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1. INTRODUCTION

11 Background

It has been known for over two decades that electron irradiation of insulators
cap produce an accumuldtion of charge sufficient to cause dielectric breakdown.
The first published description of this effectappears to bb due to Gross! who
investigated dielectric breakdown produced by 2 MeV &lectrons in Plexiglass,

This and subsequent publications on electron induced breakdowh by Giross and others
(see bibliography) contained only qualitative or semi-quantitative descriptions of

the phenomenon. Also, electrons with energies greater than 1 Me\' were generally

used to induce breakdown. Consequently, when the possibility that the problem

of spacecrah charging could be due to a similar effect was considered, that is.

that space-plasma blectrone incident on the dielectric mater.als used on the exter-

ior of satellites could causé chargeé buildup and subsequent dielectric breakdown.

l————

1. Gross, €. (1958) Irradiation effects in Plexigiass, J. Poiymer Sci, 33:135.




a lHterature search was hegun to determine how murh inforination was currently
available on the Intérdction of el@ctrons with energies comparable to thoseé 0n-
eguntered in space, In addition, the sedrch was to cover information that nipght
be useful in obtalning a more qudntitative description of electron induceod broak -
dawn.

Tre lterature scarch was originally intended to farm the hasis of un experi-
mental program wtth the objeetive of determining the required mauterin} properties
and electron interaction parameters needed for modeling eharge huildup :nd bredk-
down in insulators. However, it was found that a number nf publieations had up-
peared in recent years in whirh electrons with energies in the 1 to 0 kC\ runge had
been used to investigate insulator properties such as conductivity and charge storage.
As the search continued it was found that much of the data needed :ppeuared to be
available in the literature, but it was scattered among reports related to various
interests ranging from fundamental properties of insulators to engineering applica-
tions such as electrophotography and electrets. Also, results obtuined for specific
properties ahd parameters varied widely among different authors. It was therefore
decided that the literature search should be continued in depth in order to evaluate
and correlate the available data prior to initiating an experimental program.

Only a brief overview of the results of the literature search ¢an be given here.

A partial list of the references covered is included in a bibliography at the end of the
paper to enable the reader to obtain moré complete coverage of particular ureéas of
interest. Although inorganic insulators were also considered inthe search, we limit
coverage in this paper to tho organtcs, primarily Kapton and Teflon, for the sake of
brevity.

1.2 Factors Covered in Literature Search

Figure 1 illustrates the electron interactierns related to charge buildup in insula-
tors, Energetic electrons incident onthe insulator penetrate the surface of the
maierial, Some of the electrons undergo elastic (coulombice) collisions with the con-
stituent atoms and arc? "backscattered" out of the material. The remaining elec-
trohs interact inelastically with the orbital electrons of the atoms generating elec-
tron-hole pairs by ionization as they lose energv and eventually slow to thermal
energy near the end of their maximum range in the material. (Interactions such as
significant x-ray production, dtdmic displacements, etc, , are neglected here.) Same
of the electrons produced by ionizution escape from the surface of the material ae
secosndaty elestrons and these, along with the backscattered electrons, reduce the
net excess charge that enters the matetial from the initial incident electron flux,
The remaining electron-hole pairs and the thermalized Incident electrons act as
current-carriers, producing a region of enhanced (radiation induced) conductivity
in that portion of the insulator included in the range of the incident electtons, The
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Figure 1, FElectron Interactions Related to Charpe
Buildup in Insulators

time integral of the net electron current penetrating the insulator 1s the charge
accumulated bv the insulator. ‘I'his charge can drift under the influence of its

own field, or image fortes, toward an electrode attached to the material, [f it
cannot drift and be removed from the insulator at a Sufficient rate, charge buildup
cah occur producing an electric field strong enough to cause dielectric breakdown.
In the configuration shown in Figure 1 for example, the charge would have to drift
through the region of intrinsic conductivity to be removed from the insulator, The
intrinsic conductivity of most good insulators, such sapton and Teflon, is much
too low to permit a sufficient rate of drift 1o prevent charge buildup. In some
materials. however, it may be pcssible to take advantage of the region of radiation
induced conductivity by applying an electrode to the surface of electron incidence
to remove the excess charge.

From the above brief description of the processes involved in electron-induced
charge buildup in insulators it can be seen that the factors that needed to be covered
in the literature search were:

(1) Conductivity (including thermal, high-field, and radiation effects),

(2) Secondarv electron emission.

(3) Electron range and rate of energy loss.

In addition to these, dieleétric breakdown processes were also covered in
the search.



