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Abstract.

Flashovers on dielectric surfaces of spacecraft will producé currents to adja-
cent nietallie surfaces and in many cases may be initiated by phénomena at the
interfacé between metal and dielectric. A technique has béen déveloped for meas-
uring surface charge distribution near interfaces without placing any measuring
apparatus near the face of the samples., This paper reports thé results of méasure-
ments which havé been made on FEP Teflon and Kapton diélectrics, before and
after flashover, with various types of interfaces. Also given are data showing
mean time between flashovers for various configurations éxposed to a variety of
envirofimental conditions. Séveral charge transfer mechatiisms are considéered
as means by which stableé charge distributions may be maintained near interfaces.

1. INTRODUCTION

Maty of the flashovers which occur because of differetitial charging of a spacé-
craft surface will be initiated by phénomena niear a metal-dielectric interface,
This is especially true if the cohductive fraine of the spacecraft is maintairned near
local space potential by an active emitter while the dielectric becomes highly
charged because of substorms, This report deals with phenomena at the interface
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so as to dscertain the conditions for flashover and to s¢&k means of preveénting
flashovér. Charge distribution measuréments arc the principal diagnostic tool.
The flashover is a proceéss whereby negative charges adhering to a dielectric
surface are abruptly reléased and transported tangentially to a nearby grourded
conductor. Punchthrough is not considered. The charge distributions on the
dielectric are formed by an impinging electron beam that is monoéengrgetic though
unfocust d. The breakdown process is suggéstive of the faxlure of vaéuum bushings
except that the bushings fail because of cathode phenomena whereas the system of
interest has a remotzly located cathodé which plays no part in the flashover
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pliénomena.

This report presents charge distribution data and flashover probabilities for
different types of interface. From charge distributions, one can talculate elec- 1
tric fields and estimate limits where flashover bécomes probable. An analysis of !
various.charge transport mechanisms below the flashover threshold will lead to an 1
eventual understanding of the phenomena controlling flashover. :

2, EXPERIMENTAL PROCEDURES

2.} Preparation of Spécimens

Results described here are for 0.13 mm (5 mil) sheets of FEP Teflon Laving
a silver-inconel toating. The coating is grounded with the specimen facing the
electron beam such that charges on the surface of the sheet will induceé comparable
charges on the underlying metal film. When the metal film is segmented and each
segment is groundeéd, then the surface charge distribution can be inferred by meas-
uring the charges mduced ori each of the underlying segments. The schematic
shown in Figuré 1 illustrates the technique where it should be noted that thé elec-
trometer configured for charge measurément maintairis the assceiated segment
at virtual ground.

The charge data must be coupled with either segment areas or segment capati-
tancés. Areas were determined by scaling from enlarged photographs ahd capdci-
tances were measuréd directly by applying voltages of 500 and 1000 V to drops of
aqueous salt solutions standing on the upper surface of the specimen,. The two
méasurements wereé compatible with handbeok data of 2.1 for a dieléctric constant,
though the capacitance measurements wer: the more precise and were used dlmost
exclusively., A typical capdcitance per segment was 1 pF.

The {nterface for many of the measurements was formed by placing a grounded
metal apertuire over the spécimen., Variations of diameter, aperture thickiess,
and material were tried, In other méasuréments, thé same type of aperturé was
used but a slit was cut throtigh the dielectric slieet so as to expose the uhderlying
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Figure 1. Mouiting of the Dielectric Specimen (Film Thick- .
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ground plané. In these latter cases, the ground plane was reinforced with a layer
of conductive epoxy backed with stainless steél shimstock.

The segments were cut in the ground plane by means of an electrical discharge
machining techniqué. A repétitive discharge from a 100 pF capacitor at 1 kV was
used. With the use of guides the etching point could be moved so as to cut lines of
about 0.2 mm in width though in pradtice wider lines weré used. When the lintes
weré too fine, flashovers would induce breakdown between the segments., The
smallest segments used wére approximatély i. 5 mm wide ahd 4 mm long, this
being the smallest sizé for which epoxy bonding of leads was convenient.

