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SUMMARY

The electrostatic charging and discharging of Kapton when irradiated with
mono-energetic electrons of 5 to 30 keV energy has been studied. The leakage
currents and rates of discharging always increased with the incident electron
energy and flux, whereas the surface voltage showed a more complex behaviour
depending on the thickness of the material: for the thinner films it exhibited
a maximum and then fell at higher energies. The surface voltage, the rate of
discharging, and the peak current and total charge flow during a discharge were
enhanced as the temperature was decreased from +70°C to —1800C, and were
accompanied by a decreasing leakage current, Visible light or the presence of
an aluminium coating on the irradiated surface caused reductions in the surface
voltage and changes in the discharging characteristics. The results of these
investigations are discussed in terms of the leakage currents and the secondary
emission of electrons. Photomicrographs taken after irradiation, and photo-
graphs of samples during irradiation, have shown good correlations between the
positions of light flashes and of pinholes produced by the discharge arcs.

INTRODUCTION

Kapton film is widely used on geostationary satellites as the outer layer
of passive thermal control systems, and as a substrate for flexible solar
arrays, in which the solar cells are mounted on a single sheet of the polyimide
film having an area of several square metres (ref. 1). Since the exposed
dielectric can be of large area, is relatively thin, and usually has a conduc-
tive backing, large capacitances exist, which under the conditions prevailing
in geosynchronous orbit and in the absence of sunlight, can become electro-
statically charged during geomagnetic substorms and result in arc discharges,

Many aspects of the charging and discharging of various dielectrics have
been reported (ref. 2), but there is a sparsity of data obtained by varying a
wide range of irradiation parameters under identical experimental conditions.
Such data has been obtained for Kapton as part of a materials characterisation
programme, and is reported here to provide additional information for testing
the validity of models for the mechanism of dielectric discharging. Very few
observations exist of the effect of temperature on the surface voltage and

* This work was sponsored by the Space Department, Royal Aircraft Establishment,
Farnborough under Contract A52a/188
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discharging activity of Kapton, and this parameter has therefore been studied
in some detail, The surface potential of a dielectric material exposed to
solar radiation may be largely determined by photoemission of electrons (ref,3)
and by thermal effects, however, visible light may make a contribution and the
significance of this has been demonstrated in the absence of the other two
factors. Conductive coatings such as indium—tin oxide can eliminate the dis-
.charging problem with dielectrics (ref.4), and observations of the effect of a
conductive (aluminium) coating on the surface voltage and leakage currents in
irradiated Kapton have therefore been included in the present study,

EXPERIMENTAL TECHNIQUE

The equipment used for this work (fig.l) was baged on a 0,5 m diameter
vacuum chamber, operating at a pressure of Vv 2 x 10~/ torr, in which samples
could be irradiated with mono—-energetic electrons at temperatures from 25° to
750C, or at about -180°C. The electron energies were in the range 3 to 30 keV,
and the beam flux was from 0.02 to 35 nA.cm™2, The samples usually consisted
of 140 mm diameter circles of Kapton type H film having projections for elec-
trical connections (fig.2). A central current collector (101 mm dia, in
"standard" samples) and a concentric guard ring of aluminium were vapour
deposited on the lower surface, and subsequently sprayed with an insulating
coating. To facilitate heat transfer the samples were secured on the sample
holder with a silicone encapsulant (Dow Corning 93-500) used as a low bond
strength adhesive. The electron beam uniformity over the irradiated zone of
111 mm diameter was + 30%.

During irradiation the leakage current from the central collector to earth
was measured with an electrometer (Keithley, model 610C), the output of which
was displayed on a chart recorder to show the frequency of discharges. The
pulse characteristics were monitored with a fast current probe (Tektronix, type
P6303) inductively coupled to the lead from the sample to the electrometer,

The output of the probe amplifier was displayed on a 100 MHz storage oscillo~
scope (Tektronix, type 466) so that pulses could be photographed for measure-
ment of peak current, pulse duration, and the area beneath the trace, which
gives the total charge flowing during a discharge.

The surface voltage profile of the top surface of the samples was measured
during irradiation by a non-contacting electrostatic voltmeter (Trek, model
340HV) equipped with a probe (type 4031S) having a voltage sensing aperture of
0.5 mm diameter. This was swept, about 3 mm above the sample surface, across a
diameter of the sample in 12 seconds, and operated at the potential it was
measuring, thus avoiding distortion of the surface voltage and the risk of
discharges between the probe and the sample., The output of the probe was not
affected by the electron bean.

