@ https://ntrs.nasa.gov/search.jsp?R=19830023203 2020-03-21T03:33:47+00:00Z

(OO0 CR= 13,148

NASA-CR 1
-1681
19830023203 48
NASA CR-168148

CURRENT COLLECTION FROM THE SPACE PLASMA THROUGH DEFECTS

IN HIGH VOLTAGE SOLAR ARRAY INSULATION

by R. P. Stillwell

Prepared for
LEWIS RESEARCH CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

GRANT NSG 3196

w36 71983

1LANGLEY RESEARCH CLHTEK
LIZRERY, NASA
§45112TON, VIRGIUA

January 1983

Approved by
Harold R. Kaufman and Raymond S. Robinson
Department of Physics
Colorado State University
Fort Collins, Colorado 80523

(ERAHTICETHA AR

NF01874



1 Report No 2 Government Accesston No 3 Recipient’s Catalog No
CR-168148
4 Title and Subtitle 5 Report Date

January 1983
CURRENT COLLECTION FROM THE SPACE PLASMA THROUGH DEFECTS IN HIGH

2]

VOLTAGE SOLAR ARRAY INSULATION (U) Performing Organization Code

@

7 Author(s) Pertorming Organization Report No

R. P. Stillwell Final Report

10 Work Umit No

9 Performing Organization Name and Address

Department of Physics
Colorado State University 11 Contract or Grant No
Fort Collins, Colorado 80523 NSG-3196

13 Type of Report and Period Covered

12 Sponsoring Agency Name and Address

NASA Lewis Research Center
21000 Brookpark Road 14 Sponsoring Agency Code

Cleveland, OH 44135

15 Supplementary Notes

Grant Manager* Norman T. Grier This report is the Ph D. thesis of
NASA Lewis Research Center R. P. Stillwell, in addition to being the
Cleveland, OH 44135 final report of this grant.

16 Abstract
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I. INTRODUCTION
Background

For spacecraft operation in the near-earth environment, solar cell
arrays constitute the major source of reliable long-term power. The
minimization of total mass for such spacecraft results in the general
requirement for high voltage solar arrays. Operating in the space
plasma environment,l=2 though, can result in large currents being
collected by exposed solar cells, 35 with corresponding reductions in
power output from the arrays. A protective covering of transparent
insulation 1s not a complete solution to the current collection problem,
due to the occurrence of defects, either during the manufacturing
process or resulting from collisions with micrometeorites.

Early experiments by Cole, Ogawa and Sellen6 showed that positive
electrodes behind a pinhole opening in the insulating sheet could
collect electron currents as much as two orders of magnitude greater
than expected from electrostatic probe theory. They suggested that the
electron collection could be explained by a secondary electron emission
process. An incoming electron striking the insulator surface near the
hole may cause the emission of a secondary electron. Such a secondary
electron can then be attracted toward the hole by a potential gradient.
The accelerated secondary may then again strike the insulator, at a
location closer to the hole, again causing further secondary emission.
In this manner, incoming electrons striking the insulator can cause
electrons to be collected by the pinhole even though the original
electron trajectory may not intersect the hole.

A subsequent mvestlgatlon7 found that, for potentials of 0 to
3000 volts, polyimide insulation surrounding a pinhole collected a
current only a factor of several greater than expected from electro-
static probe theory. 1In this investigation Grier and McKinzie postu-
lated that this higher electron collection was due to sputtered insu-
lation being 1onized and thereby increasing the current collection.

A later paper by Grier and McKinzie8 confirmed their previous
results for other insulating materials, as well as reporting that the
insulation around the holes appeared charred after testing. For poly-
imide samples, they also reported that the electron collection increased
with time.

An investigation by Domitz and Grier™’ 0 confirmed the results of
Cole, Ogawa and Sellen, that electron collection was orders of magnitude
higher than expected. They further found that current collection was



essentially independent of hole size and of electrode material behind

the pinhole, and that current collection increased with insulator area
surrounding the hole up to about 30 cmz, where the current collection

becomes independent of area.

Results found by Kennerud5 indicated that, for positive electrode
potentials less than about 1000 volts, the electron current was depen-
dent on hole size. Above about 1000 volts, the current became inde-
pendent. It was also reported that current collection was independent
of the adhesive used to bond the insulator to the electrode. The
currents collected in this investigation were also found to be several
orders of magnitude higher than expected from electrostatic probe
theory. Further reports of ground test,ll‘14 as well as space flight
experiments15 continue to confirm that a small hole in an insulator
collects orders of magnitude higher currents than could be expected from
electrostatic probe theory.

. . s 16-19

A computer simulation of electron collection has been done.
Such simulations have been accomplished both w1thl8,19 and with-
out16,17,19 secondary electron emission. The results of the simulation
have been reported only for low electrode potentials (<200 volts), but

they are in rough agreement with experimental results for that range.

Gabriel, Garner and Kitamur320 have measured the plasma sheath
around a pinhole. They showed that the sheath is approximately hemi-
spherical in geometry. However, analysis of the current collection
indicates that the insulator did not contribute to the current collection
and that their results can be explained with electrostatic probe theory.

Negatively biased electrodes, surrounded by insulation, collect
significantly less current than positively biased electrodes. Kennerud?
reported that the current varies as y3/2 (Child's law), while Domitz and
Grierd-10 report that the current varies as VP, where b ranges from 1 to
1.5. Kennerud- also reported that ion collection was independent of
hole size, which contradicts the results of Grier and Domitz.10

The magnitude of 1on collection was verified on a flight experi-
mentl3 to be 1n agreement with ground tests of the same geometry. Grier
and Stevensl® also reported that the insulation surrounding a pinhole
had no significant effect on current collection.

A major problem encountered 1n negative bias experiments has been
arcing.9 Although Kennerud® did not report any arcing, it is diffaicult
to compare test results, inasmuch as different plasma environments
(1ncluding ion species) were used.

Present Investigation

This thesis represents the work of a lengthy investigation?‘l_24
of the current collection by an exposed conductor, which 1s surrounded
by an insulator. The thesis includes all the important results found.



The electron densities, 5 x 104 to 105 cm-3, used during the investi-

gation were chosen because they approximate the environment expected
for both an electrically propelled spacecraft, due to its own charge
exchange plasma25 and a spacecraft in the natural plasma environment
of a near-earth orbit.l,2

The object of this investigation was to determine the current
collection enhancement mechanism. The results reported herein indicate
that there are two different electron collection modes. One mode
involves current collection enhancement due to a surface mechanism.

The other mode involves the surface mechanism plus additional enhance-
ment due to vaporization of the insulation material. The electron
collection for these two modes differs by more than an order of mag-
nitude. The existence of these two collection modes explains many of
the contradictions found when comparing the results of previous inves-
tigations.

It was found that the surface enhancement mechanism depends on
secondary electron emission from the insulator material. A model was
formulated, based on secondary electron emission from the insulator,
to describe the surface enhancement mechanism.



ITI. APPARATUS AND PROCEDURE

Vacuum Facilities

Two vacuum facilities were used in the experiments. One was a
45 cm diameter, 72 cm long cylindrical glass vacuum system (the small
vacuum facility). The other system was a 1.2 m diameter, 4.6 m long
stainless steel vacuum system (the large vacuum facility) with a
cryogenic liner. Some typical parameters for these systems are shown
in Table 2-1.

Plasma Sources

An argon hollow cathode was used to generate the plasma in both
vacuum facilities, although the cathode configurations used in the two
facilities differed (see Fig. 2-1). One hollow cathode used 1in the
small vacuum system was of conventional design. This cathode had a
tungsten tip, which was electron-beam welded to a hollow tantalum tube.
The tungsten tip had a 0.7 mm diameter orifice. Within the tantalum
tube was a small porous-tungsten insert, which was impregnated with
barium-strontium carbonates. These carbonates were reduced to oxides
upon heating before use. A heater element was wrapped around the
tantalum tube near the tip. During operation, argon gas flowed through
the cathode, at rates of 0.1 to 0.6 A-equiv. The heater element was
used to raise the 1insert to thermionic emission temperatures, which
resulted in the creation of a plasma within the cathode. A small
positively biased circular wire (keeper), close to the tip, and a 5.4 cm
diameter cylindrical anode drew the electrons through the orifice into
the vacuum chamber. The electrons entering the vacuum chamber collided
with neutral argon atoms, generating ions, in addition to those carried
out the orifice with the argon flow. A detailed discussion of the
internal processes for this type of hollow cathode 1s given by Siegfried
and Wilbur.l

Two positions were used for the hollow cathode in the small vacuum
system, a vertical position (see Fig. 2-2(b)) and a horizontal position,
both at the base of the chamber. 1In the vertical position a baffle
capped the anode thereby preventing a direct line of sight from the
cathode to the sample for either emitted or sputtered particles. The
cathode configuration indicated in Fig. 2-1(b) was used in the large
vacuum facility. This hollow cathode employed an oxide free rolled Ta
fo1l as the electron-emitting insert. The W tip had a 1.0 mm diameter
orifice, and was removable during operation. The tip was held to the Ta



Table 2-1. Typical parameters for the two vacuum facilities used in
subject investigation.

Small Vacuum Facility Large Vacuum Facility
-5 -5
Background pressure 7-25 x 10 © Torr 2-3 x 10 © Torr
Electron temperature 4-9 eV 4-13 eV

3 3

Electron density 2-10 x 105 cm 8-45 x 104 cm
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Fig. 2-1. Hollow cathode configurations used in subject investigation.



tube by spring tension. No keeper or external heater was used. The
cathode discharge was started by means of a bias on an internal elec-
trode, which was turned off after emission was initiated. The use of
this hollow cathode required a minimum anode current to maintain opera-
tion. This minimum current limited the density range that was achieved.
The rate of argon gas flowing through the hollow cathode was typically
1.2 to 1.5 A-equiv. A more detailed description of this cathode con-
figuration and performance is given elsewhere.?