3 CONDUCTIVITY

21 Pasaineters Needed to Uharactevize Cotiductivity in lasilators

The energy band model, used to deseribe conduction praceases in erystalline
aolids sich as aemiconductors, has generally heoen adapted to wpply to ammarphous
materials sueh us arganic tand most inorganie) inavlators, Conseguently, the ex-
pression for the eouductivity of an insulator is given ua

0= elnu, + n_p) (n

where ¢ is the conductivity, e the electron charge, ", the concentrition of holes (+)
or electrons (-) Inthe conduction band and u, the corresponding mobility, (llere
we negleet the possibility of current transport by hydrogen nuclei considered hv
some authors as charge carriers in organic materials,) Becuuse nrganic insulators
contain a high concentration of trapping centers distributed in energy between the
valence and conduction bands, the mobilities in t.q. (1) eunnot be interpreted as
simply as thev can, for example, for semiconductors. t'or the insulators, con-
duetion is usually described as a ""trap-hoppirg’” process in which the carriers move
from one trapping canter to another, remamning for a finite time at each center.
Values of mobility s re the ~efore usually given astime-averages, calied the trap-
modulated mobility.  ‘Che value of the trap-modulated mobility is a function of the
number of available traps, that is, it depends on the number of trapping centers that
are occupied. Consequently, it is a functjon of the number of excess carriers in-
jected into the insulator as well as temperature, elertric field, and time.

In addition to the charge carrier mobilities, values of the following parameters
are needed to model conductivitv in insulasors:

(1) n: The cencentrntion of potentially available charge car=iers, that is,

trapped plus mobile ¢harges. This includes intrinsic carriers as well as those

injected from external rources,

(B W The activation energy of parameter x for

X = X, exp(-'wx/k'r) (2)

where k is Boltzmann's nstant, T the abgyolute temp~ruture and X is a
parameter such as the concentration of carriers in the conduction hand,
mobility, or a combination of parameters such ng conduetivity, It is not

. s Oh—

Some authors give values of mobility for carrier transport between traps and these
can be several orders of magnitude greater than the trap-modulated mobilities. In
using these values of mobility iq. (1) must he modified to inelude trapping param-
eters,
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always clear from a given paper té whish factor the author intended

the aetlvation energy to apply, but its value {8 frequently reported since

most of the pararmisters related t6 conductivity ghow the expsnential farm

of B4, (2) ¢ver a range of temperatures,

{3) Nt’ The cbncentratlon of trapping ¢énters,

(4) Eg: Theenergy, ot depth, of trapping centers, This alorg With N

(as a function of Et) gives the trap distributioh in an insulator. Frequently,

however, a ''gingle trapping level"™ model is used Which agsumes that all

traps are cohcehtrated at.a single level. In this case the value of By

reportéd is actually a Weighted average over N,.

(8) 7 : Carrier lifetime between traps. Thig paramster may alga

appear in ihe literature as the time spent by a carrier ih traps. It is

not always cleat. Which meaning a particular author has givento z.

Another form of this parameter is the recombination coefficient, designated

by various symbols, that measurés the fraction of carriers that remain

free per unit time.

(6) n : The number of carrier pairs generated per incident electron

{or photon). This parameter is related to radiation induced conductivity.

Another quantity frequently uged instead is the enérgy that must be

dissipated in the material by an électror or photon to produce a single

carrier pair.

Although there are other parameters used in modeling conductivity, Bome of
which are alternates for—or combinations of— the above, those listed aré the most
frequently encountered inthe analygis of ¢onduction processes in insulators. It
should be noted that the symbols used inthe literature for varioug parameters are by
no means uniform. THose used here are probably the most commonly éricounteread,

2.2 Methods Used to Measure Conductivity Parameters

The method uged 10 meagdure a particular conduetivity parameter Can signific-
antly affect the value obtained. This iz due, at least partly, tos the fact that the
technique used to measure the parameter may affect tue ihsulater in a way that
cannot be accounted for in the model used ti, interptet the results of the meagure-
ment. When taking the value of a paramster for ingulator cbnductivity frém the
literature, therefore, it is important to be aware 6f the methbd used t0 medsdure it
in oxdér to evaluate its validity for the application intended.

Figure 2 shows: schematically fbur rethods used to detefmirie conductivity
parametcrs for organic insulators. Part (a) of the Figure ghows the *classic™
uthod used to measure conductivity. Electrodes are pressed, painted, or evap-
oratéd ontd two opposite surfaces of the sample. A potential, V, is applied to the
electrodes and the current, I, through the insulator {8 méasured by meter M. The
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Figure 2, Methods Used for Measuring Conducétivity Parameters in
Insulating Materials

conductivity can then be caleulated from the ratib of 1 to Vv and the dimensions.of
the sample. By varying the applied potential and ché temperature, the conductivity
48 a funétion of electric field (E) and temperature (T) can be obtained, From this
data an activation energy, W, for cérductivity can be derived. The problem with
thig method is that the electrodes can have a significant affect oh the results ob-
tained, Lilly and MeDowell? used this method to measure the cohductivity in Mylar
and Teflon. They found that their results did not agree with theories of current in=
jection from the electrodes which must be accounted for in measurements of thls
type.