A line drawing from a photograph of an actual specimen is shown in Figure 2,
The view is from thé direction of the eléctron beam. The circular aperture exposes
the transparent dielectri¢ shéet and the underlying reflective ground plane. The
etched lines are visible through the film and are éasily photographed by the use of
backlighting. The first segment in the illustration is partially hidden.by the aper-
ture.

2.2 Test Chamber

The specimen was inserted into a stainiess steel vacuum chamiber as illus-
trated ih Figuré 3. The various aspécts of the system are described below.

The electron source was of siniplé construction having a heated tungsten
filament and its alumifum enclosuré maintained at a fixed negative voltagé, Elec-
trons from the recesséd filamént would emerge from the hole in the box and be
accelerated toward the grounded supporting frame. They woiild pass througth a
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SEGMENI CAPACITANCE (pf) DISTANCE d (mm)

¢ 1 2cm i 56 8
2 87 21
3 T2 38
4 86 84 . ...
5 .88 7.4
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Figure 2. Typical Specimen Configuration
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Figuré 3. Placement of Apparatus i Vacium Chamber
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second hole in the frame and drift at constant vélocity toward the specimen, The
dlameter of the beam at half~maxlmum intensity on the target was approximately

8 cm as determined by sénsors on the specithen plane, Thus, specimien diameters
were kept to less than 5 ¢m for all experiments, The beam sourcé was fed by
high-voltage feedthroughs remotely located from the other feedthroughs where
gerisitive measurements were being made,

The beam intensity was mofitored by a small probe which could bé swung into
position above the specimen. Current to thé probe was measured by an electrom-
eteér which held the probeé near the ground potential. A géometrical factor was
computed for cohverting the probe current to effective current density at the spec-
imen face. Though the accuracy of this determination is not high, it is still ade-
quate for comparing fluxes and providing reproducibility.

The specimen was mounted on a platform surrounded by bafftes which were to
kéep scattered electrons from the sensitive leads. These leads were kept short
and connected by a multipin, high-voltage feedthrough to an exterhal términal box
where various electrical connections could be made.

Thé chambér was evacuated to a base pressure of 1()-6 torr with a turbo-
molécular pump. Pressure was monitored. A controlled leak was available but .
used.little because varying the preéssure had little effect upon the data,

2.3 Data Coliection

Procedures werée developed to reduce the impact of spurious events and syste-~
matic errors. In addition to thé otcurrence of obeasional inconsistent data poirnts, ;
all data reflected the effects of electromeéter drift.and residual surface charges. ‘:

Drifting of the électrometers occurs bécause of charge leakage through the
dielectric sheet but this was negligible and not measurable with FEP Teflon. Some
tests with Kapton showed léakage but othérwise bshavior similar to FEP Teflon.

Of much greater significance was the scattering of électrons through the baffles to
the back side of the specimen. This effect was controllable to a point where short
term drifts of say a minute were négligiblé. Long term drifts were of little conse-
quénce and could have been due either to leakage or to scattering. Another source
of drift was that due to humid air in the terminal box. This problerh was controlled
with dessicart.

The measurément of charge requires the ability to remove all charge from the
specimen before and after a charging cycle, One sinmple way of removing charge,
but a slow way, was to raise the pressure to 10™3 torr dnd to wait for approximately
1 min. A quicker and équally efféctive way was to use sécofidary emission from
the surface. With propér adjustmént of thé electroh beam eriergy, thé sécoridary
emission coéfficient would exceed unity and the surface would lose charge. With
the propér séqiéncé of beam voltage adjustments, the surface chdrge could then bé

brought to an adéquately low value,
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Two electrometers were used to monitor two segments simultaneously.
Several sets of measuréménts then provided a basis for combining data from dif-
ferent runs with an agsuranée of consisten¢y from one run to another.

