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Abstract

FEP Teflon, Mylar and Kapton H are compared from
the point of view of charged-area scaling of discharge
current pulse properties. The properties measured are
peak current, pulse duration, released charge and en-
ergy dissipated in a load resistor, all for 20 keV in-
cident electrons at a current density of 80 nA/cm?. In
general it is found that the three materials are more
similar than dissimilar, and furthermore that this sim-
ilarity extends to discharge damage as well, the damage
being identified as a combination of subsurface filam-
entary tunnels and surface grooves. The experimental
observations are used to motivate a theory of discharge
arc propagation in which the propagation velocity is
controlled by the rate of removal of excess charge via
wave propagation along a filamentary tunnel filled with
an overdense plasma.

Introduction

Spacecraft charging by energetic electrons and con-
sequent arc discharging of dielectric materials are now
well-established ghenomena, for which a great deal of
evidence existsl»2s3,% Laboratory simulation of these
phenomena has revealed that the discharges are very
strong in terms of the replacement current pulse indu-
ced in the conductors supporting the dielectric mater-
ials. The peak current and as well the released charge,
released energy and pulse duration have been found to
follow well defined scaling laws as the specimen area
is varied®:»6,7. 1In addition, discharge surface damage
in the form of grooves and subsurface damage due to
discharge "tunneling" have been identified on Mylar®
and on Teflon’, damage which can be widely distributed
with a web-like appearance®.

The present study is concerned with discharge area
scaling and discharge surface and subsurface damage due
to a 20 keV beam of electrons incident on FEP Teflon,
Mylar and Kapton H. One purpose of the study is to com—
pare these three polymeric materials which are in com-
mon use on spacecraft, identifying differences or simi-
larities in their discharge behaviour. Another purpose
is to use the experimental results to suggest a theor-
etical model for the phenomenon of discharge propaga-
tion.

The Experiment

The apparatus is the same as used in previous
worke, and is shown in Fig. 1. The charged area on the
dielectric sheet specimen is defined by a tight-fitting
circular-aperture aluminium mask which has a bevelled
edge to reduce emitted-electron interception. The mask
and the copper backing plate are connected electrically
together and both are connected to> a 10-ohm load resis-
tor consisting of four 50-ohm shunts and the 50-ohm
measurement line. The discharge current as a function
of time was deduced from photographs of the current
trace on a 400 MHz bandwidth oscilloscope. A constant
beam accelerating voltage of 20 kV was used, and also a
constant incident electron beam current density of
80 nA/cm?. The beam current density variation over the
specimen was approximately +15% for the largest mask
aperture,

The essential experimental features of charging

and discharging are suggested in Fig. 2. The incident
electrons become embedded in the dielectric in a layer
5 to 8 um below the surface, with resultant high elec-
tric fields being set up both above and below the charge
layer9,10 and adjacent to the mask edge. At any of
these points breakdown may occur, resulting in a punch-
through arc to the substrate (bulk breakdown), a blow-
off arc to the surface, or a flashover arc consisting
of a propagation subsurface discharge terminating in
either a blowoff arc or punchthrough arc.

The experiment as depicted in Fig. 2 involves a
measurement of the voltage across the load resistor R,
and the current through R is contributed to significan-
tly only by blowoff of those charged particles (prim-
arily electrons) which actually reach the vacuum cham-
ber wall. The fraction of the total current intercep-
ted by the mask was not measured in these experiments.

The dielectric sheet test specimens were changed
at every change in mask aperture area in order to min-
imize the effects of accumulated damage. The materials
used were transparent FEP Teflon 50 um thick, Mylar
75 um thick (not from the same stock as in previously
reported work®), and Kapton H 75 ym thick. The dielec-
tric sheets were not metallized.

Area Scaling of Discharge Current

The properties of the discharge current pulse have
been shown®:©:7 to have a power-law dependence on diel-
ectric specimen area, a dependence which permits easy
extrapolation from small-scale laboratory experiments
to large-scale spacecraft-size areas of dielectric. The
peak discharge current for Mylar, for example, in pre-
vious work® was found to scale with area in proportion
to the area raised to the power 0.50, or in other words
0.50 was the slope of the corresponding log-log graph.

For this comparison study the peak currents are
shown in Fig. 3, in which the vertical bars indicate the
ranges of values measured. The Mylar slope of 0.59 is
somewhat higher than measured previously, while the
Kapton peak currents are slightly lower and exhibit
more scatter in comparison with the other two materials.
The discharge~current pulse-duration graphs are shown in
Fig. 4, all of them being similar, with the Mylar graph
having a slope of 0.46 in comparison with the previou-
sly measured value of 0.55. If one assumes that the
pulse duration is the time required for the discharge
arc to propagate a distance equal to the mask aperture
radius, then Fig. 4 gives arc velocities of the order
of 3x10% m/s as measured previously®. The released
charge graphs of Fig. 5 exhibit relatively little scat-
ter and are similar to each other, with the Mylar graph
having a slope of 1.05 in comparison with the previous
value of 1.00. As for the energy dissipated in the
load resistor, the graphs of Fig. 6 show the Kapton en-
ergies to be slightly lower than for the other two
materials, while the Mylar graph has a slope of 1.62 in
comparison with the value of 1.49 previously measured.

