IEEE Transactions on Nuclear Science, Vol. NS-28, No. 6, December 1981

*
TWO-DIMENSIONAL ELECTRON BEAM CHARGING MODEL FOR POLYMER FILMS

R.D. Reeves and K.G. Balmain
Department of Electrical Engineering
University of Toronto

Toronto,

Abstract

A two-dimensional model is developed to describe
the charging of strips of thin polymer films above a
grounded substrate exposed to a uniform mono-energetic
electron beam. The study is motivated by the observed
anomalous behaviour of geosynchronous satellites, which
has been attributed to differential charging of the
satellite surfaces exposed to magnetospheric electrons.
Surface and bulk electric fields are calculated at
steady state in order to identify regions of high elec-
trical stress, with emphasis on behaviour near the
material's edge. The model is used to study the effects
of some of the experimental parameters, notably beam
energy, beam angle of incidence, beam current density,
material thickness and material width. Also examined
are the consequences of a central gap in the material
and a discontinuity in the material thickness.

Introduction

In the energetic-electron environment of geosyn-
chronous satellites, exterior spacecraft dielectrics can
charge electrostatically to such a degree as to cause
arc discharges. Similar phenomena (first described by
Gross! in 1957) can be caused in laboratory vacuum cham-
bers by electron beam irradiation of insulating mater-
ials. In recent years such laboratory experiments have
been widely used to approximate the satellite environ-
ment for the purpose of studying charge accumulation
and the resultant dischargesz’3’“. Theoretical modell-
ing of the laboratory simulations has concentrated on a
one~dimensional description of the charging processs’5
which is applicable only to the centre of the specimen.
The tendency of the visible discharge arc to appear
brightest near the material edge suggests that such an
approach may not adequately describe the necessary con-
ditions for discharge. The NASCAP computer program can
predict the complete charging response of a fully three-
dimensional satellite model®. However in general the
NASCAP cell dimensions are large compared to possible
material dimensions and hence might mask edge voltage
gradients by averaging of the surface voltage over the
large cell area. Laboratory charging conditions have
been simulated by NASCAP models by dividing the sample
into small cells and requiring the voltage to fall to
near-zero values at the edges’. It is the purpose of
this paper to further quantify some aspects of the
charge accumulation on long polymer strips exposed to a
unif orm mono-energetic electron beam that is typical of
laboratory studies. Of particular interest are the re-
sulting surface electric fields, the surface potential
and the charge density near the specimen edge.

Model Description

The two-dimensional model described in this paper
emphasizes those effects associated with the deflection
of the incident beam by the developing charge distribu-
tion. Beam energy, beam current and material thickness
are assumed to be such that space charge effects out-
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side the sample are negligible, that the depth of the
charge distribution is a small fraction of the total
material thickness, and that a quasi-static description
of the electric field can adequately predict the elec~
tron motion. The basic physical system modelled and the
coordinate system are given in Fig.l.

The computer simulation follows the evolution of
the incident current density at the material's surface
as influenced by the developing charge distribution,
Given the incident current density, the net charge de-
position profile can be calculated as governed by the
primary electron current, the backscatter current, the
secondary emission current and the bulk (interior) con-
duction current. The charge distribution is then up-
dated by the deposition profile and the process is re-
peated until an equilibrium is established. The accumu-
lated free charge, the polarization charge in the di-
electric and the effect of the ground plane are repre-
sented by an equivalent charge distribution in free
space.

A Green's function formulaticn is used to get a
closed form analytic expression for the potential and
corresponding electric field of a finite-width, shallow
charge layer of linearly varying density, thus creating
a basic building-block for computation of the total
field. In the simulation the total field is calculated
at each iteration by adaptively fitting a piecewise-
linear approximation to the free-space charge distribu-
tion subject to a root-mean-square error tolerance of
1.5% of the distribution average and then summing each
segment's contribution. Typical fits at equilibrium
require approximately 15 segments to satisfy the above
criteria. Using this set of fields a third-order Runge-
Kutta method with an adaptive time increment subject to
a local error constraint on the incident electron posi-
tion and velocity of 0.2 um and 2.0 x10% m/sec. respec—
tively was used to calculate the selected electron traj-
ectories used to scan the surface. The incident current
density at the material surface is deduced from the re-
lative spreading between adjacent trajectories.

The accumulation of charge is described by the fol-
lowing difference equation: Ap = At(Jj -Jpg - Jge -Jc)
where Ap is the net change in the local surface charge
density, At is the time increment and J represents the
current density components. We shall use the convention
that a current density refers to a transfer of negative
charge normal to the surface of the material, A summary
of the empirical relationships used to describe the
charging process is found in Table 1. The energy of im-
pact KE and the angle of impact 6 are obtained directly
from the trajectory calculations.

