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Abstract

Computer simulation of particle trajectories in
two dimensions using a simple static accumulated charge
model reveals the mechanism for the focussing of ions
into a central, sharply defined "spot", duplicating the
luminescent spot which did not arc-discharge observed
during laboratory exposure of polymer film to monoecner-—
getic electrons and low energy ions. A model which
follows the time evolution of such charging situations
is developed and initial results are presented.

Introduction

Spacecraft insulating materials charged by elec-
trons while in orbit are simultaneously exposed to
protons and other positive particles. The flux of
these positive particles has been measured in geosyn—
chronous orbit to be typically about 10% of the elec—
tron flux [1]. Thus some neutralization of the nega-
tive electron surface charge which accumulates on the
exposed insulating materials of a spacecraft can be
expected. Previous laboratory cxperiments [2] together
with theoretical results reported in this paper show
that, due to strong focussing of the incoming positive
particles, the degree of neutralization is not uniform
over the entire exposed area, but can be confined to a
small region of roughly complete neutralization with
the remaining surface affected only slightly.

In laboratory experiments [1,2], to investigate
the effects of positive ions during charging, sheets of
polymer were exposed to combined beams of monoenergetic
electrons and low energy ions. The sheets were laid
over a metal substrate and covered by a metal plate
with a circular aperture. With electrons alone lumine-
scence due to electron impact was initially seen over
the entire exposed polymer, and the luminescence faded
as irradiation continued. When ions were included, a
bright central luminescent spot which did not fade was
observed.

The spot faded when the ion source was turned off,
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Fig. 1

Charge distribution used to represent the
charge on a polymer shecoet after irradiation
by an electron beam. The parameters are the
surface charge density o, strip width w, and
sheet thickness s. Coordinate axes y Yy Y,
vsed in this paper are also shown.
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quickly reappeared when the source was restored, and
expanded when the ion current was incrensed. This
"ion spot" was interpreted as a region  { ion neutra-
lization of the embedded electron charge, which permits
the electrons to stri'ie the polymer with most or all of
the beam energy to produce strong luminescence. For a
1 em? aperture the boundaries of the spot were ill de-
fined, while, with the 15.9 em? aperture, the boun-
daries were exceptionally sharp. Subsequent arc dis-
charges avoided the spot area. Other investigators (3}
have reported situations displaying some similar lumine-
scence characteristics, involving a surface with a high
negative bias in a plasma.

This paper describes theoretical calculations
which have successfully reproduced the ion spot pheno-
menon in two dimensions., Computer simulations have
been undertaken using two different models for the
charge acdumulation on polymer surfaces, referred to as
the simple static model and the time evolution model,

Simple Static Model

Here the flux at the surface is calculated for an
ion beam incident upon a polymer sieet previously
charged by an electron beam. A simple two-dimensional
charge distribution was used to represent the total
free and bound surface charge on the polymer sheet
after electron irradiation. The charge distribution,
shown in Figure 1, consisted of a strip of negative
surface charge of uniform density, infinite in length,
but of finite width, held in free space over a ground
plane. For field calculations, the ground plane is
replaced by image charges. The parameters for the
calculations were the surface charge density o, strip
width w, and sheet thickness (the charge to ground
plane separation) s. Figure 1 also shows the coor-
dinate system used throughout this paper. The direc—
tion across the strip width is denoted as z and the
direction perpendicular to the strip surface is denoted
as y.

Trajectories were calculated, using a third order
Runge-Kutta method [4], for low energy ions directed
towards this charge distributiotr and relcased at
different positions across the width of the strip. The
image forces of the incident ion in the ground plane
were included quasi-statically but were relatively in-
significant. A typical set of ion trajectories is
shown ix Figure 2. These trajectories show that some
particles rebound completely from the dipole-like field,

The ion beam flux at the specimen surface was then
inferred from the calculated trajectories. Let us de-
fine ¢ to be the 2z - coordinate at which an ion tra-
jectory initially began, far from the surface, and use
z as the coordinate for the ion trajectory when it
reaches the surface lcvel. 1f two neighboring trajec-
tories initially began at Lis &i4] and reached the
surface at 2is 274y, then the average incident Flux at
the surface for z between z; and zp4 is