The Procedure illustrated in part (b) of Figure 2 reduces séme of the electrode
effects by using the electrodes as ¢harge collectore instead of gourées of current
carriers during the measurement. The sample {5 precharged either before or after
application of the eléétroded by ekposurs to an eleetron beam, a coréna dlgcharge
or application of a potential. The eharging source le removed and a meter attached
to the electrodes to measure either €he potential betweéen the electrodes or the
current (hiarge) released by the {rsulator as a furiztion of time and temperature.
The resultant data can then be used ta determtne parameters uch a3 agtivation

2. Lilly, A. C., Jr., and MéDowell, J. R, (1868} High-field Conduction in filmsg of
Mylar and Teflon, Ji Appl; PhHyS, 22:141.
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energy, the préduct of mobility and éarriér lifetime, dnd the number of Initially
trapped ¢arrlers (ﬁt). Perlman anti Ungers uled this methdd with electron=charged
gdmples to rmeadure trap densities in Teflon,

Part (¢) of Figure 2 shows a Method that has recently been used fairly extensive-
ly because of it8 versatility and reliability. An electron beam With ingufficient
energy t6 fully penetrate the sample IS ueed to &upply charge to the insulator, The .
electrode on the surface bf electron incidence ig thin enough td be transparent tb the
electrons. The applied potential, V, is usually low enough (it may be zero) to
minimize carrier injédtion from the electrddes. Obseérvation of the currents Iy,
which originates from the region of radiation induced conductivity (see Figure 1}, arid
Iy, which is the net sample current including that in the non-irradiated regibn,. as
functions of time, yields values for the mobility, carrier lifetime, the average Clec-
tric field (E)in the inlulator, the number of carrier pairs produced per incident
electron and the stared charge. Details of this methbd have, beet analyzed by
Cross, Sesgsler, and west.t

The methbd illustrated in part (d) of Figure 2 reduces electrode and other
extraneous effects to @ minimum. The sample has a grouhded electrode on Ohe
surface only. A charge is deposited on the surface of the sample and the surface
potential measured asg a function of time with a non-contacting electrostatic probe
(E-S). The surface potential de¢reases in time as the charge drifts through the in-
suldtor under the influence of its own field and image forces due to the presence of
the grounded electrode. The regultant data can be used to caleulate the intrinsic
tnobility of the Charge carriers deposited on the sample. The activation energy for.
thé mobility can be.obtained by repeating the measurement at differént témpéeraturesa .- .oow e e
This proacedure wag introduced by Davies® to investigate static charge decay in
polyethylene and zlags, It was further developed by Batra et al” for the analysis of
materials used in electrs-photography, It ha8 recently been applied tb other in-
sulating materials because it is perhaps the best method currently available that can
give an unambiguous measure of carrier mobility in very low-conductivity materials,

2.3 .Carrier Mobilities in Teflon

Although many of the parameters used in médeling conductivity have been
measured for & variety of insulators it is not possible to consider all of them here,

3. Perlman, M. ., arid Uager, S. (1872) TSC study of traps in electron-irradiated
Teflan aud Polyethylene, J. Phys. D Siel1s,

4. Gross, B ,Seasler, G, M. , and West, J. E. (1974) Charge dynamles for elec-
tron frradiated polymer-foll electrets, J, Appl. Phys, 45:2841

6. Davies, D.K: (1967) 1967 Static Electrification Conference Institute of Physics
and the Physieal Soclety, Lo doti, p, 28,

6. Batra, L. P,; Keijl Randzawa, K, , and Seki, H. (1970) Discharge characteris-
ti¢d of photocanducting insulators, J. Appl. Phys. &:3416.
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gven for one material, This {s because bf the diversity &f values of some of the
parametérs reported fOra given rmaterfal as well as the faet that all authors do not
présent the valueés they obtain in the same way, FOr example, carrier lifétitie, as
indisated in Section 2.1, &dn be réported with different (but equivalent) phydical
mednings and ita value may be reported a¢ a #ingle value or a8 the coefficient of an
exponential function sssosiated with an activation energy. The purpose of thisg
section IStO {llustrate thig diversity of values and show that one ghould not sirmiply
accept a value fér a given parameter fraom the literature without first evaluating its
gource, To do this, we have chosen the valueg of mobility for Charge carriers
found in the literature for Teflon as an example. Table 1 shows Bome of the mobil-
ity values found.

