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1. SUMMARY

Objectives: Arc discharges on exposed spacecraft dielectric materials
can occur as a result of charge accumulation from the energetic electrons
and ions which are always present in synchronous orbit and which represent
an increased danger to spacecraft systems under 'magnetic storm" conditions.
The main objective of this research is to use laboratory measurements and
theoretical computations to evaluate the variation in arc discharge strength
as a function of dielectric material thickness, under exposure to mono-
energetic electron beams and low-energy ions.

Results: A study of arc discharge strength was carried out, emphasizing
its variation with the thickness of the dielectric-sheet specimens which had
been exposed to an incident 20 keV electron beam at a current density of
25 nA/cm?2. It was found that there exists a 'worst'" thickness around 50 um,

a thickness at which the peak current and the energy released into a load
resistor are maximized. The addition of a low-energy ion beam was found to
reduce discharge strength without significantly altering thickness-scaling.
Also, experimental evidence was presented for a new effect called the "ion spot
phenomenon', in which the incident ions are focussed into a central spot which
then glows due to electron-impact luminescence. This work is all described in
a paper to be published (by Balmain, Battagin and Dubois), which is attached

to this report as the Appendix.

The first stage in the analysis of the ion spot phenomenon has been
carried out and is described in this report. A two-dimensional analysis reveals
complex ion trajectories which produce not only a strip (equivalent to a spot)
of ion deposition, but also are such as to produce a spot with very sharply
defined edges, just as observed experimentally.

As for the spacecraft-charging experimental facility, a chamber capable
of holding specimens up to 30 cm diameter has been completed. Arc discharges
of 700 A peak have been recorded for the largest specimens, and a system for
making surface potential measurements has been tested.

Interactions: The Principal Investigator, K.G. Balmain, attended the
IEEE Nuclear and Space Radiation Effects Conference, held in Monterey,
California, July 22-24, 1985. He presented the paper "Thickness Scaling for
Arc Discharges on Electron-Beam-Charged Dielectrics", by K.G. Balmain, A.
Battagin, and G.R. Dubois, the final publication version of which is in the

Appendix.
' 2. PERSONNEL
K.G. Balmain, Principal Investigator
G.R. Dubois, Professional Engineering
Officer 2
T. Nozaki, Engineering Technologist 3
G. McKeil, Graduate Student (Ph.D. candidate)
A. Battagin, Graduate Student (M.A.Sc. candidate)
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3. ANALYSIS OF THE ION SPOT PHENOMENON

G. McKeil
®
3.1 Introduction . ' ‘gﬁgg
bl Xt e
Theoretical investigations have been undertaken into the effect of the gggﬁ;
inclusion of positive ions with the incident electron beam during dielectric ‘"%3
charging. Earlier [1] and concurrent [2] work here has shown that the in-
® troduction of ions at relative current densities comparable to those exist-

ing in the magnetosphere (about 10% of the electron current density) results
in a reduction in strength or elimination of electrical discharges. Further,
evidence was seen [2] to indicate that strong focussing of the incident ions
was occurring. The ions appeared not to be deposited over the entire di-
electric surface but to be concentrated on a small central "spot". This"ion

® spot" was stable in location and general features, and had a very definite
and sharp boundary. A more gradual and continuous transition between regions
of high and low ion concentration might have been expected, if spot formation
had been predicted.

As a first step in theoretical investigations, the ion trajectories and
resultant ion beam focussing are studied numerically for low energy ions in
the field of a simplified charge distribution representative of those thought
to exist on exposed dielectrics. A 2-dimensional geometry with constant
surface charge density is used. To simulate the laboratory work, low energy
lithium ions are used. Subsequently, protons are substituted. It is shown,
P however, that the trajectories, and hence the focussing, of ions with equal

initial energy are independent of the ion mass. Further, the paths are
shown to be independent of ionic charge and average dielectric charge density,
provided the initial energy of the ions is scaled in a prescribed manner.

The simple model used results in a profile of the ion density incident

PY at the dielectric surface which displays the essential features of the
laboratory observations. The ion spot with sharp edges is reproduced. The
profile pattern is also found to be stable over a wide range of simulation
parameters. The mechanism by which smoothly varying ion trajectories produce
the discontinuously sharp ion spot is found and discussed. A model is
proposed to describe the effect of the inclusion of ions on the external

c electric field. In this model, the main result is the production of a region
where the negative charge due to the electrons is substantially or, for a
large class of situations, exactly neutralized. The remaining dielectric
surface is affected to a much lesser degree.

3.2 Results and Analysis

The charge distribution used to represent the surface charge on exposed
dielectrics is a constant-width, infinitely long ribbon of surface charge of
uniform density held in free space over a grounded plane. This is intended
to model the charge distribution which exists on a long strip of dielectric
lying on a grounded metal substrate after exposure to an electron beam. The

[ steps used to arrive at this model are illustrated in Figure 1. Effects due
to the finite length of the dielectric strip and extent of the metal sub-
strate are ignored. The ground plane is replaced by the image charges, and
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the charge on the dielectric is replaced by the equivalent free space dis-
tribution. The side edge faces of the dielectric would be in the shadow of
the beam and the fields there would be predominantly perpendicular to the
grounded plane. Therefore the free and bound charge on these side faces
would be relatively small and is neglected. The resultant ribbon of surface
charge in free space is taken as a first approximation to be of uniform
density. The image force of the ion in the ground plane is also included.
This force, however, can be shown to be insignificant. This model and some
of the computer code used are extensions and modifications of work by R.D.
Reeves [3]. The electric potential at the dielectric surface is the physical
quantity monitored to establish the appropriate range of charge densities to
be used.