Discharge Damage

Discharge damage was imaged using three techniques,
scanning-electron microscopy, transmitted-light micro-
scopy and reflected-light microscopy. Figure 7 for
Teflon shows a network of damage tunnels, some of them
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completely subsurface and some over which the surface
is heaved, cracked or blown out. In Fig. 7 the mask
edge coincided with the upper border of the SEM photo-
graph. There were very few such patterns, those which
could be found being either near the mask edge or be-
side a punchthrough. Also faintly visible on the
Teflon (not shown) were some straight-line surface’
grooves apparently caused by the discharges.

Figure 8 for Mylar shows a great variety of sur-
face damage. Included are subsurface tunnels, heaved-
surface tunnels, and blowout holes. Also clearly in
evidence are surface grooves which are of two types:
straight, deep, branching grooves (they are not pre-
existing scratches), and very fine, irregular, tree-
like grooves., The Mylar damage was extensive and easy
to find, especially near the mask edge.

Figure 9 for Kapton exhibits surface grooves which
are mostly straight, along with irregular subsurface
tunnels, some with extensive heaving of the dielectric
surface. In general, the damage was fairly widespread
near the mask edge. In the case of Kapton it was par-
ticularly noticeable that surface grooves often merged
with tunnels, suggesting that the two types' of damage
arise from the same basic phenomenon.

One observation is common to all three materials,
namely that the straight, branching damage tracks are
all grooves on the surface, while the subsurface tun-
nels are always somewhat irregular in shape. This
suggests that crystallization, which is common in pol-
ymers!l, may occur at the dielectric surface and may
influence discharge propagation.

A Theory of Discharge Propagation

The foregoing experimental results on discharge
pulse properties and surface damage indicate that the
three dielectrics examined do not differ greatly. This
suggests that a first-order theory of discharge propa-
gation may not need to include information on the de-
tailed molecular structure of particular polymers. The
frequent observation of a network of damage tunnels
and the bright, spider-web appearance of typical dis-
charge arcs suggests that plasma-filled tunmels may
cover a significant portion of the discharged surface,
even though some of these tunnels may not leave behind
easily visible permanent damage. It is worth noting
that the formation of gaseous, ionized, conducting
channels has been postulated by Budenstein!? as an es-
sential part of solid dielectric breakdown, and fur-
thermore, plasma emission from discharge arcs has
already been measured’ .

The inductance and capacitance of a highly con-
ducting subsurface arc have been calculated by Leadon
and Wilkenfeldl3 and by Leadon (personal communication)
in order to estimate the time duration of a discharge.
If the propagation of an electromagnetic wave along a
subsurface arc were to determine the propagation vel-
ocity of the arc, then the inductance and capacitance
of a highly conducting arc would predict propagation
at the velocity of light in the dielectric. However
the arc propagation velocity is estimated to be 3x10°
m/s. Therefore it appears that some form of wave slow-
ing would be required in the theoretical model, perhaps
provided by the additional inductance per unit length
of an arc which is not a perfect conductor but rather
an overdense plasma.

Suppose that a breakdown occurs at a subsurface
point in a dielectric, due to the presence of a high
concentration of embedded charge. Further, suppose that
the resulting arc propagates in one direction while the
debris is ejected in the opposite direction along a
filamentary tunnel. Now suppose that the discharge
debris is ionized by the energy released in the dis-
charge process. Thus the point at which the discharge
occurs 1s linked to the outside world by a plasma
channel, as indicated in Fig. 10.

Imagine the breakdown process to be a sequence of

5150

single breakdowns. After one such breakdown the excess
charge must be removed via the plasma channel before the
field ahead of the point of breakdown can rise to a
level high enough to produce the next breakdown. There-
fore it is the rate of removal of charge which deter-
mines the rate at which the breakdown process is permit-
ted to proceed. In the time interval between breakdowns,
the distance travelled by the propagating excess charge
should be about equal to the length of the high-field
region built up in the solid, so the velocity of prog-
ression of the arc should be about equal to the velocity
of propagation of the charge. The breakdown process is
by definition highly non-linear and complex, but the
propagation of excess charge dhown the plasma channel
conceivably could be much closer to linearity.