F(2)~ fof-11% . (1)

where fo = ion beam flux far from the speeimen,

If trajectories cross and more thun one paiv of
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Fig. 2 A typical set. of jlon trajectories.
neighboring trajectories bracket a point, 2z, on the
surface, then the flux contributions of each pair must
be summed.
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Using equation 2, the ratio of incident ion flux ‘ » L
at the specimen surface to the flux far from the sur- ’
face, f(z)/f,, was calculated. This is not the same Fig. 3 .
‘as the net charge deposited onto the surface as : Ratios for various specimen widths w,
secondary electron emission has not been accounted for. of ion flux at surface to flux far away,
The results are presented in Figure 3 for 10eV protons f(z)/fq, as a function of position
incident upon strips with a surface charge density of across sepceimen, normalized by the
—?0 nC/cm’, a sheet thickness of 50 um, and strip . half width, z/(;ljw)
widths of 5, 15, 25, and 50 mm. The surface potential 4
near the centre of the strip was in all cases -4 kV. :
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The relative ion flux is plotted in Figure 3 as a func-
tion of the position across the specimen, normalized
with respect to the half-width (z/(4 w)). The central
regions of high ion flux appear to be the 2-dimensional
analogues of the ion spots observed in the laboratory.
As in the laboratory, the ion spot boundaries are ill
defined for the small specimen widths, but are very
sharp for larger specimens,.

The spot forms over a wide range of conditionms.
For the case of the 50 mm wide strip, the spot forms
over a range of at least -5 to ~1000 nC/cm? (.3 to ~56 kV),
Similar results were obtained for sheet thickness of 25
and 100 um, We are dealing with an electrostatic situa-
tion and therefore the trajectories are independent of
the ion mass, provided the initial energy is unchanged.
The results presented are correct for any particles
with the charge of a proton., Further, a change in the
surface charge or the ionic charge magnitude produces
the same trajectories as an inversely proportional
change in the initial energy. Thus, from the results
obtained by varying the surface charge, it can be in-
ferred that spot formation occurs for a surface charge
of -70 nC/cm? over a range of initial energies of at
least 0.7 to 700 eV. However, although the trajectories
are independent of ion wass and combined changes of
charge and initial energy, the speeds at which these
trajectories are traversed are not equal. Thus, while
the incident jon fluxes are the same, the penetration
depths and secondary electron emission properties will
vary, resulting in different net charge deposition rates.

Mechanism for Spot Formation

Closer examination of the trajectories and equa-
tions 1 and 2 reveals the mechanism for spot formation.
If, in equation 1, we allow the two neighboring tra—
jectories to approach one other, we obtain

3 C + —C
flz)= fo yllmﬁy ;;"erl
v Ey g R
Zie17%
N _Qg(z)
o gz (3)

Here we have generalized ¢(z) to be a function of
z, so that £(z) is the initial position measured across
the specimen width (measured when far from the surface)
for the trajectory which finally reaches the surface
level at position z. If the ion trajectories cross,
then z(z) will be a multi-valued relation (more than
one ion may hit the same position on the surface). In
such cases, f should be divided into several single-

valued functions, g, , each
Dy . In a manner analogous
tin; the surface ion flux,
relevant section, Lps Must

f(z)- .fu>:ll(z,l)k)l
k .

ﬂqk(z)
dz

valid over its own domain,

to equation 2, when calcula~'

tiie contribution of each
be included. '

- (4)

To clarify the application of equation 4, Figure 4

shows, for the 50 mm width

case of Figure 3, the rela-

tion £(2) and compares it to the relative surface ion
flux, £(z)/f . Both the surface ion flux and the rela-
tion £(z) plotted were calculated from the same set of

trajectory results,
and ¢(z) via cubic
is shown the division, for

(Z§3¢i
spline

) - the flux via equation 2
interpolation. in Figure 4
that example, of g{(z) into

three single-valued functions g (z), and their domains

5 1 |
4 - A
3 ¢
9 4 reversal 1
ERER
—ilN
NN E Ca
S 4
¥
21 reversal 4
3 ¢y
-4 v
! |
1 I I T S A B S U B S S s S e T
-1 48 46 -4 82 ¢ 02 o4 s ot
1
‘ z/(5wW)
€ >
Dy <—-—-5—- ->
< 2 >
’ Dy
Fig. 4 Comparision of initial

vs. final ion position
curve {(z), with resulbtiog
surfaie ion flux pattern
f(z)/fy,, for the w= 50mm
case from figure 3

D, . The reversals indicated are a consequence of cross-
ing ion trajectories. The surface flux is porportional
to the projection of the absolute values of the slopes
of the trajectory curves ;k(z), as drawn, down onto the
z—axis. The region of steep slopes, reflecting high
ion concentrations, for z between the reversal points
corresponds to the ion spot. The smooth behaviour of
the relation g(z), reflects a natural continuity in the
variation of the trajectories with initial position.
Upon projection onto the z-axis, however, the reversals
provide for very steep slopes immediately inside the
spot region and shallow slopes immediately outside.
Thus the smoothly varying ion trajectories can produce
the ion spot with its discontinuously sharp boundaries.