Table 1 Value6 of Carrier Mobility in Teflon

Mobility (em>/V-sgec) l Comments 1

gx 10”12 Hole from 0.7 eV trap.
7 6x10" 14 Hole from 1eV trap
7,4x10722 Electron fram 1.8 eV trap
1.3x10°9 Electron Charged sample

£4x16710 Electron induced conductivity

~5x10'17’ Résm termperature, non-irradiated
31074 Hole, pulsed electrons
5 10'5 Electrod, pulsed eléctrons

The first three mobility valuées are from & recent paper by Seséler and West. ?
They used the spen-céireuit method shown in part (d) of Figure 2, precharging the
gsarnple by application oF a voltage t6 the open surface of the sample before starting
the measurerient, The temperdture wag raised frém absut 20 to 200°C during the
surface petetitial meiieurementa. This8 gave mobility 48 a function of temperature
from which the activation energies (shown in Table 14s trap levels in eV) &f mobil-
{ty were derived. The values df mobility skhowt in Table 1 were derived from &
plot of mability vs temperature given in the paper and Were extrapslated tb roorm
terdporatare (300°K) for éomparigon with the éther values shown, It IS clear frorm
thede results that holes dre the predominént &harge carrier in Teflon,

7. Sesslsr, G M., end West, J. E. (1976) Trap-moduldted mobility of elestroris
and koles in Teflérn FEP, J. Appl. Phys; waaaos
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The fourth value of mobility shewt is from a paper publishéd a few months
earliér by Grossd, Sesdler, and West. 8 the sample was electron irradiated as in
method (c) of Figure 2, raising theé temperature from rosm tempeérature to °50°C
It i not clear frbm the paper at What temperature the value of mobility reported
applies. The authors attribute the higher value of mobility (they reference unpub-
lished work of Sessler and West, which is pt'obably ecur Reference 7 that had not yet
been publiBhed) to a greater concéntration of ¢lzctrons obtained by irradiatibn in-
stead of véltage-charging the ¢aniple, Although the sign of the carriers was riot
determined, they were aggumed-to be holes injected by image forces from the
electrode adjacent tb the non-irradiated regidn of the T&flon, and assume the higher
value of mobility was dbtained becauee more traps Were filled in the sample.

The next two values of mobility in Table 1were also determined by Crbss.
Sesslér, and West4 using method (c) of Figure 2, but without changing the simple
temperature, Approximate valueg for Bome parameters were used to calculate the
mobility from the data, thus the *"less than ¢r equals" sign béfore the value given.
The estiniated mobility in the non-irradiated region of the samplé was derived from
charge-decky estimates and the authors State that the value abtained is prbbably
too low.

The last two values of mobility in Table 1 were obtained by Hayashi et al® using
pulsed electrons in a modified version of method (c) of Figure 3, Inthe model used
to interpret their data, they asswmed that bbth electrong and holes could act as
charge carriers. Thiz may account fbr the much higher values of mobility they
report.

Frbm the example given, it can be seen that in selecting a parameter for madel=
ing ebnductivity in an insulatbr. one must be very careful to evaluate riot only the
method used to obtain it but dl8o the authsrs' interpretation of the data. Lacking a
better basis on which to judge the parameter values available, it is prebably best to
select a value that has been meagured by a method most closély redembling the
application one ha9 in mind for tho data.

2.4 Temperature Dependence of Conductivity

The temperature dependence of conductivity for most insulators usually follows
the exponéntial form

o = Aexp (-W/kT) 3)

8. Gross, B.. Sessler, G M. , and West, J. E. (1978) TSC studiee of carrier trap=
ping In electron- and ¥ -itradiated Teflon, J. Appl. 1'hys, ﬁ:sﬁ&.

9. Hayashi; K,, Yashino, K. , and Iiuishi, Y. (1973) Mobtlity measurements in
pélyiers using pulsed electran béams, 1873 Cotifererice on Electrical Insyla-

tion-and-Dicteetrie-Prensrrers (Natiorial Academy of sciences, 1974), pp 424-
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near and above réom temperature, Here, A aiid W d4re empirical constants, As
in Eq, (2) ¢f Seetish 2. 1, W i the activation énergy of conductivity, Starting st
lower temperatures (Pol'eramble, near 80°K) different values 6/ W axe found as
the temperaturs {8 ralsed, correspdnding to the emptying of different t¥ap levels.
(Actually this océurs above rédm temperature dlsé, bt is aot usvally observed
except in very ¢arefully contrblled experiments. )

The temperature depeddence 6f conductivity 13 usually measured by the method
showh in part (a) of Figure 2. As mentionéd in the digcussion of that methséd (Sec -
tibn 2. 2) the ¢lectrodes applied tu the sample can influence the results obtained.
The Material used for the electrodes, the nature 6f the contact (Ohmic, blucking,
etc. ) made with the insulator, and effects such as Schottky emigsion (essentially
the thermionic emission of.carriers from the electrodes into the insulator) must be
considered in the measurement. Because of difficulties in evaldating the electrode
effecte, theoretical values ofF A and W are nst usually in good agreement with ex-
periment.

