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SUMMARY

A computer code (SCCPOEM) has been assembled to describe the charging of
dielectrics due to irradiation by electrons. The primary purpose for
developing the code was to make available a convenient tool for studying the
internal fields and charge densities in electron-irradiated dielectrics. The
code, which is based on the primary electron transport code POEM (ref. 1), is
applicable to arbitrary dielectrics, source spectra, and current time
histories. The code calcul:tions are illustrated by a series of semi-
analytical solutions. Calculations to date suggest that the front face elec-
tric field is insufficient to cause breakdown, but that bulk breakdown fields
can easily be exceeded.

INTRODUCTION

One of the major concerns generated by the spacecraft charging probiem
is the possibility of catastrophic breakdown and discharge of dielectrically
stored charge. By this time, ample experimental evidence is available to
indicate that such discharges do occur both in space (see, e.g., refs. 2-3)
and in laboratory simulations (see, e.g., refs. 4-12) of the electron charging
environment. While it is generally acknowledged that an understanding of these
events requires a knowledge of the internal fields and charge densities in the
dielectric, very little work on this problem has been reported in the space-
craft charging literature, the notable exceptiuns being the paper of Meulenberg
(ref. 12) and certain estimates reported in the NASCAP code documentation
(ref. 13). It is the purpose of this paper to describe our initial research
in developing tools for quantitatively understanding these important internal
quantities.

*
This work was sponsored, in part, by the COMMUNICATIONS RESEARCH CENTRE of
Canada.
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The general subjeect of charge trapping, charge storage, and current flow
in dielectrics is an exceedingly complex area of research (see, a.g., refs.
14=16) . Our apprnach to this problem for the situations of interest to satel-
lite charging has heen to develop a computer model (SCCPOEM) (ref. 17) of the
dielectric charging process which

] isolates the cssential features of the charging
process which depend on the dielectrie

(] is sufficiently general to permit comparison to
laboratory simulation data.

] is sufficiently general to permit easy application
to arbitrary dielectrics, electron svurce spectra,
and current time histories

] incorporates in a detalled quantitative fashion
all those features of the charging process which
are believed to be well«known

¢ has the flexibility to add modular units which
may be necessary to describe additional physics

] is inexpensive enough to run to permit parametric
studies

To achieve these goals, we have restricted the model to one-dimensional
geometry and have coupled the existing SAI Monte Carlo electron transport code
POEM (ref. 1) with various standard algorithms for computing the internal
charge and field evolution. The existing code configuration relies on macro-
scopic phenomenological descriptions of some of the important dielectric pro-
cesges (e.g., bulk conduction is treated with an empirically determined con=-
ductivity model). Work is currently underway to include a detailed carrier
statistics package into the code description of the trapping.

After introducing the basic features of the model, code results are
iliustrated by a series of special case analytical solutions which rely on the
basic transport calculations. The presentation utilizes the method of succes-
sive complication, i.e., the results proceed from the simplest to the most
complicated by the successive relaxation of constraints. Because dielectric
phenomiena are generally so complicated, we believe this method to be essential
for isolating those ingredients of the model which are critical. Future
research may then focus on these critical areas.

The analytical results are followed by completely numerical computations
for casee which are too difficult to handle analytically. All of the sample
calculations suggest that the front face electric field arisiag from the
charge separation of the deposited electrons and the secoundary emission elec~
tron depletion region 1is well below expected breakdown fields. As these
results are not in keeping with the Meulenberg discharge hypothesis (ref. 12),
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we pinpoint the assumptions which give tise to our results, discéuss limitations

of the calculations, and suggest experiments which may bé useéful in determining
the range of validity of our predictions.