Results and Discussion

The charging of a dielectric can be classified as
either conduction-limited or emission~limited, at low or
high incident-beam current densities respectively. This
behaviour is readily apparent in the equilibrium surface
potential as illustrated in Fig.2 for normally incident
electrons. A steady state is achieved when the net cur-
rent to the surface is zero, suggesting that J;(1 -SE -
BS) = J. where SE is the secondary emission coefficient
and BS is the backscatter coefficient. If J;/J. = 1 then
V = (1 - SE - BS) Jyd/g where KE = BE . If Jy/J. >> 1
then V = (BE - KEZ)/e where KE; is the second unity
emission energy at which SE + BS = 1. The critical cur-
rent density separating the two regimes can be calcu-
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lated by equating the two asymptotic expressions. Sub-
stituting typical charging conditions (beam energy 20
keV, sample thickness 50 pm, conductivity 3.3 x 10 18
(Qcm)_l), the critical current density for Teflon is
found to be 0.03 nA/cm?. The transition from conduction-
limited to emission-limited charging occurs over a
single decade range in current densities for Teflon,for
which the two-dimensional simulations have been confined
to emission-limited mechanisms representative of typical
charging situations. For Kapton, the field-dependent
conductivity must be included even for relatively high
current densities. Using the same charging conditions
with the field-dependent conductivity suggested in
Table 1, the surface potential is found to vary appro-
ximately as J;9°22 in the interval 0.1 - 100.0 nA/cm?2.
This appears to be consistent with Kagton discharge
measurements made by Balmain and Hirt“ indicating that
the released charge varies as Ji0'23 over the same
range of current density.

In two dimensions, the second unity emission
energy KE, is a function of the angle of incidence 6. A
total emission coefficient described by Robinson and
Budd® which varies as 1/cos 6 and KE 0°58 ghould tend
to produce a slightly flatter central surface potential
than those results described later in this paper.

Results and Discussion:Teflon

The equilibrium net charge profiles, for 100 um
thick Teflon simulations, irradiated with beam energies
ranging from 5 to 25 keV are given in Fig.3 (sample
half-width 0.75 cm, sample thickness 100 um, data col-
lected at 160 equally spaced points across the sample).
The charge distribution and the corresponding surface
potential (Fig.4) are approximately proportional to (BE-
2.1) keV across the entire sample. Also shown in Fig.4
are potential measurements made by Robinsond, taken
across the diameter of a circular sample (experiment:
Teflon, 127 pm thick, circular aperture 2.5 cm diam.
cut in 1,3 mm thick aluminium plate), and by Stevens et
all* taken across the centre of long strips of silvered
Teflon (experiment; silver-backed Teflon strips 130um
thick above a flat ground glane, sample areas tested
10 x 20 cm? and 15 x 20 cm?). All three sets of data
show good agreement with the computed results. The bulk
electric field can be estimated from the surface poten-
tial and the material thickness. The surface electric
fields are presented in Figs.5 and 6. The steps in the
surface field profiles are computational artifacts re-
sulting from the discontinuities in the slope of the
piecewise linear approximation for the charge profile
used in their calculation. The positioning of the linear
segments is randomized between successive iterations
thus minimizing the cumulative effect of the field arti-
facts on the developing charge and surface potential
distributions. The field profiles at heights greater
than 2d (i.e. 200 um) above the charge plane show no
such artifacts.

The calculation of the surface tangential field is
complicated by a logarithmic singularity at the material
edge for a uniform surface charge distribution. The
field a distance Ay above the edge is proportional to
#n(2d/Ay) where d is the material thickness. By integra-
ting this expression, the tangential field in the centre
of a uniform volume charge distribution of depth S is
found to be proportional to 2n(10.9d/S). Since the de-
tails of the internal charge migration are not well
known we have evaluated all surface fields at a fixed
reference d/Ay = 100. Rescaling the edge results for an
alternative charge distribution can be accomplished
with the above formulas.

The equilibrium surface potential for half-widths
W ranging from 1.5 cm to 1.5/8 cm is presented in Fig.7
(beam energy 20 keV, sample thickness 100 um). Note that
the surface potential over most of the sample can be
described by a single scale length x/W; the data pre-
sented in Fig.4 having been measured on samples ranging
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from 5 - 300 cm? in area supports this result. The edge
surface fields were found to vary as W 9'7 and W 0°3 for
the normal and tangential components respectively, In
the centre both surface components varied as W !

