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Abstract

Numerical simulations are reported which successtully reproduce the experimen-
tally  observed properties of surface charge accumulation on spacecratt diclectries
exposed to a moderate energy clectron beam (20 ke Vo and fow energy posttive 1ons, The
ions focus to produce strong differential charging with a sharply defin2d region ot on
neutralization of the dominant negative electron charge. The properties of this "ion spot”
vary with jon beam energy, current density, and beam size. The strong peaking ot the
surface charge at the edge of the 1on spotis investigated. The clectron and ion currents at
the surface are obtained by calculating the particle trajectones in the electrostatic tickds
of the charged surface and the metal «ample mounting components. Two approaches for
solving these fields are atempted and discussed, a boundary charge method and o tinite-
element method.

Introduction

Spacecratt diclectrics, such as thennal blankets and solar panels, accumulate charge
when exposed to the ambient charged particle envitonment. The exposed dielectries
become negatively charged because typically the electron flux is higher and more ener
getic than the on flux. As a fintapproximation to space conditions, matertals and com-
ponents are often tested in the laborntory by exposing them o electron beams alone. The
positive 1ons could be important, however, because they would be strongly attrected by
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surfaces that are at high negative potential either as the result of buildup of electron
charge or due to biasing (as with large solar panels).

To investigate the effects of positive ions during charging, laboratory experiments
were conducted {Gossland and Balmain, 1983; Balmain ¢t al., 1985] in which samples of
polymer sheet were cxposed simultaneously 10 a moderate energy electron beam
(typically 20 keV) and low energy ions (< 1 keV). Subsequently, numerical simulations
of this electron-ion charging process were undertiaken, the results of which are presented
in this paper.

The experimental arrangement is depicted in Figure 1. A sample of dielectric shect
with a typical thickness of 100 gm was laid over a grounded metal subsirate and covered
with a grounded metal mask, thickness 1 or 2 mm, having a circular aperture with diame-
ters from 5 mm to SO mm. When the electron beam was mitially turned on, the entire
samiple Tuminesced due 1o energetic electron impact with the surface. With continued
exposure, the luminescence diminished as the surface acquired a negative potential
which retirded the incoming clectrons. When the ion source was included, a contral
luminescent spot vhich did not fade was seea. This spotis inerpreted as a region of ion
neutralization of the accunulated electron charge, which allowed the incoming electrons
to strike the surface with most of their beam energy, causing the strong luminescence,
The luminescent spot had sharp boundarics and expanded with increased ion current,
Subsequent are discharges tended to avoid the region of the spot.

Thus the positive ion charge did not distribute uniformly, resulting in some general
reduction of the negative charge buildup, but concentrated in an isolated region produc
ing strong ditferential charging. Other investigators [McCoyv and Konradi, 1978] have
reported similar luminescence patterns during charging of sola arrays with high negative
bias ina plasma.

Surface Current Caleulations through Trajectory Mapping

To study the focussing of ions theoretically, it is useful 1o examine the trajectories
of 1ons approaching a negative charge distribution, Such @ vharge model with the resul
tant 1on trajectortes s shown i Figare 20 The tons can be seen 1o coneentrate strongly
the center of the sumple. From such trajectories, the ion current at the sample surface
may be calculated [McKeil and Balmain, 1986] for a particular surtace charge distribu
ton,

To tollow the nme development of the surtace charee aceumulation, a simple
quast static” approach s takens A set of trgectories is caleulated for the electrons and
the tons e the electrostatic tields due to the accumulated charge onthe diclectric surtace
up to that pomntin tume. The charged-partcle currents incident onthe diclectric surface
are calculated from these ragectones. From the impact velocines and angles, the secons
dary emission coetticients are caleulated and used to obtain the net currents and assous
ated charges deposited. These currents are held constant for o time step, accumulating
more charge on the surface. A new set of trajectories s then calenbted Tor the updaned
charge configuration, and the process 1s repeated. In this way, the charge on the sample
surface is stepped thiough ume and its evolution followed.
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‘To describe the secondary emission and backscattering tor electron bombardment.
the following expression was used [Wall eral., 1977)
~y s ~ . hl Y. e . 2 “ >("
S[: + l;s = K x l'. “_7.5 1% c(.(l &0.\0)) + (()l w l', 0. )()
where:
I = impact energy in keV
0 = impact angle of incidence
K = a constant (0.X.37 for Mylar)

For polymers, the secondary electron emission coetticients due to ion bombardment
are not well reported in the literature. For other matenals, the values range from SE=1
for metals and semiconductors, to SE=10 for inorganic diclectrics [Krebs, 1983)0 In
these simulations, the following simple estimate was used.