ONE=DIMENSIONAL MODEL

Shown in figure 1 is the baaic one-dimensional model which is assumed
throughout this paper. We have chosen this model for several reasons. Our
primary concern is with thc. corditions which occur internal to the dielectric.
The indicated dielectric geometry provides the simpiest configuration which
can be investigated. This geometry has the advantage of isnlating the
physical effects occurting within the dieléctric from complicated multi-
dimensional &ffects due to transverse currents and fields. Additionally, it
is expected that a one-dimensional treatment of the dielectric %s an excellent
approximation over most of the dielectric area. That is, away from edges,
corners, holes, etc., the external conditions vary slowly transverse to the
surface compared to variations through the sample (variations in mils or less).
Relating the incident spectrum and primary current J; to the source spectrum
and current J, in one dimension is not generally justified. For a realistic
satellite configuration, this relationship can only be extracted by using a
three-dimensional code of the NASCAP type (ref. 13). Recoghizing this, we have
established our computational algorithm so that it will accépt an incident
spectrum and ¢urrent from other svurces. The specific relationship implied by
figure 1, however, is itself useful, Most laboratory simuiation arrangements
attempt to achieve this simple configuration to some degree. The computed
results may be directly compared to the data from these configurations to
obtain meaningful information. The additional merit of the configuration is

that complicated multi-dimensional effects do not obscure the atteémpt to under- .
stand the basic chargiiig process.

Several additional simplifications should be noted. It is assumed that i
the beam energy and current density and the model dimensions are such that

(1) the potential does not change significantly during
an electron transit time, and

(2) that space charge effects in the vacuuu are negligible.

For laboratory applications in the regimes of interest to spacecraft charging,
these assumptions are true to a very high degree of accuracy. Urder these

conditions, thé current demsity is constant throughout the vacuum region. We
also adsume that the source current is constant in time throughout this pdper. g
While there are undoubtedly interesting effects which may be studied by &
modulating the bedn current, we felt it best to iriitiate our studies with thé 1
customary laboratory condition of constant current. The code version of the
model, SCCPOEM, easily accepts time-dependerit currénts. We do, however,

explicitly consider two separate time histories for the source spectrum, We 5
The "normal"

arbitrarily designate these as the “normal" and "feedback" cases.
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case corresponds to the typical experimental circumstances in which the source
spectrum is constant. The “feedback" case _s distinguished by having an inci-
dent spectrum that 1s corstant. Experimentally, this would correspond to
applying an additional accelerating voltage to the source spectrum which
exactly cancels the retarding potential of the charged surface. From an
analytical point of view, this condition has the merit of maintaining constant
source terms. Expeérimentally, this configuration could be useful for studying
the dependence of important charging quantities (backscatter and secondary
currents, for example) on the sample voltage and charging history.

Our notation for a number of the primary quantities, and our choice of
spatial coordinate system is given in Figure 1. The capacitance (per uvniv
area) of the dielectric surface to the left hand plate (®) C, is related tc the
distance to the surface L by C, = €,/L, while the sample capacitance Cp is
related to the sample thickness § by Cp = €/§ (€, and € are the permittivities
of the vacuum and dielectric, respectively). For laboratory conditions C,
(capacitance to tank) is normally determined by a dimension somewhat smaller
than the distance to the electron source. u2nerally, however, the condition
€y << Cp holds. We still often find it convenient to eliminate the dependence
of the solution on thi: laboratory dimension, and will take Co = 0 (with
appropriate limits). The eaquations describing the basic charging process are
well known and have been documented elsewhere (ref. 17) for the model presented
here. They are presented as needed in the course of the text.

THICK SAMPLES — EXTERIOR CHARGING VARIABLES

The external charging process may be characterized by a simple circuit
model. The equations of the model are

dVo _ _

Co 3t = Jo -J (1)
dVD _ _

CD ac = JD - J (2)

where V_ is the potential drop from the left hand plate to thke surface, Vp is
the drog from the surface to the right hand plate, and the other symbols have
the meanings noted above. Equations (1) and (2) are a rigorous consequence of
the Maxwell equations. During the normal laboratory charging operation, the
sample pldte is connected to ground using a low value resistor, so that effec-
tive short circuit bounddry conditions are the rule (V, + Vp = 0). We con-
sider this case exclusively throughout. Under these conditions, the external
{short-circuit) current J* is given by

*
To avoid repetition, we refer to current densities as currents, with the area
implied.
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C. C
— = -2-— “9-_
J c ot T (3)

vhere C = Cy + Cp is the total capacitance (parallel) of the sample surface tc
ground. The charging rate of the surface potential (V,) is then determined by

dVo
€ ° Jbo I (4)
which is the eéquation previously used by Purvis, et al. (ref. 18).

