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DISCHARGE PULSE PHENOMENOLOGY.

Arthur R. Féederickson
Rome Alr Development Center
Hanscom AYr Force Base, Massachusetts 01731

A model is developed which places all of the published radiation induced discharge
pulse results into a unified conceptual framework. Only two phenoména are required
to interpret all space and laboratory results:

a) Radiation produces large electrostatic ficlds inside insulators via the
trepping of a net space charge density, and

b) The electrostatic fields initiate discharse streamer plasmas similar to
those investigated in high voltage electrical insulation materials; these
streamer plasmas generate the pulsing phenomena which have been seen by
many workers,

The appar=znt variability and diversity of results seen to date in space and labhor-
atory c¥periments is an inherent feature of the plasma dtreamer mechanism acting in
the electric fiélds which were created by irradiation of the dielectrics. The
implications of the model are extensive and lead to constraints over what can be done
about spacecraft pulsiung.

INTRODUCTION

At first look one is struck by the diversity of pulsing results reported on
spacecraft and ground testing of irradiated dielectrics. A new vccabulary has been
developed in this community (blowoff, bulk pulsing, punchthrough, surface discharge,
brushfire, bi-layer, charged-surface, floating-conductors, breakdown-potential)

which may be responsible for unnecessarily increasing the diversity of results.

Until recently, experimenters were hindered by the facts that the field of investiga-
tion was still young and that apparently new obsérvables kept appearing. One experi=-
menter would obsetrve flashes of light, another would sée a potential drop, another
measured pulses of current, still others observed microdamage after the irradiation
emission of ions, emission of energetic electrons, area-charge scaling, lack of
pulsing under certain spectra, cessation of pulsing under continued irradiation,
pulses of opposite sign, etc., etc.

For the past decade I have been correlating the occurrence of pulses with

radiation generated electric fields in the hulk of irradiated insgulators. FElectrical
insulation breakdown and prebreakdown events are usually (ref 1,2) related to an
applied electric field strength. We find that {rradiated polymers begin pulsing when
the estimated radiation induced electric field exceeds 100 kV/ecm (ref 3). In the
ptocess of reviewing (ref 4) the spacecraft charging literature I concluded that
whenever pulses were observed, the irradiation had produced internal space charge
densities large enough to create fields in excess of 109 V/em within the dielectric.
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Reaearchers in the field of eleetrical insulation have consistently divided

the phenomenon of hreakdown into two parts: Prehreakdown and Breakdown (full permanent
failure)., 8o far ir appears to e that we scée only the prebreakdown pheaomena in oar
space vadiarion sicuacion, TF one applies an electrie firld in excess of 10% V/em

to a solid dielectrie, then random and very small corrveat pulse:s are ohserved whieh
are called prehreakdown events,. These pulgses are associated with {lashes of Hghe
and very amall discharge streamers which Tast on the arder of napdseconds or leds,
The insulator does not (atl eoven after the occurrence of thougsdnds of prebreakdown
pulses., Such pilses are sometimes thought to he due to the fallure of very small
weak spots ov the discharge of wicrovotds within the solide T am not aware of one
complete reference to thisg phenomenon hut there are manv papers dealing with various
aspeets of 1t in the clectrical insulation literature. Reference 2, the TEEE
Transactions on Electrical Tngulation, and the annual proceedings of the Conference
on Electrieal Insulation and Dielectric Phenomena (IREF sponsored) aré good starting
points. Prebreakdown phenomena is a rapldly growing research field vhich contains,
in my opinion, some exciring solid state physics problems,

In this paper we show how all the spacecraft charging results, both ground and

space results, can he explained by the mechanism of electric field gencrated pre-
breakdown streamer channel formation. 7The electric fields are due to either applied
voltages in dielectrics, or to radiation generated space charge electric¢ fields, or
to a combination of the two. The streamer formation is a quantum mechanical many-
body process which is only recently being attacked with appropriate tools; its
existence is ohserved but not understood. These processes "explain" all spacecraft
effects including: area scaling, pulse height, pulse width, pulsing frequency,
radiation spectrum dependencies, microwave emission, surface discharging, bulk
pulse characteristics, fihrous matérial discharging, correlations (or lack of)

with surface potential, light flashes, edge effects, emission of ions and electrons,
etc.

RADIATION GENERATED E FIELDS

Estimates of radiation genérated electric fields in dielectrics are available

(ref 3,5-8) but only a few good measurements have been made. The measurements are
difficult and actually measure charge density (ref 9,10) not electric field. The
electric fields are obtained from the charge density by use of Poisson's équation.
One excellent review (ref 11) is available which surveys most of the existing
charge density work and is a good introduction to the literature. The literature
on this topic is extensive but does not answer the critical engineering question
"Given a particular dielectric device under various broad radiation spectra what
electric fields are generated?” Most of the cases that have bheen discussed involve
monoenergetic clectron beams and short total irradiation times (<108 rads total
dose). A few cases address the question of broad spectra but then simplify the
modeling to assume no electronic conduction occurs in the electric field.

Photon irradiations simulate the broad energy spectrum situation because

photon spectra themselves, as well as the excited electrons generated by edch
monoenergetic portion of the photon spectrum, are often broadly distributed in
energy. Calculations indicate that photons from 10 KeV to 2 MeV produce electric
fields of nearly 109 v/cm, (vef 7,12) in most practical geométries., Only for the
case of slabs surrounded by very thick layers (D1 electron range) of identical atomic
number matervial do we find field strengths helow 104 v/em in photon irradiated

solid insulators... Photon beams produce a net charge deposition somewhere in irradi-
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ated solids hy a number of processes depending on photon energy hut one process
always aceurs;y the actenuation of the photon heam results In a concentrafion gradient
of highly excited electrons which thei diffuse and "pile up" in the more weakly
irradiated regtons, and this pradess will senevate 107 $/em ficlds 1n most woad

solild inanlators, Other processes produce much larvger fields in photon frradidted
solidd,

Tt is possible to conceive of an irradiated solid which does not develop net

spatial eharginmg. A radioactively doped insulator with uniform doping profile

would not charge.  But such a device would not he practical in oleetrieal application
sinee electrodes or sarfaces vemove the wniform doping constraint and creiate large
fields near the electrodes or near the surfaces. ¥ have not encounteved a practieal
diclectric device which will not charge with strong ¥ fields. The B fields ave
usually strongeést near clectrodes ov near surfaces and edges and are produced

partly hy the divergence of the high eanergy electron currents (or hy their flux
gradients) dear the surfaces and clectrodes.