S -1/
SE =04xE”

Most of the computer time is consumed evaluating the electrostatic fickds for the tra-
Jectory calcutations. To increase efticiency, a solution for these fields allowing quick
evaluation Is required.  Simulations  are done  here for evlindrically svmmetric
geometries. Two solution technigues were attempted and are discussed. They are desig-
nated as the filamentary-ring-boundary-charge model and the tinite-element ticld solu-
tion.

Filamentary-Ring Boundary-Charge Model

In this model, the charge distribution on the sample surface and the surrounding
grounded miask is represented by filumentary rings of chatge. as shown in Figure 30 Typ-
wcally fifty 1o one hundred rings are used to represent the sample and about twenty rings
are used for the mask edge.

This approach seems 1o work well for early charging. However, as the surtace
charge increases, anomalous ion trajectories with unstable and erratuce behavior are seen.
Figure 4 shows an example of this, where two of the ion trajectories “skip” across the
sample surtace. The close-up view shows that the positive ions approach negatively
charged regions of the surface and are repelled away instead of being attracted as i phy -
sically expected. The reason for this is that the field solution provided by the filamentary
charge modelis inadequate. Figure S shows the solution for the electric ticld normal 1o a
negatively charged surface over a ground plane. We see that, close to the charged ~ar-
face, the normal tield is not uniformly attractive but oscillates between attracuve and
repulsive. To attempt to overcome this by increasing the number of charge filiments or
by replacing the Hilaments with a smoother boundary-charge representation, such as with
piccewise continuous sections or polynomials, would result i prohibitive computanonal
requircments. To evaluate the ticld for each charge ring. 2 second-order elliptic inicgral
must be evaluated. Any smoother charge representation would require third order elip-
tic antegrals. “The boundary charge techmgue is judged o be not suitable for use i this
simulation ot charge accumulation as ticld evaluations very close 1o the boundary-charge
fayer (the s mple sarface) are required.
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Finite-Flement Field Solution and Simulation Results

A solution to the electrostatic field problem was obtained using triangular finite cle-
ments of cubic order [Silvester and Konrad, 1973]. Over two hundred elements with
over eight hundred nodes are used, with smaller elements near the charged surtace and
mask, and larger elements farther away. Figure 6 shows equipotential lines for a uni-
formly charged sample. The outline of the grounded mask can be discerned.  This
finite-element approach chiminates the anomalous trajectories and. since the field is
described by bipolynomials within each clement, evaluation times are fast. The draw-
backs include discontinuous electric ficlds at the element boundaries and difficulty in
obtaining good accuracy estimates | Zienkiewicz, 1971).

The first results of the stmulation are given in Figure 7. The accumulated surface
charge density is shown in a three dimensional perspective plot as a tunction of time and
radial position. Figure 7 shows the surface charge development for a sample of Mylar
sheet 100 pm thick with a circular region 75 mm in radius exposed to a 20 keV electron
beam  at a  current density of 1 nC/mm?/see and a1 keV proton  beam  at
0.005 nC/mm*/sec (5% of the electron current). Initialiy. the 1on beanm is undeflected by
accumulated surface charge and covers a region with a radius of 100 mm, /3 as large as
the exposed sample radius. The central region of the sample at the left side of the plot)
with markedly less negative charge accumulation corresponds to the ion spot. The spot
cdge s very sharp, as was the experimentally observed luminescence pattern.