The values obtained for A and W &lss depend on the sample thickness and the
potential used in the meagurements becausé the cohductivity of most insulatsrs {8
a function of the éleétric field applied. For example, with dn applied field of
approkimately sx10% V/em, Ambbrskiw found the activation energy foét Kaptca to be
about 1eV. Hanszcomb and Caldez‘wood“ measured the cirrent pdssed by samplés
of Kapton as & function of both applied field and temperature. They extrapolated
their data to zero applied field and found the &ctivation etiergy to be 1.55 eV. (No
compdrisorn can be made between the values of A for these two papers because of
insufficient data.)

25  Eleetric Field Dupendence of Conductivity

The Conductivity of {nsulatérs ag a funetion of applied electri¢ field has been
measured by a rurnber of authors, many of whom developed theéries to explain their
data. Adamee and Calderwood!? developed the follewing relatibnship for the rela-
tive Conductivity bf insulators &8 a funétion of applied field:

i1~ . 2+ cosh (8 F%/2KkT)
oloo = - (4)

whére

10. A;‘hbbrsm, L, E, (1963) H-filin —~a new high temperature dielectric, Ind, and,
Eng. Chemi. -Préd, R and Dwzwzias.

11; Han&comb, J,R., and Calderwadd, J.H: (1873) Thermdlly assisted tunnelling in
polgimiide film under steady-state and traraient conditions, J. PHys, U 6:1093.

12. é&ame_éh V., dhd Ca‘lde;pW(:iod;gJésH‘ {1878y Electrical cbnduction in dielectrics
&t high fields, J. Phys, D 8 1.
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They comparédthis expression with theories developed hy Six other author$ tb show
that it gave the best fit to data for Kaptbn, Mylar, Pblyethylene, and other insulators.
Figure 3 is a plot of the relative conductivity of Kapton va applied held c¢aleu-

lated from Eg, (4) comparéed with meagurernents from Reference 12. As canbe
seén from the plot, agreement between theory and expérimert t& very gosd, Sim-
ilarly good agreement was obtained for the other insulators for which comparigons
were made,

RELATIVE CONDUCTIVITY
vs
APPLIED FIELD

o MEASURED
~ CALCULATED

100

/
TEFLON

TP T T

&

Trllllll

ELATIVE CONBWITIVTY b))

T

(Y SN TS T B B O Y
104 10 108
APPLIED FIELD (V/¢in)

Figure 3. Deperdence of the Conductivity of
Kaptbd and Teflon on Eléstric Field. Kapton
data taken from Reference 12. Solid curves
caleulated from Eq. (4)

Because of the 16w conductivity of Kaptbn at robm témperature, the data shown
ih Figure 3 Was takeh at 250°C. For cormparison, we used Eq. (4) to calculate the
field deperidénce of conductivity for Kapton at 25°C. The results are also plotted
in Figure 3 alodg with the results of a similar calculation for Teflon,
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2.6 Radiation Induced Conductivity

The geserally ascépted ekpressidn for the lndrease {n condustivity tnduced in
an tnsulator by energetic radiation is

¢ - 0, « KDA (5)
where
o5 - the intrinsic condustivity,

o conductivity during trradiation,
D dosie rate,
K.A. =—constants,

Although in prineiplé the constantd K and A ctin be predictéc théoretically,
empirical yalues are invariably used Theory predicts that K and A.ghould be in-
dependeht of the type and energy of the radiation (that i8, electrone, gamma- or
x-rayd), butthe empirical valués reported differ among varicus authors by too
great a ratige tb confirm this. Thé reasons for the differences are not clear, but
ae with other measurements on insulators, particularly pélymers, it cbhld involve
electrode effects, thermal effects, etc., as well ag changes in material properties
caused by radiation datnage during the measurements, However, the constant K.is
the more #ignificant of the two becaube A is the most frequently found t0 be within
10 percent of unity. Errors in A therefore have relatively little effect on the magni-
tude bf the induced conductivity calculated from Eq, (5),

To {llustrate the difference6 that can oceur in the value of K, Table 2 shows
the range of K found in the literature for some of the polyrers,

Table 2. Range of Values of K in Units of sec/Q-cm-rad.