The hollow cathode configuration used in the small vacuum facility
was changed from that in Fig. 2-1(a) to that in Fig. 2-1(b) when the
investigation was moved into the large facility, due to the frequency
with which the i1nsert needed to be treated with emissive mix following
exposure to the atmosphere. The oxide-free insert used in the uncon-
ventional hollow cathode of Fig. 2-1(b) greatly improved the reliability
of the cathode.

Sample Designs

The current collection by defects in the insulation covering of
high voltage solar arrays was simulated by superimposing a sheet of
insulating material, with a hole in it, over a conducting disc at a
high potential. Two types of sample designs were used.

The first sample design was constructed from a 12 x 12 cm printed
circult board, made of fiberglass and covered with a copper film. The
circuit board was etched to leave a centered 7.9 cm diameter copper
disc. An electrical connector was soldered to the copper disc from the
rear of the board to provide an insulated connection to the high voltage
power supply. The insulating sheet was then attached by an adhesive to
the sample holder. The adhesive was restricted to distances of more
than 5 mm from the hole. This sample design was used only in the small
vacuum facility. TIts configuration and position in the chamber are
indicated in Fig. 2-2.

A second sample holder was fabricated to permit measurement and
control of the sample temperature. This design consisted of an aluminum
frame containing a brass disc, 6 cm in diameter. The conductor was
insulated from the frame, and protected from the plasma by a screen
covering the aluminum frame. The sample was placed between two Al rims
which were attached to the frame. The insulator was then bonded to the
conductor by an adhesive, covering the entire conductor except the
exposed hole 1in the insulation. A heater and a thermocouple were
attached to the underside of the brass disc. This design was used in
both vacuum facilities. Its position in the small vacuum chamber was
similar to that of the first design in Fig. 2-2, except that the insu-
lating sheet was vertical (facing the side wall). This second design 1s
indicated in Fig. 2-3, together with 1ts position in the large vacuum
facility.

Tt should be noted that the different sample designs and adhesive
configurations were found not to affect the experimental results.
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Plasma Measurements

The plasma parameters were measured with a spherical Langmuir
probe, using thick-sheath analysis (see Appendix A). Two probe diam-
eters were used, a 1.3 cm diameter probe in the small vacuum facility
and a 1.75 cm diameter probe in the large vacuum facility. It was
necessary to go to a larger probe for plasma measurements in the large
vacuum facility due to the small random current densities that were
encountered. The current collected by the probe is proportional to
the rdndom current density.

In the small vacuum system the probe was approximately 4 to 6 cm
from the sample. It was moved toward the sample for plasma measure—
ments, then moved away from the sample during current-~collection tests,
using a rotating mechanical linkage. In the large vacuum facility the
probe was attached to an aluminum rod, 9 cm long and attached to the
frame of the sample holder.

The plasma parameters measured for all tests were the electron
density, electron temperature and plasma potential of the bulk plasma.

Testing Procedure

The general procedure for a test was to record the sample
parameters, that is, insulator material, hole size and surface condi-
tion. The sample was then placed in the vacuum facility and the plasma
parameters measured. The conductor potential was increased and the
hole current as a function of conductor potential was measured.

The cleaning procedure used was to place the sample 1in the vacuum
facility and allow 1t to be bombarded by the plasma (>30 min. in the
small system and >15 min. in the large system) before testing. This
procedure assured desorption of gases from the insulator surface.

When temperature measurements were taken, at least 30 minutes were
allowed for the insulator to come to thermal equilibrium with the
conductor.

The voltage sources were a Spellman current and voltage regulated,
10,000 volt, 100 mA direct-current power supply, used for experiments in
the large facility; and a 150 kV, 5 mA, direct—-current unregulated power
supply for tests in the small vacuum facility. Meters of appropriate
ranges, were used to measure the collected currents and the conductor
potential.

Testing was carried out by varying the conductor potential and
recording the voltage~current curve. Sample temperatures were recorded
and Langmuir probe measurements taken before or after each test.
Current leakage from the sample holder and connecting wires was period-
1cally monitored by using an insulator sample with no hole.



ITI. EXPERIMENTAL RESULTS

Posaitive Bias - Electron Collection

Collection Modes. Two distinct collection modes were observed for
positive-bias experiments. The two modes differed in current collection
by more than an order of magnitude. The first mode involved only
current collection enhanced by a surface phenomenon (herein referred to
as the surface-enhanced collection mode). This mode 1s characterized by
a roughly linear current-voltage characteristic. The second mode
involves vaporization of the insulator material (herein referred to as
the vapor-enhanced collection mode). It appears that the vaporized
material is 1onized and thereby enhances the electron collection. It
has been observed in the large vacuum facility that whenever there was a
jump in the current collection (sudden current increase for a constant
conductor potential), the jump was visually correlated with the appear-
ance of a bluish glow localized near the hole, or an arc seen in the
hole.

All the data for the surface-enhanced collection mode were taken 1in
the large vacuum facility. The vapor—-enhanced collection modes that are
presented were all taken in the small vacuum facility, unless otherwise
specified. The current-voltage curve taken in the small vacuum facility
were typically of the shape shown in Fig. 3-1. 1In Fig. 3-1, the
current-voltage curve begins with a very small current collection (not
always seen with smaller holes because of the meters used), the
characteristic then jumped to a lower potential and higher current
(jump denoted by dotted line). The upper region is the vapor-enhanced
collection region. Operation in this region was usually accompanied by
observation of a localized glow, or arc, at the hole. The extreme upper
region where the current increases and conductor potential decreases
represents the destruction of the insulator near the hole. This rapid
destruction was not always reached. After each test the sample was
always 1nspected. It was found that the insulator material was always
discolored about the hole and a brownish layer of material deposited on
the exposed conductor.

Normalization. During the experimental investigation, tests were
performed 1n plasmas that varied in electron density by two orders of
magnitude and in electron temperature by a factor of several. To
effectively compare data taken under different plasma parameters, 1t was
necessary to normalize the data.

It has been previously suggested that the sheath should be approx-
imately hemlspherlcal.l This suggestion is in agreement with sheath
measurements of previous 1nvest1gat10ns.2’3 The hemispherical shape of
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the sheath indicates that the spherical probe approach for low density
plasmas (thick sheath analysis) is appropriate for determining the
normalization factor. The current collected by a spherical probe is
given by (see Appendix A)

eV

~ 3 P -
I JOAp kT_ for eVp >> KT, (3-1)

where Ap is the surface area of the probe, e is the electronic charge,
Vp is the probe potential, Te is the electron temperature, k is
Boltzmann's constant and Jg is the random current density. The expres-

. L 4
sion for j, is

_1 1/2
] = en [8kTe/nme] ,

0 4 (3-2)

where n is the electron density and m, is the electronic mass. Equation

(3-1) indicates that in analyzing the data, a normalized hole current,
IkTe/jo, should facilitate comparispon of data taken under different

plasma conditions to be compared. A comparison of non-normalized and
normalized data is shown in Fig. 3-2 for the surface enhanced collection
mode. Figure 3-2 clearly shows that, for the different plasma param-—
eters, the current-voltage characteristics differ before normalization.
But once the hole currents are normalized, the characteristics reduce
essentially one line.

In the vapor-enhanced collection mode, agreement between data taken
under different conditions should be poor, since the vaporization and
ionization of the vaporized material should be dependent on background
pressure, roughness of hole, and surface history. Figure 3-3 shows a
comparison of non-normalized and normalized data in this mode. The
normalized data 1s found to be 1in better agreement at the higher con-
ductor potentials. This result 1s reasonable, inasmuch as lower poten-
tials are closer to initiation conditions, and a larger variability
could be expected near initiation conditions.

Variation in Current Collection. While the data collected in the
surface~enhanced collection mode was reproducible, that of the vapor-
enhanced collection mode was far less so. This was especially true when
comparisons were made of tests taken in the two different vacuum
facilities. Figure 3-4 shows this variation. The characteristics taken
at the two lower neutral pressures were taken in the large facility,
the test at the high neutral pressure was taken in the small facility.
The tests at the two higher pressures were visually confirmed to be in
the vapor—enhanced collection mode. Figure 3-4 indicates that the
magnitude of normalized current collection can differ significantly with
plasma parameters and neutral density. This variation emphasizes that
only rough agreement can be expected i1n the vapor-enhanced collection
mode. The difference in electron collection was probably due to the
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variation in the amount of vaporization, caused by the difference in
current density, and ionization, in turn caused by the difference in
background pressure.

The data presented for the vapor-enhanced collection mode herein
were all taken at the higher neutral pressures with electron densities

in the range of 105—106 cm_3. This data has also been presented pre-

viously by the author.l’s’6

Comparison with Electrostatic Probe Theory. In order to determine
how the collected current is enhanced by the presence of the surrounding
insulation, it is useful to make a comparison with electrostatic probe
theory. The probe theory that appears most appropriate is the planar
probe theory of Parker and Whipple (see Appendix B). 1In the theory, the
current is given by

2 2 eV
) b
I = JoAp [1+ A + (1 - Ez? EEE] R for eVp >> kTe (3-3)
e

where b is a constant varying from 0 to 2. For b = 0,
I—S=AV . (3-4)

which is the same form as the spherical-probe equation.