The electromagnetic radiation associated with the current discharges was
monitored with a circular loop antenna mounted in the vacuum chamber, The
voltage induced in this loop by discharges was displayed on a second identical
oscilloscope, For the particular components employed this system gave relative
measurements of the electromagnetic signal at 20 MHz,
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Visual and photographic observation of samples during irradiation was made
through a port in the vacuum chamber,

IRRADTATION OF KAPTON -~ RESULTS AND DISCUSSION

Surface Voltage and Leakage Current

Measurement of voltage profiles across the surface of Kapton during
irradiation showed that it,required several minutes to attain an equilibrium
level at a flux of 5nA.cm ~, and figure 3 shows how the profile changed for
5 keV electrons incident on a sample having a small diameter collector. The
equilibrium level was " 1kV below the energy of the incident electrons, and
this was also true of the maximum levels attained over the unaluminised areas
of the sample with higher energy electrons (fig.3). The surface voltage
profiles also show that earthed aluminium on the rear surface of the Kapton
lowered the potential of the irradiated surface. The maximum surface voltages
attained on unaluminised Kapton and those measured at the centre of standard
samples are presented in figure 4 as a function of the incident electron energy
and the thickness of Ehe Kapton, for irradiations performed at -180°C with a
beam flux of 5 nA.cm “. The plots all extrapolate to an intercept which
indicates that under certain conditions the surface tends to attain a voltage
which is 1.3 kV below the energy of the incident electrons.,

The leakage current through Kapton to the aluminium collector during
irradiation was proportional to the area of this collector,from 8.0 to 80.1 cm’,
and to the incident electron flux up to at least 35 nA.cm ~. The surface
voltage and the leakage current were reproducible from sample to sample, being
reflections of a bulk property of the polymer film. The leakage current was
also a function of the energy of the electrons, and it is seen from the data in
figure 5 for 51y thick Kapton irradiated at two temperatures that at 25°C it
accounts for essentially all of the incident flux at the highest energy.

The above observations are consistent with a charging mechanism for die-
lectrics in which the surface voltage attained represents a balance between the
incident flux and the loss of electrons by conduction and by secondary emission
and backscattering. When there is no aluminium collector present on the lower
surface, or for very thick films, conduction is low, and in the absence of
light secondary emission plays a decisive role (ref.,5). For a surface to
attain equilibrium under these conditions with electrons of a given incident
energy E, the secondary emission coefficient § must be unity i,e. one electron
leaves for each one arriving at the surface., If § were always >1 or always <1
the surface would charge positively or negatively respectively and could never
attain equilibrium, § is a function of the incident electron energy (ref,6)
such that it is greater than unity in the range \1eV<E<n1keV,so that when
irradiation of a surface commences with electrons of energy E>>1keV very little
secondary emission occurs. However, as the incident electrons are trapped
(assuming the dielectric is thick enough) the resulting potential of the sur-
face retards the electrons subsequently arriving and the surface will charge up
negatively until its potential reaches a level at which it retards the incoming
electrons to an energy for which their secondary emission coefficient is unity,
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Davies (ref. 5) showed this energy was 0,9 keV for Kapton at ZSOC, and the
present results indicate there is very little effect of temperature on the
upper threshold for secondary emission, since at -180°C the Kapton surface
acquires a voltage which is 1.3 kV lower than the energy of the incident
electrons.

The lower resistance of the thinner samples permits higher leakage cur-
rents to flow through the polymer, thus providing a second route for electron
loss when the lower surface is conductive. Equilibrium is therefore maintained
by a decrease in secondary emission, § falls below unity, and equilibrium is
established with incident electrons of higher energy. There is therefore less
retardation of the incident electrons so that the surface is at a lower poten-
tial. However, the variation of resistance with thickness alone cannot account
for the differences between the plots in figure 4, The greater penetration of
the more energetic electrons during the charging process will presumably result
in a radiation-induced contribution to the conductivity which extends to a
greater fraction of the thickness of the film at the higher electron energies,
thus raising the leakage current (fig.5). The range of 30 keV electrons in
Kapton is estimated from electron range data (ref.7) to be 12,3y which repre~
sents a penetration of half of the thickness of the 25y film but only 1/10 of
that of the thickest film. When the penetration is a significant fraction of the
thickness the enhanced conductivity results in even lower secondary emission to
maintain equilibrium and so the surface voltage falls at the highest energies,