Material Kmax’ Km{n
Kapton gx10~18 1.zxmf‘9
Teflon X6~ ax10718
Mylar 2, 110”19 1, 8x16~19
Polyethylerie 4.5%10"18 ax10°19
Polystyrere 1x16°18 ax10°18 |

AB with other parameters assotiated with insulators, it i8 probably beat tis
select a valde ai K from: the literature tHat wasé detérminéd urider conditiond moet
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clbeely related to the application intended for the ddtd, For upper and lewer limit
calculaitions, the Appropriate maximum or minimum value should be used,

3. ESTIMATION OF ELECTRIC FIELD DEVELOPED DURING
ELECTRON IRRADIATION OF AN INSULATOR

Analysis of charge transgport in électron-irradiated polymers in some recent
papsrs has suggested the fallowing application of radiation induced conductivity
data. While measuring electron iaduced conductivity in polyethylene terephalate,
Beckley et alld experienced difficulties with frequent electrihal breakdowns of thair
damples. They used ad analysis based on whrk by Nunes de Oliviera and Gross 14
to show that the breakdowns cbuld be caused by fields built up by differential charg-
ing 8f the in8utator durihg irradiation. Beckley and hig csworkers based their
calculations bh a semewhat more cbgcure form of the original relationiships de-
veloped by Nunés de Oliviera and Gross.. We use the expressibns from the paper by
the latter authors to illustrate the procedure for Kaptbn and Teflon.

Referring to Figure 1, assume that a grouhded electrode i8¢ located on the sur-
face of électron incidence of the insulator as well at on the opposite surface. After
correcting for secondary emission and backszatier, take the net currént entering
the insulator to be I,. Assuming no current flews in the nbn-irradiated regioh of
the inguldtor (region Il of Figure 1), at equilibrium the field in the irradiated region
(region I of Figure 1) will be

Fl = 10/61‘ r (6)
where 0, is the radiation induced conductivity, since the current entering theé region
must equéat the current leaving (by Kirchoff's law). (Note that we have ignored the
direction of the current flsw, ang therefore the field, which would héve no relation
tb the occurrence of breakdown.) The dose rate in rad/sec 1 region | {8

B = (dE/dsx101! Iy )

where dE/dx {8 the rate of energy loss of the electrons in Me‘V-cmZ/g ard Iy is In
amperes, Combinirg Bq, (5) farthe radiation induced condustivity (neglecting %
and taking & = 1) with Ege. (8) and (7) gives

F o= 1/de/dextollk | (8) .

13, Beckley, L. M., Lewis, T.J., and Taylor, D. M. (19748) Eiéctron-beam -induced
cotiduction in polyethylene terephthalate films, J. Phxs. D 3:1355.

14. Nunes de Ollviera, L., dnd Gross, B, (1978) Spacé -charge-limited currents in
electron trradiated dielectrics, J. Appl. Phys, ‘43:3132.
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Sirice the potential across the sample is zerd
. : - - - 9
F,R = F,(D-R) (9)

where R is {he electrbn range and D the sample thickness. The field in the rién-
irradiated reglon, F,, is therefore

Fz = FIR/(D-R) . (10)

Figtire 4 shows plots of F( and F, vs electroh energy for a rang: of thicknesges of
Kapton and Teflon. The values of K used to calculate the plots Were taken from
Weéingart., 15 These K values are relatively low &6 that an upper limit est{imate of
the field {8 obtained (far Kepton, K = 1, leo'lg gec/Q-em-rad and for Teflon

Ko 3, 1x10'18 sec/Q-em=-rad), Ag can be Been from the plots, Breakdown 18 most
likely to secur at the surface of electroh incidence. .The field in Kapton approdches
the breakdown range of the order of 106 V/em mutch more rapidly than the field in
Teflon. However. Teéflon haa a lower dielectric 8trergth than Kapton ard Grose
et a11% have shown that breakdown may occur in electron irrediated Teflon at least
a faetor of 2 below the published dielectric strength. If there IS a #ignificant cur-
rent {low in thé nun-irradiated region of the insulator due, for example, tb field
enhanced cotductivity whieh has been neglected here, the fields calculated from
Egs. (8) &nd (10) would be reduced by the factor (1-I/Io).- where | ia the current in
the non-irradiated region.

These caleulations shoiuld be understood to give bnly tough estimates of the
fields built up in ingulators during electron irradiatibn since several factorg that
could affect the results have been neéglectied, For examplé, charge drift during
the traneient period beéfore equilibrium tg reached has been ignored, as well a3
podsible radiation effects, (ridge forees at the electrodes, the previously mentioned
field enhanced conduction, etc. However, the protedure is a simple way of evaluéts
ing materiala regarding their relative tendency to break dswn durifig electron

(Jrradiation and shows that making both surface# of an {nsulator conductirig Will riot
necedsarily prévent bredkdown,

15. Weingart, R, C,, Barlett, R, H., Leé, R.S,, and Hofer, W. (1872) X-ray
{ndused photbeonductivity in dielectric films, IEEE Trans, Nue, Sel,