Time Evolution Model

Model Development

The static model successfully duplicates the ion
spot and has the appeal of simplicity. However it
deals only with ions incident upon pre-charged surfaces
and does not allow for time development of the surface
charge. It cannot duplicate the laboratory observation
that the spot size increases with the ion beam current.
The high concentrationg in the ion spot can be expected
to strongly affect the surface charge distribution and




the trajectorics of subsequently incident ions and elec—
trons. A model which follows such evolving features cf
accumulating surface charge is required.

The time cevolution model developed here solves for
the surface charge distribution as a function of time,
on a polymer shect cxposed simultancously to monoener-
getic electron and ion beams. As in the static model,
the two-dimensional specimen geometry of an infinite
strip of polymer over a grounded substrate plane is
uscd. This model builds on previous work [5] but all
development presented here is new.

The net surface charge accumulated is affected by
the incident particle flux, the secondary electron emis-
sion due to particle impact and the internal conductivity.
Conductivity effects were not included in the model.
The model restricts itself to low and moderate electron
and ion energies resulting in penetration depths small
compared to the sheet thickness and to materials with
low inherent bulk conductivity. Thus charge transport
from the surface through to the grounded substrate due
to inherent conductivity or radiation induced conduc-
tivity need not be considered further. Due to the small
penetration depths, the charge can be considered to be
all at the surface and any radiation induced conducti-
vity between near-surface charge layers will not affect
the total surface charge. Lateral radiation induced
conductivity may occur, particularly at the spot boun-
daries where fields should be high, but this was ne-
glected in the model. However, the laboratory observa-
tions indicate that lateral conduction is not of over-
riding importance, for the sharp ion spot boundaries
culd be expected to be blurred if lateral conduction
dominated. To introduce secondary electron emission in-
to the analysis, define the coefficient C to be the
average total charge deposited on the surface per inci-
dent particle. Thus for a proton which upon impact is
itself embedded and, on average, causes the ejection of
1.2 electrons,we would have C = +2.2 proton charge.

The following exprcssions were used to describe the
electron emission of polymers, bombarded by electron [6].
With E designating the energy in keV of the incident
particle, and 6 being the angle of incidence from the
target surface normal, we have,

describing secondary electron emission

SE = K g 0725 exp(2(l-cos 8))
where K = 1.55 for Teflon
= 0.68 for Kapton

describing electron backscattering

BS = (0,18 0%)0s O

and the coefficient C, is given by
C=1- SE - BS

The electron emission of polymers bombarded by ions
is not well reported. For other materials, the emission
due to ion bombardment is generally greater than for
electron bombardment for this energy range (SE -1 for
metals and semiconductors, SE ~ 10 for non-organic di-—
electrics) [7]. For this model, a simple, conservative
approximation was used. For ions, with E and 6 defined
as before, we have

SE ~ .4 E!
C=1+4+SE .,

The coefficient C is treated as a function of time
because the surface charge distribution changes with
time. With crossing trajectories, particles may strike
the same point on the specimen with different angles
and thus have different cocfficient C. Therefore C is
also treated as a function not of the final position at
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which it reaches the surface, but of the initial trajec-
tory position, C = C(g, t). Adding this coefficient to
equation 4, we may express the rate of surface charge
deposition '%ﬂ , across the specimen width as below.

t

do{#n,t.) . O de (z,t;)l . . . 5

dotmat) ¢ S, ) [ Gk (8,7 L) a L) (B)
k

Here 7) has been extended to be a function of time. The
domains Dy, will also change with time, as may the
possible values of k, as new single-valued sections
become required and old ones merge together.

At some points, such as the reversal points of
Figure 4, the derivative “k , goes to finity and ;ﬁq

will have a pole. The infigities may be avoided by con-
sidering the charge accumulated over a finite section of
the specimen instead of the charge density. For this
two-dimensional model, this means making a division
across the specimen width, {zy, z3, z3,..., zy}, and con-
sidering the linear charge density Py» on each small

sub-strip section. ‘
%atl -
o, (t)= J o(z,t) da (6)
”n

Substituting into equation 6 from equation 5, we obtain,

zn+]_
fenlts gy IH(Z,Dk)C(qk(z,t),h)Ig%k(z't) da

k =
n

]

The model is physically tenable as the value of g;ﬂ.re—
mains finite regardless of the division used. The Yine-
ness of the division is limited mainly by the computa-—

tional accuracy of the trajectory calculations.