Suppose then that the rate of increase of field at
the high-field point is controlled by the propagation
away from it of charge in the form of an electromagnet-
ic wave along a plasma channel over a metal substrate.
Such a configuration has the appearance of a transmis-
sion line, customarily regarded as having an inductance
per metre given by L and a capacitance per metre given
by C, where for a perfectly-conducting channel,

€ = 2me/[cosh” L(h/a)] and L = (u/2m)cosh™ *(h/a) -

and the wave propagation velocity is v = (LC)_g = (ue)—%

which is the velocity of light in the dielectric medium.
Now consider a plasma channel with a relative per-

mittivity given by ep = 1 - w%/w2 = —wglwz in the over-

dense case,where w is the wave frequency (radians/s)
for an exp(jwt) time variationm, mp = (Nezlmeo)k is the

plasma frequency, N is the electron density @3, e

is the electron charge magnitude (coul.), m is the
electron mass (kg), and ¢, is the permittivity of a
vacuum, Let us regard the above relative permittivity
as describing completely the microscopic electrodynam-
ics in a cylindrical conducting channel of diameter 2a.
A rigorous formulation for the inductance per unit
length of a cylindrical wire is well known 4, and sub-
stitution into this formulation of the above permittiv-
ity yields the inductance per unit length Lp of the
plasma channel:

Lp= (nazeowgfln m(nazNez)_1

For the parameters of interest, it may be shown readily
that the field penetration depth is much greater than
the channel radius, and that the other contributions

to the internal and external inductance are negligible.
Thus the plasma inductance per unit length Lp is indep-
endent of frequency, so that there is no pulse disper-
sion and an electromagnetic wave will propagate undis-
torted at the plasma channel velocity vp=(LpC)‘%, on
the assumption that the capacitance per unit length is
the same as in the case of a good conductor.

Not knowing N, we cannot calculate v,. Rather
than estimating N and deducing an estimated v,, let us
take an experimental value for v, and use it to deduce
N or the more convenient plasma grequency wp (f, in Hz).
The above expressions for plasma channel inductance
and velocity give

2 = cv2/nale = 2 /.200ah L
mp Cvp/na €, 2 €4 vp/a cosh ~(h/a)

where e¢q is the relative permittivity of the dielectric.
Setting wp=2nfp and approximating for large h/a, we get
fp- vaE; /2maven(2h/a) . Taking

€q " 3

h~6 x 10-5n)(typical of material thickness)

a~3 x 10_7u1(from photographs of tunnels)



we find /Z;/Vln(Zh/a) ~ 1/Y2 and is slowly varying.
Then, taking vp =3 x105 m/s, we get £, ~ 10%GHz.

Consider now some reasonable lower and upper limits
for f5. The fastest rise and fall times yet measured
for discharge pulses are 0.2 ns!S or at the limit of a
4 GHz oscilloscope. Thus the plasma frequency fp would
have to be at least about 10 GHz. For upper limits
one might consider a poor conductor with N ~ 1028/111§
(fp ~ 10° GHz), a semiconductor with N ~ 1020/p3
(fp ~ 102 GHz), or a 4%-ionized gas at N.T.P. (£fp~10*
GHz). Therefore it would appear that the value
fp ~ 102 GHz is not unreasonable.

Conclusions

It has been shown that surface discharges on Kap-
ton and Teflon exhibit the same type of power-law area
scaling of current pulse properties as in the case of
Mylar. The graphs of peak current, pulge duration,
released charge and energy dissipated ith a load resis-
tor are similar for all three materials, although the
peak current and energy are slightly lower in the case
of Kapton. The points on the area-scaling graphs exhi-
bit some scatter, indicating the importance in any such
experiment of including at least three or four differ-
ent areas for a given type of material. The possible
dependence of the area scaling graphs on incident cur-
rent density remains an open question following the
recent observationl® of dependence of released charge
on current densities below 8nA/cm? (which are represen-
tative of the magnetosphere). Our own experiments sug-
gest no noticeable dependence (except for discharge
frequency) from 75 nA/cm? to 10 pA/cem?,

Comparing damage in the three types of material,
one notes a general similarity, with differences in
detail. The most surprising detail is that the surface
groove damage is mostly in the form of straight branch-
ing lines while the subsurface tunneling is irtegular,
suggesting that the top micron or so of the material
may be significantly different from the deeper material.
Surface crystallization is suggested as a possible ex-
planation,

The combined results for discharge peak current and
damage suggest that the three materials exhibit more
similarity than dissimilarity, a result which could be
significant both for the practical problem of materials
selection and for the theoretical problem of creating
mathematical models for charging and discharging phen-
omena.

One such theoretical model is proposed, namely the
discharge arc propagation model involving the formation
of filamentary plasma-filled tunnels. In this model the
progress of the nonlinear arc breakdown through the
material is controlled by the linear phenomenon of ex-
cess charge removal from the breakdown site via an
electromagnetic wave propagating undistorted along an
overdense plasma filament. Order-of-magnitude calcula-
tions tend to support this hypothesis. The plasma
channel theory emphasizes subsurface effects, in con-
trast to the electron~hopping, secondary-emission-con-
trolled discharge model proposed by Inouye and Sellen!?.
If the plasma channel theory were to be generally ap-
plicable then it would be necessary to postulate that
many of the discharge filaments do not leave visible
permanent damage, or alternatively to invoke other dis-
charge propagation mechanisms for the sometimes very
extensive dielectric areas which show no sign of the
tunnel or groove forms of permanent discharge damage.
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