Internal to the dielectric the electric field satisfies the one-dimen-
sional equation of Poisson:

dE )
ax - PIF )

where p is charge density in the dielectric. Let Q be the total charge (per
unit area) in the dielectric. Integration of equation (5) yields the result

Q = e(l + §/L) V

G-®m ° ()
where X is the gean depth of the charge in the dielectric,
jp(x)xdx
X = o———a-—'—— 7

If the inequality X <<§ holds throughout the charging, theri X may be negl:cted
~—— the voltage is determined by the geometric capacitance of the surface.

Uridet these circumstances, the electric field is uniform throughout most of the
sample, arnd a bulk conductivity may be used to characterize the conduction
current through the volume. Thus, the conduction curren: Jp in equation (4)
may be replaced by GV,, where G is the conductance per unit area. These obser-
vations have been made numetrous times and répresent the standard approximation
for use in higher dimensional codes of the NASCAP variety (ref. 13).

Thé point of this rather obvious exercise is that for thick samples
(x<<8) the quantities normally measured in charging experiments are effectively
decoupled from the charge distribution which determines the electric field in
the deposition region. This méans that these measurements are unlikely to
provide direct information about how the charge and fields are distributed in
the surface layer.
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Shown in figure 2 are the range and mean penetration of normally
incident electrons in Teflon. Assuming that the electrons are trapped upon
deposition in thé material (which is true for small enough charge densities),
we can seé that even for 20 keV (3.2 x 1015 joules) electrons, the mean pene-
tration of 2 microns (2 x 1076 m) is significantly smaller than the thickness
of most spacecrdaft dielectrics (25 - 125 um). If significant rearrangement of
the charge does not occur via very low energy transport processes, theh we may
expect that this simple circuit model of the charging should adequately repre-
sent the internal charging measurements. This is the .approach which was
previously pursued by Purvis, et al. (ref. 18).

Let us assume that the secondary and backscatter yieids from the dielec-~
tric do not depend on the surface voltage or charging history of the sample,
but are a function only of the incident electron energy spectrum. Then the
gpatial current J, is a function only of the source energy spectrum and the
sample voltage. From above, the dielectric current Jp equals GV,, where, in
general, the conductance G is a function of Vo. The solution in this case may
be reduced _to quadrature:

(o

=f_§v’ ‘ ®)
J G-

The gelation implied by equation (8) must be inveérted to provide the voltagé as
a function of time. Because the integral is not normally expressible in terms
of tabulated functions, the direct numerical solution of equation (4) as per-
formed by Purvis, et al. (ref. 18) is usually preferable.

Qe

Several simply expressible cases are worth noting. They are not
unrealigtic and provide excellent checks on numerical. solutions. Let the-
conductance be independent of field strength, and let J, be constant
("feedback" case). In this case V, is given by

v, = 2?-(1 - exp(- g-t)) 9)

Shown in figure 3 is the backscatter yield Ygg from Teflon as computed by
SCCPOEM. It is reasonable to choose this quantity to be constarnt over the
range of interest (2 - 20 keV) (3.2 - 32 x 10~15 J). Also shown in figure 3
are two representations of the secondary yield cutrve for normally incident
electrons on Teflon as compiled by Wall, et al. (ref. 19), one using the
Sternglass fit (ref. 20), and the other using a power law fit of Burke, et al.
(ref, 21). An intermediate representation which varies inversely with elec-
tron energy is also sketched. 1If we use this very crude intermediate repre-
sentdtion of the sectondary yield for a constant conductivity dielectric, then
the integral in equation (8) may easily be resolved for the '"normal” cese of
monceniergetic electrons. Let the secondary yield Yg have the form Yg = A/EI,
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where Ey is the incident electron ‘energy. Thé :1me’ﬁiéto¥y of the charging
1s described by the equation

. E, +E_ E+eV -E)(E-E,)
< ‘E-E (z+w “EJE-E)|

- i [(E + eV° ~E)(E + eV° - E+)]

E-E)E - E) (10)
vhere |
E, = (26)” { -e(l - Y, J,
1/2
{(cz -ed - ¥, 3 ) + 4eGAJ ) - (11)

e is the electronic charge, E the source emnergy, and Y the backscatter
coefficient.