In practical devices only conduction processes will prevent the accumulation

of excess charge to levels where E exceeds 10° V/CM, Rasically, all highly excited
(>10 ev above conduction band) electrons are stopped in solics with more than 109
V/em stopping power and in the absence of conduction, this process of stopping
c¢lectrons is the field limiting factor: {f the electric field exceeds the stopping
power of the solid, then the excited electrons would be acéelerated out of the
solid until the resulting fie¢ld strength decreased to the stopping power. In
reality, for the exposure rates expected in space (Kin3 roentgeus/second) it is the
radiation induced conductivity and the dark conductivities which are the parameters
which most strongly control the electric field strengths.

One can make changes in the incident radiation spectrum until one is "blue in the
face” and only insignificant changes in peak E field will result. 1In the highly
insulating dielectrics (low conductivity) one cannot prevent fields from exceeding
105 V/em, however some faulty models have heen invoked to predict such impossible
lower field cases by, for example, the use of so called "penetrating” radiations.

It turns out that for the best dielectrics and for nearly any radiation speéctrum
and any geometry the field strength will exceed 109 V/cm somewhere in the so'id and
in some special cases can reach 107 V/em. To avoid this high field strengt’ one
needs only to increase thé conductivity. Based on ten years experience, I find that
equation |1 is a good guide to the field strength depéndence on conduction processes
at low dose rates (<103 rads/second). Geometry and spectrum changes will not
producé more than an order of magnitude correction to equation | predictions.

(% veak) = 10-12/k(1+0/kD) (1)

where: 10712 has units of (seceV)/(emZesimerad),
k is the coefficient of radiatton induced
conductivity in units of (scc/ohmecmerad),
o is the dark conductivity {n unfts (ohmecw)~1,
N is the average dose rate ti the volume of
intévest in units of rads/sec.

For the best dielectrics k is typically 10"18 (seconds/ohmeemerad) resiilting
in peak fields of 100 V/eme Of course k is dependent on wany things including D, so
one must evaluate k at the dose rate of interest, D, using cq 2.
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Radiation Induced Conductivity, (RIC) = k D (2)

where RIC is empirically determined for the dielectric waterial in guestion.
References 3-8, 12 and 13 have examples of electric field strength profiles in
irradiated dielectries. Reference 3 compares the occurrence of pulses with the
electric field strength in irradiated dielectrics,

ELECTRICAL INSULATION BREAKDOWN PHENOMENA

Background

While surveying the breakdown literature I learned that there are apparently many
failure modes for elecrical insulation. In most of the modes a very large current
flows for long enough times to blow a fuse or kill a power supply. However, in
most of the spacecraft tests to date we only see rapid pulses without permanent
failure and without continued pulsing.

In the insulator industry this kind of pulsing is known as high voltage DC prebreak-
down phenomena. If one-applies an electric field of order 105 to 5 X 103 V/cm to a
good dielectric, small pulses may occur as depicted in figure 1 for a period of

an hour or so and may even reoccur for a short time again many days later but
usually the short pulses have stopped unless oné changes polarity or increases the
field strength. These pulses are called prebreakdown events and usually do not

lead to full breakdown. However, if one applies sufficient field strength a rapid

burst of prebreakdown pulses will be immediately followed by full breakdown of the
insulation.

In the case of space radiation it is unlikely that total breakdown occurs because
there is no “"stiff" power sourceé which can continue to provide significant current
to thé system. Fven though peak currents approaching 103 amperes have been seen
during short pulses, the dielectric was not destroyed as an insulator by one pulse.
With maximum differential potentials of 104 volts and incident currents of 10~°
A/cm2 we find that space radiation cannot produce a d.c. power flux exceeding

10 u Watts/cm2, It is unlikely that such low power flux will permanently change an
insulator into a conductor. Thin oxide electronic device insulations, however, are
hurt by the transient pulses.

The most common dielectric experiment is shown in figure 2. A current is measured
between two electrodes while the dielectric is irradiated and/or biased. Any
currénts or current pulses, including the motion of irradiation driven charged
particles (usually electrons), will register on the meter according to the equation
in figure 2. If one measures I throughout the irradiation and independently knows
the dose-depth and charge-depth distributions for the radiation then one can cale-
ulate the E fields internal to the dielectric (ref 3,7).. Pulses will also show up
on the meter according to the equation. The experiment in figure 2 is the most
generally useful arrangement,

A coimmon émbodiment of figure 2 is to have wost of tlie space between X=0 and X=A in
vacuun and thin laver of solid dielectric of thickness d from X=A-d to X=A. Again,
electric fields build-up in hoth the vacuum and the dielectric but space-chargé
accumulates only in the dielectric. Because space-charge caunot accummulate in the
vacuun, charge current flowing in the vacuum must be a constant across the vacuum

486



PG

- #¥footnote:

~

space (in the quasi-static approximation which {s valid for this spacecraft praoblem)
although 1t can-vary in time,

Consider an idealized current pulse of arbitrary magnitude J,. Let d<<A. Then if
Jp occurs in the vacuum region, it must be constant across the vacuum and

) A~d
'l ,!.“I(I) Jp . dx & Jp

But 1if Jp is confiried to the dielectric¢ then . - - -

A

1=.l.j3 cdx <4
A p A
A-d

P 3

To date, most experiments were designed such that.§.~ 5000.

Thus- pulses confined to the dielectric will be detected much more weakly on the
ammeter I than similarly sized pulses in the vacuum will be detected. Therefore an
ammeter set to a scale to detect pulses in the vacuum will not detect similar
pulsés in the dielectric.

Tuz Basic Phenomenon

All of the observed pulsing phenomena reported by spacecraft charging investigators
can be explained as normal derivatives of the streamer phenomenon described in
referencé 2 and reported extensively in the prebreakdown electrical insulation
community. It is found that solid dielectrics subjected to electrical stresses
greater than 103 V/em (and in some instances as low as 104 v/cm) spontaneously
develop streamers of. gas/plasma phase matter which start 2t a point but rapidly
expand along a line roughly parallel to the local electric field vector. The
streamérs tend to form tubes whose diameters are in the range 0.1 to 10 microns
(typically 1 micron) but can become much larger where many streamers join together,
and appear to have no limit to their maximum length. Streamers continue to propagate
as long as sufficient E field exists at the tip of the streamer, -

Figure 3 is a pictorial streamer. Stop action photographs indicate that streamers
are usually brightest at their tip but emit light throughout their length. The
insulation industry reports a wide range of propagation velocities from 103 to 10P
m/sec but for conditions of electron irradiation Balmain et al. report (ref 14)
velocities of 10° to 100 m/sec. In Balmain's case streamers propagate at or just
beneath the surface and surface effects may play a role in the propagation velocity
so it might be instructive to do similar tests for the deeper penetration case.®¥
Under electron irradiation it appears that streamers originate at a surface (where
the field strength is maximum) and propagate tu or a littie beyond the average

: deeper penetration will not be obtained by raising the energy because
the surface potential rises to slow the incident electrons to roughly 2 keV incident
energy., Most of the irradiation in Balmain's experiments was by 2 keV electrons.,

gns;eag; ae should ground the surface with gy photons or low energy protons
re 1 .
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trapped electron depth whence they turn at right angles and spread out at this
depth; the right angle turn is made hecause the plasma filled streamer has almost
eliminated the potentfal difference hetween the tip of the streamer and the dielec-
tric surface so that the E field vector at the tip is now perpendicular to the
original field direction and pointing towards the centroid of the spacecharge
electrons (ref 15).