Q S-19(No. 6)s15.
18. Gross, B., Sesdler, G, M, , and West, J, K. (1973) Conductiof and breakdswn
{n polymeér follg charged by electron irradiation, 1973 Conférerce o
%’ lectrical Indulation and Dielectric PHénothend (Natlonal Academy of Scieficés,
), p. 465,
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Figure 4. Estimated Equilibrium Ele¢tric Fields
in Kaptbn and Teflon Re&ulting From Eléctron
Irradiation, Grounded condudtive coatings on both
surfaces of sheets of the materials With thicknesseés
indicated. Fq ill the field in the region batweéen the
surface of electron trcidente and the electton rahge.
Fy 18 the field in thé non-irradiatéd reginn which IS
assumed to be nén-condtieting, The curves for Fg
in Teflon terminate near the energy at which the
electron range exceéds thé inlulator thickness

4. SECONDARY EMISSION

Becaude of it practical applicationg, sécondary emission has long been a
subject of {nvéstigation, A8 a result, a considerable vblume of data ¢x{&t& cover-
ing mary materials tneluding orgatiic ard inorganic insulatsrs, Although not all
{ricident eleetron énergies of interest have been covered for all. matérials, sound
theoretical and semi-émpirical relationships have been developed that can be used
to extend the available data. An example of sutH a reldtionship IS the "uriversal
decontlary &migsion cutve", It id given by

b . gn(xm ElEm) "
=
'5;" g, (X (11)
where
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g, () - (1-exp(=sM)/x" "
A o geeondary einisslon coeffleiornt,
A O makimum value of 8,
E © {ndidont cloctron energy,
E., = value of E at which 6, oceurs,
%, © value of x for which g, has a maximuim,

For & given raierial, 2. and n mist be determined numerically to fit the
available data, Most ineasutred values of the secondary eniigélon coefficient can be
fit t6 the whiversal durve, In fact, {f data {8 found that eannot be fit ¢o the curve,
there were probably ¢¢#ors made during meaeurement of the eoeffiéient.,

Flgure 5 shows eecondary emlssion data far Teflon taken from Matskévieh”
f{tted eo the universal curve. The data was taken from a plot in the paper and de-

viations of some of the points from.the eurve are probably due a8 much to réading
the plot ag th experirnental errér,

1.0
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. o 8p 02.2), EM s 0.4 K8V

-, 08 o = CALEULATED,~s 1729
€07
= 06 ]
d os Flgure 6, Unilverdal Seconddry
W o4 Emission Curve for Teflon Fitted
2 o: to Data Taken From Reference 17
1 0.
x 02

ol

L .l—.J...«L..J....L.J—...L—.J.—-J
0! ?2 3 45 67 8 910

RELATIVE ENERGY (E/E.)

For eléctrén energies above about 0,8 keV, thé following empirical rélation-
ship hélds well:

6 o KE™™ (12)

where K and M are cbnetante. Fer moet srganics m 18 féund t6 be about 0,726 and

K deperids on tte specific rmiaterial, Figureé 6 shows Galr's data' 'for Kapten and

the Matdkevieh data for Téflon fitted to Eq. (12).

17, Matskévick, T.L. (1060) Secondary electron emisdion of some polymers, Fiz,
Tverd Téla., Akad, Nauk, SSSR 1:277, (in Russian).

i8, (air, s. (1974) Electron backscattéring eiid secordary vlection yield measure-
ments froni diglectric materfals, Proc. [EEE Ann, Conf, or Nuc, dnd

Space Rad. Effécts, p. 171,
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The angular dependence of secbndary emission follows the semi-empirical
relatibn

Sg = 60 éxp ¢ (1-cos @) . (13)

6 = angle of incidetice of electrons with respect to
the surface nbrmal,
8y = secondary emission coefficient at riormal incidence.
b4 = secondary emission coefficient for electrbns incident
at angle 6.,

The constant ¢ 18 deermined empirically, For moat polymers we have found
c-2.

5. BACKSCATTER

Since informatiorn on backscatter io needed for most secondary emission mea-
suremérnts, data On backscattetr {s dbout ea extensive as for secandary emission.
Theorstical and empirical relaticuehips hatre also been developed for the calculation
of beckscatter coefficients.
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For most of the avaf{lable data, the following empirical reldationship holds:

g = AE™™ (14)

Where § isthé backscatter coefficient, E the Incident electron energy and A and m
are constants, For the polymers, We have found that A = 0.1 and m = 0,2 fit most
of the evailable data fairly well.

The backscatter coefficient, 139 for electrod incident at angle 8 to the surface
normal was fouhd by Daa.r‘ltng-tonL to be given for metals by

By = B(ﬁols)cos 6 (18)

where 8, is the coefficient at normal incidénce and B a constant, ThiS éxpgession
algo fits the polymer data taking B = 1.