Figure 3-5 shows a comparison of the two collection modes with
probe theory. The surface-enhanced collection mode gives currents
approximately an order of magnitude higher than probe theory, while the
vapor-enhanced mode yields currents over two orders of magnitude
greater. This comparison illustrates the difference between the current
collection that was experimentally observed and what was originally
expected. It should be noted that although the current predicted by
probe theory appears independent of probe potential in Fig. 3-5, this
is because of the scale used in Fig. 3-5.

Adhesives. As described in the Apparatus and Procedure section,
the insulating material was held in contact with the conductor by an
adhesive. Since the adhesive continued up to the hole edge, 1t was
important to determine the effect of the adhesive on the electron
collection.

Two types of double-sided pressure sensitive adhesives were tested,
a low priced commercial brand (Scotch Double Stick Tape, by 3M) and a
space qualified type (Y966, also by 3M). The low priced commercial
adhesive was found to have modified sticking properties after testing at
high temperature (<120°C), while no such change was evident for the
space qualified adhesive. Such a change in properties for an organic
material in a vacuum environment 1s almost always associated with
outgassing. If the type of adhesive can affect the current collection,
significantly different results should have been obtained with the two
different adhesives tested.
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The results of the adhesive tests in both collection modes showed
no significant difference between the two adhesive types.

Sample Material. Three insulator materials were tested, polyimide,
teflon and inorganically bonded iso-mica. The insulating materials were
all thin sheets, the polyimide and teflon 0.127 mm thick and the iso-
mica 0.254 mm thick. All the samples, for better comparison, had hole
diameters of 1.0 mm. The three materials were chosen because of widely
different properties. 1In particular the secondary yield of the
materials differ, and so different electron—collection characteristics
were expected.

Figure 3-6 compares the electron collection characteristics with
the three insulator materials in the surface-enhanced collection mode.

Although teflon and polyimide have different secondary yields, the
current collection was found to be roughly equal. This unexpected
result 1is discussed in Section IV.

Hole Size. Different hole diameters were tested to determine the
effect of hole size on electron collection. For the surface-enhanced
collection mode, five hole diameters were tested, 0.35, 1.0, 2.0, 3.0
and 5.0 mm. The results of these tests are shown in Fig. 3-7. It 1s
indicated in Fig. 3-7 that the electron collection is strongly dependent
on hole size in this collection mode. Analysis of the data shows that
the current was not proportional to the exposed conductor area, although
the collected current increased continuously with hole area.

Three different hole diameters were tested for the vapor—enhanced
collection mode, 0.35, 1.0 and 2.0 mm. The results of these tests are
shown in Fig. 3-8. The data of Fig. 3-8 show that the hole size 1s not
important to the electron collection in this mode. This phenomenon 1s
in agreement with the assumption that the vaporization and ionization of
the insulating material is the dominant process in the vapor-enhanced
collection mode.

These above results are also in agreement with the results found by
Kennerud. 2 Although Kennerud did not envision two collection modes, his
data indicate that below a conductor potential of roughly 1000 volts the
current collection was dependent on hole size, but above this potential
the current became independent of hole size.

Textured Samples. To learn more about the surface phenomenon
occurring, a textured sample was tested. The insulator surface was
textured by mechanically rubbing a fine grade of sandpaper over the
surface facing the plasma. This was done before cleaning and punching
the hole in the sample. The results of this test are shown in Fig.
3-9, for the surface-enhanced collection mode. The figure shows that
the textured surface collected less current than the nontextured
surface.

It has been found that roughening a surface decreases the secondary
electron emission yield (see Appendix C). The collection mechanism
suggested by Cole, Ogawa and Sellen’ (see Introduction) could therefore
explain this observation.
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To determine 1f a surface phenomenon plays any part in the
vapor-enhanced collection mode, textured surfaces were also tested in
this mode. The samples were textured 1n a different manner for these
tests. Radial lines and concentric circles were scribed onto the
surface, radiating from the hole, with a sharp metal stylus. The
results of these tests are shown in Fig. 3-10.

Figure 3-10 shows that the electron collection decreases with
textured surfaces, even in the vapor-enhanced collection mode. This
indicates that some of the same surface phenomena observed in the
surface enhanced mode are still operating and important to the collec-
tion process in the vapor-enhanced mode.

Sample Temperature. The temperature of the sample was varied to
determine the effect of this variable. It was found that increasing
the temperatures caused decreased electron collection in both collection
modes (see Figs. 3-11 and 3-12).

In the vapor-enhanced collection mode the increasing temperature
might have been expected to increase collection by increasing wvapori-
zation. On the other hand secondary emission often decreases with
increasing temperature (see Appendix C). Since the current collection
actually decreased in this mode, the data of Fig. 3-12 indicate the
1mportance of surface phenomena to this collection mode.

To determine if secondary emission is responsible for the current
decrease with increasing temperature, a mica sample was also tested.
This 1nsulator selection was made because it has been found that mica
does not have a significant temperature dependence for secondary yield
(see Appendix C).

The 1so-mica sample was tested six times at three different tem-
peratures, 27°, 50° and 85°C (two tests per temperature). The results
of the tests are shown 1in Fig. 3-13. From the results shown, electron
collection 1s independent of sample temperature. This indicates that
the spread observed with polyimide was indeed due to secondary electron
effects.

A polyimide sample with a 5.0 mm hole diameter was tested (see Faig.
3-14). It was found that, for this hole diameter, there was no appre-
ciable temperature effect. As the hole size is increased, a larger
fraction of the electron current would be expected to be collected
directly by the exposed conductor. This would have the effect of
reducing any temperature effect by decreasing the fraction of the total
electron current that strikes the surrounding insulator material.

Onset of Vaporization. In discussing the two types of collection
modes, the conditions necessary for a mode change have been ignored.
This section will discuss the observation made on the transition from
one mode to another.

The onset of vaporization, as defined here, 1s the point at which
the current-voltage curve deviated from the expected normalized data for
the 1.0 mm diameter hole. 1In the case of the other hole sizes, the
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onset was defined as either the point at which the current departed
significantly from a linear extrapolaton from lower voltage data, or the
point at which the current jumped to a higher value.

When current jump was observed, it was accompanied by a blue glow,
localized about the hole, or an arc in the hole. These visual observa-
tions are consistent with the insulator material being vaporized. The
vaporized material would enhance the local neutral density about the
hole so that the ionization of this material would increase both the
local plasma density and collection.

For different hole sizes it was found that the trend was for larger
holes (above 2 mm) to require more power before vaporization occurred,
as shown in Fig. 3-15. The scatter shown in Fig. 3-15 for the 1.0 mm
diameter hole was probably due to the roughness of the hole edge. If
the hole edge was rough, this would allow some vaporization to occur at
low power levels. If more tests had been conducted at the other hole
diameters, similar scatter might have been observed elsewhere in Fig.
3-15.

Comparison of data for different sample temperatures results in a
rough trend of reduced power required for the onset of vaporization with
increasing temperature. However, the data were not sufficiently complete
to support this conclusion with a high degree of confidence.

Subsequent Tests After Vaporization. It was found that once
vaporization had occurred, the results of that test could not be
repeated on the same sample. Subsequent tests on the same sample showed
a substantial decrease 1in electron collection (see Fig. 3-16). One
possible explanation was that the effect was due to adsorbed gas layers
on the insulator surface. As time passes, the electron bombardment of
the insulator removes the adsorbed layers, changing the surface prop-
erties. This possibilaty was tested by using a fresh sample, then
removing the sample from the small yvacuum facility, after testing, and
exposed 1t to air for 17 hours. The sample was then replaced and tested
again. The second testing showed drastically reduced current collection
from the first test, indicating that removal of adsorbed gas layers were
not the cause of the current reduction.

Another possibility was that, when the vaporized material deposited
the brownish film over the exposed conductor, the presence of this film
reduced electron collection. This possibility was tested by construc-
ting a sample holder of the type shown in Fig. 2-2 which allowed the
conducting disc beneath the insulating sheet to be rotated to a clean
portion of the copper. These tests showed that the current collection
still decreased with subsequent tests.

Another likely possibility appeared to be that, once vaporization
of the insulator material occurs, 1t changes the secondary electron
emission yield of the material by electron bombardment. In this regard
tests on the mica sample (see Fig. 3-13) are of interest. In those
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tests, the same sample was used successively six times without a
noticeable decrease in electron current, when tested in the surface-
enhanced collection mode. Mica is more resistant, in general, to
thermal and electrical damage than most materials, so that resistance to
such damage might be expected.

Healing Effect. Occasionally during a test in the vapor-enhanced
collection mode, the current began to drop. This "healing" only
occurred in this mode. No correlation can be found between the power at
the point of current decrease and background pressure on plasma condi-
tions (see Table 3-2).

The probable cause of the healing is vaporized material being
deposited on the conductor to an extent sufficient to reduce electron
collection. Kennerud? reported similar behavior for teflon, indicating
that this behavior may be common to many types of insulators.

Negative Bias - Ion Collection

Several tests were conducted with negative bias in the small vacuum
facility. Tests were all similar in that for conductor potentials
below -1000 volts, the current collection was small (’\JlO‘7 amps), while
at higher potentials (between -1000 and -2000 volts) arcing was
observed. Detailed data were taken up to ~1000 volts. The arcing will
be discussed later.

