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INTRODUCTION

A semi-empirical model for electron-caused electromagnetic pulse (ECEMP) from
spacecraft dielectrics has been developed and tested experimentally (Ref. 1). That model
successfully predicted ECEM P response of moderately complex, 1-m spacecraft structures
including reentrant geometries in a simulated space environment. Agreement between
experimental data and predictions was substantial, indicating that a general system
response predictive tool is well underway to being established and that dielectric break-
down behavior can be further understood through applications of the resuits.

This paper briefly reviews the calculated results compared to the experimental data
for three spacecraft geometries, and then discusses the appropriateness of certain model
assumptions which have been employed in the absence of a microscopic theory for dielec-
tric breakdown and associated electron blowoff.

Much of the detail of the model and its experimental verification have been pre-
sented elsewhere (Ref. 1), and so is only highlighted here. Results presented in this paper
are limited to the exterior response of spacecraft structures, although neither the model
nor the experiments were limited to the outside problem. Emphasis here is on providing
rationales for model assumptions.

Various efforts have been undertaken to gain theoretical insight into dielectric
breakdown processes on a first-principles basis (Ref. 2). At present, however, discharge
and blowoff properties are limited to experimentally determined dielectric breakdown
parameters. Analytical descriptions of the processes can be incorporated into the predic-
tive capability discussed here as they become available.

COUPLING MODEL SUMMARY

From the results of previous measurements (Ref. 3), the model was developed on the
basis of a limited number of assumptions:

‘ When a dielectric is charged to a potential, Vp. a discharge occurs.

. After initiation, the discharge continues until the potential reaches a final
potential, Vg, at which time the discharge ceases.

. During the discharge, a fraction of the stored charge, fg, is released as
blowoff charge and a fraction, fF, as flashover charge.

These assumptions are based on the empirical observations that, although the discharge
process is stochastic in nature, the general magnitude of the response of a material can be
bounded. The model assumes that coupling of the discharge is dominated by the motion of
the blowoff charge; the flashover chargeis considered only in that it modifies the surface
potential as a function of time.

*work sponsored by AFWL under Computer Sciences subcontract $S-220.
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The blowoff electrons are assumed to move in the fields surrounding the object in
question. Thetimehistory of the charge release is determined by the velocity of propaga-
tion of the discharge, v, and the linear dimension of the dielectric, £. This assumption is
based on results of previous measurements performed by JAYCOR as well as those by Bal-
main (Ref. 4) and others, which show that the discharge pulse width scales as the square
root of the area of a dielectric sample. This suggests that the discharge can be described
as a propagation phenomenon moving across the linear dimension of a sample. This
assumption leads to a triangular shape for total blowoff currents as a function of time.
The blowoff electrons are assumed to be released with zero initial energy, where zero
simply means some value small compared to the initial dielectric differential potential.
Also, the dielectric surface is assumed to reflect electrons specularly, with a reflection
coefficient of unity.

Input parameters for discharge coupling calculations (Vpr V. fg, fg, and v) can be
determined from measurements on small-area samples, since previous measurements have
shown these quantities to be relatively independent of sample size. The object dimensions
enter the calculations as problem=-specific input parameters. The input parameters for the
present calculations are summarized in Table 1.

Table 1. Discharge Parameters Employed in ECEMP Analyses to Describe Dielectric
Geometry and Discharge Due to the Low-Energy (¢25 keV) Electron Environment

Second-Surface
Mirrors . Solar

Material Kapton (SiOZ) Mylar Panel
Area (m?2) 0.79 0.79 0.79 0.09
Thickness (mils) 2 8 3 6
e/€g 3.5 4.0 3.5 4.0
Potential at breakdown (kV) 13 6.5 11 7
Pulserisetime, 0 to 100% (usec) 5 1.5 1.3 0.75
Pulse width, FWHM (usec) 5 1.5 3 0.75
Blowoff fraction of stored charge 33% 28% 90 % 20%
Flashover fraction of stored charge 33% 28% 0 58%
Emission characteristics:

Initial electron energy (eV) 10 10 10 10

Total current (amp) 400 140 1,150 40

Spatial distribution Nominally uniform
Surface properties Reflection of electrons with charge albedo =1

*»
Mylar was not included in the previous tests, and all parameters listed here were deter-
mined from recent low~-impedance discharge characterization measurements.