The potential to wlich the sample will charge is obiained by setting the
charging current to zero, i.e.,

3; = GV (12)

which is a spécial case of the chargiinig equation which has been traditionally
used in the spacecraft charging community. The equation is, in generai, a
transcendérital equation which miay be solved by standard relaxation techniques.
For the "feedback" current source the solution is simplest. Shown in figure 4
is the tinal voltage for the "rnormal" ¢ase of notmally incident monoenet etic
electrons on Teflon, assuming a constant bulk conductivity of 3.3 x 1616 mho/m
(S/M). Note that the golution depends only on the ratio (0/83.), so

gdolutions for other values of ¢ may be obtained by scaling. The solution
shown in figure 4 assumes the correct power law fit of figure 3 for the sécon-
dary yield. For small curtents, the charging is stopped by leakage currents
while for large source currents, the charging i{s sétopped by secondary emission.
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INTERNAL FIELDS — MONOENERGETIC
NORMALLY INCIDENT SOURCES :

We have seén above that for thick samples the external vari .les are
eéffectively decoupled from the internal variables. It is our prim::y intetest
to understand the internal fields in the thin surface layer in which the charge
deposition takes place. In this seéction we give expressions for ti.iese fields
under various specilal circumstances for monoenérgetic normally irncident source
electrons, the customary laboratory configuration. It will be assumed throggh—
out that secondary emission occurs from a layer which is much thinner (V1077 m)
than the primary deposition layer (at least 10~7 m). The positive depletion
region will appear as a surface charge.

Shown in figures 5 and 6 are the charge deposition and dose nrofiles
calculated by SCCPOEM for normally incident monoenergetic electro. on Teflon.
Note the significant spread in both of these quantities. We will assume
throughout this section that these primary electrons are trapped in the spatial
region whete they thermalize and that all charge relaxation occurs via conduc-
tion mechanisms. Cdrrier dynamics will be discussed in future work.

NON--CHARGING BEAM

Assume that the primary beam energy is such that the secondarg plus back-
scatter current equals the incident current (E v 2.5 keV) (4 % 10-1 J). Under
these_circumstances, the surface potential remains identically zero, while

Jo = J = 0. The current in the dielectric is given by J,(x) + 0(x)E, where Jp
is the current due to the incident electroms, and o(x) 1s the local conduc~

tivity (which we assume may depend on x, but not E). The internal electric
field E is given by

J (%)

Bx,t) = - 2 (1 - exp (- ‘-’ie’ﬁl v)) (13)

The primary current Jp is proportional to the incident current Jp(x) = Y(x)JI,
where Y(x) is the current profile. Suppose that 0(s) is the ambient conduc-
tivity. Under these conditions, the asymptotic field will scale with Jy,
indicating that breakdown would always occur if the beam current were large
evough. In the regions of interest, however, dielectric conductivity is
dominated by the radiation induced conductivity (driven by tlie primary elec-

trons) in the primary deposition region. This conductivity has the empirical
form (ref. 22):

g . .
c KpD (14)

where Kp and A are empirically determined constants, and D is the dose rate in
the madium. Experimentally, A is found to be in the range 1/2 £ A £ 1, with
contemporary opinion favoring unity as the ccrrect value. Since the dose rate
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is proportional to the incident current, for any value of A less than unity,
larger and larger fields may be driven in the dielectric by using larger and

larger current densitieés. For A equal to unity, the asymptotic field is inde-
peundent of JI’ and 1s given by

E Y(x)

where R(x) is the dose profile in the medium.

The spatial dependences of the field and chazée densit¥ are shown fgr
TefloY in Figure 7 using a value of = 1.68 x 1072 (Rads)™* (1.68 x 10
(Gy)™*) (ref. 23). The field scales invetrsely with Kp. The peak field appears
at the front face of the dielectric. The poteéntial drop AV across this charge
separation rcgion is obtained by integrating equation (15). It is related to
the miean field E by E = (AV)d, where d is the thickness of the charge trapping
region. Clearly, within this model, the value of the conductivity constant is
critical in détermining whether the fields become sufficiently high for break-
down to occur. Using the rarge of values quoted by Wall, et al. (ref. 19), we
have computed the expected range of fields in this layer for Mylar, Kapton,
and Téflon. These results are shown in Table'l.