The equilibrium surface charge and bulk fields were
found to be inversely proportional to the material thick-
ness over the entire material surface. The surface po-
tential and surface fields were found to be independent
of the material thickness except for the tangential
field at the edge which varied as d 061,

The equilibrium net charge profiles for specimens
exposed to beams ranging in angle of incidence from 0°
to 45° are given in Fig.8 (beam energy 20 keV, sample
thickness 100 um, sample half-width 0.75 cm.). The cor-
responding surface potentials and surface fields are
given in Figs.9, 10 and 11. The maxima for both the po-
tential and charge density were found to shift toward
the edge closest to the electron source. The maximum
surface fields, also found at the source edge, were
found to vary as 100701046 yith g in degrees. At the far
edge the fields were found to decrease with increasing
beam angle.

Simulations used to investigate the effect of a
central gap in the irradiated material included gap
widths of 0.0283 cm and 0.066 cm representing 1.9% and
4.4% of the full sample width (beam energy 20 keV,
sample thickness 100 ym and sample half width 0.75 cm).
The equilibrium charge density in Fig.12 shows a sharp
increase in the distribution near the gap edges. The re-
sulting surface fields are given in Figs.l3 and 1l4. A
set of representative trajectories in Fig.l5 indicates
the degree of beam steering that occurs as the sample
approaches steady state.

The equilibrium net charge profiles in Fig.l6 were
obtained for a composite material consisting of two ad-
jacent uniform sections with sample thicknesses of 50
and 100 ym (beam energy 15 keV, sample half width 0.75
cm) . The distribution of charge is such that the dipole
moment p(x)d across the sample is similar to that found
for a uniform sample. The resulting surface potentjal
displays a sharp depression of 8.0 kV at the transition
in thickness and the associated surface fields are given
in Figs.l7 and 18.

Results and Discussion:Kapton

The charging characteristics of Kapton are illu-
strated at beam current densities of 100 nA/cm? and 1
nA/cm?, The higher current density simulation is repre-
sentative of the emission-limited mechanism noted in
Teflon. The lower current density simulation is repre-
sentative of conduction-limited charging. The charging
conditions were: beam energy 20 keV, material thickness
50 um, material half-width 0.75 cm.

The equilibrium net charge density profiles are
given in Fig.19. The high-current simulation indicates a
broad maximum in the centre of the sample whereas the
low-current case produces a uniform charge distribution.
If the conduction current were neglected both curves
would be equal and would reach a maximum charge density
at the centre of 1.2 uC/cmz. The steady-state surface
potential is presented in Fig.20. The peak tangential
field of approximately 2 x 10° V/cm 1is comparable for
both cases although for the uniform charge distribution
it is less than 10" V/cm over 98% of the surface com-
pared to 79% for the higher current density.

Tangential currents confined to the radiation-
induced conductivity layer at the material's surface
were investigated for Kapton. The preliminary results
indicate no significant effects.

Conclusions

A two-dimensional model has been presented to des-
cribe the deposition of charge on long dielectric strips
by a uniform monoenergetic electron beam used to simu-
late spacecraft charging conditions. Numerical results



for Teflon and Kapton indicate that both tangential and
normal surface field peaks occur near the metal-dielec-
tric edge. The tangential component was found to be
dominant with a field strength of the order 10% V/cm.
The edge fields were found to increase with increasing
beam angle and energy and decrease with increasing
material width and thickness. The degree of beam steer-
ing near steady state, for emission-limited charging
conditions, suggests that multi-dimensional analyses
are crucial for a complete understanding of the charg-
ing process. Under conduction-limited charging condi-
tions, the one-dimensional models appear to predict
accurately the final charge distribution.
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‘Table 1
Description Functional Form(Units)
Beam curr. dens., Jy (A/cm?)
Incident curr.dens., Jji
Secondary emission curr.dens.,Jge Ji SE
Backscatter curr. dens., Jpg Ji BS

Conduction curr. dens., J. _ gE
K KE O'725exp(2(l—cos 8))

Second. emiss. coeff.l?, SE
K = 1.55, Teflon
K = 0.68, Kapton
Backscatter coeff.ll, BS (0.1 KE~ '2)Cose
Teflon and Kapton
Flectric field, E (V/cm)
Conductivity5’12’13, g, Teflon ¥ 3,3 x10 18(qem) !

Kapton ~ go (2 +cosh(4.68 x1073E)) /3

go * 5x 10718 (acm) !