Hole Size. Four hole diameters were tested, 2.0, 3.0, 4.1, and 5.0
mn. The results of those tests are shown in Fig. 3-17. To determine if
the ion collection 1s linearly dependent on hole area, the data were
normalized in two ways, with 0.6 times the Bohm current density and 0.6
times the Bohm current (see Fig. 3~-18). The Bohm current density 1s
given by4

Iponn = 1€ [kTe/ml]l/2 (3-6)

and the Bohm current by

IBohm = JBohmAh ’ (3-7)

where m, 18 the ion mass and Ah is the hole area. The factor of 0.6

times used with the Bohm current density and the Bohm current were used
to be consistent with a stable sheath.8 The degree of correlation
obtained in these two approaches indicate that the Bohm current approach
1s the more correct one, in that 1t collapses the ion characteristics to
nearly a single line. The Bohm current normalization also 1indicates
that the ion collection is nearly proportional to hole area.
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%
Table 3-1. Conditions for current decrease in vaporization-enhanced

collection mode for a 1.0 mm diameter hole in polyimide
at 27°C.

Electron Electron Neutral
Power Density Temperature Pressure

(watts) (cm_3) (eV) (Torr)
0.36 4.3 x 10° 7.8 2 x 1077
0.23 2.0 x 10° 6.0 1.9 x 1072
0.13 1.5 x 10° 8.1 2 x107°
0.13 1.9 x 10° 9.9 2 x 107
5 -5

0.10 1.7 x 10 10.9 2 x 10
0.09 2.3 x 10° 12.8 2 x 107

“All data taken 1in large vacuum facility.
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Comparison with Electrostatic Probe Theory. In comparing the
experimental results with electrostatic probe theory, the planar probe
theory of Parker and Whipple is appropriate. The expression for the ion
collection from a monoenergetic distribution is (see Appendix B)

i

- vy_b _ VvV -
I =0.61 [1+ 3 4 E(E +V)] (3-8)
o 00

where V 1s the conductor potential, T

is the Bohm current and Eo
is given by

Bohm

Eo = kTe/Z . (3-9)

The results of tests with hole diameters of 2.0 and 5.0 mm are compared
with the probe theory in Fig. 3-19. The value of the parameter b in
Eq. (3-8) was found to be 1.93 + 0.01 for the four curves shown in Figs.
3-17 and 3-18. The comparison with probe theory indicates that the
experimental results are in good agreement with probe theory.

It should be noted that the value of b found, 1.93, is in rough
agreement with the value of b, 1.80, found previously for electron
collection 1n the small vacuum facility.d

Arcing. At large negative conductor potentials (between -1000
and -2000 volts) arcing was observed. A possible explanation for the
arcaing is vaporization. If, as in electron collection, vaporization of
the insulator material can significantly increase the current collection,
this vaporization could cause the arcing. The cause of the vaporization
would probably have to be somewhat different from that of electron
collection, inasmuch as the ion collection is so small before the arcing
occurs. Vaporization could be quite localized and due to ion impacts.
One 1indication that ion impacts could be the cause of vaporization is
that the arcing appears to be gas-dependent. Kennerud,2 who used
nitrogen as the jon species, did not report any arcing. Domitz and
Grier” also reported arcing and their 1on species were oxygen, nitrogen
and hydrogen. The data obtained during this investigation were not
sufficient to permit further understanding of this arcing problem.

Error Analysis

In calculating the errors associated with the normalized hole
current, two major sources should be considered, the accuracy of the
current meters and the errors 1in analyzing the Langmuir probe char-
acteristics.

The errors associated with the conductor potential are due only
to the accuracy of the potential measurements.
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Positive Bias. In terms of the probe characteristics, the
normalized hole current for positive bias is

IkTe/jO = 41a2e/(d1/dv)p , (3~10)

where I is the hole current, a is the probe radius, e is the electronic
charge, kTe is the electron temperature (in eV), jo is the random

current density and (dI/dV)p is the slope of the Langmuir probe charac-

teristic in the attracting region (see Appendix A). The error is
obtained from

2
) . 4a“e (T+AT)
IkT /3, *+ 8(IKT /3 ) = [(dI/dV)ptA(dI/dV)p]
IA(AI/dV)
2 AT
v 4a‘e |1/(dI/dV)_ + P4 , (3-11)
By (dI/dv)pz (dI/dv)p

to a first-order approximation. Equation (3-11) 1indicates that

IA(dI/dv)p AT
A(IKT /3 ) ~ 4a“e + . (3-12)
e’ "0’ (dI/dV)pz (dI/dV)p

The current uncertainty, AL, 1s the meter uncertainty, and therefore
depends on the meter used during a particular test. The probe charac~

teristic slope uncertainty, A(dI/dV)p, is given by the standard devia-
tion

N 1/2

T [(dI/dV) -(dI/av) 1% , (3-13)
1=1 * P

par/av) | = 1/nt/2

where (N+l) is the number of points in the attracting region and
(dI/dV)i is the slope taken between consecutive points.

Figures 3-20 and 3~21 1llustrate the uncertainty in the normalized
hole current for the surface enhanced collection mode and the vapor
enhanced collection mode, respectively. It should be noted that the
conductor potential uncertainty i1s within the symbol size for the
vapor enhanced collection mode.
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Negative Bias. The normalization used for negative bias is

I

Bohm .6 Ah[me/Sﬂmi]l/2

1/.61 (3-14)

2 b
1/a kTe(dI/dV)p

where Ah is the area of the exposed conductor, m, and m, are the

electronic and 1onic masses, respectively. The uncertainty is found
from

87mm, 2

1]l/2 a
Bohm " “"Bohm Me '6Ah

(I+AT)
(kTeiA(kTe))[(dI/dV)piA(dI/dV)p]

1/2 a2 I

[ ]
m -6, kTe(dI/dV)p

8mm,
i

e

e

IA(dI/dV)p/(dI/dV)p+I(A(kTe/kTe)+AI
kTe(dI/dV)p ’

(3-15)

1+

or

I LM/ 8t 1

) (€ )
'6IBohm voTomy .6Ah (kTe)(dI/dV)p

A(

IA(dI/dsz, IA(kTe)

(dI/dV)p + kTe + AT | , (3-16)

to a first-order approximation.

The uncertainty in the electron temperature, A(kTe) is given by
the standard deviation,

. 1/2
ACGKT ) = —=—| % [(KT ).-kT 17 (3-17)
e N1/2 11 e’i e ’
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where kTe 18 the electron temperature used and (kTe)i is the temperature

calculated between consecutive points in the slope, that is

- 1 -
(T )y = (dinr/avy, (3-18)

in the transition region (see Appendix A).

Figure 3-22 illustrates the uncertainty in the normalized hole

current for negative bias. The uncertainty in the conductor potential
is within the symbol size.
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IV. THEORY

The electron-collection model presented herein follows a
suggestion by Cole, Ogawa and Sellen,l and is intended only to
represent the surface-enhanced collection mode. An incoming electron
strikes the insulator surface near the hole, causing a secondary
electron to be emitted with a certain probability. The secondary
electron 1s then attracted toward the exposed conductor by a potential
gradient. In this manner, an incoming electron striking the insulator
close to the hole causes an electron to be collected by the exposed
conductor.

Plasma Sheath

In order to model the electron collection process, it is helpful to
know the shape of the plasma sheath. From sheath measurements made by
Gabriel, Garner and Kitamura? near an exposed conductor surrounded by an
insulator, the sheath appears approximately hemispherical. Figure 4-1
indicates the shape of the plasma sheath around a hole (from Gabriel,
Garner and Kitamuraz). The sheath is represented by equipotential
lines, indicated by the numbers on the graph. Although the low current
levels observed by Gabriel, Garner and Kitamura might appear to exclude
an insulator contribution to the current collection, the general shape
of the sheath is still of interest.

To determine if the electron flow was space charge limited,
currents were calculated for space charge flow between two concentric
spheres. The hole radius was used as the radius of the inner sphere and
an experimentally determined sheath radius was used for the outer
sphere radius. This sheath radius was found by determining the sheath
size needed to collect the observed current with a 1.0 mm diameter hole.
The current collection for space charge limited flow is given by3

I = 16”50'Z§ Ve/me V3/2/a2 , (4-1)

where €, 18 the permittivaty of free space, e is the electronic charge,
m, 18 the electronic mass, and V 1s the potential difference between

the spheres. o 1s a term that is dependent on the ratio of the radii
of the two spheres. These calculations showed that the currents
expected from space charge limited flow were more than two orders of
magnitude larger than the observed currents for the surface-enhanced
collection mode.
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The space charge limited flow calculations thus demonstrated that
the current collection was orbit limited. That is, not all electrons
that entered the plasma sheath were collected. The approach to modeling
should therefore be to modify an orbit limited theory to include part of
the insulator as a collector. The most likely theory to start with 1s
the planar probe theory of Parker and Whipple (see Appendix B). The
planar probe theory has the correct geometry as well as an approximately
hemispherical sheath. The collected current is given by

2 2
. b
T=gall+ -2 S, (4-2)
e

where jo is the random current density, A is the area of the probe,
V is the potential of the probe, k is Boltzmann's constant and Te 1is

the electron temperature. The constant b is adjustable (0 < b < 2),
and is related to the incoming trajectories. A way to determine the
meaning of b is by analogy to spherical probe analysis. The electron
collection by a spherical probe in the attracting region (see Appendix
A) depends on the electron density. That is, for high electron densi-
ties, the current collection is independent of probe potential. This
occurs because the size of the plasma sheath 1s essentially independent
of probe potential. This condition would be reflected in Eq. (4-2) for
b > 2. For the low density plasmas treated herein, the electron col-
lection is proportional to probe potential. That is, the plasma sheath
size increases with probe potential. This condition would be reflected
in Eq. (4-2) for b -~ 0. From this analogy it 1s clear that the param-
eter b reflects how the plasma sheath depends on the probe potential.
For the electron densities treated herein, it is assumed that b 1s zero
in Eq. (4-2). 1t should be noted that for b = 0, Eq. (4-2) has the same
form as the equation for spherical probe theory (see Appendix A).