A common dielectric sheet thickness of SO um is used. A low value of
10 eV was chosen for the initial ion beam energy. Scaling analysis, however,
is used to show that results for energies ranging from .7 to 700 eV may be
inferred. Free space charge densities ranging from -1 to 1000 nC/cm? are
used resulting in surface potentials from -.06 to -56 kV respectively.

Results are presented mainly in two forms, the ion trajectories and the
resultant focussing profile. The orientations of the y and z coordinate
axes used are shown in Figure 1. Also included with the trajectory plots is
a rough plot of the potential across the strip at its surface level. Figure
2 shows a wide view for a typical trajectory plot. For clarity of display
only half of the trajectories, those originating to the left of centre, are
shown. The remainder can be inferred by symmetry. The potential at surface
level is shown by the lightly dotted line, with the scale to the right. The
position of the dielectric strip is indicated on the horizontal base axis by
two small dotted arrows.

The details of focussing are better seen with a narrower, judiciously
chosen, scale, but the wide view of Figure 2 shows the outer trajectories.
Notable is the region where the ions completely rebound. The dipole-like
fields and the low ion energies produce this effect. The image forces of the
ion in the ground plane are included but are insignificant and cannot over-
come the repulsion.

The effect of varying the dielectric strip width is shown in Figures
3 to 12. Here the trajectories and the ion focussing at the dielectric
surface are displayed for various strip widths. These plots are the results
for lithium ions with an initial energy of 10 eV over 50 um thick samples
charged to the free space equivalent of -70 nC/cm? producing a surface
potential of -4 kV. Five strip widths are included; S5, 15, 25, 50 and 100
millimeters. The ion spot becomes more sharply defined as the width increases.
The central region of high ion focussing surrounded by lower ion density
constitutes the ion spot. The spot boundary is seen to be very sharp.

Figure 13 shows, for a typical case, the relationship between the initial
ion position in the direction parallel to the dielectric surface ("INITIAL Z')
and the final position when the ion strikes the dielectric ("FINAL Z'). The
figure also illustrates how this position curve compares with the location of
the ion spot. The position curve is produced by cubic-spline interpolation of
the values obtained from the individual trajectories. The plot of the ion




positions is continuous, as would be expected, and has no sudden jumps.
However, due to the reversal points, as indicated on the figure, this smooth
curve produces the concentrated ion spot with its discontinuously sharp

edges. The local ion density at the surface of the dielectric is propor-
tional to the absolute value of the slope of the position curve as drawn.

For areas between the reversal points, ions are incident from three separate
initial regions and the sum must be taken. In addition, the reversals
necessitate steep slopes and hence high ion densities in the ion spot region.
The slopes at the reversal points themselves are infinite! These factors
result in the ion spot receiving a total ion density much greater than the
surrounding dielectric. Furthermore, the reversal points provide the
mechanism for absolutely sharp spot boundaries. Any "monotonic'" position

curve would result in gradual transitions, as in the 5 and 15 cm strip width
cases of Figures 3 to 6. It can be said that, once the reversal is established,
the smoother, more gradual the position curve, the sharper and the more intense
the ion spot.

The ion spot formation is found to be stable over a wide range of surface
charge densities and potentials. Results are presented in Figures 14 to 27
for lithium ions with initial energy of 10 eV over charge distributions of
width 50 mm placed 50 um above the ground plane. Free space charge densities
of -1, -5, -10, -70, -200, -400, -1000 nC/cm? are used resulting in surface
potentials of about ~-.06, -.3, -.6, -4, -11, -22, and -56 kV. Over this range
of three orders of magnitude, only in the case of the least charge density
does the ion spot begin to break down.

To simulate conditions encountered by spacecraft in orbit, studies were
done with the lithium ions replaced by protons. Results for 10 eV protons
over a few charge configurations are presented in Figures 28 to 33 . Compari-
son of these plots with the plots in Figures 14 to 27 for lithium ions over
the same charge configurations shows that the results are identical. This is
due to the general fact that the paths of charged particles of like sign in a
static electric field are independent of the particle mass. To derive this
and other conditions for path degeneracy, consider the equation and initial
conditions below.

X(t) = F(x)
(1)
x(0) = Vov° , x(0) = Xo
where x=--X and V.  is a unit vector
dt o] :
If X(t) 1is the solution to equation (1), what is the solution to the
related problem below?
X(t) = a2 F(X)
. R (2)
x(0) = aV Vo , x(0) = Xo
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The solution to equation (2) is

Py ' (t) = X(at)

This can be easily verified by substitution. This result is now
applied to ions falling over a charge distribution. Take £(x) to be the
electric field due to some static charge distribution, p(x), with unit

P average charge density. Consider two ions, charges q, q', and masses m, m',
travelling over charge distributions Cp(x), C'p(x), respectively, where
C, C' are the_average charge densities. The fields involved are, by super-
position, Cf(x), and C'f(X). The parameters are restricted so that (Cq)
and (C'q') are non-zero and have the same sign. In this analysis, we
neglect the ion images in the ground plane. This force for our case of

PY interest is insignificant except when the total surface charge is comparable
to the charge of the ion; a ridiculously tiny surface charge. The equations
governing the motion are,