With the possible exception of the maximum field for Kapton CVIO V/m),
these fields are nowhere near breakdown fields. One mil samples of the three
materials have very similar breakdown strengths of about 3 x 108 V/m. Further,
this %trength increases with decreasing thickness. In particular, for the
1000 A (10~7 m) charging depth of this problem, the maximum potential drop of
only six volts would make it appear very unlikely that breakdown can occur for
any of these materials under the given irradiation condition.

The time required to reach this saturatiov field depends on the 1nc1dent
current. For Teflon, with a 1 nA/cm? (10'5 A/m2) beam, = 1,68 x 10~2
(Rads)~1 (1.68 x 10-3 (Gy)' ) (ref. 23), the dielecttic relaxation time T = €/0
has a value of 7.7 sec. This quantity scales inversely with beam curreént and
dielectric conductivity coefficient. Thus, the smaller value of Ky quoted in
the literature (ref. 19) (e.g., Mylar) could have relaxation times as long as
125 sec at a beam current of 1 nA/cm? (10-5 A/n2). None of these times is
especially long compared to laboratory frradiation times.

"FEEDBACK" CONTROLLED CHARGING BEAM

For tliis case, the incident beam energy and current are congtant. A -

reasonable assumption is that the secondary and backscatter emission are also
coristant, so that J is likewise constant. (Note that this type of experiment
would be ideal for checking this assumption.) The primary dose and chdrge
deposition profiles will also be constarit in time. These simplifications make
the problem analytically tractable. If we assume that the conductivity is
independernit of electric field, then an exact solution may be given. The method
of solution requires the application of LaPlace transforms, a method we have
used elsewhere (ref. 24) for a similar problem. This solution is extremely
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unwieldy and will not be detailed herein. Instead, we note that if C, = 0,
then further simplification occurs. Corrections to the solution for finite
Co, are of order C,/Cp, so that the approximate solution is an excéllent repre-
sentation of reality for most laboratory configurations. With these assump-
tions, we find the following expression for E:

[30 -J (]

EG,t) = —2B " [1 - exp(- 25 )] (16)

Note that this solution does not depend on the thick sample assumption. If we
consider the primary deposition region only (J,, # 0), then the solution is
identical to that given previously, except thag (Jo = Jp) is the current pro-
file of interest. Note that the electric field profile now changes sign as
was first pointed out by Meulenberg (ref. 12)., For incident emergies such that
|Jo - Jp(O)l > |J°|, the peak electric field can occur at the front face while
for the reverse inequality, the peak field is always in the bulk. In the bulk,
the electric field is given by J,/0,, wheré g, is the bulk conductivity, so
that Egypyx may be made arbitrarily large by increasing the incident current.

At the front face JP(O) = (1 - Ygg)J; and 3; = (1-Yg -~ Yy )J1, where
Yg, Ygg are the secondary and backscatter yields, respectively. ?hus, at
saturation, the front face field Epp is given by

Y3
sJ1
Egp = = 500) an

For sufficiently large currents (>10'8 A/mz), the radiation-induced conduc-
tivity completely dominates the ambient conductivity, so that 0(0) takes the
radiation-induced value. With a conductivity of the form of equation (14), we
again note that EFF may take on arbitrarily large values for sufficiently large
currents if A < 1.,” For the case that A has the value unity, the value of the
front face field is independent of the current. Moreover, if we use the fit of
Burke, et al. (ref. 21) to the secondary emission yield shown in figure 3, we
find that Epp is also independent of the primary beam energy. This occurrence
will be discussed in further detail below. The maximum value of the front face
electric field for Teflon, Mylar, and Kapton may be obtained from the maximum
values given in Table 1. These occur for the minimum value of . A use of
the Sternglass fit (ref. 20) to the secondary yield shown in Figure 3 would
result in smaller fields.