Streamers have been seen to occur in many materials (liquid, crystals, glasses,
polymers) used for insulating purposes.. 1n all _these materials streamers similar
to those reported by Balmain (ref 15), by Gross (ref 16), and by the many people
using irradiation to create Lichtenberg trees, are occuring in dielectrics which
are under electrical bias stress alone.

It appears that the basic streamer forms as a highly ioni-ed plasma tuhe. The
plasma is extremely dense and under high pressure so that when it approaches a
surface it "explodes™ from the surface allowing plasma subsequentiv formed at the

streamér tip to escape through the tube. At the cessation of the discharge propaga-

tion one finds the remains of the discharge to be a tree or bush shaped network of
hollow tunnels. Reference 17 reports on measurements of this highly fonized plasma
debris which escapes the solid. 1In the case of applied electric bias eéxperiments,
the plasma may be confined to the dielectric by the électrodes so that hollow
tunnels do not occur and the plasma resolidifies in place. However, if the plasma
tube propagates between electrodes entirely across the dielectric, it becomes a
conductive tunnel effectively shorting out the insulator for as long as the power
supply can maintain sufficient plasma arc power to continue the plasma between the
electrodes....

Although streamers have been seen to develop at 104 V/cm applied bias, they may
have actually occurred at localized high field regions due to space charge which was
developed by conduction process. 1 would quess that at least 105 V/em is required
to initiate streamers tut that once formed they can continue to propagate in lower
field regions, perhaps in regions of field strength as low as 104 V/cm or less.

The streamer obtains its encrgy from the electric field, not from the space charge
itself. For typical geometries the spacecharge density developed undér irradiation
is in the range 100 to 104 coulombs/meter 3. Thus a one micron diameter tunnel
intersects from 5 to 5 X 104 excess trapped charges (electrons, holes, ions) per
centimeter of propagation. Assuming that a reasonable fraction of the atoms within
the tube are ionized by the streamer propagation/formation process thereé are of

order 1010 ijons and free electrons per centimeter of 1 micron diamter tube, Thus the
excess spacecharge countributes very little to the plasma density.

I don't know of any physics which can predict the occurrence of these streamers.
Electric field strengths of 10® V/cm probably cannot accelerate an internal free
electron much beyond 10 eV kinetic energy because at higher kinetic energies the
stopping power on the free electron in, for example, polyethylene exceeds 106 v/em
(ref 18). Thus one free electron cannot avalanche because it takes more than 10 eV
on average (probably from 20 to 30 eV) to cteate a secondary free electron., Perhaps,
in a region of high field, occasionally it happens that sufficient local random
ionization occurs to significantly alter the band structure and the dielectric
constants so that the stopping power is significantly reduced and free electrons

can accelerate to avalanche levels. Assume that 50 eV is necessary for freé electron
avalanching: then at 109 V/cm E field we require a thickness of order 0.5 microns
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to generate this kinetic energy. A lower.limit may exist on the thickness of
material required to initiate a streamer and this effect is partly responsible for

the increased breakdown strength of very thin film insulators. 1In addition, the
statistics of streamer initiation-are such that rare atomic level events may be the

initiating mechanism; application 10° v/cm does not cause streamers automatically
everywhere, they happen rarely and far apart relative to their size.

Empirical knowledge of the streamers allows us to explain the spacecraft charging
results even though we don't understand streamer physics. Streamer propagation
velocity, total streamer volume, streamer tube diameter, ionization density inside
the streamer and the empty tunnel which remains, along with electric field strength,
are sufficient parameters to explain the spacecraft charging phenomena. Using this
empirical data and applying standard eleétromagnetic analysis, the rest of the
paper explains the observed pulsing results. In addition, the modeling predicts
results whic¢h have yet to be investigated. However, this modeling has not been
tested and it would be wise to do so: for example, one should make measurements of
the externally measured pulse current and relate it to the specific streamer tunnel
which produced the pulse.

Electric Fields and Streamers in Spacecraft Dielectrics

The most common spacecraft charging laboratory experiment has been irradiation of
thin polymer or glass sheets by approximately 20 keV electron beams in vacuum. The
irradiated side (front) of the sheet can float to any potential but the other side
(rear) of the sheet is attached to a grounded electrode. Experimenters have
monitored current to the electrode, discharge current to the electrode, discharge
current pulsés to the electrode, poténtial of the front surface, light flashes,
discharges associated surface trees, and electron, ion, and neutral particle
emission from the front surface. Figure 4 is an estimate of the electric fields
in a 1 millimeter thick mylar sample bombarded by 20 keV electrons (ref 13). These
electric fields-are crucial to an understanding of the results of the experiments.

Referring to figure 4, at 36 seconds the front surface attained a potential of -18
kV and therefore it was being bombarded by 2 keV electrons. Because of secondary
electron emission the front surface will remain at this -18 kV potential as long as
it continues to be bombarded by 2 keV electrons. However, the internal fields
continue to evolve as shown in figure 4. The field profile at 1036 seconds is
essentially a final equilibrium value as change will occur only very slowly beyond
this time under continued irradiation. Reasonably similar curves would occgr for
teflon or polystyrene or other highly insulating solid. Notice that the 10 V/cm
electric field.strength is sufficient to initiate streamers with either polarity.

Figure 5 shows the electric field calculation for a 25 microa mylar sheet where the
front surface is held at ground potential during the 20 keV electron beam irradia-
tion. In this case even larger electric field strength occurs (exceeding 10° V/cm)
near the front surface. If one changes the sheet thickness to any value in excess
of 10 mi¢rons it turns out that only minor changes in the equilibrium electric field
would occur at the front surface for either fig. &4 or fig. 5 conditions. However,
the equilibrium field strength at the rear surface is roughly proportional to the
inverse thickness of the sheet.