In the simulation, the energy, current density, and size of the 1on beam are varied to
see the ettect on the surtace charge accumulation. Holding the other parameters con-
stant and ancreasing the ton beam energy produces a larger, less intense jon spot, as
shown in Figures 8 and 9. The region of partial ion neutralization of the negative clec-
tron charge is larger, but the intensity, the degree of charge neutralization instde the ijon
spot, s reduced. Varying the don beam carrent, but holding the fon beam energy
at LReV o reproduces the eftect seen experimentally that the Larger the ion beam current,
the Larger the ion spot.as shown in Figares 10 and 11, The ion spot also is more intense
for larger 1on currents,

Finally, Figares 12 and 13 show the ctfect of varving the size of the 1on heam
Shown is the surface charge development tor 1on beanis which initially, without an
deflecnion by surtace charge,  cover regions ol radie 38 mm, 75 mn, 100 mm,
and 300 i, or 273113 and 4 times the radius of the exposed dictectric sample. The
ton spot shrinks with reduced o beam size, but the intensity renminns roughly the sie
Freure L shows how the don trajectories for the widest ton beam completely envelope
the sample area. Theretore, it the size of the 1on beam were futher increased, the addh
tonal 1ons would ht the grounded mask and not the diclecte sample and the surtuce
charge accumulation or ton spot size would be unchanged.

The surface charge denstties show acurteus peak just at the edge of the 1on spot
where the charge denaty actually reaches positive values for some cases. Examination
of the Charge accumulation due to the clectrons and wons separately indicates that two dit
ferent mechanmisms are involved in the formation of these peaks, depending on the size of
the 1on beam. Figare 15 shows the separate electron and 1on charge distributions for the
case withe the son beamy baving a radius equal o the sample radios Here the spot edye
peak s not due 1o any extreme coneentration of jons as the ons only charee profile
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contains no such feature. Rather, the electron and won surtace charge protifes cach hanve
abrupt changes at the spot edge which tend to cancel cach other, and the spot-edge peak
arises because of the relative alignment of these abrupt changes. It is not ciear v
whether this is a physical or numerical eftect. For the widest 1on beam of tour times the
sample radius the peak is much broader, as Figures 12 and T3 show. Separating the sur-
tace charge due 1o the electrons and tons for this wide 1on beam case, as shown i b
ure 16, reveals that the peak is now reflected i a concentrated build up of 1o charee,
This ion concentration at the spot edge can been seen as well i the vajectories of Fig-
ure 14, Because of the sinmilarity between the 1ons-only charge pronle and the clectrons.
plus-ions charge profile, the edge-peak for the wide beam case is thought to be o physi-
cal, rather than purely numeric eftect. Other authors have also seen sirong peaking of
incident ion current at the edge of a region ot ion tocussing [Parker et al . 1983].

Conclusion

The simulation stady confirms the expernmenial observanions of suong dittereniial
charging and the formaton of the ton spot when Tower encrey positive 1ons e meiuded
during electron beam charging of spacecraft diclectries. The spot characteristics have
been shown to depend on the parameters of the ton beam. that is the bemm energy . current
and size. The boundary-charge model used to describe the accumulated surtace charge s
inaccurate when calculating trajectories of lewer energy particles which closely approach
the charged surface. The finite-element approach is @ more accurate alternative. I gen-
eral, itis observed that 1on focussing strongly affects the currents incident at the sartace
of exposed materials and theretore should be considered o the design of syatems where
charge accumulation or particle bombardment are of convern
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Schematc  of experimental arrange-
ment used to expose samples 1o elec-
tron and ion beams. Dielectric sheets
were sandwiched between a metal sub-
strate and a metal mask with a circular
aperture. The r- and 7z-axes of the
cylindrical  coordinate  system  used
throughout the paper are also shown.
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An example of a negative
charge distribution and the ion
trajectories in the resultant elec-
vostatic  field  showing  ion
focussing towards the center.
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In the filamentary ring boun-
dary charge model the charged
dielectric sheet and the sur-
rounding  mectal  mask  are
represented by filamentary
rings of charge over a ground
plane, as shown.
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Figure 5 Solution for the normal electric ficld obtuned using the filamentary ring

boundary charge model for a dielectric sample with uniform negative sur-
face charge density. The sample thickness is 0.0001 m and the nomal field
is given for positions of z=0.00013 m, 0.0002 m. 0.00025 m, and 0.0003 m.
Physically, the fields are expected to be negative, except perhaps near the
mask edge, however, due to inadequacies of the model, the field oscillates
wildly near the surface. The charge model and the coordinate svstem used
are depicted in Figure 3.
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Figure 6 Equipotenual lines of the finite element solution for a uniformly charged

sample. The outline of the grounded mask can be discerned at the lower
right.
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Figure 16b) Surface charge due o 1ons only
for an 10n beam radivs of four nmes the sample radius
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