GROUNDED FRONT FACE

Another case of interest occurs when the frout face of the dielectric is
coated with a thin layer (compared to an electron range) of conductor, and the
conductor is grounded to the sample backside. This situation also effectively
occurs when sunlight is present on the sample, sc that a plethora of photo-
electrons are available tc keep the sample from charging. The gerieral solution
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for the time dependence of this r.oblem has been given by us elsewhere
(ref. 24). It involves lLuPlaze transforms and is rather complicated, so it

will not be repeateéd here. The saturation field, however, has a simple form,
given by

T - J (%)
E = 5 (18)
where
(x)
dx “EZ‘)
J =

dx Ef%? (19)

<o~

and Jp (x) is the primary current profile in the medium. _From equation (19),

we can see that the short circuit current J _is of order J..(%/8), where X is the
mearn penetration. Thus, for thick sgpples-J is omall compared to J,. The
largest front face field occurs for J = 0 and has the value -(J,(0) + 0(0)).
Specializing to the case where conductivity is proportional to dose rate (our
above remarks hold for A < 1), this field is again independerit of current.
Showri in figure 8 is the stopping power for electrons in Teflon as & functicn
of energy. For normally incident electrons, the surfdce dose also has this
shape, decreasing for increasing energy. Because the backscatter yield is
essentially constant in this regime (figure 3), Jp(O) is essentially constant.
This means that the front face electric field is an increasing function of the
primary beam energy. This is illustrated in figure 9 for Teflon, Mylar, and
Kapton using the minimum values of quoted in Table 1. A comparison of these
values with those given above, and in sections below, shows that grounding the

fate has made the fromt face field larger. Of course, the bulk fields are
severely reduced.

"NORMAL" CHARGING BEAM

The case considered in this section represerits the conventional labora-
tory charging condition of a monoenergetic noimally incident source for which
the sour.e energy is constant in time., As the sample charges, the incident
electron energy decreases, and the dose and charge deposition protileés vary as
1llustrated in figures 5 and 6. This situation appears too complicated for
analytical attack, We illustrate tlie numerical solution given by SCCPOEM for
5 mil (1.27 x 10’& m) Teflon. The secondary yield algorithm used takes the
yield proportional o the dose as suggested by Burke, et al. (ref. 21). For -
nhormally incident electrons, this reproduces the power law fit given in
figure 3. The bulk ¢onductivity was taken from thé data of Adamo and Nanevicz
(ref. 25). The traensient conductivitg wis taken proportional to the dose rate,
with a coefficient of K, = 1.68 x 10~ (Rads)~! (1.68 x 10-3 (Gy)~1) (ref. 23).
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With these inputs, it is found that the surface charges to the voltage
given in figure 4. The time dependence of the voltage and current histories
are qualitatively similar to the data présented by Purvis, et al. (ref, 18).
Quantitatively, thé calculations show a slower charging than the data, and the
calculated satutation current is far less than measured. As noted by Purvis,
et al. (ref. 18), these discrepancies ate probably due to capacitive fringing
effects and surface leakage nurtent. Artificially decreasing the capacitance
and increasing the bulk conductivity gives solutions which adequately repre-
sent the deota.

Shown in figure 10 is the time dependenceé of the electric field profile
for a 12 keV (1.92 x 1015 J) 1 nA/cm? (10~3 A/m2) charging beam. It should
be noticed that the front face fleld is already at its saturation value at the
; first time plot (t = 50 sec). The bulk field evolves to its final value as

: V/8, where V is given by the external charging variables. Shown in figure 11
( is the saturation field in Teflon as a function of the primary beam energy.
Note that the field near the front face is identical for all the charging
energies, while the magnitude of the bulk field reflects the equilibrium
voltage shown in figure 4,

It certainly makes sense that the f£i-~lds near the front face are
identical, beécause as external saturation is reached, the incident electrons
take on very nearly the same energy. For later time, this corresponds to
constant J,, dose and charge deposition profiles. The solution is then easy
to demonstrate explicitly by using the internal equilibrium condition J = J
but will not be pursued further here. What may perhaps be more surprising to
the reader is that the value of ithe front facé field shown in these figures
is, in fact, a much more general result. This will be shown below after
discussing several further excmj:'es.

INTERNAL FIELDS — OTHER 3OURCES

The chatrging conditions which can occur are more general than those
discusscd above. These include the complications due to angular dependence in
the source spectrum, as well as energetically distributed sources. While our
charging geometry is much less realistic for these more general source configu-
rations, it is instructive to briefly indicate these effects.