The electric field profiles in figures 4 and 5 are crucial to understanding space-

craft charging phenomena to be described below. ‘lhe field profiles between the
front surface and the charge centroid (where E = 0) are key to understanding the
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phenomena.because a discharging or pulsing sample under irradiation is, in the
sense, hopping betwaen the two extreme cases shown in figs. 4—and 5.

In the case of an insulator with hoth surfaces grounded, pulses have heen correlated
with the theoretical electric field strength (ref 3). The pulses occur only under
field strength exceeding 103 V/cm, Also, the pulses had the polarity consistent

with the polarity of the electric field which had exceeded the minimum field strength
required for pulses in the individual sample.

EXPERIMENTAL SCENARIOS

There are several specific experiments reported in the literature. Fach experiment
can be explained by the streamer hypothesis as follows.

Floating Front Surface Potential

Consider the experiment of figure 6 where a dielectric in vacuum is irradiated and
its irradiated surface is allowed to float to any potential. 1If the dielectric is
thicker than the penetratiosn depth of the monoenergetic electrons, then the front
surface fields will be approximately as shown in figure 4 for any choice of heam
energy above one keV. As the irradiation progresses from its inceptionr, the poten-
tial of the surface "rises" and slows the incoming electrons until the quasi-equil-
ibrium occurs where the secondary electron current cancels the incoming primary

beam current. The quasi-equilibrium will nccur when the primary electrons bhombard
the surface at the "secondary eléectron second cross-over énergy” (ref.19), typically
from 1 to 3 keV. The continued irradiation by 1 to 3 kev electrons produces further
field strength enhancement at the front surface. At long times the sample will

have lost the field contributed at early times by the deeply penetrating higher-
energy electrons because of compensating conduction currents.

Assuming that:

Eo is the initial electron kinetic energy in eV,
?y is the second crossover energy in eV
Pe is the quasi-equilibrium surface potential

E4 is the electric field magnitude in -most of the bulk of
the dielectric

Ey is the electric field magnitude in the vacuum in front
of the dielectric
2 is the dielectric thickness
a is the distance from the front surface to the ground
plane on the other side of the vacuum;
R is the penetration range of infitial E, electron beam
then Eg =0 = 09 typically 2 keV, (4)
and Ey = @o/a = Eg/a for Egddd,, (5)
and Eq = Pa/R ~ Eg/R for DR, (6)
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but the ¥ field near the front surface will remain as shown in-figure 4 for any
choice of F,, A, or & greater than R,

1f one monitors-the potential of the front surface during an i{rradiation, the

result is often as shown in figure 7. The front surface potential rises roughly to
the "second cross over” level. After some irradiation time (which is very variable)
a pulse occurs discharging the front surface.. The second pulse may occur with a
shorter elapsed time and at a lower surface potential than the first pulse. Sub-
sequent pulseés may occur at even lower surface potential and sometimes at very
close time intervals. Finally all pulsing ceases and the surface reaches the
"second cross over" level permanently.,

The experimental results such as shown in figure 7 can he explained in the following
way. Electric field strengths of 105 V/cm or greater (fig 4) cause a discharge
streamer to form near the front surface and the resulting plasma erupts from the
surface. The negative plasma components then accelerate across the vacuum space to
the vacuum chamber walls effectively “grounding out” the surface potential. The
positive components return to the surface of the dielectric spread out over most of
the surface. The plasma particles actually spread out in the vacuum due to a
combination of effects including pressure waves, diffusion and electric forces and
then, from everywhere in the vacuum, they flow to the appropriately biased surface.
The streamer channels resulting from this process are hollow, having ejected all
their mass into the vacuum and producing sufficient charged particle quantities to
discharge large areas; as much as 10~2 coulombs has been seen and a great deal more

charge is probably available judging from the largest lichtenberg trees that I've
seen,

The polarity of the current pulse seen in the rear electrode current monitor is :
such that a net electron flow occurs from the dielectric through the vacuum to the

chamber walls. The surface is not discharged by streamers flowing through the

dielectric to the rear electrode for a fundamental reason: If a streamep were to

cross through the dielectric from the rear electrode to the the front surface, it

would make a shorting contact with only a small portion of the front surface but

would then burst from the front surface at high pressure spilling plasma into the

vacuum. The major discharge would then proceed in the vacuum regicn as discussed ;
in the preceeding paragraph. However, for reasons to be published in the near ‘
future, I believe that, due t~ radiaton alone, a streamer will not propagate entirely

through a dielectric but will reach only one surface; in otherwords, for the experi-

mental conditions published to date the so called "punchthrough" discharge is an
impossibility,

The sgrface potential discharge measurements are discussed in references 20 through
26. The return current to the rear electrode is Aiscussed in references 15, 20

through 26. The emission of particles into the vacuum is discussed in refs 17 and . .
22 and elsewhere in this conference proceedings.,

So far during the irradiation wé have described the first pulse which then discharges
the surface. The discharged surface now changes the field profile within the
dielectric increasing the field strength immediately below the surface. The incident
clectrons go back to their initial value of energy, say 10 or 20 keV and begin the
surface charging process over again. But the electrons are, at least for a while,
penetrating more deeply within the dielectric and attempting to produce field
profiles as described in figure 5. Larger E fields are produced to deeper depths
than figure 4 shows, but only after the first pulse occurs. It is these larger and
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deeper fields which then produce more pulsing in shorter time increments. As the
pulsing progresses, field.strengths vary hetween the extremes shown in figures 4
and_5 and the depth dependence varies. between.these extremes. Finally, in analogy to
the well known capacitor prebreakdown phenomena, all the “"weak spots” bhetween the
surface-and full electron penetration depth.are “"pulsed" and.-further pulsing ceases
until the radiatior specttra change significantly.. Exact calculation.of the field
profiles during a series of breakdowns has not been performed so this description

i1s only qualitative. It is well known that the streamers ¢reate physical damage

but that this damage does not increase the probahility for future stréamer occurrence
and that under d.c. stress, pulsing usually ceases after a time depending usually

on the field-strength.

An interesting result is predicted by the above phenomena. The field profile in
figure 4 is such that a surface pulse is not likely because the field strength at
the surface is not exceptional and involves very little depth. The note to figure
4 indicates that the basic concepts used to derive the figure are known to be
faulty in such a way that as time under irradiation continues, electrons will drift
deeper and deeper into the dielectric so that the field profile will very slowly
move towards that shown by figure 5. As this drift occurs, the ptrobability that a
"weak spot" near the surface finds itself in a high field region slowly increases.
Once this weak spot is found by the drifting field front, a discharge occurs and
almost instantly the field strength is significantly increased in the dielectric to
deeper depths and perhaps many rew weak spots are found resulting in a flurry of
pulses. Finally all the weak spots near the surface are discharged and pulsing
ceases., This effect has not been reported formally but X. Balmain has indicated to
me that the initial pulse takes a long time to occur in. elec¢tron beam experiments
but once it happens the remaining pulsing happens relatively socn.