Since an electron initially released at a particu-
lar position ¢ is constrained to go to only one point on
the specimen, the functions gy, will be one-to-one, or,
equivalertly, monotonic. Therefore, the derivatives d k,
will each be either always positive or always nega~ &%
tive over their entire domain Dk’ and we can define aj
to be the sign of SEE with o) independent of z. We can
proceed, dt

2
n+1
do, (V) ¢ § . ' 10, (7, t
9en (). fu% Ju(?,nk)c(qk(z,t),t)ak W7ty

q

‘n
€z, q0t)
k Clz, . 1)

where, to simplify notation, Zj; is extended as a con-
stant function outside of Dy. That is, if Dy = [a, b],
then r, is extended as, .

Qk(a,t) , 11 =ca

Qk(z,L)T Qk(g,t) , if zeD

k
Cplbit) , if 2>b

If C(;,t) may be approximated by a constant over
each interval, then equation 8 simplifies to,

]
i
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gﬁn(t)? fD;le(zn+1,h)-Q(zn,t)Ian(h) (9)
k

With equation 8 and enough calculated trajectories
to adequately define Zx and C, the instantaneous surface
charge deposition rate can be computed, However,although

o o - .
the deposition rates —7? are finite, they remain

strongly peaked for sub~strips near certain positions
such as the reversals of Figure 4. Further, these de-
position rate peaks move across the specimen with time,
This makes attempts to follow the time evolution of sur-
face charge problematic. The depositon rate can be
approximated as constant in time for less than the short
period that is required for the peaks to move across the
specimen a distance equal to the narrow peak width. The
computation time would be too great to make the full
trajectory calculations required to use equation 8 at
such short time intervals for the whole charging process.

The underlying relations ¢(z,t), C(z,t), are more
smoothly varying, however. Thus calculations of these
curves could be made at less frequent intervals and an
interpolation method used. The domains Dy, vary in time
and because »f this it is less complex when comparing
curves for different times to take the inverse of the
relation z(z,t) and consider z(z,t). That is, to consi-
der the final ion position z at the specimen surface as
a function of the inijitial position z. It was found that
for small time changes the variation in z(Z,t) could be
approximated with a combination of linear amplitude and
scale factors. For small intervals At about a particular
time t, constants A,B, could be found to satisfy, .

2(C, E¥AL )= (1HAxAL) x z((]*BxAL)xQ,t) (10)

This suggested the following interpolation procedure. If
the curves z, C, have been calculated for times ty, t2,
then the curves for other times can be estimated as by,

Fa
t,- L

t-t.
r'z((]+Bx(L»t?))xc,t?) x [P-”{-] (11)
2 2 oty

z2(C¢, )= Z((1+B*(h“t1))xq,b1) x

t
C(¢, ) (‘,((IOHx(h't.]))x{‘_,i.l) ES [

toot,
+ C((lin(L“L?))xQ,t?) x ['-::-] (12)
: : 2

where B is choosen as follows. The trajectory at time t
which hits the extreme right-most edge of the specimen
(z = + 1 w) should be scaled to the trajectory at t
which also hits the right-most edge. This means that if
%1+ and gy, are the initial positions for the trajec—~
tories which hit the right-most edge, that is

AC ) 1y

I
MCopet) 7+ w
then B should satisfy

Coy @ (D #Bx(t,, k)~ c‘L

Analogously, for the left-most specimen edge, if
41— and §o_ are the initial positions such that

BT A o i

AN

Z(Cl~-ﬁ) =T -y oW
'
20, 4 t) =« 5 ow

then B should satisfy
QZ- = (||Bx(t2~h1))x Q,_

To best satisfy these two conditions, we choose

. 2 2 Y1/2
RRR B § AT 2

Different methods for choosing parameter B were con-
sidered. The method used was chosen as the most reli-
able at producing matches in the sense of equation 10,

The interpolated function z(z,t), from equation 11
may be inverted to yield £ (z,t), and Dy, . These,
together with C(z,t) from equation 12 can be used in
equation 8 to obtain the charge deposited 8pn, during
the time period t) to t,. :

t

2
- do
Ao, = f agn dt

2 Cxlapqr 8

d¢ C(Ck(z,b),t)
(’:k(?'n' t)

(13)

Modeling Calculation Procedure

The geometry of the uncharged specimen is defined
by the strip width, sheet thickness, and material di-
electric constant and electron emission properties. The
electron and ion beams are each defined by beam energy

and initial flux and, in the ion case, the particle mass.