Collection Area

Two approaches to determining the collection area were tried. The
first approach used the assumption that the entire surface area under
the plasma sheath contributed to electron collection. Trajectories for
the secondary electrons moving across the insulator surface were cal-
culated. TFor a radial electric field, as might be expected, all the
secondary electrons produced struck the exposed conductor. For poly-
imide and conductor potentials between 50 and 1000 V, the 1insulator
charged to potentials greater than the conductor potential, inasmuch as
the secondary yield was greater than one in this range. For an 1nsu-
lator surface with a potential greater than the conductor potential, a
potential gradient would be formed that would repel electrons from the
hole, except for those secondaries produced at the hole edge. This
approach did not appear promising.



48

In the second approach, only a small annular ring of insulator near
the hole contributed to the electron collection. For simplicity, 1t was
assumed that this annular ring was at a constant potential. 1In this
approach, the condition for continuity of charge is given by

(A, +AD/A =5, 4-3)

where Aa is the area of the annular ring, Ah is the area of the exposed

conductor, and ¢ 1s the secondary electron emission yield. The implicat
assumption in Eq. (4-3) is that the fraction of the secondary yield that
is collected by the conductor is proportional to the fraction of hole
area to the total collection area, (Aa + Ah).

To demonstrate that Eq. (4-3) is a condition for continuity of
charge, consider a secondary electron yield of four. From Eq. (4-3),
the annular ring area 1s three times that of the hole area, consequently,
an incoming electron striking within the collection radius, r_, causes

four secondary electrons to be emitted. Of the four electrons, three
again strike within the annular ring and one 1s collected by the con-
ductor. In this manner, one electron 1s collected by the conductor for
each electron striking the insulator, and the charge on the annular ring
1s maintained constant during steady state conditions.

Using Eq. (4-3) as a basis for a model, the planar probe theory
can easily be modified. The probe potential in Eq. (4-2) should be an
effective potential over the collection region. The value used was the
average potential over the collection area, that 1s

VA A

eff Ah+Aa

v (4-4)

where VC is the conductor potential and Va 1is the potential of the

annular ring.

This model was compared to experimental data to determine if 1t
had any physically realizable solutions. The data used in this comparison
was for a 1.0 mm diameter hole with an electron density of 1.6 x 10°
cm~3 and electron temperature of 4.5 eV. These data are shown 1in Fig.
3-2. The calculation procedure used for a given collector voltage, Vc’
was as follows:

(1) Pick a value of r, (collection radius of insulator).

(1i) Calculate Ve from probe theory to match the experimentally

f£
observed current.

(11i) Calculate Va needed for the assumed values V and ..

eff
(1v) Calculate § from the value of Va and Eq. (4-3).
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(v) Repeat above steps for different values of rC and plot the
physical values of Va (i.e., Va < VC) against the corres-

ponding values of § from step (iv). These results are
compared with values from the values of § from expression

et/ 2

2
(1-cosb) E
Gm Em e’ e (4-5)

§(E,B) = e

where B is a material dependent absorption term, E is the primary
electron energy (annular area potential, Va, expressed 1n eV), 6 1s the

incident electron angle, Em and Gm are material constants (from Appendix

C). The results of this procedure are shown in Fig. 4-2, where the
possible physical solutions for this model are shown to vary over a
large range of mean incidence angle. The results of the calculcation
procedure (steps (i) through (v)) are indicated by the lines with
different assumed values of Va’ while the permissible values of

secondary electron emission (from Eq. (4-5)) are indicated by the
incidence angles (<90°).

Model

The first task in formulating the model is to determine an
effective angle for the incoming electrons striking the insulator.
Since the flow 1s orbit-limited, the path of the electron 1is not radial.
With this in mind, a reasonable approximation for the angle 1s the value
that gives the same secondary electron emission as the average of the
angular dependence term of the secondary yield over the surface of a
hemispherical sheath. This 1s given by

1/2 27 w/2 1/2 21 w/2
@PB T (Lmeos®) gy p PR (1meosB) g nede/r ay f sinodo
o] (o] (o] (o]
1/2
= 1/88? (T oy (4-6)

Over a range of 1400 eV, the angle corresponding to an averaged angular
dependence of § varied from 65° to 72°, increasing with increasing
energy. The calculations presented 1n Fig. 4-2 indicate that solutions
with angles 1in this range require annular ring potentials close to the
conductor potential. The potential of the annular ring can then be
taken to be the same as the conductor potential, that is, Va n VC.
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Having determined the potential and incident angle requirements on
the annular insulator ring, the model can be used to predict electron
collection for the surface enhanced collection mode. The procedure for
predicting current collection is as follows:

(1) Calculate the effective incident angle for the secondary
electron emission yield at a given conductor potential (Eq.

(4-6)) .

(i1) Calculate the secondary yield from the conductor potential
using this angle and

apt/ /2

2 1
(1-cosf)_SmE e2e~BE

E
m

§(E) = <e (4-7)

(1i1) Calculate the annular ring area from Eq. (4-3).

(1v) Calculate the collection radius for the desired hole diameter
from

Wrcz = (a +A) - (4-8)

(v) Calculate the electron current for the given plasma condi-
tions using

I = jonrc2 eV/kTe (4-9)

from planar probe theory (Appendix B).

For the model as presented, the collection radius is a critical
parameter in determining the collected current. The collection radius
1s shown an Fig. 4-3 as a function of conductor potential for three hole
diameters, 1.0, 3.0 and 5.0 mm, for polyimide insulator. The calcu-
lations shown in Fig. 4~3 indicate that, after an 1nitial sharp increase,
the collection radius increases slowly with increasing conductor poten-
tial. This behavior leads to current-voltage characteristics that are
roughly linear for high conductor potentials.

Comparison with Experimental Data

To determine how well the model predicts the current-voltage
characteristics, the model can be compared to experimental data. The
comparisons are shown in plots of normalized hole current, I kTe/Jo,
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versus conductor potential. The use of Eq. (4-9) has been justified
from theoretical considerations. The form of this equation confirms the
normalization used in Section III. 1In order to be more precise in the
comparisons, the conductor potential is referenced with respect to
plasma potential. It should be noted that this differs slightly from
the conductor potential in Section III, which was referenced with
respect to facility ground. The difference between the two reference
potentials is typically 20 volts.

The calculated current collection is compared to the experimental
data in Fig. 4-4 for a 1.0 mm diameter hole at three different plasma
conditions. The predicted and experimental values are in excellent
agreement.

Hole Size. The model is compared to experimental data for three
different hole diameters, 1.0, 3.0 and 5.0 mm, in Fig. 4-5. The model
predicts the effect of hole size quite well, with experiment and theory
agreeing within a factor of two.

The model indicates that the correct normalization factor should
be IkTe/AhJO. That is,

IkTe
sV . (4-10)

A, P

The current-voltage curves for the different hole sizes should collapse
onto one line, using this normalization. The fact that they do not
1s an indication of the limits of the theory.

Sample Temperature. Tt was found that, for a 1.0 mm diameter hole
in polyimide, increasing sample temperature resulted in a decrease in
current collection. A comparison of the theory with experiment (see
Fig. 4-6) shows that the model also predicts a decrease 1n current
with increasing sample temperature (see Appendix C), but not of the
magnitude the data indicates. This will be discussed later in this
paper.

In testing a 5.0 mm diameter hole in polyimide, no sample temper-
ature effect was observed (see Fig. 3-14). However, the model stall
predicts a temperature effect. In fact, the temperature effect 1s
proportionally the same as for the 1.0 mm diameter hole. That 1s, for a
similar temperature -increase, the predicted current drops by the same
ratio. This disagreement with observed behavior cannot be explained at
this time.

While testing iso-mica, it was found that there was no sample
temperature effect. The literature reports that the secondary yield for
mica 1s temperature independent. From Eq. (4-3), 1t can be readily seen
that the theory predicts no temperature effect if the secondary yield 1is
independent of temperature. The absence of a temperature effect is thus
correctly predicted for mica.
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In demonstrating that increasing sample temperature decreases
current collection for polyimide, it has been shown that any parameter
that decreases the secondary yield decreases electron collection. This
was illustrated in the observed effect of sample roughness. Roughening
a surface decreases the secondary yield and, as such, the model predicts
that the current collection should decrease. This is in agreement with
observed experimental data (see Section III).

Insulator Material. Two sample materials, whose secondary yields
are known, were tested, polyimide and teflon. On first inspection,
their secondary electron emission yields appear sufficiently different
to cause different electron collection (the primary reason for choosing
the two materials). After testing,. when the averaged angular depen-
dence, Eq. (4-6), was selected for the secondary yield, the coefficients
were found to be very similar. This similarity in the average secondary
yields explains why two apparently dissimilar materials produced very
similar electron collection (see Fig. 4-7).

Discussion of the Model

The fundamental parameter upon which the model depends is the
secondary electron emission yield, and, as such, it is appropriate to
discuss the state of the theory for the secondary emission process.
There are at present several theories for secondary electron emission.
All of these theories are unsatisfactory in one respect or another.

The theory of Lye and Dekker (see Appendix C) appears to be the most
prominent 1in the literature. It correctly predicts a temperature effect
for some insulators but not for metals, which is correct in both cases.
However, Lye and Dekker's theory also predicts an angular dependence
which deviates sharply from experimental observation. The form of
Dekker's universal curve for secondary emission is general enough that
it can be fitted to almost any data.

Another theory has been proposed by Sternglass. Although it is not
nearly as prominent in the literature as Lye and Dekker's theory, it has
been used successfully by several people in modeling secondary emission
in polymers. Sternglass' theory correctly predicts the angular depen~
dence of the secondary yield, but also predicts a temperature dependence
for metals, which has not been observed.