In the case of the thinnest film (6.9u) studied, the range of 22 keV
electrons is equal to the thickness of the film, and therefore above this
energy the surface voltage would be expected to be very low, as was indeed
found (fig. 4). These %ow voltages were accompanied by high leakage currents,
With a flux of g nA.cm © of 5 keV electrons incident on the film the leakage
current at =180 C was 0.3UA, and it reached a level of 0.49uA for electrons
having energies of 20 keV or higher. The leakage current therefore rises much
more rapidly than in the case of 51y thick Kapton (fig.5), presumably as a
consequence of the greater radiation-induced conductivity associated with the
higher penetration of the electrons in the thin film,

For low energy (<5 keV) electrons impinging on the thinner films the above
conduction effects are negligible since the penetration is low and secondary
emigssion is still the decisive factor; all of the plots in figure 4 therefore
approach that for unaluminised Kapton,

On the basis of the above considerations it would appear that the use of
the thinnest Kapton films available as the outer component of thermal blankets
would facilitate the removal of even the lower energy incident electrons, and
result in very low surface voltages with a consequent reduction in suscepti~
bility to dielectric breakdown by arc discharge, This conclusion has recently
been reached independently on theoretical grounds by Fellas (ref.8)
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Discharging Behaviour

Electrical discharges were observed when Kapton was irradiated with
electrons having an energy exceeding a threshold value. This was about 15keV
for 51u thick Kapton at 25°C. The discharges were not of constant size, nor
did they occur at regular intervals, so that there were short term variations
in the rate of discharging, which fell progressively as irradiation continued
(fig.6). A second irradiation of the same sample after 24 hours in vacuum
showed continuation of the process i.e. no 'recovery' occurred, and the dis-
charging eventually ceased, presumably as a result of the production of perma-
nent low resistance routes to earth due to repeated dielectric breakdown. This
must be at points where discharges have occurred, but it did not cause any
significant increase in the leakage current, which remained constant throughout
the irradiation, since the electron transport in discharge pulses was only a
few percent of the continuous loss by bulk conduction. It is evident from
figure 6 that pre-irradiation with electrons of the same (and presumably
different) energy can lead to lower discharge rates.

The rate of discharging varied in a non-linear manner with the beam flux
(fig.7), presumably because apart from the rate of arrival of electrons at the
sample surface other factors control the initiation of discharges and the
amount of charge removed in a single event, e.g. variation of the radiation-
induced component of the surface conductivity with the incident flux. This
figure shows a smooth change in behaviour for a particular sample, but
comparison of data from different samples, even when taken from adjacent areas
on a roll of film showed discharge rates varying by factors of 2 or 3. This is
common for observations on the dielectric breakdown of organic polymers, and
is attributed to the fact that the point of breakdown is believed to be an
impurity or defect site in the structure (ref.6). The concentration of these
defects varies widely across a film, giving local variations in dielectric
strength, and consequent variations in discharge rates between samples.

The majority of discharges observed were of the form shown in figure 8.
The current rose within about 0.5 psec to a peak which was as high as 20A and
then decayed to the level of the leakage current in a period of several usec.
The charge associated with the pulse is given by the area under the curve, and
in the example shown (A) it is 7.6 x 106 coulomb. Since the corresponding
voltage profiles indicated a fall in potential of about 11kV, then the energy
associated with this discharge was about 40mJ, which was a typical value for
51U thick Kapton irradiated with 25 keV electrons at -180°C. Many of the
current pulses were more complex and exhibited smaller secondary pulses super-
imposed on the decay of the initial pulse, presumably due to secondary dielec-
tric failure within the area from which the first discharge was collecting
electrons. An example of such a discharge is included in figure 8 together with
the associated signal induced in the antenna by the electromagnetic radiation.
The latter demonstrates the usual decay of the RF signal in about 1 Usec, and
also that the small subsidiary current pulse shown in figure 8B generated a
significant RF signal.