A division of the specimen surface is made to-define the
sub-sections p,, as in equation 6. Initially, at time
t=0, the trajectory curves £(0), C(0), may be easily
calculated for both electrons and ions by assuming no
deflection of incoming beams.

An initial step in time, to t= t1, is chosen. The
surface charge for t; is first estimated by assuming
constant, undeflected electron and ion fluxes for the
period t=0 to t). Using this first surface charge esti-

mate, the trajectory curves SGIDN C(ty), arecalculated.

Then the curves for the period 0 to ty are interpolated
using equations 11, 12 and a final calculation of the
surface cha:ge deposited for cach sub~section &py,, for
the period 0 to t; is made using equation 13. A measure
of the error for this initial step can be obtained by
comparing the final calculation of the deposited surface
charge to the first estimate.

A second step in time, to t , 1s chosen. The tra-
jectory curves g (t), C(t), for the period t] to ty are
extrapolated from ck(O), C(0), and g (ty), C(tl) using
equations 11 and 12. These extrapolated curves are used
with equation 13 to estimate the electron and ion charge
depositions Ap,, for the period ty to'tz, and to arrive
at a first estimate for the total surface charge at time
th. Using this first estimate, the curves gk(t?), Cc(t,)
are calculated for electrons and ions. The cutves for
the time period Fy to t, are interpolated using o (e,
C(tl), and qk(t?) and C%tz) with cquations 11 and 12,
and the final cdlculation of the electron and ion charge
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depositions Ap,, for the period t) to t is wade using
equation 13, to arrive at a final calcu%acion of the
surface charge at time tg. Again a measure of the error
for this step can be obtained by compariung the final
calculation to the first cstimation of the deposited
surface charge.

A third step, to tq, and subsequent steps are
chosen and the eclectron and ion charge depositions for
each step are calculated in the manner described for
the step tj to t,. After repeated iterations, the sur-
face charge shou%d approach a steady state equilibrium.

Results

The developing surface charge for a teflon strip
50 mm wide and 100 um thick exposed to a 20 keV elec—
tron beam with an intensity of 50 nC/cm? and a 100 eV
lithium beam at 5nC/cm? is shown in Figure 5. Each of
the three curves shows the total surface charge accu=
mulated on the specimen from the beginning of irradia-
tion to the time during early exposure indicated for
that curve. The surface charge is due to the combined
effects of the electron and ion beams. The distinctive
ion spot pattern with the central region of more posi-
tive surface charge and peaked edges, can be seen emerg-
ing and concentrating with continued exposure. However,
problems associated mainly with the increasing comple-
xity of ion trajectories as the surface charge develops
have so far prevented the computation from progressing
to a steady state. The sharply peaked edges of the ion
spot pattern shown in Figure 5 result in transverse
electric fields at the spot hgundary of up to 10° v/m.
It is not expected that discharges will be initiated at
the ion spot because higher fields, of about 5 x 10% V/m
are found at the very edge of the sample strip and dis-
charges observed experimentally have avoided the ion
spot, rather than being initiated there.

Conclusions

The ion spot phenomenon has been successfully
simulated theoretically in two dimensions by calculating
trajectories over a very simple model for the accumu-
lated surface charge on a polymer sheet pre-charged by
electron irradiatiomn. The mechanism for spot formation
has been found and shown to possess scaling properties
to indicate ion spot occurrence over a wide range of
conditions. The problems of following the time evolution
of the charge distribution resulting from the strongly
concentrated and time-varying incident jon flux profiles
have been investigated and largely overcome by use of
interpolation of the underlying trajectory properties,
which vary more continuously. Initial results of the
time evolution model have shown the emergence of the
ion spot pattern from the developing surface charge on
a polymer sheet during simultaneous irradiation by
electrons and ions.

The combination of successful duplication by a
very simple model, scaling properties and occurrence
over a wide range of conditions, and emergence from the
evolving surface charge during simultaneous electron
and ion irradiation, shows the phenomenon to possess a
robust nature. This invokes an expectation that the ion
spot will be present in situations involving different
charged particle environments and different specimen
geometries which prevail during both laboratory testing
and actual space flight conditions.
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