These comments clearly indicate that, as yet, there 1s no com-
prehensive theory for secondary electron emission. It is therefore
necessary to rely to a large extent on experimental data. Unfortu-
nately, the data on polymers 1s quite limited. It is only recently that
such studies were started in the U.S. (early 1970's), and from the late
1950"s in the U.S.S.R. Furthermore, only one study (to the author's
knowledge) has been carried out on the temperature and angular depen-
dence for polymers (see Appendix C) 1in the energy regime of interest
here, and that study did not include polyimide.

From these observations, the reader should be aware that the
accuracy of the model is strongly dependent on the accuracy of the
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secondary electron emission yield. This 1s particularly true with
regard to the temperature dependence of the model. One secondary
emission theory that 1s used herein predicts a temperature dependence
that increases with energy and angle, although the experimental evidence
generally does not support this. On the other hand, the temperature
dependence used 1n the model comes from a different theory (see Appendix
C for details) and is generally supported by experiment. The contra-
diction can be 1llustrated with the one experimental study done on the
temperature effect for a polymer (polystrene). In this study (see
Appendix C), it was found that the temperature dependence differed from
Dekker's theory and was somewhat dependent on angle. This result
indicates that the temperature dependence of the secondary yield for
polymers must be considered questionable, and more studies need to be
done before the temperature dependence can be defined.

The assumption was made that the electrons arrived at the surface
with an equal probability from all solid angles within the permissible
hemisphere. This assumption appears reasonable, but since the electron
flow 1s orbit limited, an argument can be made that the electrons should
strike more frequently at grazing angles. If the mean effective angle
was 1increased by 10%, the predicted current would be higher. It would,
for example, still be within a factor of two of the presently predicted
currents over the conductor potential range from 200 to 1500 volts, for
a 1.0 mm diameter hole. As indicated by this example, the assumption of
angular distribution for electrons is believed to result in at least
qualitatively correct predictions.

It was also assumed that the exposed conductor collects secondary
electrons proportional to i1ts fraction of the total collection area.
If, because of electric fields, the exposed conductor collected twice
the number of secondary electrons indicated by exposed area, the
collection radius would be reduced. The predicted currents would then
be 6 to 207 lower than presently predicted values for a 1.0 mm diameter
hole in polyimide and a conductor potential of 200 to 1500 volts. The
possible adverse effects of this area-proportional collection assumption
are therefore believed to be small.

A few summary comments should be made about the model. Many
authors who have studied the phenomenon of electron collection through a
defect 1n insulation over a high voltage solar array have proposed that
secondary electron emission somehow plays an important role in the
collection mechanism, but none have evaluated details of this role. 1In
the model presented herein, a self-consistent description of the role of
secondary electron emission 1s given. Using this model, simple calcu-
lations yield realistic predictions that include all the major features
found in experimental investigations. Nevertheless, the theory
presented is only a first approximation to a description of the collec-
tion mechanism. The next step 1n improving the model would be a calcu-
lation of the primary electron (1.e., electrons originating from the
plasma) trajectories. A calculation of this type would allow the
electron collection due to primary electrons and due to secondary
electrons to be distinguished from each other. Furthermore, knowing
the primary electron trajectories would allow for a better treatment
of the angular dependence for the secondary electron emission yield.
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Another improvement to the model would be calculations of the
secondary electron trajectories. Knowledge of these trajectories
would yield the range of movement of the secondary electrons. This
would indicate if the entire hole area should be included in the
calculation of the collection area. This information would be more
important as the size of the hole increases.

These suggestions are meant to point out possible ways to imrpove
the model herein, although both the suggestions involve considerable
work. It 1s hoped that they may prove useful.



V. CONCLUSION

This investigation has identified two electron collection modes.
One mode 1nvolves only the surface of the surrounding insulator, thereby
enhancing the current collection. The second mode involves the same
surface enhancement plus an additional enhancement due to the vaporiza-
tion and 1onization of the surrounding insulator. The occurrence of the
second mode depends on the enhanced current collection of the first mode.

The surface enhancement has been found to be a function of the
secondary electron emission yield of the surrounding insulator. As

such, parameters which decrease the secondary yield also decrease
electron collection.

The vapor-enhanced collection mode exhibits all the same properties
as the surface enhanced mode except the dependence on hole size. It
was found that the electron collection in this mode appears to be
essentially independent of this hole size for the size range tested
of up to 2.0 mm.

A model has been developed for the process of the surface enhance-
ment. The model depends strongly on knowledge of the secondary electron
yield, and as such, 1s extremely sensitive to uncertainties in this
knowledge. The model has been shown to correctly predict all qualita-
tive trends. Further, the predicted current collection is generally
within a factor of two experimental values for the same conditions.

This theory 1s easily followed in its formulation and can be used in a
straightforward and convenient manner.
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APPENDIX A
THICK SHEATH SPHERICAL PROBE ANALYSIS

Thick sheath spherical probe analysis was used to determine the
plasma parameters. A knowledge of this probe theory 1s necessary for
understanding the experimental procedure used to evaluate plasma
parameters.

The current-voltage characteristic of a Langmuir probe has two
different current collection regions of interest, the transition and
attracting regimes. These regions are separated by the plasma poten-
tial, and are dealt with separately herein.

Transition Regionl

In the transition regilon, the probe potential 1s less than plasma
potential. This causes electrons to be repelled and 1ons to be attracted.
Due to the much greater mobility of the electrons, the current col-
lected by the probe consists mostly of electrons and the ion current
can be 1gnored. The electron density in this transition region is given
by the Boltzmann equation

n(V) = neexp[—e(Vp—V)/kTe] . (A-1)

where n, is the electron density of the bulk plasma, Vp is the plasma

potential, V 1s the probe potential, e is the electronic charge, T
is the electron temperature, and k 1s the Boltzmann constant.

The current striking the probe 1s given by the random current
density of the region around the probe multiplied by the surface area of
the probe. That 1is,

/2
Ap R (A-2)

H
I
|

n(v)e[skTe/me]l

or
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A
1= Jj: en, [8KT /m_Jexp[-e(V -V)/KT ] , (A-3)

where m, is the electronic mass and Ap the surface area of the probe.

Using the logarithm of Eq. (A-3),

¢nl = Kn-l n eA [8kT /mm ]l/2
e p e’ e

. - eVp/kTe + eV/kTe . (A-4)

and then differentiating with respect to probe potential,
d/dv (nI) = e/kTe s (A-5)

the electron temperature can be determined. The slope of a semi-log
plot of electron current versus probe potential, in the transition
region, therefore yields the electron temperature of the plasma.

This analysis for the transition region is applicable to any
probe geometry.

Attracting Region

In the attracting region the probe potential 1s greater than the
plasma potential; electrons are attracted and ions repelled (ion current
will again be neglected). Since electrons are attracted, the current
density at the probe sheath is the random current density of the bulk
plasma,

/2

. 1 1 -
i = ene[8kTe/ﬂme] (A-6)

r 4

The current collected by the probe 1s then determined by the size of
the sheath around the probe.
The size of the sheath is dependent on the ratio a/AD, where a 1s
the probe radius (for spherical probe) and AD is the Debye length
B 1/2 _
AD = [EOkTe/ne] , (A-7)
where o is the permittivity of free space. When a/>\D >> 1, the sheath

area is approximately that of the probe area (thain sheath). If
a/>\D << 1, the sheath will expand with probe potential and a thick

sheath analysis must be used.l
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The formulation for the current collection in the attracting region
by a sphere presented here is that given by Medicus.2 The results are
also consistent with the original analysis of Langmuir and Smith.3

Beginning with conservation of both energy and angular momentum,

1 2 2, _ 1
2 me[vrp +th 1= 2 me[vr

2

ST e(VY ) (A-8)

and

avtp =T V.o T PV, (A-9)
where vrp and v_g are the radial velocities at the probe and sheath,
respectively, and vtp and Vg are the tangential velocities at the probe

and sheath, respectively. The variable p is the impact parameter and Ve
1s given by

v =v + v . (A-10)

It is assumed that vrp = 0. A grazing impact parameter is defined as

the impact parameter where an incoming electron grazes the probe, as
shown in Fig. A-1. The condition for grazing impact is

a<p_ <r_. (A-11)

At p = r the current collection is limited by the sheath, while for

pg < rs the current collection 1s limited by the impact parameter.

From Eqs. (A-8) through (A-10), pg can be found to be

2] s (A-12)

k=)
1l

2 1
a“[1 + e(V—-Vp)/2 mVv
or

a2[l + e(V—Vp)/u] , where u = %-mev2 s (A-13)

d
]

and the subscript s refers to the sheath.

The condition that separates the sheath limited and impact parameter
limited case 1s

pgz = a%[1 + e (V=Y ) /u ] (A-14)
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Fig. A-1. Sketch of grazing impact.
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or
u "t - [rSZ/az—l]/e(V—Vp) (A-15)
then for
u < ou sheath limited (A-16)
u > u impact parameter limited . (A-17)

The current is given by

_ 1 _
dI = 4ﬂpg 4 vdn (A-18)
where
dn = neF(v)dv , (A-19)

F(v) 1s the Maxwellian velocity distribution

_ 3/2
F(v)dv = [me/2 kTe]

4ﬂN2exp[—mev2/2kTe]dv . (A-20)
For (V—Vp) > 0, the integration is over two parts, v = 0 to Vi for the

sheath limited case, and from v = v
limited case.

k to = for the impact parameter

2 "k 2 7 \
I = ﬂene[rs S vE(w)dv +a” S @+ EE)VF(V)dV] (A-21)
) v
k
This yields
I = énl/z en e |3/2 ZkTe 2e :SEY:YEE- EE— EEY:XRZ + 1
e|2KT_ m xp YKT_ 2 kT

e (U= ) rsz (V=Y )
-+ YkTe + 2 1 - 1+ ——;ET;— , (A-22)
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where

(rsz/a2 -1 . (A-23)

=<
i

For rSZ/a2 >> 1, Eq. (A-22) reduces to
I = 3§ 4ra’[l + e(V-V )/KT ] (A-24)
Iy p e’ ’

The final expression for the electron collection for a spherical
probe shows that the current is proportional to the probe potential.