The surface voltage profiles provided an indication of the extent in terms
of area and voltage level to which a surface was discharged in a single event.
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The scans reproduced in figure 9 were recorded during the irradiation at ~180°¢C
of a staadard 51y thick Kapton sample with 30 keV electrons at a beam flux of

5 nA.cm ©, The first scan shows that when the surface was at only about 11,5kV
a discharge occurred which reduced the voltage to zero., Tmmediate reversal of
the probe traverse revealed in the second scan that the whole width of the
sample had discharged, and if account is taken of the partial recharging of the
surface by the electron beam during the sweep, which was estimated by compari-
son of these two scans to be at a rate of about 170 V/sec, then the whole
sample must have fallen very close to zero volts. The third scan, commenced
immediately after a discharge, illustrates the fact that in other cases the
full width of the sample discharged, but the surface did not fall below 5kV,
The fourth scan shows the result of another common type of discharge which was
very localised and reduced the voltage over only a fraction of the Kapton
surface. This was towards the edge of the sample which is the region of maxi-~
mum voltage gradient and where initiation of discharges would be expected,
These wide variations in the changes in surface voltage caused by discharges
are consistent with the differences which exist between the amounts of charge
associated with the individual discharges occurring in a sample under steady
irradiation conditions.

The behaviour of the 25u thick Kapton differed from that of the thicker
films in that the discharge which occurred had almost no influence on the sur-
face voltage, in spite of involving significant amounts of charge. Furthermore
the charge associated with the largest pulse observed for each incident
electron energy decreased with increase in this parameter, being 29.8, 17.1 and
3.8 x 107/ ¢ for 20, 25 and 30 keV electrons respectively. It is suggested
that these effects result from the greater penetration of higher energy
electrons in the thin film due to its lower surface voltage (fig.4), with the
consequence that a higher proportion of the electrons become trapped at
distances approaching the range of electrons possessing the incident energy.
Thus, 30 keV electrons penetrate nearly to the centre of the 25y film, and
dielectric breakdown in this case will involve only half of the thickness of
the Kapton. This will presumably remove fewer electrons as the incident energy
is increased since they will be trapped more diffusely in the upper part of the
film at the higher energies, and probably only those electrons from the zone
near the maximum range will be involved in a discharge. Removal of electrons
primarily from the deeper trapping zones would also account for the small
changes in surface voltage caused by discharges from the 25y film, Moreover,
since the breakdown voltage involved would be that of about half of the thick~
ness of the Kapton, then the occurrence of discharges does not contradlct the
reported dielectric strength of "9kV for 25u thick Kapton at ~180°C (ref.9).

With the 6.9u thick film the normal type of discharges were observed only
with 10 and 15 keV electrons, and they were very small, the charge associated
with the largest pulses being 6,9 and 2.5 x 107° C respectively, The dis-
charges had no effect on the surface voltage, and presumably occurred at the
edge of the central collector, but in the unaluminised annulus, where the
voltage was up to 2 kV higher than in the centre of the sample. At higher
energies the electrometer recorded no discharges of this type but did show small
negative displacements, indicating a change in behaviour when the incident
electrons had sufficient energy to penetrate the film completely.
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Influence of Temperature

The temperature at which Kapton is irradiated has a significant influence
on its behaviour. When irradiated with 30 keV electrons at a flux of 5 nA.cm™2
some standard 51y thick samples showed no discharges at 80°C, and others gave
a maximum rate of only 1 per hour. At 25°C, however, the rate was initially
about 2 per minute, while at —-180°C the initial rate had risen to about 4 per
minute. Moreover, the charge associated with each pulse was on average several
fold greater at —180°C than at 25°C, and as the irradiation proceeded there
was a much slower fall in the rate of discharging at the lower temperature.
This is significant since -180°C is more representative than 25°9C in terms of
the temperature at which discharging occurs in satellite solar arrays during
eclipses.

The volume resistivity of Kapton is greater at lower temperatures (ref.9),
and this would be expected to lead to reductions in the leakage currents and
increases in the surface voltages as the temperature is reduced. The data in
table | show that the voltages at the side (unaluminised region) and in the
centre of standard 51u thick Kapton samples do indeed increase as the tempera-
ture is reduced, and at the same time the leakage current falls. However, the
decrease in the latter is much smaller than would be predicted from the volume
resistivity, which decreases nearly 10~fold between 25° and 70°¢C (ref.9), so
that presumably radiation-induced conductivity makes a much greater contri-
bution than ohmic conductivity. Nevertheless the latter probably determines
the effect of temperature, since the radiation—-induced effect would not be
expected to vary with the temperature. The data given in table 1 were
measured under conditions where little or no discharging occurred so that the
voltages represent equilibrium values rather than the breakdown voltages of
the sample.