The nominal model assumes that only electrons are blown off from the samples dur-
ing discharge. For geometries in which a relatively slow neutral plasma may make a dif-
ference in response, it was modeled as a perfect conductor traveling at 6 x 10" msec,
based on the observations of Hazelton (Ref. 5) and on a plasma channel theory by Balmain
(Ref. 4) extended to the present configurations.

The dielectric discharge properties are used as inputs for the ABORC SGEMP com-
puter code (Ref. 6). A rotationally symmetric geometry involving an artificial 1.5-cm-
thick dielectric sample is employed. The sample capacitance is preserved through use of
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an artificially high permittivity. Blowoff electrons move self-consistently in the pre-
charge fields and in their own fields, generating replacement currents on the structures.

EXPERIMENT SUMMARY

A 1-m-long by 0.67-m-diameter cylindrical test object was constructed with mag-
netic field time derivative sensors at several locations on the side (H, and H_ ) where H is
the magnetic field and the cylinder axis is also the axis of a (z,r,¢) ¢ lindric&! coordinate
system. Dielectric materials were placed on one end of the cylinder and irradiated with
25-keV electrons in a large vacuum tank (6 m long by 4 m diameter). Data were obtained
for low- and high-impedance isolations of the test object, with and without a simulated
antenna and solar paddle attached. [he antenna and paddle appendages were monitored
with current time derivative sensors (1) on their respective conducting booms, which were
connected to the canister ground. The antenna mast length was varied in the tests, and
several dielectric materials were examined. Electrical isolation of the canister ground
from the tank by a high impedance corresponded to the free-space condition in which a net
charge builds up on the body during a breakdown due to the loss of a small fraction of the
blowoff electrons to infinity.

The experimental results referenced here are the H. and i signals. The H values
are defined to be zero by the rotational symmetry of ﬁ\e ABORC code model. This
assumes that the discharges and the test object are rotationally symmetric. Neither of
the above assumptions is completely true, but differences caused by asymmetries in the
experiments were generally small enough that results could be interpreted meaningfully.

REVIEW OF MODEL RESULTS COMPARED WITH EXPERIMENTAL DATA

Figure 1 shows calculated and experimentally observed H signals on the outside of
the high-impedance isolated canister as a function of distance‘P down the side, both with
and without the antenna present. The experimental data span the calculated curves for
both geometries, and the calculated curve shows the trend toward greater falloff away
from the discharge with the antenna. Similar quality of agreement between calculated
and experimental results was found for Mylar, which emits approximately 10 times as
much current as the second-surface mirrors, and it was observed that scaling of responses
could be performed from one material to another for which blowoff characteristics are
known. Additionally, the model gives an essentially constant H, response as a function of
position on the canister for low-impedance grounding. This bghavior was both expected
and experimentally observed, and is caused by the absence of space-charge limiting.
Blowoff charge flows unimpeded to the vacuum tank walls, and is replaced through the
grounding cable.

Performance of the model in predicting the current which flowed from the sample to
the antenna itself was not good, however, as illustrated in Figure 2. The peak current
flowing on the antenna mast was observed to be 420 amps for a 20-cm mast and 120 amps
for a 40-~cm mast. The pretest computer model without neutral plasma emission predicted
only 32 amps for the short mast. That result is plotted on the left-hand graph at the zero
initial energy abscissa point for the curve labeled "no plasma,” which describes the early
assumptions of zero initial energy of blowoff electrons emitted into a perfect vacuum.
The obvious failure of the model to reproduce the nearly 90% cleanoff of the dielectric
and subsequent mast currents observed led to the specification of a 90% blowoff charge
emitted with non-zero energies in the presence of a neutral plasma in the model.

Those results are plotted as a function of emission energy for the 20-cm mast length
on the left, and for the 40-cm length on the right. Notice that the observed sensitivity to
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Figure 2. Calculated antenna peak current sensitivity to mast length compared
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mast length is reproduced by the model only for relatively high-energy electrons. Also
notice that the neutral plasma is required even with high-energy emission to reproduce the
observed antenna current for the short mast (compare the curves labeled "plasma® and "no
plasma®).