1f one evaluates eq. 6 for most of the published experiments it turns out that the
electric field in the bulk of the dielectric beyond the electron penetration range
significantly exceeds 105 v/cm. For example, many éxperiments were performed using
20 keV electrons on approximately 100 micron thick samples; this resulted in field
strengths of approximately 2 x 106 v/ecm. Reférence 13 has calculations of electric
fields in thin polymers. You are, 1 hope, wondering why I have neglected this large
electric field which occurs in most of the dielectric. I neglect this big bulk
field because it produces only very small electrical pulses (though it produces
many pulses) which can not be monitored in this arrangement. The bulk pulses are
similar to the pulses discussed under the section "Both Surfaces Grounded” below.

Meter Current, I, Floating Front Surface
The discharge pulse current I flowing in the meter (fig 2) depends omn several
variables such as front surface potential, sui lace area, and random fluctuations.
Not every pulse causes the front surface potential to go nearly to ground
potential (ref, 24). 1In general one finds that, (ref. 15):
a) discharge pulse time duration = (surface area)l/2

b) discharge pulse current « (surface area)l/2

c) total discharge coulombs = surface area
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These-rules are for the coiceptually simple cases where all other variahles (other
than surface area) such as dielectric constant, insanlator thickness, and_surface
voltage, aré held constaat.

What happens if we change the other parameters? What is the-physical process which
causes these effects? Again. the answers can be found in the streamer propagation
process and its resulting plasma, Reference 19 arpues that the scaling with the
varea result is due to a streamer propagation process bhecause the streamers

which propagate at a reasonahly constant velocity (ref. 14) have lengths scaling

as the linear dimension of the insulator which necessarily scales as the Yarea.

In the addition, T argue that the total charge available is limited by the total

volume of the streamer tunnels; and if every atom initially in the tunnel is singly

ionized when it arrives in the vacuum space, there is a great deal of charge available.. .. . ..

to "ground” the front surface. Injecting an excess of charge of both signs into
the vacuum space does not by itself fully ground the front surface because a great
deal of the plasma charge is shielded from the electric fields by the plasma iteelf, .-
Instead, the injected plasma will spread out in the vacuum in a way which depends
on its initial temperature, pressure, velocity, density and vacuum E fields and
then scatter off the walls of the vacuum chamber, and the scattered components wmay
also contribute to the "grounding” of the front surface. Injecting an excess of
charge however does cause the surface potential to drop with a similar statistical
distribution for any surface area and this will often happen because the tunnel
volume varies nearly linearly with the surface area (tunnels tend to spread out in
a fan shape under the entire surface which has been irradiated).

If one were to vary the sample thickness the concepts proposed here might predict
the following relationships:

d) pulse time duration = (sample thickness)~1/2
e) pulse current « (sample thickness)=1/2
f) total discharge coulombs = (sample thickness)~—!.
Varying the surface voltage might cause these scaling laws:
g) pulse time duration =« (surface volt:’ago.a)”2 f(v)
h) pulse current « (surface voltage)l/zlf(v)
i) total discharge coulombs « surface voltage.
And varying the dielectric constant might give us scaling laws like:
j) pulse time duration = ¢ 1/2
k) pulse current « g 1/2
1) total pulse charge « ¢
The function f(V) is inserted to indicate that the s¢paration of the positive and
negative components of the plasma in the vacuum is strorgly dependent on the électric

field strength in the vacuum such that the rapidity Jf grounding of the surface is
sensitive to this effect.
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The actual.meter current, I(t), during the pulse depends directly on the collapse

of the vacunm electriec fields caused hy the separation of the plasma particles, 1In

these experiments no eéxternal voltage source is applied, it is only the electrostatic.. ... .
fields due to trapped space charge which force currents to flow; therefore the

current flow is purely a.displacement current since no real charge flows through a

complete circuit, The plasma only responds to and eollapses the. electric field
where the plasma resides; this occurs within the streamer tubes and {n the vacuum

space. Figure 8 describes the geometry.
Consider the one dimensional case where plasma in the form of uniform sheets of
unipolar charge is injected bet'een two grounded electrodes placed “a" meters

apart. Let there be one positive sheet and one negative sheet each of the equal
charge density, o coulombs/m2, and spaced dx meters apart.

Then the image charge density induced in either electrode by the charge sheets is
given by
A o =(p /a) dx. N
Between the sheets the electric field created by the two sheets is given by
A E=p/ € (8)
and is zero elsewhere.

Eq. 7 then becomes

€AE
Ao = dx
a

(9

and the current-density required to generate the image charge is

d d
Al =i Ao = e (AE dx/a) (10)

Returning to the problem of excess plasma generated in a vacuum between biased
electrodes we can apply eq. 10 by assuming that many sheets are injected throughout
the vacuum which changes E everywhere in the vacuum. Linear superposition of
electric fields holds in a vacuum so we can generalize eq. 10 to

a

jq oF
AL = I(t) =@ o-gldx (11)

where E = E(x,t) is a continuous function over space and time,

Let me postulate that the dominant effect in a discharging dielectric with one
surface floating is the injection of a net neutral plasma into the vacuum. The
plasma spreads out in the vacuum to neutralize the existing vacuum electric fields
and the meter current I is given by eq. 1l. Because we do not know the dynamics of
this plasma injection and spreading we can't a-priori calculaté T(t), but we can
predict the integral over the pulse duration:
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0= Af T (t) de (12)

where A is the surface area of the dielectric. Tt turns out that {n most experiments
Q was nearly equal in magnitude and opposite in polarity to the "so callad" surface
charge residing on the irradiated insulator _surface (actually residing ‘n the bulk
typically withkin § wmicrons of the surface). This is equivalent to the statement

that the plasma fully collapsed-the electric ficeld in the vacuum,

The amount of charge injected by streamers will be discussed later; this should be
a variable number depending on the total irradiation fluerice as well as on fgeo-
metrical factors,

Pulses in Dielectrics with Both Sides Grounded

An extensive set of experiments (ref 3) have been performed in the geometry of

tigure 2 whére dielectric fills the entire space between the electrodes. 1In this
case only small pulses were seen and negligible charge was removed from the dielec-
tric during the pulsing process. Tunnels are seen in such dielectrics after irradia-
tion and are probably similar to those described above. 1In this set of experiments
thick samples were used (circa 5 mm) under high energy (circa 500 keV) electrom
bombardment. However, the experimental results can all be explained by the same
streamer phenomena as in the floating surface case..

