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BACKGROUND

This paper presents a description of the results of the initial phase of a
broader, more complete program for the characterization of electrical breakdowns
on spacecraft insulating materials. This initial phase consisted of the devel-
opment of a discharge simulator and characterization facility and the perfor-
mance of a limited number of discharge measurements to verify the operation of
the laboratory setup and to provide preliminary discharge transient field
data. Some of the early results of this program were presented at the last
Spacecraft Charging Symposium.

Another portion of the initial phase of the program was to develop a pre-
liminary model of the electromagnetic characteristics of the discharge. Such a
model has been developed. It 1is based upon the "blow off"” current model of
discharges, with the underlying assumption of a propagating discharge.

The laboratory test facility and discharge characterization instrumentation
were described at the last Symposium and are discussed here only briefly for
completeness. The general results of the "quick look” tests will be described
here. The results of the "quick look” experiments compare with the preliminary
model with reasonable success.

Further tests are planned in the future to carry out the complete program.

TEST SETUP

For the electromagnetic breakdown studies, the test samples were mounted in
the middle of a ground plane within an electromagnetically-transparent vacuum
chamber in the general manner illustrated in Figure 1. This arrangement simu-

*The work reported here was supported by the U.S. Air Force under contract
SAI-77-C-0166. Mr. G. R. Hilbers of SRI was responsible for assembling and
debugging the test setup. He and Mr. B. Milligan also at SRI were responsible
for generating the test data.
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lates a region of charged dielectric mounted on the skin of a satellite. The
electron gun is of a special type designed at SRI and uses a multipactor elec-
tron source to provide a large—area uniform beam adjustable over azwide range of
energies and current densities as discussed at the last Symposium.

This setup produces an electromagnetic environment similar to that existing
on a satellite when breakdowns occur. The discharges on the outer surface gen-
erate transient electric fields above the skin and transient currents on the
skin. The electric fields induce signals in wiring on the exterior of the sa-
tellite while both electric fields and skin currents excite apertures in the
skin which excite wiring ont he interior of the satellite. Measurements of
electric field (E) and magnetic field (H) (H is equivalent to skin current) were
made using simple antennas located at varying distances from the discharge test
panel as suggested in figure l. The antennas being used were small electric
dipoles and half loops. The electric dipole sensors measure E while the loop
antennas respond to the H field.

Initially, the glass bell jar, as used in the experiments, had non—conduct-
ing surfaces. However, it was found that charge deposited on the inner surface
of the bell jar during the charging process was relieved by the discharge pro-
cess and produced a large artificial dc field change in the measured data. This
charging of the bell jar inner surface was eliminated by covering the inner
surface with a high-resistance conductive coating. In this way, static charge
accumulation is prevented, but the conductivity is low enough that there is
little attenuation of the high-frequency signals generated during the discharge.

A large ground plane was used in the test setup to minimize the ringing
associated with reflections from the edges of the ground plane. In addition,
the region of the ground plane in which the sensors were located was specially
treated to minimize edge reflections by the addition of an extension along the
six-foot edge. The outboard edge of the extension was rolled over to form a
cylinder with a 6-inch radius of curvature. With this arrangement, the high-
frequency components in the transient fields propagating along the ground plane
surface tend to be radiated as they propagate around the rolled edge and thereby
minimize the energy available to form a reflected signal. In general, reflected
signals were sufficiently low that they could be ignored in all of the measure-
ments, except those made virtually at the edge of the ground plane where the
amplitudes of the measured fields had fallen substantially.

Essentially, with the setup of Figure 1, a controlled environment is
created which simulates locally that existing on a satellite when breakdowns
occur. In particular, the mean free path in the bell jar is sufficiently great
that discharges occur substantially as they would in space. Since the electrons
and other discharge products move as they would in space, the electromagnetic
source duplicates that on the satellite. Fields propagate over the surface of
the ground plane in the same manner as they would propagate on the satellite
skin. Thus, the experimental setup is designed to yield results which duplicate
the spatial and temporal field variations occurring on satellites under space-
craft-charging conditions.
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EXPERIMENTAL RESULTS

General

"Quick-Look"” measurements were made using three different materials often
used as thermal-control surfaces on satellites. The three materials chosen
were:

e second-surface quartz optical solar reflectors (OSRs)
e 5-mil silver-coated Teflon tape, and
® 5-mil aluminized Kapton.