Performance of the pretest model was much better for the solar panel boom current
than for the antenna mast current. Figure 3 shows the experimental geometry and
ABORC code representation. Obviously, inaccuracy due to the geometry differences is
expected for this highly non-rotational structure, but the code should be able to indicate
whether a large or small fraction of the blowoff charge reaches the canister. The currents
indicated on the figure show that the boom current is approximately 15% of the blowoff
current for both the model and the experiment, which both supports the modeling and sug-
gests that discharges from relatively isolated solar panels may not drive large currents on
a satellite center body compared to the total current released.
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Figure 3. Computer model for solar panel compared with experimental geometry
(calculated peak replacement currents | also shown for high-impedance isolation)

In brief, the performance of the pretest model was found to be excellent for each
geometry tested for response locations away from the dielectric surface normal. In gen-
eral, discharge characteristics were obtained from low-impedance measurements on small
samples scaled up to the larger geometries. Difficulties with the modeling were exper-
ienced for conductors near the samples inthe normal direction, and additional assumptions
were required to calculate observed local currents. While the assumptions of energetic
electrons and a neutral plasma emission are not totally satisfying, they are supported by
recent experimental evidence, and their inclusion leads to the experimentally observed
variation with antenna mast length in the antenna conf iguration.
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DISCUSSION OF MODEL ASSUM-PTIONS

This section deals with the most debatable model assumptions of the predictive tool
developed in these efforts. The emission current spatial distribution treatment was tested
through a parameter variation exercize. Plausibility of the unit albedo assumption is
considered in terms of dielectric properties and calculated system behavior. Experimental
evidence for the neutral plasma employed in the antenna analysis is cited. Finally, effects
of the artificially thick dielectric model are discussed.

The blowoff current emission spatial distribution has been the subject of consider-
able analysis (Refs. 7-8). A major justification of these efforts is that they may even-
tually be able to describe anticipated limitations of presently observed area scaling of the
blowoff current as dielectrics tend toward larger dimensions. In the meantime, the ques-
tion is, "How sensitive are the present results to the assumed spatial distribution for 1-m
objects?” ABORC code results suggest that the response is only mildly sensitive to the dis-
tribution assumed for present-size objects.

The sensitivity of the canister response to the assumed blowoff charge spatial distri-
bution is shown in Figure 4. Calculated replacement currents near the dielectric and half-
way down the side of the canister show less than a factor of 2 variation between a uniform
spatial discharge and a discharge from a small area at the outer edge. Blowoff charge ori-
ginated from each area element with equal probability at each time step in the former,
but it had to migrate to the outer edge of the dielectric before being ejected in the latter.
The emission current and dielectric voltage time histories were the same in each case. We
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Figure 4. Canister response sensitivity to assumed discharge spatial distribution
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conclude that the uniform discharge model is reasonable and, based on these results, we
expect nostrong sensitivity to a potentially more realistic ‘traveling discharge.*

The calculated insensitivity to the spatial distribution can be better understood with
the aid of electron cloud snapshots in time obtained from the computer code. Figure 5
shows the cloud at three different times during discharge of a Kapton sample for both uni-
form and outer-ring emission assumptions. At very early times, little or no charge returns
to the canister because attractive fields are small. The cloud shows a considerable differ-
ence in shape, however (see the 200-nsec picture). As the canister begins to attract the
cloud strongly due to its net charge, the two emission patterns tend to produce similar
space-charge distributions (see the 2-psec picture). Thus, early-time response differences
should diminish as limiting increases. This behavior is seen in corresponding currents on
the body (Figure 4).
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Figure 5. Time snapshots of the electron cloud for a Kapton dielectric with
high-impedance grounding for both uniform and ring spatial emission assumptions

The snapshots also suggest that the mechanism by which charge travels to the outer
edge is not particularly critical, because space-charge limiting keeps the electrons near
the top surface in any case.
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Whereas the ring emission model treats the propagation of charge to the discharge
site as a blackbox, the uniform model requires the additional input of the description of
the charge-reflecting properties of the dielectric surface. Without charge albedo, the
model would permit only a small fraction of the blowoff charge to escape the surfacein
the high-impedance isolation case. The upper right-hand snapshot in Figure 5 shows the
cloud completely restrained to the surface of the sample, with each particle undergoing
numerous reflections before it reaches the edge.

