rate is close to being a uni-
versal constant, largely independent of experiment
parameters. It enables relatively easy estimation of
electromagnetic interference coupling and also per-
mits appraisal of susceptibility test methods with
particular, attention to electromagnetic coupling
aspects,

9. Acknowledgments

The author acknowledges support provided
by the Defence Research Establishment Ottawa,
the Canadian Space Agency, the Ontario Institute
for Space and Terrestrial Science, and the Natural

9th CASI Conference on Astronautics, November 12-15, 1996, Ottawa, Canada



Sciences and Engineering Research Council of
Canada.

10. References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

H.B. Garrett and C.P. Pike (Eds.), "Space
systems and their interactions with Earth’s
space environment," Progress in Astronau-
tics and Aeronautics, vol. 71, 1980.

K.G. Balmain, "Arc propagation, emission
and damage on spacecraft dielectrics: a
review," J. Elecrrostatics, vol. 20, pp. 95-
108, 1987.

P.A. Robinson, Jr., and P. Coakley, "Space-
craft charging: progress in the study of
dielectrics and plasmas," IEEE Trans. Elec.
Insul., vol. 27, no. 5, pp. 944-960, Oct. 1992.

L. Inzoli, "Electrostatic discharges on space-
craft: the genesis, risk and protection," Elec-
tromag. Environments and Consequences,
Proc. European Electromagnetics Int'l.
Symp., Bordeaux, France, 30 May - 3 June
1994, pp. 23-35.

G.L. Wrenn, "Conclusive evidence for inter-
nal dielectric charging anomalies on geosyn-
chronous communications spacecraft,” J.
Spacecraft and Rockets, vol. 32, no. 3, pp.
514-520, May-June 1995.

A.L. Vampola, "Analysis of environmentally
induced spacecraft anomalies,” J. Space-
craft and Rockets, vol. 31, no. 2, pp. 154-
159, 1994,

D.C. Wilkinson, "National Oceanic and
Atmospheric Administration’s spacecratt
anomaly data base and examples of solar
activity affecting spacecraft,” J. Spacecraft
and Rockets, vol. 31, no. 2, pp. 160-163,
1994,

B. Gross, "Irradiation effects in borosilicate
glass," Phys. Rev, vol. 107, pp. 368-373,
1957.

B. Gross, "Irradiation effects in Plexiglas,” J.
Polym. Sci., vol. 27, pp. 135-143, 1958.

Towards the Next Century in Space

(10]

[11]

[12]

(13]

(15]

(16]

(17]

(18]

(19]

C.M. Cooke, E. Williams, and K.A. Wright,
“Electrical discharge propagation in space-
charged PMMA," Record of the Int’l. Symp.
on Elec. Insulation, 1982, pp. 95-101.

CM. Cooke, E.R. Williams, and KA.
Wright, "Space charge stimulated growth of
electrical trees,” Proc. Int'l. Conf. on Proper-
ties and Applications of Dielectric Materials,
Xian, China, 1985, pp. 1-6.

ER. Williams, C.M. Cooke, and KA.
Wright, "Electrical discharge propagation in
and around space charge clouds," J. Geo-
phys. Res., vol. 90, no. D4, pp. 6059-6070,
June 1985.

E.P. Wenaas, M.J. Treadaway, T.M. Flana-
gan, C.E. Mallon, and R. Danson, "High-
energy electron-induced discharges in
printed circuit boards, /EEE Trans. Nucl.
Sct., vol. NS-26, pp. 5152-5155, Dec. 1979.

A.R. Frederickson, E.G. Holeman, and E.G.
Mullen, “Characteristics of spontaneous
electrical discharging of various insulators in
space radiations," IEEE Trans. Nucl Sci.,
vol. 39, no. 6, pp. 1773-1782, Dec. 1992.

K.G. Balmain and G.R. Dubois, "Surface
discharges on Teflon, Mylar and Kapton,"
IEEE Trans. Nucl. Sci., vol. NS-29, pp.
1610-1614, Dec. 1982.

G.T. Inouye, "Brushfire arc discharge
model," Spacecraft Charging Technology
1980, NASA CP-2812, and AFGL-TR-81-
0270, pp. 133-162.

R. Stettner and A.B. DeWald, "A surface dis-
charge model for spacecraft dielectrics,”
IEEE Trans. Nucl. Sci., vol. NS-32, no. 6, pPp.
4079-4086, Dec. 1985.

M. Gossland, K.G. Balmain, and M.J. Tread-
away, "Surface flashover arc orientation on
Mylar film," JEEE Trans. Nucl. Sci., vol. NS-
28, no. 6, pp. 4535-4540, Dec. 1981.

A.R.  Frederickson, “Electric discharge
pulses in irradiated solid dielectrics in
space," IEEE Trans. Elec. Insulation, vol.

9th CASI Conference on Astronautics, November 12-15, 1996, Ottawa, Canada



(23]

[25]

(26]

(27]

EI-18, no. 3, pp. 337-349, June 1983.

A.R. Frederickson, L. Lévy, and C.L. Enloe,
"Radiation-induced electrical discharges in
complex structures," /EEE Trans. Elec. Insu-
lation, vol. 27, no. 6, pp. 1166-1178, Dec.
1992.

M. Gossland and K.G. Balmain, "Barriers to
flashover discharge arcs on Teflon," JEEE
Trans. Nucl. Sci., vol. NS-29, pp. 1618-1620,
Dec. 1982.

L. Lévy, R. Reulet, ] M. Signier, and D. Ser-
rail, "Discharges triggered on and by elec-
tron-bombarded dielectrics,” IEEE Trans.
Nucl. Sci., vol. 38, no. 6, pp. 1635-1640,
Dec. 1991.

C.K. Purvis, H.B. Garrett, A.C. Whittlesey,
and N.I. Stevens, "Design guidelines for
assessing and controlling spacecraft charging
effects,” NASA TP-2361, 1984.

A. Whittlesey, H.B. Garrett, and P.A. Robin-
son, Jr, "The satellite space charging phe-
nomenon, and design and test
considerations," Record of the IEEE EMC
Symposium, Anaheim, CA, 1992, pp. 526-
527.

C. Imposimato, A. Manara, M. Zuntini, and
L. Inzoli, "Comparison of electromagneltic
fields radiated by electrostatic discharges for
advanced test applications,” Electromag.
Environments and  Consequences, Proc.
European  Electromagnetics Int’l, Symp.,
Bordeaux, France, 30 May-3 June 1994, pp.
1424-1432.

K.G. Balmain, P.C. Kremer, and M. Cuchan-
ski, "Charged-area effects on spacecraft
dielectric arc discharges,” Proc. NRL/ONR
Symposium on the Effect of the lonosphere
on Space and Terrestrial Systems, Washing-
ton, DC, 1978, pp. 302-308.

A.R. Frederickson, E.G. Mullen, K_J. Kerns,
P.A. Robinson, and E.G. Holeman, "The
CRRES IDM spacecraft experiment for insu-
lator discharge pulses,” /EEE Trans. Nucl.

Towards the Next Century in Space

122

Sci., vol. 40, no. 2, pp. 233-241, April 1993.

9th CASI Conference on Astronautics, November 12-15, 1996, Ottawa, Canada