MONOENERGETIC ISOTROPIC SOURCE

Shown in figure 12 are the voltage time histories of 5 mil (1.27 x 10-4 m)
Teflon subjected to normally incideat and isofropically inciderit 20 keV
(3.2 x 10-15 J) electrons. The saturetion electric fields are compared in
figure 13. The isotropic source charges much more slowly and reaches a
significantly smaller voltage. This result occurs because both thie backscatter
and secondary ylelds are significantly higher for the isotropic source.
Internally, the. fields close to the front face evolve slowly (following the
voltage curve of figure 12). Note that the front face field for the isotropic

L source is identical to the front face field for normall ' incident sources.
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ISOTROPIC MAXWELLIAN SOURCE

We have computed the electron transport for a 10 keV (1,6 x 10"15 J)
isotropic Maxwellian distribution. The backscatter yield was determined to be
0.34, while the secondary yield was determined to be 1.55. Thus, it is
expected that the Teflon will charge positively. The code is not equipped to
handle this possibility. The plethora of secondaries mean that the sample will
charge to a few volts positive in a very short time, the exact value of the
voltage depending or the secondary electron distribution. The voltage will
adjust to make the net current to the surface zero. So far as the internal
fields are concerned, this is precisely “he case described above as the 'non-
charging" beam (similarly, the grounded front face situation). Thus, the
internal electric field is given by equation (13). Our numerical results
indicate a broad positive charge layer (vl um) near the front surface and a

deeply buried negative charge. We are still investigating the correctness of
this pecularity.

GENERAL FRONT FACE FIELD

The appearance of a single value for the front face field under a number
of circumistances suggests a universality of this value within our computational
model. This is indeed the case. The following considerations hold for
charging conditions which result in a negative voltage (not artificially
grounded). The field at the surface satisfies...

2 o,y = Lzt 20 -
For the case of vanishing tank capacitance (C, = 0), J =J,. The current in
the dielectric consists of the primary current J, and the conduction current

OE. At the surface J, - Jp(0) = -Jpg, 80 that equation (20) becomes

Lo, + X po,e) = -ap(e) 1)

The primary assumption of the computatioral model is that the backscatter cur-
rent is proportional to the surface dose rate (-Jzg = aD) and the conductivity
is proportional to dose rate (0 = stD). With these two assumptions, the sur-
face field solution is

O st o
E(o,t) ('éf{;)xl exp[ K D(t)]) (22)

Thus, the field takes on a value determined only by the dose and saturates to
a universal material dependent value (o/eKp). This valve is that given in
Table 1 and is independent of the charging spectrum and time history.
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FIELD DEPENDENT PRIMARY TRANSPORT

For completeness, we have performed the primary electron tramspott,
including the effeéct of the internal electric fields on the eleéctron motion.
The effect was found *~ be completely negligible. A glance dt figure 8 makes
this easy fg utidefsta. .. The minimum value of the stopping power [for 20 keV
(3.2 x 1012 J) electrons] (in electric fileld units) is 2 x 10° V/m, Since the.
maximum fields encountered in these calculations cre & few times 10é V/m, the
fields have, at most, a 10% effect. For "normal" charging conditioms, the
effect is far less than this maximum, because of the sharp rise in stopping
power for lower electron energies and the small value of the front face field.

CONCLUSIONS

We have presented a detailed model of the charging of dielectrics due to
incident electrons. The computer model (SCCPOEM) as currently configured does
not include the following effects:

sunlight effects

thernal effects

ionic effects

multi~-dimensional effects

field and charging history dependent.
secondary emission effects

detailed carrier statistics effects, and
very long time effects

Q0 $°%0°

The first four of these limit the applicability of the code to specialized
charging situations but do not constitute limitations of principle.

The code presantly chooses the secondary emission coefficiernt to be
proportionsl to the computed surface dose as suggested by Burke, et al.
(r=£f. 21). While this algorithm may fail at low energy lbelow a kilovolt
(1.6 x 10-16 1)}, it appears consistent with the experimental data above this
energy. It is possible, however, that the secondary emission depends on the
surface fields aid charge profile which develops [see, e.g., Dekker (ref. 26)].
Someé evidence 1s being accumulated by Robinson (ref. Z7) that this effect
occurs under the conditions of interest. Should the effect be demonstrated to
be important, it can réadily bé incorporated into the code. This is true
bezause the secondary emission primarily affects the external charging
algorithm and enters the internal calculations as a boundary condition.