The surface properties of the dielectrics under the intensive fields and breakdown
conditions being modeled here are not well known, so a description of albedo can only be
approximate. The model presently employs a perfectly reflecting surface in lieu of a more
complicated description. This treatment is somewhat justified in view of dielectric prop-
erties which are known for weak field conditions (Ref. 9). Electrons striking a surface
produce both low- and high-energy reflected components. The energy of the former is
approximately 50 eV; the latter are similar to the incident particle in energy. The total
yield of the low-energy component can be as high as five times the incident charge for
0.5-keV normally incident electrons on dielectrics, and increasing as much as a factor of 7
between normal and grazing incidences. The high-energy reflected electron yield varies
between approximately 10 and 100% of the incident charge between normal and grazing
incidence, and is only mildly dependent on the incident particle energy.

Putting the above properties together and assuming that they pertain to the high-
field breakdown environment of the Mylar experiments, one obtains a secondary-electron
charge albedo of as much as 35 and a primary albedo as high as unity. These values make
the present model assumption of unit albedo for all angles and energies appear to be con-
servative. Also, the distinction between primary and secondary electrons is not critical
because zero initial energy of blowoff charge has generally been assumed here anyway.

We conclude that the unit albedo assumption is a conservative treatment for the
present series. An investigation which involves a more exact albedo treatment, including
effects of strong fields, would be appropriate, especially in an effort to determine scaling
to much larger structures.

The plasma emitted from the dielectric has been the subject of some debate in the
present computer model for the antenna solution. The major criticism has been that such
a plasma is too slow to cause major effects on currents reaching the antenna. Yadlowski
(Ref. 10), however, observed essentially equal pulses of positive and negative particles
arriving at a Faraday collector 9 cm from a Teflon discharge in less than 1 usec. Assum-
ing that the same plasma could be observed for the second-surface mirrors, it would have
traversed almost one-half the distance to the antenna by the time of the peak of the blow-
off current pulse. This is sufficient to increase transmission of charge to the antenna by a
large amount, and is consistent with the results of the model. Very little is known about
the plasma, andits electromagnetic skin depth characteristics are the most relevant prop-
erties for thesestudies. Analytical estimates show a small enough skin depth to close out
retarding electric fields for reasonable assumptions of temperature and density (Ref. 1),
but more effort is warranted to justify the model. The fact that the plasma arrived at
Y adlowski's Faraday cup intact shows that the skin depth was sufficiently small to over-
come considerable electric fields.

Finite-difference zone studies were performed in which a Poisson-solver code was
used to model actual dielectric material thicknesses and nearby geometry details for com-
parison with the much coarser grids employed in ABORC (a 2-mil dielectric is typically
modeled using two 0.75-cm zones in the code). Comparisons of the calculated precharge
fields showed that values were within 10% for grid points at similar positions relative to
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the dielectric in both models. Large differences exist over very small dimensions (the fine
zones resolve much higher field values than the coarse grid is capable of). These fields
occur over a small volume, and are not considered significant enough to impact results
presented here. Potential inaccuracies introduced by the thick dielectric assumption
should always be reviewed, however, when new physics or geometries are introduced as
they were here.

SUMMARY AND CONCLUSIONS

A semi-empirical model of the coupling of dielectric discharge currents to satellite
structures has been developed and tested with considerable success against experimental
data. Satellite ECEMP response was predicted within a factor of two for three fundamen-
tally different geometries using different dielectric materials, with discharge character-
istics scaled from small-sample measurements. The model reproduced the response of an
antenna located near the sample in the normal direction only when additional physics was
included post-test. Fundamental model assumptions have been shown to be reasonable and
even conservative, based on experimental data comparisons, parameter sensitivity studies,
and known material properties. Additional effort in the areas describing the neutral
plasma emission and albedo characteristics for high-field conditions appear to be war-
ranted by these studies. The most questionable remaining property of the model behavior
discussed here is the high-energy blowoff electron requirement for reproducing the
observed antenna mast current. That quantity can probably be relaxed through a more
detailed descripton of the discharge physics and resulting neutral plasma.

Applications of the present model have been made for the low-energy ( <25 keV)
space environment only. Data are also available for combined low- and high-energy-
electron-induced discharges, which are typically different from those observed for low-
energy exposures (Ref. 11). Straightforward application of the methods described here
could also stress the model for such combined environment discharges. It is also signif-
icant that the treatments employed here for the external problem could be applied to
dielectric discharges induced by high-energy electrons penetrating to internal spacecraft
locations.
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