Flashovérs wereé easily observed by recording electrometer outputs on a
strip chart recorder. The abrupt loss of charge on a segnient was obsérvable as
a discontinuity on the trace. Partisl and complete discharges have been observed
through the great majority have been compléte,

3. STEADY STATE MEASUREMENTS

3.1 Charge Distributions

Detailed charge measurémeénts were made for the FEP Teflon specimen illus-
trated in Figure 2, The diameéter was 2.5 cm as détérmined by an aluminum
aperture plate having a thickness of 1.3 mm. Measured segment capacitanceés
were used to convert measured charges to surface poterntials which are shown in
Figure 4. Away from the boundaries, the potential is approximately the bearh
potential less the energy at which the secondary emission coéfficient is unity.
Incoming particles thus strike the surface so as to rélease an équal number of
secondaries. The data of Willis and Sk‘mner2 indicate a urity crossover for PTFE
Teflon of 1.8 kV which corresponds well with Figuré 4. Near the boundaries, the
potential is depressed such that a gradient of approximately 10 kV/mm is estab-
lished. If one applies the data of Willis and Skinner to the depressed region, he
concludes that the secondary emission coefficient in that region is less than unity
such that some auxiliary charge release mechanism is acting in that region to
maintain a steady state.

Charge measurements have been made for another spécimen similar to that of
Figure 2 excéept that it has a slit of 1 cm length through its center. Steady state
conditions could riot be achieved at such high voltages as for the first specimen,
bt charges were measured and potentials calculated as shown in Figure 5. Also
shown in the figure is a curve at 10 kV taken from Figure 4 and positioried for
compatison of the gradients with anid without a slit.

It is evident that with the slit a high gradient will exist across the cut surface
of the dielectric, this being as high possibly as 7 kV/0.13 mm or about »0 kV/mm.

Numerous other mappirigs have beeri madé with results being ¢ssentially
siinilar to those already shown. The edge effects are similar for a 5 cm diameter
specimen, for a spécimen with a copper aperture, atid for a Kapton specimen.

Highly significant is the fact that steady state distributions do not depend upon
eléctron fiux density., Froma steady state with a given flux, the election source

filainent can be cooled until the flux is zero and no change in the charge is observed.
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Figure 4. Steady State Surface Potentials for FEP Teflon

However, at very high fluxes exceeding 1...;,¢A/cm2 a drop of perhaps 3 percernt of
the surface charge is obsérved,

3.2 Equipotential Contours

Once charge distributforis are known, Lapldce's équation can be soived. The
method uséd here was approximate, being most accurate riear thé surface and the
interface. It involved approximatiiig the problein with a two-dithensional model,
doing a conformal transformativh, and solvirig by use of separation of variaklcs,
The dita points for the 20 kV casé of Figure 4 were thé basis of a calculation shown
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Figure 5. Steady State Poténtials for Specimen With Slit

in Figure 6. The crucial point to be notéd here is that the eléctric field has a
normal component toward the surface.

3.3 Charge Release Mechanisms

The gradients near an intérface are established through a balance of varivus
charge transfer mechanisms. The fact that the balance is indeperident of primary
Nux density is an indication that all processes {nvolved are proportional to primary
fAux. Varlous possibilities {nclude fleld-enhanced secondary emission, x-ray pro-
duction Irom the beam striking the apérture plate, ton neutralizdtion, atid bom-
bardment-induced conductivity of the dieleéctiic. "he first of the suggestions is
considered to be the most appropriate.

Medsuréments with a copper aperture were made to test for the possibility of
x-rdy éffects, Copper wds deliberately chosen because of its K-edge at 8 kV. If
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the charge distributions showed aromalies with 9-kV beam voltages, then x-rays
would likely have a significant rolé in the charge balance. However, o differences
could beé found between médsurements with copper and aluminur:>,

Tons might be attracted to the negative.dielectric surface, yet they would go
preferentially to the most negative center region and not to the edges where their
contribution would be neéded.