The basis for this choice was that, in addition to being widely used, these
three materials differ in their physical, optical, and electrical
characteristics.

Measurements of the transient electric fields generated by breakdowns on
these samples were made at several radial distances from the test samples in
order to provide an understanding of the spatial E-field dependence. Both the
base current and the ground plane skin current were also measured. Most of
these measurements were carried out for all three materials. In the case of
Kapton and Teflon, several sample sizes were used, as well, to investigate the
dependence of discharge characteristics on the sample dimensions.

Data obtained using the wvarious samples had certain general overall
similarities. In all cases, the peak electric field strength for many
discharges was greater than 30 kV/m at a distance of 30 cm from the center of
the test panels. Electric field pulses of this magnitude are capable of
inducing significant transients in nearby wiring and must be considered in
designing spacecraft wiring and electronics. The rise time of the transient
pulses was between 50 ns and 600 ns, depending on the material and the peak base
currents of up to 90 A were measured.

It was found that for both Kapton and Teflon, the peak base current
appeared to vary directly with the area of each sample. In addition, the rise
times of the pulses and the total charge evolved from the surfaces varied
directly with the physical dimensions of the samples.

Results with Optical Solar Reflectors (OSR)

Figure 2 shows the record of a typical breakdown occurring on the surface
of an 8 x 10 inch OSR panel of 10-mil thick, one—inch square second surface
quartz mirrors. A positive unipolar pulse was generated in the test sample base
return—-current circuit, indicating that negative charge was driven away from the
sample surface during a breakdown. During the first 370 ns, the current rises
to its maximum value of nearly 60 A and then decays monotonically. The
positive-going E-field pulse (with inverted displayer convenience) is created by
electrons in the breakdown plasma being driven upward. Their increasing dipole
moment as they leave the surface generates the electric field pulse.
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An additional measurement was made using the OSR panel. A set of four
grids was 1installed above the panel with the first and third shield grids
shorted and grounded through a capacitor in the general arrangement described in
Reference 3. The signals induced in the second and fourth sensor grids by a
discharge were monitored. Charged particles in the vicinity of a sensor grid
will induce a corresponding signal in the monitoring oscilloscope channel.
Because of the shielding afforded by the two grounded grids, the sensor grids do
not respond to charges located beyond the nearest shield. Thus, the induced
signals provided an indication of the extent to which charge was expelled from
the surface during a discharge. The time of arrival difference betwen the two
grid signals provides information about the velocity of this charge since it is
dependent on the transit time between the grids.

The results of the experiments with the four-gridded structure indicated
that most of the charge is expelled to, at least, 10 em from the surface of the
OSR panel. A lower bound on the vertical velocity of the expelled charge was
also established from this measurement. Since there was no evident time delay
in the oscillogram between the signals induced in the two sensing grids, it was
argued that the distance betwen them was traversed faster than can be
discriminated from the oscilloscope trace. Using a value of 10 ns as the time
limit fog discrimination, the charge velocity was calculated to be greater than
5.8 x 10" meters/sec. This lower velocity limit is well within reason, since it
corresponds to an electron energy of less than 100 eV, At this velocity,
electrons would require only 65 ns to travel the 38 cm distance to the grounded
electron source above the sample. Thus, it is likely that during the course of
a discharge, typically lasting over 400 ns, a column of electrons extending from
the test sample to the electron source is established.

One consequence of the high value established for electron velocity is
that, were the electron gun not present to intercept the electrons, they would
travel much farther than 30 cm before being lost. Thus, the early-time electric
fields measured in the laboratory setup most likely constitute lower bounds on
what would be found on the surface of spacecraft.

In addition to affecting the amplitude of the transient electromagnetic
pulses, the presence of the grounded electron gun alters the time
characteristics of the pulses. The grounded portion of the gun acts as a sink
for electrons emitted during a discharge. Thus, a plasma of electrons will not
readily build up and the accompanying space charge limitations, therefore, do
not occur. In space, however, this sink 1s not present and the amount of charge
being blown away from the surface may be limited by the coulomb repulsion of
electrons already emitted. This process could change the time span during which
electrons are being evolved from the satellite's skin and thereby modify the
time structures of the generated transient fields.