()

% CEX)

®
"
>
o
<
(o]
n
<>
(o]
B m
i®

%(0)

X(0) = xo
® and
1
X (v) = %, C'EEX)
1
$'0) =V v =il oo
® © =Vove =Y m'
-t
X(0) = X,
c The resultant paths will therefore be identical provided the initial

conditions scale as required; namely,

or, equivalently
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X = Xo
Ay A
V° = Vo
1 [Fod)
= =
B = B [ qC ] 3

It can be seen from equation (3) that the paths of ions of equal initial
energy and charge will be independent of the ionic mass. In addition, varia-
tions in initial energy, ionic charge, and overall charge density (or, equiva-
lently, electric field or potential) magnitude are shown, through equation
(3), to be interchangeable, as far as resultant ion trajectories and focuss-
ing are concerned. A caution is expressed at this point. The paths taken
by ions have been shown to be the same, but the speeds at which these paths
are traversed, of course, vary. Furthermore, because the impact energies
are different, the secondary emission and sputtering properties will also vary
greatly, and the net charge deposition will vary. Nevertheless, the ion spot
will cover the same region and retain its sharp edges. More is said about
this in the concluding section.

A demonstration of the scaling equivalence of initial ion energy and over-
all surface charge density is included as Figures 34 and 35. For the -1 nC/cm?
case, as in Figures 26 and 27, the initial energy was rescaled to produce the
same trajectories as the -70 nC/cm? case, as in Figures 20 and 21. The initial
energy was rescaled via equation (3) as below.

E; =& [%;]

10 eV -1 nC/cm?
-70 nC/cm?

.143 eV

Comparison of Figures 34 and 35 with Figures 20 and 21 shows that the tra-
jectories and focussing are identical.

Using the scaling law of equation (3), Figures 14 to 27 may be viewed,
not as results for surface charge variation, but for variation of initial ion
energy. Using the -70 nC/cm? case as standard and scaling the others to it,
the results obtained using a 10 eV initial energy with charge densities of
-1000, -400, -200, -70, -10, -5, and -1 nC/cm? are equivalent to results for —
a -70 nC/cm? charge density with initial energies of .7, 3.5, 10, 70, 140, e
280, and 700 eV respectively. Thus the ion spot formation is shown to be
stable over a wide range of initial ion energies for this charge configuration.

3.3 Conclusions

Using a simplified, two-dimensional model of the surface charge,
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positively charged ions incident on an electron-beam-charged dielectric sheet are
shown to focus to a central region of high concentration with the remaining
dielectric surface receiving a much lower and uniform ion current. The boun-
daries of this spot of high concentration are extremely sharp. The mechanism

for the creation of the ion spot with sharply defined edges is found in the
dynamics of the ion trajectories in the electric field above the dielectric
surface. This mechanism is sufficiently general that the existence and

features of the ion spot are stable over a wide range of incident ion energies
and dielectric surface charge densities and strip widths, as is demonstrated.
Further, the ion trajectory dynamics are shown to scale with ion mass, leaving
the ion spot unaffected. Additional scaling rules are also found. bt
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The effect of the ion spot is to produce a region in which the e
charge due to the electron beam is substantially neutralized. The high
focussing of ions at the ion spot and the additional reduction of negative
charge, not considered here, due to impact emission of electrons will effec-
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tively eliminate much or all of the charge due to the electron beam. However, r;}:}
no positive charge will build up in the ion spot region due to the abundance {fii
of low energy secondary electrons present during dielectric exposure. These CoT
secondary electrons will migrate to any positive potential and pin it at a e
low value. Experimental verification of this prevention by secondary elec- ik

trons of positive potentials has been reported in the literature {4].

P

For many situations, the incident ion density and the secondary electron
emission rate is greater than the primary electron density. For such cases,
exact charge neutralization will occur at the ion spot. That is, the surface S
potential will be held to nearly exactly zero volts. The exact profile and e
magnitude of the focussing at the ion spot is therefore of little importance Er
for this class of situations. Further, the importance of the exact ion
impact emission, dependent as it is on impact energy, mass, and angle, will
be greatly reduced. The position and sharp boundaries of the ion spot define
a region of complete neutralization, regardless. This increases the signifi-
cance of the scaling properties of the ion spot, particularly the pattern
independence with the ion mass. Equivalence of ion trajectory solutions is
reflected as an equivalence in the neutralization region.
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For the purpose of external field modelling, the ion effect on the net
surface charge distribution on dielectrics exposed to an electron beam is
thus expected to have two general features. Primarily, a region with sharply
defined boundaries is produced where in the electron charge is substantially
reduced or, for a class of situations, exactly neutralized. Secondly, a low,
even density of ions is deposited over the remainder of the dielectric surface.
A more complete model, including particularly the effect of the ion neutrali-
zation on the trajectories of subsequently incident ions, will certainly show
variation in the exact ion spot size and shape. However, the spot pattern
has been shown to be robust, surviving wide variation of the simulation para-
meters. Scaling laws exist to confirm this stable behaviour. The mechanism
responsible for the sharp edges is simple and basic. Further, as discussed
in this section, for many cases the results are independent of the exact ion
density and secondary emission parameters. For these reasons, the general
features of the ion spot are expected to be present in more complicated charg-
ing situations.
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4. EXPERIMENTAL EVALUATION OF THE ELECTROSTATIC PROBE \’(?
G.R. Dubois o I‘

The electrostatic probe (Trek Model 340 HV) has been modified to mount e
) inside the chamber as shown in Figures 36 and 37. The probe itself has been X
! placed inside a grounded aluminum case to protect it from the e-beam. The
cable leading to the probe connects to an electrical feedthrough and runs in-
side a grounded aluminum tube to the probe head. The probe head is mounted

l @ on an arm which is connected through a transmission assembly and rotational
feedthrough and allows the probe to be swung across the sample surface in an
arc by manually adjusting the rotational feedthrough from outside the chamber.