Though little information is at hand regarding conductivity of the dieléctric
under bombardment, it is felt that this phenoménum is not of sufficient magnitude,
nor stfficiently linear, to account for the observed charge distributions,

Available data ihdicaté that the seconddary emission in the depressed régions
near interfaces ig inadequate to compensate for thé incoming primary flux. . Also,
secondaries are atcelerated away from the surface by the normal component of
the field such that they cannot interact with the surface to cause an additional
release of electrons. Note, however, that the data of Willis atid Skinner® was
recordéd with technigues which minimized tt- buildup of charge oh the dielectriz
surface and thus the fleld. It is possible that the sécondary emission coelficient
is increaséd in the présence of the feld such that a steady state is maintained in
the depressed regions,
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4. FLASHOVER MEASUREMENTS

4.1 Specimin Without sSlit

The probability of flashover has been found to be very low for Teflon speci-
meéns covered with the 1,3 mm aluminum aperture plate. Generally for all speci-
mens without slits, but with aperture plates, the flashover rates have béen low.

The flashover rate for the specimen of Figure 2 has been measured at various
flux densities for a beam voltage of 21 kV, THe rate is not constant but décreases
with time, probably beécause of cleanup of the dielectric surface., The measure-
ments shown in Figure 7 weré made with a relatively dirty specimen which had not

been long in vacuum. Even then a run.of 1 hr at 0,16 uA /cm2 showed no flash-

overs. The flashovers which occurred showed a complete loss of charge from the

surface of the gpecimen. After long exposure the surface of the specimen néar the
interface became frosted. For these tests the current levels wére such that a
steady state chatge distribution was established in a few setohds.
would reside in.that condition for hundreds of seconds, ex
before-a flashover would oceiir,

The system
posed to an electron flux,

:

8|

: \
: .

MEAN TIME BETWEEN FLASHOVERS (sec)

Figure 7. Flashovers in a 21 kV Beam
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4.2 Speeimen With St

When a slit 15 cut {n a specimen, the flashover rate increases drastically,
Steady state i3 not attainable much above 10 kV. As before the flashovérs cause
a complete loss of surface tharge. Visual observation shows l{ight bursts concen-
trated on the slit when flashovers occur, Data poitits are shown in Figure 8 where
the influence of both beam voltage and current density are shown,

IOOW

MEAN TIME BETWEEN FLASHOVERS (sec)

12 14 16 i8 20
ELECTRON BEAM ENERGY (KeV)
Figure 8, Flashovers for o Spécimen with Slft
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4.3 Partial Flashovets

Partial flashovers have been noted, these beinj such as to leave some charge
ont the surface of the dielectric, Most of these obsérvations were for FEP Teflon
with a stainleds steel aperture have a thickness of 0,08 mim, Furtheriore, these
partial flashovers occurred during the charging transient as shown i Figure 8.
Two sequerices are shown with the charges induced ofi twd segments plotted against
time, For this spe¢imen, ségment 5 was in the center, 3 near the edge, and 8
tntermediately placed, The final steady staté charges at 21 kV are consistent with
expectations from Flgure 4, No pattern of partial flashovers was distinguished
éxcept that in most cases only a single flashover occurred during the charging
transient,

On rare occasions a single ségment will lose.a small fraction of its charge
aftér having been in steady state for some tirme. Such évents have not beeén courited
in determining the mean time between flashovérs shown in Figures 7 and 8.

% SEGMENT 3 | SEGMENY 9
% //'
% ‘ SEGMENT § SEGMENT 8
| ot} l ettt}
o 5 10 ) 5 10
TIME (sec)

Figure 8, Partlal Flashovers During Charging Transients
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B COSLLUSIONS

Measuremonts have demonstrated that gradients of 10 kV/mm can exist on the
surface of dielectric materials with the probability of flashover being practically
thsignificant, Tho gradient is maintained by a halance among charge transfer
processes which are thought to be dominated by secondary emission, although
appropriate data to show this are unavailable,

The design of the metal dielectric interface has a marked effect upon the prob-
ability of flashover. An interface which exposes an edge of a dielectric sheet
¢reates a strong fleld which initiates flashover at a relatively low level of charge
on the dizlectric surface. The threshold level for the onset of flashovers can be
approximately doubled by covering the edge of the sheet with a ground plane,

The configurations investigated are not particularly useful for applications
and, as a result, extensions of the work to multiple-aperture systems are antici-
pated. Breakdown probability and the propagation of flashover from one region to

another are topics of interest, Also, the effects of punchthrough are to be inves -
tigated,
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