To obtain an understanding of how the induced E-field depends on the radial
distance from the discharge, an experiment involving two E-field sensors was
performed. The referenced sensor was permanently mounted 30 cm from the
discharge while a second sensor was moved in increments of 5 em to locations
between 30 cm and 60 cm away from the center of the test samples. Since each
discharge varied in amplitude, the peak electric fields actually measured were
normalized to correspond with constant discharge amplitudes at the reference
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channel. The adjusted data from this experiment are shown in Figure 3 and
indicate that the field intensity decreases, at least, as fast as 1/r”.

A typical record obtained in experiments to study ground plane skin current
is shown in Figure 4. The lower trace in the figure shows a record of the skin
current, while the upper trace displays the base current to allow comparison
with other breakdowns. The skin current waveform closely resembles the base
current waveform.

Results With Aluminized Kapton

Electromagnetic transient measurements were also made on samples of 5-mil
thick, aluminized Kapton material. The results obtained were generally similar
to those obtained with the OSR panel. A positive unipolar pulse of base current
was generated by electrons being expelled from the sample surface. This, in
turn, created a positive-going electric field. Figure 5 shows a typical record
generated by a discharge on a 4 x 6 inch sample of Kapton.

While the Kapton record has some features in common with those obtained
with the OSR sample of Figure 2, there are several differences in detail. For
example, the rise times of the pulses obtained with the Kapton were generally
longer than those obtained with OSRs (e.g., 600 ns versus 370 ns). However, the
peak current in the Kapton record shown was somew%at less (40 A as opposed to 58
A), so a comparable amount of charge (1.2 x 10 °) coulombs was evolved during
the rise time portion of the Kapton discharge.

The electric field generated by discharges from Kapton was measured at
three different distances from the sample. As with the OSR panel, the pulse
amplitudes were corrected for variatiqP§ 7at the reference sensor. These
results, shown in Figure 6, indicate an r ~*° dependence of field roughly as was
observed in the OSR tests.

In addition to measurements made on the 4 x 6 inch Kapton samples, similar
tests were carried out on a 2 x 3 inch Kapton sample. Although the general
characteristics of the breakdowns were similar, two important differences were
observed between the results obtained with the two different sized samples.
First, the peak current flowing in the base return—current circuit was lower for
the smaller sample (200 ns versus 600 ns).

From this it follows that roughly 2.5 x 1076 coulombs of charge were
expelled from_ the surface of the smaller sample during the pulse rise time,
while. 12 x 10 ~ coulombs of charge left the larger sample during the pulse rise
time. The large sample, four times larger than the small one, emitted 4.8 times
as much charge. Thus, the amount of charge involved in the breakdowns appears
to be proportional to the area of the sample. This indicates that each
discharge taps charge which has been deposited on a major portion of the sample
surface.

898



Results With Silver-Coated Teflon

Measurements of discharge characteristics were also‘ made using 5-mil
silvered Teflon tape samples following the general procedures already described
for OSR and Kapton panels. Figure 7 shows the base current and E-field
generated by a typical discharge from a 4 x 6 inch sample of silver-coated
Taflon. Compared to either the OSR or the Kapton material, there are
significant differences in the details of this discharge. The peak current of
77 A is almost twice that reached during a discharge on Kapton. Furthermore,
the rise time of the transient signal is only 200 ns, about one-~half that for
the OSRs and one—-third of that for Kapton.

As with OSR and Kapton samples, the spatial variation of the E-field was
measured. From the plot of peak electric fields as a gynction of radius in
Figure 8, it is seen that it falls off approximately as 1/r”.