In experiments to evaluate the probe performarce, the probe height was

adjusted to produce a gap of 6-8 mm from the sample surface. A circular sample
[ defined by a 100 mm diameter aluminum aperture was used as a test specimen.

A 75 um thick piece of Mylar was used as the first test specimen. The accele-

rating voltage was set at 20 kV and the filament current at approximately

2.2 A. The actual e-beam current density at the sample was not measured for

these tests but previous results indicated that for this filament current the

current density would be about 15-30 nA/cm?.

The probe head was moved out of the way of the e-beam and the sample was
irradiated for approximately 15 seconds. The accelerating voltage was then
shut off and the probe was swung across the sample and voltage readings were
taken every one-eighth turn of the rotational feedthrough. This corresponds
to a movement of approximately 2.3 mm on the sample surface. Figure 38 shows

o the voltage profile obtained after the 15 second exposure to the 20 kilovolt
e-beam.

i
. a8
’

¢

The sample was then exposed to the same beam until a discharge occurred.
The discharge under visual observation appeared to cover approximately one-
third of the area of the sample and the arc direction was normal to the
@ direction of the path of probe head. The voltage profile obtained is shown
. in Figure 39. It can be seen that the area which discharged corresponds to
3 the visual observation and has a considerably lower charge. The area of
: lower voltage covers about one-half of the sample which is larger than the
discharge area observed, also, the area of the sample which had a higher
accumulation of charge in Fig.38, was the area that discharged.

In Figure 41 which is the voltage profile measured after 45 seconds of beam
exposure, the maximum voltage obtained is over -13.5 kilovolts and is

The sample was again exposed to the same e-beam in an attempt to deter- RN
mine a maximum or near-maximum voltage accumulation. The luminescence of :{}jﬁ
the sample was observed and when it dimmed to a point where a discharge was C’{i}
anticipated the beam was shut off. One discharge which visually appeared to :%:L:
cover the complete sample area occurred, after which the sample was 8N

< continually exposed while observing the luminescence. When the beam was shut i
’ down the sample was scanned by the probe and the resulting voltages were }ﬁ o
7 plotted in Figure 40. The maximum voltages obtained were over - 13 kilovolts {ig,_
! but the half of the sample which had previously discharged remained approxi- :ﬁ;i
v mately 20 % lower. NP
¢ The same experiment was completed on a S0 um thick sample of FEP Teflon. P%




relatively uniform (within 10%) across the sample surface.

Figure 42 shows the voltage profile of the FEP Teflon sample immediately
L after a discharge which, under visual observation, appeared to cover the
complete sample area. The voltage profile .shows that almost all of the

voltage build-up shown in Figure 41, has been eliminated after the discharge.

Figure 43 shows the profile obtained after the complete discharge and
an additional 1 minute of exposure to the e-beam. The voltage build-up does
® not reach the same level as before the discharge and is not as uniform.

The electrostatic probe with some minor modifications should be a useful
tool in measuring the voltage profiles of & sample exposed to an electron beam.
The sample mounting mechanism is built to rotate the sample so the voltage at
any point on the surface of the sample can be measured.

.

P Ty v e . . oy atatan
. e ST ', v
P RS . ,
"‘ . 8 e s l" . . I'
. [N Vo
o et KRR 13y 4 2t B e
L A PERE S ] - @ 3 & v s_t_

L]
p
L §

i 4
=~

R e SR

’

¥

1,

lad
.l.': l"v: l:‘ " '- .0'
P A ",
[AEREMCAEARY I 3
AP

B

7/
W atse



o

P
P

e de e o b b e o b fohe

+———-——-—--—-+
o 4
I € s +
o -+
7 V A Sy S S S o 77
€
o
cP
+ 4+ 4+ + 4+
= - -
I o s I+
| |
! .os :
L+ =+t 4+ )
—--—--.o-—
p
assuming P_| << P |
edges 4 top
€
o

N W IR,
P s

Fig.l1 Development of Surface Charge Model




( 200X) (A) 10d 4HNS 3
,4=1mh// 00°0 00°91- 00 C€- 00°8h- 00" h9- 00 '08- 00°96-5

—

H e e
i ¢ e e e

00°0M 00°021 00001 00°00 n0°09
(HW) L

USED:

CONF

FAEE SFACE CHG

25.00 MM

=70.00 NC/CMww2

D a e AR W e e e TR e TR w R TR A R e Wl

I $0.00 MICRONS

H

E0=10.0 EV

! E,

Q=

M=6.8 AMU,

[ON_TRACKS

Fig.2

NN

R

SN,

SRURL

)