Beam energy, BE (keV)
Electron kinetic energy, KE (kev)
Angle to surface normal, ©

Surface potential magnitude, V (kV)
Electron charge magnitude, e )

Unity emiss. energy, KEZ SE(KEZ,G) +BS(KE2,6) =1

v T g T T T
EE 102} d = 100 um Emission-limited
5 d = 25um
g1 y o - - BE = 20 keV
ig. 2 — = BE = 15 keV
Model ! o ot BE = 10 keV
geometry S Electron 3 N
¢/ trajectory & BE = 5 keV
10°k Teflon p
. Kt - Conduction- - BE =
) " ~ limited 25
o, o E 10! 12
L}‘; dl Poiymer % s %8 1
[ _ ] 101} 5
7 rd rd L4 L4 4 T4 4 ; [
o b keV 1
I Ground plane ' * E 10
-W W 5 - : Critical value for
©10 “L 1971 : BE =5 keV 1
g
b= Fig.2 Equilibrium surface X ; , N
S ) potentia{. . %00 192 kou
1072 10° 102 104 106 108

(J; /g, (&0

4549



4550

\IJHO. 0g
1

§00.00

Beém energy 25 keV Tefion

~
x
x
=8
Fatsd
~S)
O
=z
(V)
o8
o
=3
r= . .
(8]
— //’_/—‘_\
wJ
ZQ
&7 "5 ke ‘ ‘ :
Fig.3 Equilibrium sufface charge density.
<3.00 -0.67 -0.33 -0.00 0.33 o oo
NORMALIZED POSITION (X/W)
ol 'VTeflon
Beam energy 5 keV
‘ Stevens et all*(W =:5 cm)
8 10 kev
2]
= ‘Stevens et all*(Ww = 7.5 cm) .
Js . ‘
aTo
=3 i 15 kev
]
ég Robinson? (R = 1.25 cm)
w8 -~ I . .~
2" \'\20 keV
W
o i H
Do .
- 25 f{eV /
g Fig.% Equilibrium $urface potentijal. |
"1.00 -0.87 -0.33 -0.00 0.33 0.67 1.00
NORMALI1ZED POSITION (X/H)
© ‘©
=] o
] e
o] Beam energy Teflon e

L' TR ™
~] Fig.5 Equilibrium normal surface field. |«
=) =)

-1.00 0.67 1.00

Y -0.33 -0.00 0.33
NORMALIZED POSITIGON (X/W)

-]
o]
.
-1.00 -0.67 .33 .00 0.33 0.67 1.00
NORMALIZED POSITION (X/W
Teflon
2 Half-width W
_ 1.5 cm.
~ 2 0.75
Eg_ 0.375
= 0.1875
fesl i
48
Zg
=
=z
w
o
(Y=}
=
W
p=an
@
[
o
Do
o8
i §' Fig.Z Fqu'iiihr‘ium surface potential
for various’ specimen widths.
Too -0.67 0,33 -0.06 0.33 0.67 1.
NORMALIZED PASITION (X/W
Teflon
=] :
2 Beam angle
X \
=8
S
~2
O
= S
w \ASC
8
o, B
=g
je i
(&)
—
= Fig.8 Equilibrium surface charge
< density for various beam
® angles.
<100 0.67 1.60

(V/CM)

TANGENTIAL SURFACE FIELD

. Beam energy

Fig.6 Equilibrium

field.

25 ke
20
15
10

Teflon
v

tangential surface

-0.67 -0.33 0,00 0.33
NORMRLIZED POSITION (X/W

0o



0.00

Teflonb
o H
B8 Beam angle /
EL £ 7
E y
= 307
=z
= o
Se y
a< o
u_@ 0
o7
.
T v,></
"o
Fig.% Equilibrium surface potential
g for various beam angles.
oo -0.67 -0.33 -0.00 0.3 0.87 1.00
NORMALIZED POSITION (X/W
B
=
=
Teflon F~
o
b
=1
.
Beam angle
TV
0°
o
@ 2
— 30
w o
w 45
(&)
@
o
2
o
w »
2 =
= 2 =]
o~ f-r~
B w o
Z v 3 [
=+{ Fig.10 Equilibrium normal surface field l=
™ for various beam angles. e
~- it
- B
-1.00 -0.67 -0.33 -0.00 0.33 0.67 1.00
NORMALIZED POSITION (X/W)
ol B
—_— —_—
23 =
E‘ Fig.ll Equilibrium tangential surface =7
~ field for various beam angles. e
= o =
[&]
~ ™ p— )
z
™~ Tef lon B
ey Beam angle o
s 45