From Eq. (A-24), the electron density can be found by taking the
derivative of the current with respect to probe potential,

d1/dv = ﬂaze [8KkT /7mm ]l/zn , (A-25)
e’ e e
the electron density is given by
n, = [me/skTe]l/?‘ l/TreaZ dr/4v . (A-26)

Plasma Potential

Plasma potential 1s determined from data in both the transition and
attracting regions. In the transition region, the current is given by

Il = Irexp[e(Vl—Vp)/kTe] (A-27)

where I, and V., are the current and probe potential, respectively, from

1 1
the transition region, and Ir 1s the random current

_ 2, -
Ir = 4ma .- (A-28)

The electron density for Ir is determined from the attracting region

(see Eq. (A-26)). The plasma potential is then given by

Vp = V1 + kTe/e n Ir/Il . (A-29)
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Examples of Probe Analysis

As an example of probe analysis, consider the probe
current-voltage characteristics taken in the small vacuum facility with
a 1.0 cm diameter probe shown in Fig. A-2. The figure shows both the
transition and attracting regions. The electron temperature is
determined from the transition region (see Fig. A-3(a)). The electron
density 1s determined from the slope of the characteristic in the
attracting region (see Fig. A-3(b)), together with the electron tem-
perature. The plasma potential is then determined using Eq. (A-29), and
is found to be 24.0 volts.
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Fig. A-3. Plasma parameters as determined from the probe
characteristic.



APPENDIX B

PLANAR PROBE THEORY

1,2

The planar probe theory of Parker and Whipple has been used to
compare electron and ion collection to the expected magnitude of current
collection for electrostatic probe theory, as well as in the theory.
Since this theory has been used, it is 1mportant to understand its
formulation. The geometry of the probe is indicated in Fig. B-1.

The current density collected by a probe may be expressed by the
integral

> 3>

3=/ £ vdv, (B-1)

where v is the velocity vector and f_is the distribution function far
from the probe. The difficult portion of the solution for j 1is deter-
mination of the limits of integration. The formulation can be initiated
by writing the total energy,

Sl 24y 2 i
E = 5 m [vr + v, ] + 6(r) , (B-2)
where v, and v, are the cylindrical components of the velocity, m 1s

the particle mass and @#(r) is the potential energy. Introducing the
probe potential, -V (for an attracting potential, V > 0) and the
notation

nv_ (B-3)

o

mv s (B-4)

N
N

Eqs. (B-1) and (B-2) can be written as

E=X+2-V (B-5)
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o]

1 =5 1 E (BXE)E , (8-6)
m (o]

where X(E) represents the boundary condition for current collectiom.

Using an impulse approximation theory, an expression for X(E) is
determined to be

b2 v

X(E)=E+V——4m—]‘, (B-7)

where b is a constant that can vary from 0 to 2. The parameter b
depends on the effect of the electric field on the incoming trajectories.

In the approach used by Parker and Whipple,l it is necessary to
define some more variables,

<E> = / f_(E)EdE/S £_(E)dE (B-8)
(o] o
3, = 2n/n’ f £ (E)EdE (3-9)
o

where <E> 1s the average energy and jo is the current density at infinity.

The normalized current density can then be written as

- fw(E)dE

f _—
313 =1+ v/<E> - biy?js S AEV]L (B-10)

° 7t (E)EdE

Maxwellian Distribution
For the Maxwellian distribution
_ 3/2

f_(E) = no[n/ZWkT] exp (-E/KT) (B-11)

the normalized current collection 1s
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§/3, =1+ v/kr - 274 [V/kT]zexp(V/kT)El(V/kT) , (B-12)

where T is the particle temperature, n, the ambient density, and
El(x) is

E,(x) = f et dc/e . (B-13)

kg

For V >> <E>, Eq. (B-12) reduces to
. 2 2
J/Jo =1+ b"/4+ [1-1b"/4] eV/KT . (B-14)

It should be noted that for b = 0, Eq. (B-14) has the same form
for current collection as for a spherical probe.

Monoenergetic Distribution

For a momoenergetic distribution

£.(E) = n /2v [n/28 132 51 - B/E ) (B-15)
where EO is the singular energy and §(x) is the Dirac delta-function,

the normalized current density is

. .2 2 _
J/Jo =1+ V/EO b™/4 vV /EO(EO+V) . (B-16)

. . , 4
For ion collection, i, is 0.6 times the Bohm current density

and Eo is found from the Bohm velocity,

Vionm = [kTe/mi]l/z - [2E0/mi]l/2 , (B-17)

E =kT /2, (B-18)
o e

where m, is the ion mass and Te the electron temperature.



APPENDIX C
SECONDARY ELECTRON EMISSION

Secondary electron emission consists of two components, true
secondary electrons and backscattered primary electrons. The true
secondary electrons are considered to be those that have an energy
of less than 50 eV. This distinction between true secondaries and
backscattered electrons 1s arbitrary, but one that is accepted as
standard.l=5 The secondary electron emission yield (total yield) is
given by

number of emitted electrons

o= number of incident electrons (c-1)

or

Q
1

S 4+ n (c-2)

where § is the true secondary vield,

number of true secondary electrons emitted
S = —— (C-3)
number of incident electrons

and n 1s the backscattered yield,

number of backscattered electrons
n = . (C-4)
number of incident electrons

The total yield is dependent on the 1incident electron energy, but

§ and n exhibit different dependencies. This requires that n and §
be discussed independently. Since only the true secondary electron
yield, &, 1s considered in the model of Section IV, only & will be
discussed. Although the backscattered yield is not discussed, 1t 1s
generally accepted as negligible compared to the secondary yield in
the range of interest herein.
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Theory

Inasmuch as the secondary coefficient, &§, is very important for the
model of current collection through a defect in insulation covéring a
high voltage solar array, it is helpful to understand the mechanism for
secondary emission. To date, there is no theory that completely
explains secondary electron emission. The two theories discussed here
are typiga% of the differences encountered in various theories. The two
theories™>’ both begin with the expression for the secondary coefficient

§ = fn(E,x)f(x)dx (c-5)

where n(E,x)dx is the number of secondaries produced per incident
primary of energy E 1n a layer of thickness dx at a depth x below the
surface, and £(x) is the probability that a secondary produced at depth
x escapes to the surface. Both theories assume that n(E,x) is pro-
portional to the energy loss of the primary beam per unit path length,
and that f(x) is given by an exponential absorption law.

The first theory discussed, that of Lye and Dekker,6 proposed that
the energy loss for primaries has a power law form
dE/dx = -A/E" (x) (C-6)
where A and n are constants. This form of energy loss is based on the
experimental results of Young.8s9

Integration of the power law yields
B o = B oA x . (c-7)

By equating En+l(x) to zero, the range for the primary electrons can be
found to be

En+l n+1

R = /A(n+1l) = CE . (C-8)

This theory approximates the energy loss through the material with a
constant. Using this assumption, the energy loss of primary beam per
unit path length can be written as

dE/dx = E/R , (C-9)
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or

n(E,x) = KE/R , (C-10)

where K is a material constant. The secondary coefficient is then
given by

R
§(E) = / KE/R e Fdx (c-11)
(o]
or
§5(E) = K[1-exp(-acE™)]/acE® (C-12)

where o 1s a material constant. This expression can be reduced to a
universal yield curve, as suggested by Baroody,10 by introducing the
function

n+l
g (2) = L%%*l (c-13)
z
The reduced universal yield curve 1s then given by
8(E)/6 = g (2 E/E )/g (z ) (C-14)

where Gm is the maximum value of § at an incident energy of Em’ and
z 18 the value of z where gn(z) 1s a maximum. This universal curve
can be fit to almost any data by choosing the correct value for n.
. . 7
The second theory to be discussed is that of Sternglass. The

first difference encountered between the theories is that Sternglass
assumed that all the secondaries are produced at a mean depth, Am.

This allows the probability of secondary escape term, f£(x), to be taken
out of the integral,

-0A
S(E) = Be ™ J n(E,x)dx , (C-15)

where B is the proportionally constant associated with the absorption
term. The probability of secondary electrons being produced 1s
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n(x,E) = -1/¢ dE/dx , (C-16)

where € is the average energy required to produce a secondary electron
inside the solid.

The energy loss is evaluated by taking into account the back-
scattered electrons through the introduction of the mean fraction energy
of the backscattered electron, k. The total energy loss 1s then

JdE = -E(1-kn) . (C-17)

This differs significantly from Lye and Dekker's theory in that k and
n are dependent on the atomic number of the material. Because of these

dependencies, Sternglass' theory is often referred to as an atomic
shell model.