A S
l.'i-,'-:'.“\'_-"_\ S

LR Y
)
7

o

t .
Wk

-

RGNS

bl Y

LX)
A o

-
~.._-_.;_.‘-_.~ s



(=)
(—1
.
®
Q
o
TS
. [~
o
@
[=14F]
® =1
~~
o
=
b Q._
Se
i. +3o
' | .
o<
>
d C:(f)
h <
] =
t T
L 4
Q
(=]
o
T¥
®
' >
p p=1
d -
P w
1 : g + ¢ s T + $ i
i “.a1.00 -65.00 -39.00 -13.00 - 13.00 35.00 65.00 31.00

FREE SPACE CHG CONF USED:

S.00 mn

-7C.33 NC/CMww2 R
P e e TR BRI &R TR R e e e TR e e

) & . i ' I: SU.30 MICRONS

+

; 0N TRBCKS: M=5.2 AMU, Q=1 E, E0=10.0 EV

I IR R S N S '-'-'.':..“-.‘.
...A\I-':‘.‘:A*J\.‘A\:h ? :-'\:-\L'-_‘;\fv\*'.\..\ n\‘n\‘g

P



o
Q i [—]
D o
@ ©-
o o~
o
Q (=]
D [-]
it silm i
e — —
P S S b
) S+ S+ N
@ b= 3
St St
)
=
A
. St =
N
=
T
wl
o =1
[~} . o
dd- o.--
L 4
(=] L=
Q [—]
= =
®
S (=)
Q. i 3 i i n I L3 bt
°-1.l40 -1.400 -0.60 -0.20 0.20 0.60 1.00 .40
Z/HALF WIDTH
FREE SPACE CHG CONF USED:
5.00 mn
=70.00 NC/CMmn2 T
€ g . T so.00 nrcnons
: r—
* [ON_SPOT: M=6.9 AMU, Q=1 E, E0=10.0 EV
<
Fig.4
)
)
o
]

O e S A R G A S L LA S CR R RN SRR
"‘Mﬁ.‘;#gf &ﬂlLtal‘.Lfl‘iLﬂ.J -_':-:' ."_:.‘.‘s‘.\ LIS SAP i s A S A ) :':.n’ A :' Iy



- - ; . . e y . e g il TR p
P T s PR e ARy | CRKRERS . SRR
P M e B ANAN | Pt N RPREIE | Ahanli |- DX
RADE | IS LEVNCLY | ASAOOO  SOSEOO0.'  LEZSGANR Y  RARRALN
*
‘ -\-.
; X
KA
v
N
H ‘!
W ( 201X)(A) 104 44nS o o
) 00°91 00°0 00°91- 00°2€- 00 9h- 00°h9- 00°08- 00962 74
. + + + ¢ 1 + “ pny .._
h GN. ..\-J
Q e
s «© > LAy
+ Q A
R o H W A
.
= 8 o
O -\!i.
<« — vl
" iy
2 ~ .- O .”-lu
o * . w -
. S n
-+ O . k,
b ~” i - N
e » w !
! 3 !
; 2 — .,
o A n :
“ 0- El (e -
£ i =] » «
‘ T El s o
f gl i - "
P w| 2 ob %
K o ! 2 et Y
b D~ * ac [£ %) [
¢ B : .
: . TS CH @ iy
e ; w .-‘.L
3 ™~ 2 n o
1 . s = %A
(=4 o it r S
o w 4 o
4 ” % 3 a o J:
ke ' w /' U .-ﬂu
] z X~ !
i o ~ ) "2
i’ » 4
: 8 o ] 7
” . “ C M_ R .
, . TR — ,,
w a S .
) % = .
¥ e =
e w a 4
e i uw e O h
: } .4 i \._. { } + @ i ) — .
L] . . i L] . L] . !
4 00°0hl 00021 00 :i 00°08 . 00°09 00°0h 00°0¢ 00°0
< (WH) A
¥
i
d
o
v A BB~ £




Lt B A o ar e g ol otk gl s gne g gl 2l R itk

R e A me P S M & r g pa e o A~

8 ‘ g
s g
N S 1
T [

S =1
o o
ET aT
g g
o o
[~ 5 [
(Y] N
3 =4
S e
ST 2+

O

=

[4p]

ns o

oSSt ST

.

p- =4

5

©g S
Q‘-- o-qn
o [--]
Q o
o (=]
o4 ot
= =
=] [=]
° | —— —n 1 1 ; iy | IS s— ©
“1.40 -1.00 -0.80 -0.20 0.20 0.60 1.00 1,40

Z/HALF WIDTH
FREE SPACE CHG CONF USED:
. 15.00 M .

=70.00 NC/CHww2 .
D A e B R At

L

I 50.00 MICAONS

ION _SPOT: M=6.9 AMU, Q=1 E. E0=10.0 EV

Fig.6




’ _— d o a’e
LA . v
-o-r FF.Px» rr AL L - u LN

RC

A VLCOCTUE TRV ¢

co.m% 00°0 ce.w_.- co.mm- oo..:..: co.ﬁ_' oo.om- 00°96-

: m - V\-M
[ 2} -A-.
“ .7
! s > o
. = L) X
.
2 8 o
4w o . ’,
“ ” o -
I 3
«— -~ .
N W o
o o .
(= W tul .
e p]
o ]
™ i - .
E w ¢
E .
F —
o . n .
< o .
L. - H]
iy £l A ,
8 o - o~
77 v a 2D .
IR ~ £ = o)
i - 17 275 o i a Ral
“.‘\\\N [=Xam) . o
7 o= W. :
H o= 4 __ | o .
Y ] 4 l .
) ({8} ‘1
™~ A 1] ..\
- 4 b I
=4 o 3 s
et w 2 )
2] w : o -~
Al 1..- Jovs § N a, S ‘a2
w P ..
o ) e
8 Q ac “
3 w NG
—————d -f w .m - .
¥ w .
i‘k & .M. " ....
.
e ———————————— P FN- -.
S
\\.\\\\\\ 5 g z :
] o 3 ,
. A ] w g O :
: o« ]
: | } +— P u —