The tree which results from the streamer connects to an electrode at one point and
branches out into the bulk of the dielectric. Again the basic principle is that
the streamer is a dense plasma which can collapse the electric field in the volume
occupied by the plasma. However, the streamer follows tortuous paths and the
calculation of meter currents is complicated beyond the simple concepts engendered
in eqs 7-12. There can be regions in the dielectric which initially have zero
electrostatic field strength but once a streamer has propagated some distance it
can introduce significant space charge density into these originally zero field
strength regions., 1In otherwords, a streamer must initiate in a high field region
but once it has traveled some distance it can create a high local field strength
near its tip in a region which initially had zero electric field. In fact, the
bulk of the “"tree branches™ im radiation induced trees occur in intially low field
regions of the dielectric. 1In the process of forming trees, stveamers can produce
large current flows in relation to the current which would be required to eliminate
the electrostatic fields initially present in the volume of material penetrated by
the streamer. Equation 11 cannot be applied alone to this problem,

For the region of the streamer which runs parallel to the electrostatic fields eq.
11 is valid but one must remember that the cross sectional area, A, in eq. 12 is
typically a square micron so that the total charge 0 is very small,

In the experiments, typical fields were 109V/cm so that eq. 12 provides the following
estimate of charge pulse magnitude due to the portion of the square micron streamer
parallel to E.

e

s

a
0 = A [1(e)dt = (A e/a) [, j, 9E dx’/ at (12a)
at
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Assuming that the field F {s fully collapsed ir some short time T, assuming that E
is roughly constant and assuming the streamer passes nearly all the way through the
sample, we get:

Q= A€ R

A= 10712 mager ?

¢ = 10~l]l farada/weter
E = 108 volts/meter
Q= 1015 coulombs

For the region of streamer perpaendicular to the initial F field the streamer propa~

ratas most commonly because of high charge density and coffectively conducts this
charge to the electrode. The argument i{s essentially that the streamer forms the
path of a line inteyral over which every element has nearly zero-¥ fleld, {e:

E(% ) =0 everywhere along path £,

[~9 F=%
b 1o

in analogy with Gauss' law. This coudition is met when there is no net charge in
the streamer tube (tunnel) which implies that the streamer removed the net charge
originally along the streamer length. .

The net charge injected by irradiation is in the range 100 to 18" coulombs/m?
(refs 13,27) so that per cm of tunnel length the following charge is removed:

for 100 Coul/m3, 0/cm = 10-12 m2 * 10=2m/em * 100 Coul/m3
= 10~14 ¢oul/em
for 104 coul/m3, o/ecm = 10~10 coul/cm
0f course these estimates again assume a tunnel cross section of a square wmicron.

One more compcnent of meter current flows in the streamers which are antiparallel

to the original static E field. This component is the collapse of the static E field
across the streamer. Eqs 1] and 12 provide an estimate of this current corntribution.
Assume a 0.1 mm thick sample with an FE field strength of IN5 V/em in the streamer
region with | square micron streamer 1 cm long. 1In this case eq. 12 reduces to

N=A€g E Ax =10 ~16 coulombs/cm tunnel
a
where A = 1076 X 10 =2 w2, a = 0001 w, & x = 10~6 m,

The net result of this modeling i{s that for the kinds of tunnels seen in low dose
rate tests (micron diameter, less than a meter total tunnel length) one would

expect integrated currvent pulses to be wmeasured less than a nanocoulomb when shorted
electrodes are on both sides of tue dielectric. This 18 in contrast to the floating
front surface where the vacumm currents produce measured charge transfers exceeding
a micrccoulombe The numbers which result from both the model and the assumptions.
are in agreement with the range of pulsing results seen in experd nents.
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The pulsing rates (pulsas per unit time or per unit fluence) seep {n the open front
surface experiments ave in rough agreement with the rates seen in fully grounded
experiments (ref. 3, 28,29), This 1s further evidence that {n hoth peometries the
pulses have a common origin,.

Pulse Energy for Floating Surface Case

Previous caleulations have only estcimated charge flow. For the radiated FM wave
prablem one needs an estimate of maximum pulse energy because the collapse of the F
fleld radiates waves dircctly as well as causing {mage chavge motfons, Because the
dynamics of the field collapse are not known to me, T cannot address the directly

radiated FM wave intensity prohlem; it is certainly complex containing plasma
oscillation components as well as resonant cavity ringing ghenomena, But we can

estimate the initial electrostatic energy availabhle to be radiated.

Referring to figure 8 and assuming as usual that most of the trapped charge resides
near the floating surface we find that most of the electrostatic energy resides in

two fields. If V, is the surface potential, then the energy stored per unit surface
area in the dielectric is given by

€ - evol/2a (13)

where a is the dielectric thickness, and the energy stored in the vacuum (per unit
area) is

Sv = €V02/2b (14)

where b 1is the distance through the vacuum to ground (or one debye length in the
space plasma). Assuming that the sample dielectric constant is similar to vacuum,

t:?t the vacuum spacing b is 0.5 m-and that the sample thickness is 10 * m we find
that

€4 - b = .5 =5 x 103 »l.
s, @ 1o (13)

However, the electrostatic energy within the dielectric is not discharged by a
propagating streamer. Only the volume occupied by the streamer is discharged. 1If
we let 8' be the discharged electrostatic energy, then in the vacuum the total
discharge energy is

4 ‘ 2 2
sv =¢ (Vacuum volume) V °/2b (16)
and for the streamer the total discharge energy is

8%==e (Streamer volume) V°2/2a2 (17)

Assuming a sample surface area of 10-2 m2, a dielectric constant similar to vacuum,
a streamer length of 1 meter with one square micron cross section we find

!

bd = 4 X 10"3 « 1. |

%_v (18)
Thus the discharge pulse energy is significantly smaller in the dielectric than in
the vacuum for the typical irradiation geometriés reported to date. Yet it is the
plasma created in the dielectric which causes the relatively large energy dumps in
the vacuum region of space.

491



e

Real Spectra Effects, Surface Potential, and Enhanced Pulsing

It has heen reported that the apace shuttle tilesa show no discharge pulses under
monoenergetic¢ irradiation hut do pulse when irradiated with a broad apectrum (vef
230). This effeet wii) aldo occur in apace and, contrary to popular opinion of the
moment, the effect proves that teating with monoencrge€ic heams is net neecssarily
4 worst cage Cest.