TANGENTIAL SURFACE FIELD

30°

tun

o =

\ / N

- — ‘/, Feu
5 \ 5
-1.00 0 0 . 0.67 1.00

.67 -0.33 -0.00 0.33
NORMALIZED PGSITION (X/W)

o
]
g ]
g
Teflon
8
P
E
g \
S
S
&
3
=8
o -
~3
=y y
=]
Ll
28 3
ag Fig.12 Equilibrium surface
=} charge density for
5 two gap widths.
3
g: | i
©.1.00 -0.67 -0.33 -0.00 0.33 0.57 1.00
NORMALIZED POSITION (X/W)
k=) =
~— —~
o D
2] e
o] Tef lon (o
0 Uy
- r=r
= ™ F-oo
o
~ o4 o
>
32, e
o B o
o © [
- e
S [
@ m i
[T
£ N
(1]
£ o Fig.l3 Equilibrium normal surface field =
] I
= 2 for two gap widths. ro
O w Ho
Z an
=] |
LS o
P -ou
k=) ©
-1.00 -0.67 -0.33 .00 0.33 0.87 1.00
NORMALIZED POSITION (X/H)
=4 =
- =
2 £
w4 . al
2] Fig.1l4 Equilibrium b
.
= tangential surface [
Ria o t-on
= field for two gap
o ™~ widths. o
oo )
— f=—
w 89 2
w o] =
é - ﬁ
w =
T o Lo
w
— ™ e
@T ., #
=t S =
= o i / =
L L= i ro
w04 [
zn ~ -
— = / =
™ .-"l Fen
] Teflon Feu
> . o
-1.00 0 0.67 1.00

-0.67 0.3 -0.00 0.33
NORMALIZED POSITION (X/W)

4551



8_  Fig.l5 Equilibrium trajectories.
“10.66 mm
central
«| 84P
s
£o Tef lon
o
—w
z
o
ot
ho
[ =y
a
<075 0,75
S
s+ : :
Fig.1l6 Equilibrium surface charge
° density:Teflon.
8 :
S+
- ‘d = 50 m : d = 100 pm
o8 : !
;i-,:" bPual t‘hir‘knocc-
= ;
X
x
o
oo
Nl
O
=z
w
OD
Co
&=
571
—
jre)
ZD
<
g ; i } } } i
<1.00 -0.67 -0.33 -0.00 0.33 0.67 1.00
NORMALIZED POSITION (X/H)
IS B
e =)
©- o
™~ b~
- o
i | o
=1 o
=™ d = 50 um d = 100 um ”
> ™ ™
5 o
=F i
1 o Y
— 0~ -~
L oo -0
i |-
o 7 \\ =
£ o
T d AN . o~ Fou
a \’“\/ —_— e~
) k=]
a 74 —
= 8] . s R
 ~ Fig.17 Equilibrium normal surface field: [~
= o
Z wd Tef lon. Fin
Bl =
™ | mstd
N t-cu
= O
-1.00 0.67 1.00

4552

067 -0.33 00 o5
NORMALIZED POSITION (X/HW)

-1.00

=1 =
5; Fig.18 Equilibrium tangential surface E
-] field:Teflon. N
— L
5™ [~
~ m-4 -
= d = 50 um “ d =100 ym |7
N o
(=]
e s
pet 12
w21 fo
~ ‘ -ru\)
wl ‘—(D
L ind
o J i
w7 =
% ke Y ; e
wn
e
— \ ! / e
T {
—~ \ f =
— /
z 2 ~ / Mo
w 23 \ - Fo
O o / b~
= N / [o
Z o - - re
= - \ \ / [
™ e Fon
. N / -
% - / .
. =
. 00

0.67

-0.87 -0.33 -0.00 0.33
NORMALIZED POSITION (X/W}

120.00

m sity 100nA/cm?2

100. 00

)

80.00

nA/cm?

- )

(NC/CMxx2) (X10!
60.00
s

Fig.19 Equilibrium surface charge
density:Kapton

NET CHRRGE
ig.00

ZP.DG

oo

} { } i }

0.67 -0.33 -0.50 0.33
NORMALIZED POSITION (X/W)

-1.00

ap

o

Fig.20 Equilibrium surface potential:
Kaptoén.

-40.00

N
t

~-B0.00

(V) 1X102 )

Beam current density 1 nA/cm?

-120.00

-160.00

SURFACE POTENTIAL

~200.00

§ 4 i } i

-0.67 -0.33 -0.00 0.33 .67 1.
NORMALIZED POSITION (X/W)

-240.00

-1.00

0.87 1.00

00