Photoconduction Effects

The influence of visible light on the electrostatic behaviour of Kapton
was examined by exposing samples to a 15W filament lamp mounted so as to
illuminate the whole area of the sample. The glass envelope of the bulb
limited the wavelengths of the light emitted to above about 350 nm, and separ-
ate tests showed that illumination caused no change in the temperature of the
Kapton film, so that there was no thermal contribution to the effects observed.

When unaluminised Kapton which was being irradiated with 20 keV electrons
was exposed to visible light there was no change in the surface voltage, which
is consistent with the fact that light of these wavelengths causes no photo-
emission. However, when Kapton aluminised on the lower surface was illuminated
under similar conditions the surface voltage dropped by several kV, and the
leakage current was enhanced, the behaviour being illustrated by the data given
in table 2. No further changes occurred when the light intensity was increased.
On illuminating Kapton the changes in surface voltage and leakage current
occurred quite rapidly, within about ! minute, but although the data shows that
the effects were almost completely reversible the recovery when the light was
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switched off was much slower, taking up to 20 minutes. These effects presu-
mably result from photoconduction of electrons to the metal layer.

Illumination caused no changes in the rates at which discharges occurred
in Kapton samples, However the peak currents in the pulses and the amount of
charge associated with each pulse was reduced by a factor of about 2, and this
resulted in the surface voltage being quite stable during the period when the
light was on. Nevertheless, this-voltage was still quite high, at about 9 kV,
Moreover, the photoconduction had a progressively smaller effect on the leakage
current as its value increased at the higher electron energies,

The observations made in the present work are in accord with the changes
in bulk conductivity which Coffey et al (ref.l0) found when exposing Kapton to
much higher light intensities (2.3 solar constants) from a xenon lamp, They
found up to five orders of magnitude increase in the conductivity, caused
primarily by radiation having wavelengths from 380 to 680 mm. They also noted
that the photoconductivity persisted after the light was extinguished, and
attributed this to the fact that the trapping of charge carriers at imperfec~
tions is a slow process.

Physical Damage Resulting from Discharges

The discharge arcs produced pinholes in the Kapton film, but the first
pinhole formed was not the site for all subsequent discharges even over a
small area, i.e. when an arc has occurred at a particular point it may leave
that area of the polymer with a higher dielectric breakdown strength than an
adjacent zone containing some inherent defects in the polymer structure. The
discharges were accompanied by visible light flashes, and photographs showed
that they occurred exactly at points where pinholes were found and that one
or several pinholes may be involved in a particular discharge. Repeated
discharging may take place at a given pinhole but not necessarily successively
at the same hole. TFor all of the samples examined the pinholes and other
damage occurred within the unaluminised zone or at the adjacent edge of the
aluminium collector, indicating that discharges are initiated in those regions
where the voltage stress is greatest.

Figure 10 shows details of a pinhole with charring of the polymer and a
surrounding network of discharge tracks. More extensive damage arose when
discharges occurred in aluminised areas, and figure 11 shows a hole caused by
complete vaporisation of Kapton and aluminium due to an arc just within the
aluminised collector. The damage seen in these pictures has resulted from
discharges of an area of at most 100 cm“ and involving <0.1J of energy. Since
the area of dielectric surface on a_satellite thermal control blanket can be
"1 m2 and on solar arrays several m“, and scaling experiments have-shown (ref,
11) that the maximum energy in discharges is proportional to the function (area
of dielectric)l:> then it is apparent that discharges of tens of Joules of
energy can occur and cause considerable damage to the satellite in addition to
giving rise to electrical interference,
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Influence of a Conductive Coating on Kapton

The presence of an earthed aluminium coatlng on the irradiated surface of
25 or 51u thick standard Kapton samples at —180 C held the surface potential of
the central zone at (or very close to) zero for incident electrons of all
energies. The conductive surface layer also completely changed the behaviour
in respect of the leakage currents since as the electron energy was increased
the total leakage current to the two conductors on 51u thick samples decreased
to a limiting value which accounted for about 507 of the incident flux (fig.12).
In the case of 25u thick Kapton with aluminium on the upper surface the leakage
current was essentially independent of the incident electron energy. These
observations are in complete contrast to the progressive increase in leakage
current with electron energy for Kapton of either thickness having aluminium on
the lower surface only,