The cause for the effect has not been proven but I postulate the follewing cause.
Early in the irradiation, hefore pulses begin,the surface comes to ite equilibrium
potential say 2 keV below the incident monceneygetic clectron encrgy. Figure 4
describes a typical result where surface poteantial equilibrium occurred in 36 scconds
(ref 13). The electric field at the front surface which can produce streamees that
eject plasma into the vacuum will not penctrate beyond 0.1 micron. The vest of the
dielectric beyond 0.1 micron will produce streamers which comnect to the rear
electrode, not to the vacuum. Balmain finds that he must wait long times for
discharging to begin (ref. 29) even at his much higher dose rates. Such long times
probably invalidate fig 4 conclusions because of trapped charged diffusion effects
which would bring the high fields near the surface to deeper depths. It may be
that 0.1 microns of material is unlikely to produce a streamer, it may require 1.0
microns or more of depth to allow a streamer to propagate. Thus in Balmains
experiments he waits until diffusion has moved the charge centroid (where E = 0) to
some depth perhaps 1 micron or more. At this point in time a streamer initiates
and pulsing begins. But with a broad spectrum one doesn't have to wait, the high
enérgy tail rapidly produces the deeper surface field penetration.

Figure 9 describes the quantitative approach for estimating the importance of the
tail. The dielectric surface comes to a potential @, in space typically

between 0 and -10 kV. The surface has a backscattered plus secondary electron
yield curve (ref. 31) which, when folded with the space electron energy spectrum,
produces a specific energy & ; determined by

I=?2N(8) [1-6(8- ﬂe)] d€ = 0 (19)

Ge

where N(E) is the space electron energy distribution. This is equivalent to
saying that the net current to the sample by all electrons below € ic zero.
€ ¢ will generally be >1 kV above the second crossover energy for most polymers
and at energies above &, the backemitted yield (figure 9) is roughly a constant.

Typically in space the electron energy spectrum above €. can be characterized by
a function like

N(E>EY =n &, n>1 (20)
and we can solve directly for 1
I=£N(8) [1-s(s-¢e)] € = | ME) [;-6(880‘9;] &
L
el
Iw [l -8 (82)] No/(n-l) ) (21)
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If we know the spectrum (such as eq, 20) we can determine &, from eq 19 and by
measuring T we ean then detérmine the total in¢ident current ahove i:g because all
this current must RO €8 the electrode, Now if T »10~12 Alem? it ia in principle
capable of ereating sufficient ficld atrength over sufficient depth to produce
streamers at the surface beecause the rail heyond €, i depositing charge beyond 0,1
mieron depth in sufficient quantitica, The above mechaniam in pastulated ta ecxplain
the shutele tile reaults where menoenergetie electrons do not cause discharge hut
hroad spectra do. The extenaive polymer rasults where monaencrgetic olectrons

cause pulalng but only after inordinate time delays i pastulated to ho due to slow
carvier drifyg (typically up to § microns as reperted in the literature) hefore deep
trapping. The hasic reason for the difference is, apain, Postulated to be du: to q
Streamer phenomena ie: there is some minimum dielectrie thickness, probably field
dependent, required for the fcneration of these (non thermal type) streamers.

EXPERIMENTAL PREDICTIONS

Several new experimental results can he predicted from this modeling. Thesc cxperi-
ments could he a check on the model,

Containment of Streamer

The streamers reported by Balmain et. al, are almost surface streamers. At first
look they appear similar to the bulk streamers which occur at deeper depths when
irradiated by higher energy (100 kev - 10 MeV) electrons in air. However, T think
both streamers are produced by eleéctric fields as the driving force. If one were
to perform Balmain's irradiations with a very thin (say 500 A Al) front grounded
electrode then the streamers would occur mostly at 5 micron depth and be similar to
the trees generated by higher energy irradiations. The resulting tree would burst
through the 500 R electrode leaving a hole,

However, if one were to use a 2 mm thick electrode tightly clamped to the surface
and irradiate with say MeV electrons, I predict that streamers still form but do
not leave the ~ample. The streamer will re-solidify in its track, It might be
visible as a t.ze of less crystaliinity after the event., One could look at the
edge of the sample for the flash ot light to be sure that a streamer occurred. 1In
my éxperiments with neavy electrodes, trees were never seen leaving the dielectric
at the electrode, tliey were only seen at a gap or at the edge of the eléctrode.

It is often presumed that trees only originate at gaps, edees, or flaws., I feel
they can originate elsewhere but of course prefer “high field" or “weak spot”
regions associated with gaps, edges, or flaws. The experiment above using 500 A Al
electrodes should demonstrate that streamers also propagate to (or start at) an
electrode interface and in this case will blow away the electrode at this poiaut. 1
have seen this effect with carbon paint electrodes which are admitedly not very

Experimental Proof of Vacuum Field Collapse Thesis

I propose irradiating a sample in the geometry of figure 8 while holding the trr-
adiated surface at ground potential (either using VUV light to photoemit electrons
from the surface or using a thin grounded metalization). This will make all pulses
seen by meter 1 very small. Then one can simulate the floating surface field in
the vacuum by biasing the lower electrode in flg. % to +10 kv through a very high
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impedance. This will cause the pulses to hecome the large type just ag if the
front surface had been charged to ~10 kv,

In addition 1 propose biasing the lower electrode with a very low impedance. This
will allow one to collect much more of the plasma charge which the streamer injects
into the vacuum, Or, at least, it allows more of the charge tc he separated and to
register as a current on the meter. Thus, in this low impedance case charge collec-
ted will not scale with surface area but will scale with streamer volume. 1In such
experiment one must be sure to eéxpose the upper electrode to the vacuum plasma in
order to collect the positive plasma charge, otherwise the plasma will just clamp
the surface potential to the lower electrode and the charge collected will, again,
scale with surface area.

Streamer Volume/Plasma Charge Thesis

One can irradiate a sample in a chamber which also has two extra electrodes near
the front of the dielectric. These electrodes can be biased at high voltage and
with low impedance so that a fraction of the plasma charge will be collected on the
electrodes and appcar as a current in a meter connecting the two electrodes (one
e¢lectrode is biased positive and one negative). The integrated current is then
proportional to the amount of plasma injected into the vacuum,

One irradiates until the first pulse occurs and immediately turns off the beam.

The total streamer volume is then measured (I'l1l let you figure out how) and compared
to the pulse charge measured. This is repeated using differing dose rates, beam
energies and sample sizes until a large distribution in pulse sizes is generated.