The secondary yield is given by

-QA

m
Be dE
[ g i (C-18)

€

§(E)

or

§(E)

B/e exp(—akm)E(l—kn) . (C-19)

Using a diffusion argument, 1t can be shown that the mean depth 1is

1/2 o

proportional to E r

ar = BEl/z , (C-20)

where B is a material constant. The constant 8 1s related to the
energy which gives the maximum yield, that is

g =2/ M2 . (C-21)
m
The final expression for the secondary coefficient 1s
5(E) = B/ E(l-kn)exp[-2 El/Z/Eml/z] : (c-22)

This form yields a universal yield curve of the form
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-Z(E/Em)l/z
S(E)/8 = E/E_e’e (C-23)

Dependence on Incident Angle

In the previous section, the two theories were developed for normal
incidence. It has been shown that the secondary electron emission
coefficient, §, is strongly dependent on the angle of incidence.ll,12
To include the angle of incidence in the theories, the term x becomes
xcos® in the absorption terms, where 0 1s measured from the normal to
the surface. Carrying this term through the integrations yields

KE[l—exp(—aCEn+lcose)]

6(E,0) = (C-24)
aCEn+lcose
for Lye and Dekker's theory,13 and
§(E,8) =-% E(l—kn)exp(-BEllzcose) (C-25)
€
for Sternglass' theory.
For Sternglass' theory, the relationship
§(6°) = §(0°)expl2 El/2/Eml/2 (1-cos8) ] (C-26)

can be derived. This expression compares favorably with the angular
dependence found by Bruining,l2 that is

8(6°) = §(0%)exp[p(l-cos®)] , (c-27)
where p is a constant that depends on energy.
Dependence on Temperature

It is generally agreed that there is no temperature dependence for
metals,l'3’§ however, a temperature dependence for & has been observed
in insulators.l4-16 The explanation for this difference is the energy
loss mechanism of the secondary electrons produced in the material. 1In
metals, the secondaries can collide with free and bound electrons
involving large and small amounts of energy transfer. In insulators,
because of the large gap between the valence and conduction bands, any
energy loss mechanism of the secondaries must depend on electron col-
lisions with lattice defects and/or electron-phonon interactions for
energies less than the band gap.
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From electron-phonon interactions, Dekker has developed a
temperature dependence for §.17,18 This formulation was done before the
emission theory of Lye and Dekker so some of the assumptions differ. A
brief outline of the theory is presented.

The theory starts with the expression

de hv

-A Tx (Zn—\)-i-l) = a(T) (C-28)

where A is the mean free path, € is the secondary electron energy, h is
Planck's constant, and x 1s the depth in the material. The term n is
given by

n = 1/[exp(hv/kT)-1] , (Cc-29)

the phonon statistics, where v is the frequency of longitudinal optical
vibration mode for an ionic crystal, and k is Boltzmann's constant. The
expression Ade/dx represents the energy loss per collaision and is based
on the works of Frohlickl9 and Seitz.20
Assuming that all secondaries are produced with the same energy,
€4 the energy of a secondary after N collisions is
e(N) = so—Na(T) . (€-30)

The mean free path of the secondaries is written as

A= Xoe/eo(va+1) . (C-31)

where Ao is a constant.

A further assumption 1s that if the secondaries lose an energy
eo', they no longer take part in the secondary emission process. This

limits the maximum number of collisions to Nm, given by
Na=¢"'. (C-32)

Now, if the secondaries carry out a one-dimensional random walk
normal to the surface, the range of secondaries 1s given by

x, = [Nm<>\2>]l/2 (C-33)
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or
A 2
x = [N ——2 (e ZaZan®o2e acns) M2 (C-34)
s m 2 2 o
e “(2n +41)
o] v
Then for
<N> =N /2 (C-35)
m
<N2> = Nm2/3 " (C-36)

and substituting Eqs. (C-32), (C-33) and (C-34) into Eq. (C-35) yields
X, = constant/[ZnV+l] . (C-37)
Assuming Whiddington's law,

dE/dx = -A/E , (C-38)

E(x) = (E02—2AX)1/2 , (C-39)

this gives an expression for n(E,x) of

n(x) = -1/7 a/[E2-2ax1"? (C-40)
or for small x

n(Ex) v AJ/€E . (c-41)
Then, since (Som(x)xS

61/62 = [va +l/2nv +17 . (C-42)

2 1

For nonpolar insulators, the temperature dependence is
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v v
m 2, , " 2
61/62 = [/ (2n +1)v7dv/S (2n +1)v dv] , (C~-43)
o v2 o vl

where v, 18 the upper limit of v.

For kT >> hv, both expressions (Egs. (C-42) and (C-43)) reduce to

61/62 = [Tz/Tl] R (C-44)

which 1s in rough agreement with the results of Johnson and McKay.lS’16

This formulation depends on the domination of electron-photon
interaction. If the lattice defects dominate the energy loss mechanism,
no temperature dependence of § is expected, and no temperature depen-—
dence has been found i1n glass or mica.<"» 2

In contradiction to general findings, Sternglassz3 reports a
temperature dependence for metals. Sternglass proposes that this
effect can be explained by a linear temperature dependence of the
absorption coefficient, a. However, it has been suggested that the
temperature dependence found was due to surface contamination of the
samples, and not any true temperature dependence for § of the metals.l

Surface Condition

It has been observed that when a material's surface is roughened,
its secondary emission yield decreases.24 The explanation for this
effect is that when a surface is roughened, microscopic Faraday spaces
(spaces without fields and from which no secondary electrons can be
emitted) are formed. This effectively decreases the total area from
which emission may occur.

Angular Distribution of Secondary Electrons

Secondary electrons have been found to have a roughly cosine
distribution.25-27 This distribution can be understood by the
following formulation.2 The current density in the material is given
by

js(l)(x,e,ﬂ)dedﬂ = N(x,e£,R2)vcosBded , (C-45)

where ¢ is the secondary electron energy, x the electron its depth, ©

1s the solid angle, N 1s the secondary distribution 1in the material, v
is the electron speed, and B8 is the angle the electron velocity makes
with the normal to the surface. The conservation of energy and momentum
yield
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e =¢e¢ +W (C-46)

vsinB = v'sind (C-47)

where the primed values are those outside the material, ¢ is the angle
of the secondary (outside the material) measured from the surface

normal, and W 1s the potential step at the surface. The current density
at the surface (x = 0) is

5 (e",andetan’ = 3 M (e, 0)aean (C-48)
which can be written as (using Eqs. (C-45) through (C-48)) as
1,(e"50") = N(0,¢,B) (e'/e) vcosp (C-49)

or

1g(e"59)/3,(e",0°) = N(e,8)/N(e,0°) coso . (c-50)
For an 1sotropic distribution,
jg(e'sd)acoss
which is 1n rough agreement with results.
Energy Distribution of Secondary Electrons

The energy distribution of true secondaries has been observed to be
independent of primary electron energy.5 This can be understood by
integrating Eq. (C-49)

js(a') =v [ £'/e N(O,e,R)cosopdq’ . (c-51)
Using Eq. (C-47) and definition of dQ' yields

Jq(C') = v [ N(0,e,B)cosBsinBdR . (C-52)
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While the magnitude of the distribution, N(0,c,B) should be affected
by the incident electron energy, its form should be nearly independent.
This would have the effect of making the relative energy distribution,

JS’Rel(E') = jS(E')/IJS(e')ds' s (C-53)

independent of incident electron energy.

It should be noted from Eq. (C-52) that as g + 0, E' >~ 0 and
jS(E') + 0. Thus the energy distribution curve will always start at

zero energy.

An example of an energy distribution is given in Fig. C-1.
Although this distribution is for a metal, many insulators have been
found to have similar distributions.

Secondary Electron Emission from Polymers

The polymers suitable for insulation over high voltage solar arrays
are primarily polyimide and teflon. Therefore, this section will be
aimed at characterizing those materials.

Work done on polyimide and teflon 1s scarce, and all the available
literature found will be mentioned. Leung, Tueling and Schnauss29 have
measured the secondary yield, §, of polyimide at normal incidence.
Matskevickl4 has measured the secondary yield of several polymers,
including teflon, at normal and non-normal incidence, as well as
measuring § at several temperatures for polystyene. Gairll has
measured both the backscattering yield, n, and the secondary yield of
polyimide at several angles of incidence for primary energies of 10 to
80 keV. Willis and Skinner30 have measured the total yield, o, of both
polyimide and teflon.

Lueng, Tueling and Schnaus529 found that their measurements of ¢
fit well to the model of Sternglass.7

The data for teflon from Matskevick,14 for normal incidence at
20°C, was found to be modeled well by Sternglass' expression, Eq.
(C-23). It should be noted that these data were previously fitted to
Lye and Dekker's® expression for a universal yield curve by Wall,
Burke and Frederickson.3l This fit was found to be inferior to the
fit obtained using Sternglass' theory. The secondary yield for teflon
and polyimide are shown in Fig. C-2.

The angular dependence for teflon and polyimide was found from
Sternglass' theory, Eq. (C-26). The values of B, as well as other
parameters for teflon and polyimide are given in Table C-1.
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Matskevickl4 found a temperature dependence for § for polystyrene.
The temperature dependence varied with incident energy and angle of
incidence. For normal incidence, the dependence vanished at approxi-
mately 800 volts, while at 60° incidence an avarage dependence of

T~l/4 was found over a range of 2000 volts. While this data conflicts
with Dekker's theory for temperature dependence, there is not sufficient
data to compare with Sternglass' theory, as such, Dekker's temperature
dependence will be used in the absence of any better theory.



92

Table C-1. Important parameters in the secondary
electron emission yields for poly-
imide29 and teflon.l4

Polyimide Teflon

§ 1.8 235

m

Em (eV) 250 410

8 (eV)'l 0.126 9.88 x 1072

EII (eV) 1000 204

B (eV) 50 50

%

7EI and EII are the two cross over points, i.e.,

the values for E were § = 1.
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