00°0hI 00°021 00001 00°08 0n°09 00°0h 00°02 00°0
(W) A

T X
@
o
®
®
®
®
®
<
[
¢
o



W I AT I A A

2 . g
o ~
. 1
g 8
o o
g-- 84-
)
3 8
o o
(Y2 22 U
N “'T
® 8 8
o =
S - O
ON o
=
2
e o3 o
S2+ U_z-l-
vl
=
et
=8 2
o o
2.. 2.{-
o .
[~] Q
< e
gt 51
®
g: FT o— P et p— e = 1 - LRl i ——p—— ——— U LS 8
“1.40 -1.00 -0.60 -0.20 0.20 0.60 1.00 <140
Z/HALF WIDTH
L J
FRAEE SPACE CHG CONF USED:
25.00 MM
o K ’ o T I 50.00 MICRONS

JON_SPOT: M=6.9 AMU, @=1 E, E0=10.0 EV

B T O T O N TN S U L N N v".’{"."""
3 U AT AU AL SO AT O O TN YA, 5 Sy



140,00
16.00

- T
®
=
< o
o b=
9-'-}. - -Lc-
®
8 8
el 1L
— (.
_—
® o Y
c- “"!—l
2T ‘ Tox
—_
>
o
-2 S
® ) \ 1sE
=ZT \ \ [ S
\ i w
> j xr
>
72

-64.00

L
40.00
——

) ]
o =
8T | T%
e
! (=]
f S . . . . , . 8
‘ ©-140.00  -100.00  -60.00 -20.00 20.00 60.00 100.00 14000

| 2 (MM)

FREE SPACE CHG CONF USED:

$0.00 mm
-70.00 NC/CMww2 Nl 7
e 4> j‘&"'h L At Sair SRR SLEF AR RERFEIRE Sl St AL A" AT ST S TRt AT S L i e Shar R TR
‘ I 50.00 MICRONS

ION_TRACKS: M=8.9 AMU, Q=1 E, ED=10.0 EV

Fig.9

v e A e e w T T A e L T At T T T S, e
S B I VTR S PO I S AT S I A A G G R




Ty y A v e A 0 Rigg 2ty Aty gie g

Je

EAD IO I LI ENEIIIEN

Y rhy aly pt. 5 Palotoho 08 2 d bl " ) o 1y g 370 e

o ° o
Q 9
- @
wn uwn
=) o
Q 1=}
@+ © 4+
= =
Q (=]
(=] (=]
Q‘-- c‘--
= =
o =
=] =]
ST ST

[

=

A

oo =+

2% | | 8

- |

= |

T i

w

xS 8
e sS4
=3 =
Q (=]
oT . . =T
Q [=]
a [T 1 - f P =
c t T 1 L c

-1.40 -1.40 -0.60 -0.20 0.20 0.60 1.00 1.40

Z/HALF WIDTH

FREE SPACE CHG CONF USED:

=70.00 NC/CMww2

S0.00 mm

q}-

I0N SPUT:‘M=6.9 AMU, Q=1 E, EO0=10.0 EV

e twm” 6T el e
F S N Y

TN N A A L
Caxs Tade Cuta faditats Xaradata as

.
-

Fig.10




a2 ARG E. VLT

(o)

FREE SPACE CHG CONF USED:

=70.00 NC/CMwn2

...8. - ———a——— .\._.......,_ - ——— O g
’ g;_. \ - '—.:'é'_‘
8
S| g
iy Te
2 E &
| | =
—_, \ S—
2] \ \ 12
pun)
[p)]
: :
s ] 13
= “‘ [}
: Sl :
St -é@&w“““ 1%
Sy
: N{“ g
: g . M\ ‘ . N
3 ©.175.00  -125.00  -75.00 _ -25.00  25.00 75.00 125.00  175.00

>
—

>
cd

: I 50.00 MICAONS

ION_TRACKS:

L

M=6.3 AMU,

Fig.11

€0=10.0 EV

N
N
:’0

.*‘

Sl 7

2
ATLAL

.
¥

L3
bl

ey

AN
.

".%
o
o i

—~ -
Py

-1, P
ATt
v A

—

A,
’

'.. .
.",ES’
DR
o

5

&
i
o
.
o

-
K3

LN
ANAN
~

K
>
A

Vo,
e,

L LY,

LA

ad

Pas
A
’ 2t
L B
BN
PR A

PP
f
a.v

LIRS,



gg [~
e
o S S_
o o
= =)
o I~
! [ZVE [V 9
1 — —
.
‘ ° o
| 8 8
\ b= I~
‘ S+ o+
®
o o
=] =)
o4 ol
d @
o
=
D—y
o
® 58 =
Qs ol
[ =Py @
(X9
=
[« =
w
©8 8
. gt st
o o
=] =]
2T S
®
o o
Q T RS L] 1 c

-1.40 -1.00 -0.50 -0.20 0.20 0.60 1.00 1. 40
Z/HALF WIOTH

B

FREE SPACE CHG CONF USED:

100.00 MM

[
D rd

c =70.00 NC/CHun2 A A R e . B S T TR LSRR TR AR

~ 7 s0.00 micnons

II'—

ION_SPOT: M=6.93 AMU, Q=1 E, EQ0=10.0 EV

Fig.12

I A

3 .)1 ' ..“b{;-".-.’ ~!.'-)-.'_:-..$';-;. .-’~,n'.-". v _..--.: ._: “a . . . -‘.'.'.'.'_'. e _:.',:._‘.: . .;'.. _"p}'.'.‘.-_'.“\' AR DR ._;-‘




?‘»T.‘?Tm’.ﬁ.‘.m"?.’:?}
)

3
|
1 ,-T
i 2 |
i e 3 3
T s+
3
£
w
e 5 1
ekt Z+
[
z
&3 )
b 3d 3
° : 2l
-
0 -0 3 N N .3 <.
(B i -3.80 ZIHRI..OFI%IUI'H' ] 0.8 .38 «
) I U
o
I 1
1 [ :
: I
= |
s {
@ Xl !
5 ) | reversal
- Za
o
g
X =1
. =
g - reversal
3
b
‘el.90 . «3.$0 -1.20 2.20 8.6 1.3 1.4
C (FINAL 1/ (HRLF 4(0THI
y FAEE SPACE CHG CONF USED:
1 £0.00 W
:. =70.00 NC/CHwwa > E;,___'_“_uw_“_r,,_v.,,_,._.,_..,,,_..,.“,..,...,._,,h..,,.’._ caons
' : I $0.00 #
- =
- .:_-s’ -
e ]
= o,
. TON_SPOT: M=6.9 AMU, Q=1 E, E0=10.0 EV 5
neata
L &
; Fig.13 Comparison of initial v.s. final ion :.-’;}-:
. position curve with resulting ion RN
: focussing pattern S
‘s e
.' ~
TS G S L s S R SN RO R DR TR R e TR R R A A A



o -
o
s
7
e
. N
< =]
‘.‘c'..'l' 3 \ J"T
e \
8 8
S ~
h o T
o ; om
(=3 i [~ Y]
< : ~
2T T
=
(=]
— S -
® ] ~T
_'8« __..F-a-
[N,
p— [ o
=
n
o 8
g 5
® =T TS
ol Q
8 S
o o ™~
. (=]
&T T+
®
. (=3
2
g‘ P A L K L L F3 &
“.140.00  -100.00  -60.00  :-20.00 20..00 60.00 100.00 14000

7 (MM)

FREE SPACE CHG CONF USED:

S0.00 MM
— —

=1000.00 NC/CHww2

) g et e B R T ¢ ok $ 4R IR e e A A A T e BT

A R R
: : I 50.00 MICRONS

ION_TRACKS: M=5.93 AMU, G=1 E, EO0=10.0 EV

Fig.l4

Py et A e T e s et e e et et A AT e Cai e e ¢y s B e e
N e e 4 S R S et et e e e S S e N e R N D e N T




DX L ORI | KR
£ h-»d-\ f\.l’
¥H¥2 J;&a\ -:f.:.

TR Y s e -
¥ NN RECIORARZILS Ay .\N ARSI
s 8 4 -Tg AR K
u-o-bn&..m-b\. .P\ .-. .v..n-..-. [NV 3 A e .. e .\-“\..\ \

L I I : 1 i 1 mu
00°9S 00°8h 00°0Oh 00°2e 00°he 00°9l 0089 00}0” "
s
1 2
=
8 g >
lTQI“ “ E
AlL o
- \'m.. ..... AU. ~
2 0
S 0 .
2 - n
= gl SO
= A .
b 4 ) - .
Y 4 o i
ol 3 rl¢__ b
- A
— IHUII —————— .mm i @
~ 2 N
™~ . “ n.D-
12 m " "
{o > oh = .
! w 4 D
M [ X} r
L_J v T ‘
o )
b= ey o~ &
o
. |r|m“ “ .mb Dl .,
') P ) %
< z o
a o V
[72] o [
w w prd ?
s w e O "
) “ ' ' « " “ < . — :
00°95 00°8h 00°0h 00°¢c€E 00°he 00°91 00°8 00°0' KK

INISSNJ04 WU39




(MM)
60.00 80.00 100.00 120.00

Y

40.00

~30.00

N
v

-110.00

-190.00

(V) (x102 )

-270.00

SURF POT

-350.00

2

[=1

o “‘ <

(=] Q

- ST g

g =S 17

\Q\“\\‘“‘ %

\gs\ § S

8 + + —4 NN — + += EE
©-140.00 -100.00 -60.00 -=20.00 20..00 60.00 100.00 140. 00

Z (MM)
FREE SPACE CHG CONF USED:
50.00 MM

& S
e

A T T T T T R e aurwe
: : | $0.00 MICRONS

L

M=6.9 AMU, Q=1 E,

~R00.00 NC/CMmn2

ION_TRACKS: E0=10.0 EV

Fig.16

-.o.-
'.\‘-“'.1
AR
el
R N R TR AR TN P R LIAL ULI PRrK Co T . - “.‘\.'.q"..'.-‘_.“ - A "-"."
»? o T R S R . ° N N - * 2 AR ..‘-q‘.\ CO I YA IO N e T T N