To determine the effects of Teflon sample size, measurements were made with
samples of 4 x 1-1/2 inch, 4 x 10 inch, and 1 x 6 inch, in addition to the 4 x 6
inch sample already mentioned. These data show a distinct dependence on sample
size of the quantity of charge evolved in a discharge. Both the rise time of
the pulse and the peak current increase with increasing sample size. It was
also noted that discharges occurred along the length of the tape (perpendicular
to all 4—inch dimensions and perpendicular to the l-inch dimension of the 1 x 6
inch sample) more often than in other directions. This is apparently due to
longitudinal scratches which run along the tape. The sample dimensions were
chosen to determine whether the charge 1involved was dependent on this
longitudinal dimension only. Although the discharges are probably initiated on
the scratches, they apparently tap the entire surface charge since the data
indicate that the charge blown away in a discharge appears to be related to the
sample length as shown in Figure 9b. Together these observations indicate that
the breakdowns, once triggered, propagate along the scratches. Thus, the longer
the sample, the more time required to travel the entire length. Perhaps the
fact that the measured rise times are less for Teflon than for Kapton samples of
equal area indicates that the propagation of the breakdown is facilitated by
these scratches. In any event, a discharge from the Teflon sample removes
charge from the entire surface since the total charge involved in a discharge is
area-dependent as it is with Kapton test samples.

PRELIMINARY MODEL AND COMPARISON WITH EXPERIMENTS

Propagating Channel Model

Based on the charging model presented in Reference 4, it is anticipated
that electron charging of dielectrics in the normal energy range (5-30KeV) leads
to a layer of excess electrons several microns below the surface of the
sample.  The primary discharge is expected to propagate in this layer of excess
charge. A primary discharge channel is formed by the development of a negative
propagating streamer of avalanching electrons. The streamer, once formed, is
self-sustaining, as it enhances the local field to values substantially larger
than the ambient field. The radius of the channel grows by diffusion (square
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root of the time), while the length of the channel grows linearly in time. This
channel formation process is repeated near the tip of the streamer, giving an
effective propagation into the region of large net electron densitv. The rate
at which the channel propagates 1s governed by the rate at which subsequent
channels forme Bifurcation occurs, and subsequent channel formation is viewed
as an intrinsically statistical process.

The charge which is released to flow from one end of the channel to the
other is controlled by the formation rate of the channel. This process fans out
and propagates throughout the entire trapped charge layer, with the current
flowing in a tree pattern (all eventually ending in the primary channel). The
primary channel delivers the current to a grounding point.

As a consequence of the above picture, the total current reaching a

grounding point grows linearly in time. The peak current is proportional to the
maximum run length of the discharge. Thus,

I=J  (t/t ) t <t (1
max P P
where

Tp =L/v (2)

L is the maximum sample dimension and v is the velocity of propagation of thg
discharge. (It is anticipated that the velocity is in the range 10° - 10
cm/s).

The total charge Qp released by this process is proportional to the surface
area of the sample. Thus

Q = QA (3)

where Q 1s the charge per unit area involved in the discharge, and A is the
sample area.

The flow of stored charge to the substrate causes the collapse of the
associated dipole. The fields associated with this collapse are small compared
to the fields due to the space charge current.
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Surface Emission Current
The surface emission current model is very simple. It is assumed that:

(1) The emission current is dominated bv low energy electrons (FleV);

(2) The total emission current is proportional to the total transverse
current; and

(3) The emission is distributed over the surface of the dielectric in
proportion to the subsurface channels.

With the previous information on the transverse current, this information
quantifies the surface emission current. (The only parameter requiring
specification being the constant of proportionality--it is expected that a
substantial amount of the trapped charge is involved in this emission.)

Conceptually, this model of the surface emission can be obtained from the
microscopic picture of the development of the transverse discharge tree. The
formation of a conducting channel involves the release of a large number of
electrons from trapped states to freely mobile states. These electrons diffuse
in time away from the central channel. If these mobile electrons are not
retrapped, they can diffuse to the surface in a short time. (For buried charge
layers a few microns below the surface, and a reasonable diffusion coefficient,
this diffusion time is a few nanoceconds.) Reaching the surface (with thermal
velocities), these electrons are fee to escape the surface. The density of
particles reaching the surface is expected to be sufficiently low that short
range particle-particle interactions are relatively unimportant. That is, we
expect that the electron plasma may be treated as a collisionless plasma. Being
non-neutral, this plasma responds to the external macroscopic field, and the
long range interelectron Coulomb interaction. These forces are assumed to
dominate further motion.