The major matters of primciple not curtently handled by the code are the
details of the cartier statistics and migration. Empirical models are being
utilized for both the bulk conductivity and the radiation induced conductivity.
This shortcoming is currently being rectified. A version of the code which
incorporates a carrier kinetics description of the conduction process is being
developed. In defense of our piesent treatment, however, it must be mentioned
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that a model utiliziug direct empirical data has a major advantage over a more
fundamental apptoach. Typically, thie quaatities which are required for a
kinetic approach are very poorly known. The empirical conductivity data, while
reflecting all these more fundamental quantities, has the advantage of being a
direct measure of the relaxatio. phenomena. If used in the proper domein, the
only uncertainties are the direct uncertainty in the conductivity measuremerut
itself. The major uncertainty of principle is the domain of applicabilicy. A
good way to determine this domain is to use the model, make predictions, and
compare to experiment. We have chosen this path. Indications are that the

model is satisfactory for reasonably thick samples withi fields not too near
breakdown.

Dielectrics subject to electrical stresses undérgo persistent change over
very long periods of time (many years). This type of effect is completely
beyond the scope of our present model.

Within the above constraints, the molel provides a simple and effective
tool for computing internal fizlds and charge d@:nsities in electron-irradiated
dielectrics. Our computations to date indicate the following:

) At low charging currents, the final voltage is
limited by bulk conduction, while at high currents,
the voltage is limited by secondary emission.

] Normal charging gives rise to a field reversal layer
as suggested by Meulenberg (ref. 12) but does not
appear to give breakdown level fields at the surface.-

° Charging with normally incident electrons under
conditions in which the voltage is secondary limited
glves rise to similar field profiles near the front
face independent of charging energy.

° Secondary limited charging gives rise to a "universal"
material dependent front face field.

® Grounded coatings on the f£ront face decrease the bulk
field but give rise to enhanced fields at the front
face.

° Strong internal fields- can arise even in low voltage

positive charging environments.

) Angular distributions of monoenergetic electrons give
less severe internal fields than normally incident
electrons.
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The key aasumptions which give rise to the above conclusions are

Thaiindepend@nce of the sccondary yileld on charging
conditions (dependence on only the incident electton
spectrum),

The proportionality of the sccondary emission current
to the ddse rate.

The use of the empirical conductivity model of
equation (14) with A = 1,

The value of the empirical trensient conductivity
constant KP'

We noté scme experiments which may be performed to test our conclusions
and some of the assumptions:

"Feedback" controlled experiments can be used to check
the constancy of the secondary emission current.

High curtent "non-charging" beams may be used to check
the linearity of the tramsient conductivity with dose
rate.

Charge density interrogation experiments of the type
suggested by Sessler, et al. (ref. 28) may be performed
to directly compare to predicted charge densities.

Grounded front face experiments may be performed to
compare to short-circuit current predictions and check
for breakdown...

Very thin sample experiments can be performed with con-
ventional measurements to check the influence of internal
charge location on external variables.

We believe experiments of the above type, coupled with a detailed
investigation of carrier kinetics restrictions, should lead to further under-
standing of the dielectric charging process.

We are indebtad to Dr. J. V. Gore for numerous discussivons, as well as
certain of the calculations which appear herein.
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TABLE 1.

RANGE OF VALUES OF PEAK

ELECTRIC FIELD FOR NON-CHARGING BEAM
Range reflects spread in quoted values of the Transient

Dielectric Conductivity Coefficient Kp (ref, 19).

PEAK MEAN POTENTIAL
ELECTRIC FIELD ELECTRIC FIELD DROP
MATERIAL (x 106 v/m) (x 106 v/m) (volts)
TEFLON 0.11 - 5.5 0.06 - 2.9 0.007 - 0.372
MYLAR 52. - 61, 28. - 32. 3.5 - 4.1
KAPTON 1.8 - 92. I 1.0 - 49. 0.1 -6.2
DIELECTRIC
L. ‘D
e |
J /
FREE SPACE e
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: B |
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FIGURE 1. ONE-DIMENSIONAL CHARGING MODEL
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