With the aluminised top surface near zero potential the impinging elec~
trons are not retarded as they approach it, and they will therefore penetrate
further into the film than when the top surface is unaluminised, WNevertheless,
for the thinner (25u) film conduction removes almost all of the incident
electrons for all energies, presumably because as the penetration increases
with energy the probability of conduction via the lower aluminium coating
increases in proportion to the fall in conduction via the top aluminium layer.
Thus, 30 keV electrons, having a range in Kapton of 12,3y, will penetrate to
the centre of the film and will have similar probabilities of escape to either
surface. For lower energy electrons incident on the 51y thick film the
penetration will be small and a high proportion of the incident flux can be
removed by conduction. However, as the energy, and therefore the penetration,
increases the electrons become trapped further from the top aluminium layer
and so less conduction to it occurs, and for this thicker film there will be
little change in the probability of reaching the lower surface., This quali-
tative interpretation is in accord with the fact that the leakage current for
30 keV electrons from the 25u thick film is about twice that for the 51y film,
At the highest electron energies the leakage current from ‘standard' samples
of the thicker film exceeds that from samples having an upper aluminium layer,
presumably due to the differences in the secondary emission and backscattering
from the aluminised and plain Kapton surfaces. Thus, although a metallic
layer on the exposed surface of a 25p thick Kapton film can remove most of the
incident electrons it is seen that for thicker films it becomes progressively
less effective as the incident electron energy is increased.

CONCLUSIONS

The charging and discharging characteristics of different thicknesses of
aluminised Kapton indicate the importance of the degree of penetration of the
incident electrons into the film, and the interaction between this factor and
the potential acquired by the irradiated surface. The results demonstrate that
for Kapton having a conductive coating on the rear surface, films of less than
25y thickness exhibit the minimum susceptibility to electrostatic charging and
discharging when exposed to electrons of up to 30 keV energy.
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TABLE 1 - EFFECT OF TEMPERATURE ON SURFACE VOLTAGE OF IRRADIATED KAPTON
80°c 25°C -149%¢
Electron
Energy
» keg1 Voltage |Voltage Voltage | Voltage Voltage | Voltage
Szzm -3; at at Leakage at at Leakage at at Leakage
-cm sample sample | current sample sample | current sample sample | current
edge centre | A x 1077 edge centre | A x 10-7 edge centre | A x 1077
kv kv kV kv Kv kv
15 10.3 8.7 2.9 1t.1 9.3 2.5 12.5 11.8 1.5
20 9.7 8.2 3.5 11.3 9.1 3.0 14.0 12.4 1.9
25 - - - - - - 213.4 211.8 3.0
TABLE 2 ~ EFFECT OF ILLUMINATION ON IRRADIATION OF KAPTON SAMPLES AT -180°C
Unilluminated Illuminated Unilluminated
Electron Discharge
energy Surface Surface Surface ratg
(Beam f%ux voltages* Leakage voltage Leakage voltages Leakage per min,
5nA cm™<4) s current . current current
in kV in kv
vmax : Vmin A A vxmax : vmin A
5 3.7 5.0x10”'0 3.4 1.0x107° 3.5 s.ox10” 10 -
10 9.0, 8.2:9.0 | 3.0x1078 8.3 1.3x10"7| 9.0,8.2: 9.0[3.0x107®
15 11.6,10.8:10.2{ 2.0x10~/ 8.9 2.6x10"7|11.6,10.810.2}1.7x10"7 0.65
20 12,2,11.6:10.1 3.le0-7 10.0 3.51:10.7 12.3,11.6:10.1 2.9xlO-7 1.40
25 11.2,11.2:9.6 | 3.3x1077 9.1 3.9x10° 7| <10.8 3.5x1077 1.44

* When surface voltage profile is not flat vmax values are voltages at opposite edges of

sample and VInin is voltage at centre of sample.
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i . . o
PINHOLE AND TRACKING DUE TO DISCHARGE IN ELECTRON-IRRADIATED
KAPTON. ELECTRON ENERGY, 30 keV; BEAM FLUX, 12 nA cm_z;
MAGNIFICATION, x12.

FIGURE 10.

FIGURE 11. EVAPORATION OF POLYMER AND METAL DUE TO DISCHARGE IN ELECTRON-
IRRADIATED ALUMINIZED KAPTON. ELECTRON ENERGY, 30 keV; BEAM
FLUX, 12 nA cm~2; MAGNIFICATION, x12.
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