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SUMMARY

The authors have presented earlier (reference 1) a theory to
explain the magnitude of "blowoff" currents in dielectric surface
discharges. Being a purely predictive theory, the computational
mechanism allows calculation of the electromagnetic and electro-
static responses with an arbitrary substrate-to-ground impedance.

Here we present results for the electromagnetic response to
the discharge of an 80 cm diameter dielectric sample mounted on a
120 cm diameter cylinder. We assume the dielectric to be charged
with a known potential profile dropping sharply near the edge, and
the substrate initially grounded. During the early part of the
discharge (<10 ns) there is little difference between the grounded
and floating cases. Beyond 10 ns the grounded experiment is in
approximate steady state, continuing to blow off charge until the
dielectric is substantially discharged. The floating case, how-
ever, shows modestly decreasing emission and response. Eventually,
a quasi-steady state is reached in which charge is transported
from dielectric to substrate rather than blown off.

INTRODUCTION

Laboratory studies of the blowoff and SGEMP responses to di-
electric discharges have been performed by several workers (refs.
2 through 6) using the type of experimental setup shown in Fig-
ure 1. We show the equivalent circuit for this measurement in
Figure 2. The total circuit current is I = V/R + CV. We have

c ~ 10710

R < 10Q in a typical laboratory experiment, giving RC ~ 10-9 sec-
onds for a meter-sized object. The "blowoff current measurement"
is, therefore, a measurement of the potential reached by the test
object under circumstances where the RC time constant is smaller
than any time characterizing the discharge. Experimenters using

L, where L is the object dimension in meters, and

* This work supported by the Defense Nuclear Agency under Con-
tract DNA001-79-C-0079 and DNA001-79-C-0027.

730



larger resistances (ref. 2) have found substantial changes in
their substrate current measurement, IS = V/R.

In geosynchronous orbit, however, we have R ~ 108-1099, so
that RC ~ 10721071 seconds. The blowoff current is then given
by CV. For blowoff currents as large as those measured in the
laboratory, the entire spacecraft will rise to a potential com-

parable to the discharge potential in 10 2-10~’ seconds, long be-
fore the discharge is complete. The raised spacecraft potential
will then prevent blown off electrons from escaping the spacecraft
vicinity.

Of great importance in spacecraft charging is the electro-
magnetic (SGEMP) response of the spacecraft to a discharge. Ex-
periments to measure this response are more elaborate and diffi-
cult to interpret than simple blowoff experiments. Nonetheless,
such experiments have been performed (refs. 3,4), and long-lasting
surface current responses observed.

The SGEMP response is due primarily to the blowoff charge,
i.e., to current which travels a long distance. When the blowoff
is quenched by an elevated spacecraft potential, there are three
possibilities concerning the subsequent SGEMP response: (1) the
entire discharge may be quenched; (2) the discharge may proceed
in such a way that no electrons travel long distances, thus
quenching the SGEMP response; or (3) electrons may continue to
travel large distances from one part of the spacecraft to another
while the SGEMP response continues. We demonstrate below that,
at least for one fully predictive model of the blowoff process,
the last alternative holds.

DISCHARGE MODEL

Our calculations are based on a discharge model we have pre-
sented elsewhere (ref. 1). We neglect the initiation of the dis-
charge and its spread over the sample, and assume the dielectric
is emitting electrons in space-charge-limited fashion over its
entire surface. By so doing, we achieve material independence
at the expense of being able to predict the experimental rise
time. Since a sharp potential drop at the sample edge gives an
infinite space-charge-limited current, we must make some assump-
tion about the voltage profile. For a circular sample of radius
R, we choose the following form, which has a "healing length" A:

V(r) = v_ [l—e-(R-r)/A]/[l-e-R/x] i (1)
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For the geometry of figure 3, we find the total emission current
(under grounded conditions) to be given by:

I = (6.5x10"%+ 2.9 x 1076 r/2) v3/2 (2)

where I is in amperes and V in volts. Undoubtedly, the constants
in equation (2) will display some dependence on experimental de-
sign and voltage profile, but we found this expression in good
agreement with experimentally measured peak substrate return cur-
rents.

For the calculations described here, as well as those per-
formed earlier, we use a hybrid electrostatic/electromagnetic
code, in which a non-uniform, high resolution electrostatic grid
(needed to resolve thin dielectrics, high potential gradients,
and space charge limiting) overlays a uniform electromagnetic
grid (needed for conservative, noise free propagation of electro-
magnetic waves). The trajectories of emitted electrons generate
currents and charge densities which couple the solutions on the
electrostatic and electromagnetic grids.