Satellite Configurations

No attempt is made to model the response of a satellite to the discharge
model given here. It should be noticed, however, that the fields and currents
which exist on the satellite will be distinctly different than those measured in
the 1laboratory. The important quantity obtained from the laboratory
measurements will be the emission current time history (as well as the emission
current density). For small enough experimental devices, the time history of
the fields 1s determined by the time history of the emission current. For
larger geometries, more complicated solution algorithms are required, and more
complicated field histories are expected.

Zero—Order Space Charge Model

Shown in Figure 1(b) is a drawing showing the dimension of the charging
configuration. By inspection, the electric fields near the axis of the chamber
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for the charged dielectric will be very similar to one-dimensional fields. For
the purposes of a zeroth order model, this is assumed to be the case. Future
computations will model the structure more accurately.

Near the sample surface, the electric fields will drive free electrons back
toward the multipactor electron gun. Assuming a one-dimensonal configuration,
this field is given by E = V/d, where V is the sample surface potential and d
the sample to multipactor distance of 15" = 0.38 m. For a typical surface
potential of 10 kV, this corresponds to a field 26 kV/m. An electron released
from the surface (with an energy small compared to the surface voltage, so that
the initial energy may be neglected.) will transit the gap in a time of §bout
T, =13 ns, with the velocity at the end of the transit of 6 x 10' m/s
(E = 10 keV). Compared to the pulses measured in the experiments reported
herein, this transit is essentially instantaneous, and just marginally within
the resolution of the instrumentation. The lowest order approximation is
therefore to neglect the transit time entirely, so that the return current can
be interpreted as a direct measure of the emission current. Since, according to
the surface emission model, the emission current is directlv proportional to the
transverse current, the emission current will have the linear rise of Eq. (l).

The total charge in the space above in the experimental setup is given by

oCt) =t 1 = (4)
O max TD

where T is the rise time of the pulse given by Eq. (2) and T, 1s the tranmsit
time of an electron. The charge densitv is heavilv weighted near the surface
and is much more tenuous near the rmultipactor electron gun. The charge centroid
is given by

1
< x> = 3 d (5)

where d is the spacing between the test sample and the electron gun. This means
that at least 2/3 of the image charge of the space charge shows up on the sample
backing plate, and, at most, 1/3 on the multipactor electron gun. It is
therefore a reasonable approximation to neglect the image charge on the gun and
compute the electric field on the ground plane as due to the space charge
only. This gives rise to a quasistatic dipole electric field.

Electric Field Model--Temporal Variation

The dipole moment p = 2Q<x> is given by substituting Equations (4) and (5)

P=-2§d——°I t (6)
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which indicates that the base current and electric field pulse will have a
linear rise. This result is in good agreement with the measured data in Figures
2’ 4, 5, and 70

Electric Field Model--Spatial Variation

The quasistatic electric field on the ground plane due to the dipole is
given by:

p 1
E = (7)
Awso (r2 + <x>2)3/2

The closest measurements were performed at r = 30 cm. Even at this
distance, the measured distance is three times the charge centroid, so that the
dependence on <x> 1is expected to be weak. This further suggests that higher
order moments are relatjvelvy important. For large distances, the expected
variation of field is 1/r” preciselv as mesured. Shown_.in Figure 10 is a plot of
the normalized, data from all three samples versus l/r” on a log-log plot. The
pronounced 1l/r” behavior is apparent.

Field and Space Charge Magnitudes

Equation (7) can be solved to vield the dipole moment p = 2Q <x> as
follows:

P = 2Q<x> = éwsor3EZ (measured) . (8)

The results of such calculations using peak electric field data measured on
three material samples are shown in the third column of Table 1.

The dipole moment can also be determined from the measured peak base using
Eq. (6). Noting that the peak base current occurs when t = Tpo Eq. (6) can be
rewritten

2

The results of such calculations using peak base current data measured on three
material samples are shown in Colum 4 of Table 1. In carrving out the
calculations using Eq. (9), it has been assumed that the electron transit time
T, = 13 ns.

The value of dipole moment computed from beam current measurements is
substantially higher than that obtained from electric field measurements except
for the smaller—current case of Kapton. Analysis of additional data not
presented here indicates that the results of the two calculations are in good
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agreement for discharge pulses less than or equal to about 40 A peak. An
interpretation of these results is that space charge limiting effects begin to
set in above 40 amps and tend to retard the free flow of charge across the
gap. This effectively makes the dipole length shorter.