6. ELECTRON RANGE AND RATE OF ENERGY LOSS

Theré have been.nimeérdus measurements of electron range and rate of eriergy
loss for electrons with energied above 10 keV, Many smpiri¢al relatiofiships for
the calcuiation of range have been published ahd reliable theory has been developed
for caleulating both range and rate of energy 1648 above this eriérzy, Cémputér
generated tabulatisns, Buch as that by Berger and Seltzer, 20 hased on the theory
are available. For electron ensrgies below Ib kev, however, there have been
relatively few measurements and theoretical procédurés have noét been fully de-
veloped and tested.

Asghley €t al are investigating elestron range arid energy losa for energies below
10 keV under a contract with RADC/ETS (formerly AFCRL/LQ). A report i,
this whrk d¢ontaining a tabulation of range and rae of energy loss in aluminum and
aluminum bxide for electrons with energies down ta 1eV.is available, The wbrk {s
tgeing continved to cover other materials including polymers,

19, Da.rnng'ton, _ H. (1876) Backscattering of 1.-100 k&V electrbns from thick
targets, Phys D 88 85.
(St~ {n ) |of Chara  Particiés in Matter., ‘ 2 Actde . of
"?c!enmegséNatlonal Regéarch ieil wa ngton D C., Publication
138, 1984

21, Ashiey, J.C. , Tudg, C.J., Andereon, V.EE. and Ritchle, R, H. (1975)
Inverse Mean Free Path Stopplng Povrer, CSDA Range and Stragpl )
Aluminym and Aluminum Ox{de {0: Ei nergy £ e C L-
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.- DIELECTRIC BREAKDOWN...-

Although many experimental and thesreticsl studies of dielectric breakdown
have beeh. pétformed, it B difficult to obtaid a consist & view of the phenomenon
frém thé literature, Repedied measureoments of the dielectric strength of a givea--- -
insulating mater{al, performed by the same laboratory using a single procedure,
can give results differing by an order of magnitude or more. This variability i8
probably due t6 minute structural differences (such as thickness variations, in-
ternal gas pockets, variations in miicrocrystalline structure, etc. ) betweea sam-
ples. Djfférences in ambient conditions and measuring techhiques also have sig-
nificant &ffectd on thb resylts obtained.

The lack of consistent data on dielectric breakdown has made progr#s# in the
development of theories that can be ased to explain. and analyze the breakdown
process very diffieult, Some progress has beeh made in developing 4 theory for
dielectric breakdown in thin filmg of inorganic insulator6 such as silicon dioxide.
but very little has been accomplished in explaining breakdown in polymers. Struc-
tural changes, both microscopic and macroscopic, that occur in polymers under
electric dtress make analysis of the breakdown process very compléx, Much more
work iS needed in this area.

8. CONCLUSION

A.songiderable amount Of information related to electron interactions 4nd
material peoperties involved in charge buildup in insulators is available in the
literature. Altkough all of the parameters needed id this area for analysis of the
gpacecraft charging problem may not be available ih the open literature, much
progreds has been made in this diréetion, Perhaps the mést significant finding is
that, afterseme evolutionary errors, technigues have been developed for the
measurement ofthoge parameters that may be needed but for which data is dot
already available. Thedretical procedires fbr the &nalysis of the charge buildup
proces$ have progressed along with the me&gurement techniques and, although some
refinéments may still be needed, they are miuch mbre reliable than these available
a few years ago. These developrients have resulted from a renewed interest {n the
conduction and chérge storage prbperties of pblymere and other amorphous insula-
tors. Mast of the available information on thé&e factois have been generated during
the past ten years. In faét, about 80 percent of the relevant material found in the
search wab published during the past four years: If this tredd continued, much of
the {nformation réeded to evaluate insulating matériald for use on spadecralt may
soon appear in the literature,
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There are areas where the literature did.not indicate adequate pregress. AB
pointed out 2azlier, much move work (8 needed oOn the dielectric breakdéwn
processes in polymers. Relatively little work has been done on the effeé¢ts of armi-
bieht conditions &h parameterd such as carrier mobility, trapping éross-gectiéns,
¢tc., and the changes in material properties related to charge storage that could
occur, particularly in polymers, durlng prolongéd exposure to high vacuum, cryo-
genic témperatures, Low energy electron8 and other environraental factors that
may be éncounteréd in apace.

Although the open literature contains a very good base of information, only
data taken on specific satellite insulating materials under ¢ontrolled conditions and
with particle spéctrd gimilar to the space environment can properly teat the value
of this {nformation in relation to the problem of spacécraft charging.
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