The electrostatic portion of the code calculates the electro-
static potential, V, from

2

VTV = -p/eg (3)
and tracks particles in the electric field E = ET + EL where
EL = =VV. Separation of the fields into electrostatlc (EL

longltudlnal curl-free) and electromagnetic (E , transverse,
divergence-free) components is a well known technlque. For the
problems of interest the longitudinal fields are the primary in-
fluence on the particle trajectories, while the transverse fields
determine the SGEMP response. The electromagnetic code uses the
particle information to generate a source current density, J, and

timesteps ~
T

0T T BB-I+ T (4)

oB

W:—ng (5)
where y is determined by requiring vV e ET = 0, or

—Vzw =V - [l— VxB - J] (6)

~ uo ~~ ~
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subject to the same boundary conditions as V. Knowledge of B is
then equivalent to knowledge of surface currents. ~

The centering for the electromagnetic code is shown in fig-
ure 4. This centering has the advantage that currents and poten-
tials are defined on the object surfaces, while electric fields
are defined in space, making it easy to feed electromagnetic
fields into the electrostatic code and track particles in the
total field. It is essential that the discrete representations
of Laplacian, divergence, and gradient form a consistent set, so

that V - ET vanishes numerically. For this centering, it is not
possible to construct a simple operator such that div curl B
vanishes identically. This problem is solved by inclusion of
curl B in equation (6).

We wish to follow trajectories of only those electrons which
escape the virtual cathode formed immediately above the emitting
dielectric surface. The electron emission routine emits that
current of zero kinetic energy electrons needed to maintain a
non-negative surface normal electric field. This current is
given by the Child-Langmuir law:

1/2 3/2

J = (4c_/9) (2e/m) /(az) 172 (7)

£, |

where Az is the mesh spacing in front of the emitting surface,
and Ez is the mean electric field across Az (assumed electron

repelling).
RESULTS

For grounded (R*0) and floating (R+x) substrate cases, cal-
culations were carried out for an 80 cm diameter dielectric
mounted on a 120 cm diameter metal cylinder. The test object
was in a grounded 240 cm diameter vacuum tank. The potential Vo

(equation (1)) was =15 kV. 1In all cases the total emission cur-
rent dropped from an anomalously high value to a quasi-steady

value in ~10~2 seconds.

Calculations for grounded substrate configurations were
carried out for several values of A. The SGEMP surface currents
were monitored at several places on the cylinder. Some of the
data is presented in table I. For small values of A (A/R < 0.1)
the peak surface current is at the sample edge, while for smoother
potentials the peak current occurs beneath the sample interior.
The front surface current, after a rise time of 2 nsec, has
mainly a dc component. The surface current at the rear corner
is about an order of magnitude less, and has substantial ringing
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imposed on its dc value. The dc components of the response will
die out on the time scale for the dielectric to substantially
discharge, i.e., 1-10 pysec. For small A, the surface current
beneath the sample interior has a negative precursor (figure 5).
This can be understood by examining the Maxwell equation

VxH

-~

J + €q 3§/8t . (8)

For points far from the sample edge, where J is small, the right-
hand side of (8) is initially dominated by the electric field of
the large electron currents being emitted near the sample edge.

Simulations for the floating test object were performed for
A = 0.03, 0.05, and 0.10. The results are shown in figures 6
through 10, and in table II. The calculations were carried out
for ~50 nsec. This is a long enough time to elevate the test
object to near its maximum potential, but not enough to discharge
the dielectric by more than a few percent. Among the monitored
quantities were the emission current I, the object potential V,
and the sample-edge surface current K. The test object capaci-
tance was 75 pf.

From figures 6 through 8, three times (designated tl, t2'
and t3 in table II) can be identified:

(1) The rise time of the surface current K. This is com-
parable to the time it takes an accelerating electron
to travel a distance A.

(2) The rise time of the "measured blowoff," CV. This is
comparable to the time for an electron of energy Vo

(15 kV) to travel a distance comparable to the sample
dimension (vl m).

(3) The time for the test object potential to achieve a
value comparable to Vo' at which time the "measured

blowoff" exhibits a sharp drop.

Figure 9 shows the evolution of particle trajectories for
the » = 0.10 m case. 1Initially, the electrons travel in nearly
straight lines from the neighborhood of the test object to the

tank wall, a trip of 40 nsec. As t3 is passed, the trajectories

exhibit substantial curvature. Electrons emitted for t > t3 are
seen to turn around and return toward the test object.