In view of the simplicity of the space charge model, this agreement is
considered to be very satisfactory. It is planned that future work will
consider the details of the electron trajectories in greater detail.

No data is available directly from the experiments about the voltage at
which the samples broke down. Assuming the breakdown was at roughly 10 kV, then
the following quantities of charge were ftored at breakdown; OSR's 0.9 puC/em™;
Taflon, ~1 uC/em“; and Kapton, 1.6 pC/cm“. From these estimates, and measured
values of the blow off charge, one obtains a rough estimate of the stored charge
involved in the flow off; OSR's, 32%; Kapton, 58%; and Taflon, 54%Z. The major
point, of course, 1is that a substantial fraction of the stored charge 1is
involved in the blow off.

CONCLUSIONS AND RECOMMENDATIONS

This paper has described the initial phases of a program designed to
provide a detailed characterization of the electromagnetic fields produced by
electrical discharges on spacecraft-insulating materials. The primary goals of
the effort described here were the setup and testing of the material-charging
facility and the electromagnetic transient-measurement instrumentation, and the

development of a preliminary model of the discharge. This effort has been
successfully completed.

In addition, a limited number of "quick-look" transient measurements were
performed. The purpose of these measurements was to verify the functioning of
the test instrumentation and charging facility and to obtain some preliminary

data on the magnitudes and time structures of the transient waveforms for model
development purposes.

The results of these measurements indicate that transient electric fields
of tens of kilovolts per meter are produced at a distance of 30 cm from
discharges on Kapton, Teflon, and OSR samples. These magnitudes of fields are
comparable to those produced by nuclear EMP events and by nearby lightning

strokes and represent a serious potential threat to electronic systems'
operation.

The preliminary model has been compared with the results of these
"quick-look” experiments. While many features of the model appear very
satisfactory, a number of areas exist where understanding is lacking.

Although the results of the “"quick-look" experiments provide wuseful
preliminary inputs to a discharge characterization model, they are based upon a
limited number of discharges produced on only a few material sample

configuritions at a fixed electron-beam energy of 20 keV and current density of
10 nA/cm”.
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As originally planned, the overall discharge characterization program is

designed to provide statistically significant data in terms of expected radiated
and conducted transient fields for use by the spacecraft EMC community, as well

as detailed inputs for the development of a computer discharge characterization
model.

REFERENCES

Nanevicz, J. E., Adamo, R. C., and Beers, B. L., "Characterization of
Electromagnetic Signals Generated by Electrical Breakdown of Spacecraft
Insulating Materials,” Spacecraft Charging Technology—-1978, NASA Conference
Publication 2071, AFGL-TR-79-0082,

Nanevicz, J. E. and Adamo, R. C., "Further Development of the Multipactor
Discharge Electron Source,” Spacecraft Charging Technology—-1978, NASA
Conference Publication 2071, AFGL-TR-79-0082,

Nanevicz, J. E. and Adamo, R. C., "Spacecraft Charging Studies of Voltage
Breakdown Processes on Spacecraft Thermal Control Mirrors,” Spacecraft
Charging by Magnetospheric Plasmas, Vol. 47, Progress in Astronautics and

Aeronautics, A. Rosen, editor, 1976, p. 225.

Beers, B. L., Hwang, H., Ling, D. L., and Pine, V. W., "Electron Transport
Model of Dielectric Charging,” Spacecraft Charging Technology-1978, NASA
Conference Publication 2071, AFGL-TR-79-0082.

Beers, B. L., et al., "First Principles Numerical Model of Avalanche-
Induced Arc Discharges in Electron Irradiated Dielectrics,” SAI Final
Report, CR 159560, July 1978.

Table 1

Dipole Moment Estimates from Experimental Data

Calculated Dipole
Experimental Results Moments
Peak Field | Peak Current P(C - cm) | p(uC ~ cm)
Material (kV/m) Amps Eq. (8) Eq. (9)
TEFLON
(4" x 6") 43 77 12.9 20
OSR 36 58 10.8 15
KAPTON
(4" x 6") 38 40 11.4 10.4
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