The streamer volume as measured by the remaining tree volume should scale with the
pulse charge. (0Of course this pressumes that the plasma charge collection efficiency
is a monotonic function of the streamer size.)

This experiment is also a measure of the limit to pulse size., The ultimate pulse
current magnitude is limited by the total free chardge in the streamer plasma. In
the scaling experiments reported to date T think it is true that the streamer
injected free charge far exceeding the charge required to drop the insulator surface
to ground, In addition, experiments with radiation induced lichtenberg trees
indicate that they usually spread out to encompass most of the solid so that the
total streamer volume will scale roughly as the total irradiated surface area. It
will also scale with the static field strength just prior to streamer formation
because the trees are known to put on meore branches when the Jischarge dccurs at
higher field strength.

Coupling to Biased Spacecraft Elements

It is well known that electromagnetic coupling will occur to other elements on 2
spacecraft when a discharge occurs. The plasma injected into the vacuum creates
another coupling mechanism. Other alements with bias and near the discharge site
will interact directly with the plasma., This mechanism could be more {mportant
than direct EM coupling. Experimeits on this phenomenon are ohbviously specific to
the spacecraft application hut they can be a-priori modeled since experiments B and
C above provide the basic information for modeling this phenomenon.
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Pulse Rate versus Dose Rate

1t is often thought that the pulse rate relates to the dose rate. 1In experimental
tests this is roughly true as long as the sample continués pulsing. However, the
thought is contradicted by the fact that all pulsing stops after some time (for
pure polymers only, fiber filled materials can pulse virtually forever, refs 3,
28, 30),

A better interpretation would he similar to the common high voltage capacitor
pre~breakdown pulse explanation, 1In this case, if one first applies 105 V/cem to a
dielectric small pulses are seen which eventually stop., Presumably the weakest spots
have been relieved. Raising the field to 2 X 107 v/em introduced more pulsing

which also stops, presumably relieving more weak spots, 1In the case of radiation, a
higher dose rate simply causes the high field strengths to evolve more rapidly but
once equilibrium fields are attained pulsing will soon stop.

Pulses Caused by Changing Spectra

After an irradiation has progressed to electric field equilibrium and pulsing

appears to have stopped, further pulsing is only occasional. However, a change in
radiation energy spectrum will cause a relatively rapid redistribution of electric

field strength. This redistribution can cause new weak spots to find themselves in..... ..

a high field region and pulsing can begin 2gain. Such an effect has been seen
(ref. 28).

Do Punchthrough Breakdowns Occur?

Whenever insulators are irradiated in air (the air ions hold the surface at ground
potential) the resulting tree exits from only one surface; no punchthrough occurs.
This happens for good reason; the electric field distribution will not propagate a
streamer all the way through the insulator. The streamer stops propagating when
the field at its tip goes to zero (figs. 4 and 5). Given a constant spectrum it is
unlikely that conditions can be created to get a streamer all the way through the
insulator by normal streamer propagation mechanisms.

However, if one stréamer has been formed and the spectrum changes then a new
streamer may occur and intersect the earlier streamer's hollow tunnels. The force
of high pressure then may drive the new streamer through the old tunnels and

seemingly penetrate through the sample. This occurrence appears to me to be very
infrequent.

On the other hand, if one looks at figure &4 it is possible for streamers to occur
at the rear electrode and propagate to within 0.1 micron of the front surface. In
this event it may be that the pressure in the confined streamer is enough to blow
off the 0.1 micron layer at some point and effectively propagate the streamer
through the entire insulator. Since I don't know the pressure developed in the

streamer nor do I know the dynamics of crater blowoff, I can't discuss the con-
straints on this process.
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Figure 1., Pictorial of current to the electrodes of a dielectric filled capacitor
under constant dc bias. The non-zero background current is due to dark conduct~
ivity in the dielectric. The pulses are called prebreakdown events and usually

occur at fields of 107 V/cm or hxgher. Pulse sizes vary but are small, commonly
of order picocoulombs.. oo
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Figure 2. The measured current in a wire connecting two electrodes is the spatial

integral of the currents in the space between the two electrodes. The distance
between the electrodes is "A" in this figure.
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Figure 3. Once a streameer forms in the dielectric the streamer tip propages

parallel to the E field at 105 m/sec. The streamer probably starts at or near
the surface,
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Figure 4. Calculated electric field strengths versus depth from the surface of

myler irradiated by 10 keV electrons at 10™9 A/cm?. The irradiated front
surface of the 1 mm thick mylar is floating while the rear surface is grounded.
The irradiation begins at 0 seconds. It is important to note that these results
are obtained under the assumption that radiation generated charge carries do

not drift beyond 100 angstroms which is known to be Lncorrect. However, the
drift rate and the distance travelled before deep trapping is not well known

but 5 micron drifts have been seen in ten minute experiments. Such effects
would cause these E fields to become larger while the depth at which E=0 slowly
drifts to deeper depths, perhaps a few microns.._ - —

506



Lt |

2.4

26000 80C

wo*

a 10sec
0

() I 2 3 4 5 )
Dsoth( pm)

Figure 5. Calculated electric field profile in 25 micron thich mylar with both
surfaces grounded. The front surface (zero depth) is irradiated by 20 keV
electons beginning at zero seconds. Increasing the thickness of the mylar
would not chasage the results at depths between Q0 and 5 microns.
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Figure 6. Typical irradiation geometry. This simple structure is inside a metallic
vacuum chamber. The front surface can be left floating or it can be grounded

by application of a very thin conductive coating,
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MINUTES

Figure 7. Floating front surface potential as a function of time during irradiation
as described in figure 6. The precipitous drops in potential are due to dis=--
charges., This is a typical (but not a particular experiment) result but other
results have been observed also, including for example no discharges.,

=;je.%§.dv

VOLUME

Figure 8. Meter currents resulting from a discharge in which actual charged
particles do not reach the electrode. The electric field change 1s responsible
for the metered current. Since we can't know the charged particle trajectories,
we must determine I from this displacement current alone. Here, V is volume,
We can make an estimate of the total change in E and the volume in which it
ocurs even though & E/dt is indeterminate.
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Figure 9. Measured rear electrode current at late times in a long irradiation by a
broad energy spectrum. fe is the equilibrium froat surface potential.
Eg iIs the electron energy below which all incoming electrons produce no net
meter current due to back emitted electron effects. &(e) is the back
emitted current for a current of incident electrons at initial energy €.
€g is usually a few keV above @e, This figure depicts why the simplified
solution in eq. 21 1s.a good approximation since 6§ is nearly constant above €g.
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