It is of interest to compare the time development of the
currents I, K, and CV. After their initial transients, I and K
behave similarly, decaying by about 30 percent from t1 to t3.

The back corner surface current (figure 10) likewise has a decay
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of 30 percent in its dc component over this time, although here
the ringing is comparable to the total response. The blowoff cur-
rent, CV, decays more rapidly from its peak at t2' as shown by

3 of the blowoff fraction, Cﬁ/I. Table

II also indicates the decrease in blowoff fraction as A becomes
small compared with the mask size, i.e., when most of the current
is emitted very close to the edge, a substantial fraction hits
the mask. This behavior has been seen in the measurements of
Balmain (ref. 6).

the decrease from t2 to t

CONCLUSIONS

We have simulated the temporal behavior and SGEMP response
to a dielectric discharge for a space-charge-limited emission
model under grounded or floating conditions. The measured blow-
off current, CV + V/R, has a rise time comparable to the time it
takes an electron to travel a distance comparable to the sample
size. Under floating conditions, the test object rises to a
potential comparable to the maximum potential across the dielec-
tric. For the geometry considered, this caused a decrease in
emission current and SGEMP response of V30 percent. At late
times, the electrons formerly blown off to the tank walls or to
plasma ground travel large distances around the test object or
spacecraft. Thus, on the sample the SGEMP response was decreased
only modestly from the grounded case. However, the ground return
current was limited to V/R.

The amount of charge transferred from the discharging surface
to the tank walls is substantially reduced when the sample imped-
ance exceeds a few hundred ohms. This agrees well with experi-
mental measurements. The initial blowoff current cuts off on a
time scale of less than a hundred nanoseconds for a floating
sample as opposed to microseconds when the substrate is grounded.
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TABLE I. SURFACE CURRENT RESPONSE FOR DISCHARGES (GROUNDED SUBSTRATE)
Voltage Profile A= ,40 A= .20 A= .10 A= .05 A= ,04 A= .03
(v, = -15 kv)
Peak Current 8.4 9.3 12.2 18.0 20.7 24.6
(A/m)
Radius of Peak 0.24 0.30 0.34 0.40 0.40 0.40

Current (m)

Peak Surface Cur- 0.67 0.85 1.3 2.4 2.8 3.4
rent at Rear
Corner (A/m)

Negative Precursor none none none -1.8 ~2.7 -3.8
(A/m) at r = 0.20 m
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TABLE II. RESULTS FROM SIMULATIONS OF THE DISCHARGE
OF A DIELECTRIC ON A FLOATING TEST OBJECT

A=.03 A=,05 A=.10
t1 (nsec) 2.5 2.5 5.0
t2 14 15 i8
t >25 40 47

3

Emission Current
I(tl) (A) 85 53 31
I(tz) 70 47 27
I(t3) <62 37 20
Local Ground Potential
V(tl) (V) 250 150 350
V(tz) 5500 4700 3700
V(t3) >12000 14000 11000
Peak Blowoff Current
cv(t2> (a) 43.5 36.0 24.8
Blowoff/Emission Ratio
c&(tz)/x(tz) .62 .77 .92
cV(t3)/1(t3) <.54 .52 .75
Surface Current
K(tl) (A/m) 24 18 11.7
K(t3) <18 11.5 ~8
Emission/Surface Current Ratio
I(tl)/2wK(tl)(m) .57 .47 .42
I(t3)/2nK(t3) ~.55 .51 ~.4
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Figure 1. - Typical laboratory setup used for discharge response
measurements.
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Figure 2. - Equivalent circuit for measurement of blowoff current
from a spacecraft or test object undergoing electro-
static discharge.
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Figure 7. - Emission current, conductor potential and its
derivative, and surface current at sample edge for
A =0.05m.
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Figure 8. - Emission current, conductor potential and its deriva-

tive, and surface current at sample edge for A =
0.10 m.
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A= .l0 6008 <t < 80ns

A= .10 20n8 <t < 40 ns

.10

Figure 9. - Time evolution of electron trajectories for X = .10 m,
floating test object. Each frame shows all trajectory
segments for the specified time period. It is ap-
parent that charge emitted early in time is blown off
to the tank wall. Charge emitted beyond about 40 ns,
while traveling a comparable distance, is seen to
curve back toward the sample can.
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Figure 10. - Surface current at rear corner for A = 0.05 m,
floating test object.
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