B A B
% e e

o
B i L Il v L L 4 QO
00°9S 00°Bh 00 °0Oh 00°2¢ 00°he 00°91 00°s8 ooja” -
-
S
T
8 e >
LT!I” m E
<« Q
] 1 o
Tw "
- = 8 : —
o -3 "
= gl : S ~
o el oo S
| ] - o . ~
&> . > = ..
. o 2] | > .-v.
.III'I-II\rh ! n|H_ “ |.__ @ ..-.?..
L : o) X
~ - » < S
1@ w ) " ‘N
o % L = N
! w o~ o
z LX) ‘..._.
| | o —
o @ ©
(=4 O ~ .,.-.
1 H Q.
' ' ] m U > ‘
« g v A
oo ]
w W N ...‘
s 3 ©
b 4 “ + 4 - + - w — o
00°9S 00°8h G0’ 0h Q0°2¢€ 00°he 00°91 00°¢9 00°'0 ~d
INISSNI04 WH3G S

P



Sl N o ST TP A L LI T P UL TR L TR A R N U T IR WL LA TIEREN R R TR T WLy %

e

(=4 - —— —— - —
Q Q
* [—)
[—] - vt
27 T&
® \
[~} - (=]
Q [~]
S| \\ o
(x - .-l'}l
®
[=] H [=]
=] =1
o o
2" . -l-l?
Se
® ] =
. [~
(=& 4 -
[--] 1
>
[~}
—c S
xrco [—] =}
o ol 1z
(T-) t
[FE
b ondit} o«
=
[~17p]
Q
[~} .
S 8
Q-l- b -
= ]
L | )
(=]
(=]
[—3 .
(=] [-]
. N
= - O
N 1
®
[=]
e
o N\ X
c. . I —t J — i 3 g
©.140.00 -100.00 -60.30 -20.00 20.00 60.00 100.00 14¢'. 00

7 (MM)

FREE SPACE CHG CONF USED:

50.00 WM

i N
: >
-200.00 NC/CMun2 R

D N e e I

L

; JON _TRRCKS: M=56.9 AMU, Q=1 E, E0=10.0 EV
K3

50.00 MICAONS

Fig.18

.
WE SRRV WL Tl PN

. DR R R SR W R N I YA T IR [P R Y
PR NN 1S "‘:'f.'h‘.'(:a'.'#}~'}-'-'-‘\-‘ K



o - o
=] =)
- L
a7 8T
®
o o
oJ <
27 £t
®
o o
=] =]
p y
O Q-F
= =
° g 2
a4 a4
o o
(%]
=
Sm—
&
58 g
Q=4 .
) =3 &T
vl
=
5
o3 S
K .
UDJ- 04
e s
L B F
& g
\ .t 4
. © <
®
o o
{ S \ : r—o{ 1 . &
o ' =)

- 1.40 -1.00 -0.60 -0.2 20 0.50 1.00

0 0. 1.40
L Z/HALF WIDTH

FREE SPACE CHG CONF USED:

$0.00 MM

5
4

=200.00 NC/CMun2
AT R SRR R WD Y B Bt R 2 IR LN R G R E

e , : : I 50.00 MICAONS
:

JON _SPQOT: M=6.9 AMU, Q=1 E, E0=10.0 EV

Fig.19

"

L gn 2

P S SV SRR ST o T R PR AT N ‘_-".-".-".r"J-\.’-".\-".':“.-"{‘.-:‘{:'-‘:
TR A CUR R LG CORORG AL EAT R R TN VAT STL LG ERL SV DATAR IR VW SR ERCR CL A CVARA CROR AUV MRSV S Vs S e bty

-




" .A.,“ il
e
Ry
° - -
e =3 I
Q-J- e ot ;
bend ] h
s
(=] gN
g S S ot
.
o4 b < X
8 T 53N
S ot 2
= "\\i\{\
Y
—9 8= P
=S =2 A
K Eo+ 12a
uw
o«
>
o
& a
=] =
o4 4+ ©
= []
| ®
(=]
] =3
. ) o
o4 4. ®©
N ]
|
o
(=4
o \ <
S A 3
e

-140.00  -100.00  -60.00 _ -20.00  20.00 §0.00 100.00  140.00
Z (MM

FAEE SPACE CHG CONF USED:

$0.00 Mn

&
< —

-70.00 NC/CHwn2 R .
A e A e e A Y R S T S e R R TR R e e R
¢ I_so.oo n1CACNS

L

ION_TRACKS: M=6.9 AMU, Q=1 E, E0=10.0 Ev

Fig.20

Y At N ST A R AL S T L % S LI ._'.'..-.:!.
: ﬂfs"‘i:‘t:‘;r:'.ﬂ'a'.i'k‘- SRS L ELRE ALK (S SRR AN




B L LRt v RN RIS A E YT E NS AN R ‘Bstt wll i all - LRI s @ dai #s. Sw e Bl Vs 8o bi - B e - s R ] k3 K] i g

i g
(

L

QS AN

86.00
56.00
NI P 2L AR

1P T g":o‘!
Y
® .
e B b
8 & 3
5 5 St
st 2t f’:%?«,
QE,
-v‘?”vj;'v..—
ku"!~ﬁh‘
L ] =3 .
s %
i
3 g e
. 9‘;" aT !
(8} -
= o
((g »
ozt T
. .
- -
D
xS =
st 4t
o a8 -
(=] o
(=] (=]
T ) st
o o o
G PR —1 L L =
“t1.40 -1.00 -0.60 -0.20 0.20 0.60 1.00 .40
Z/HALF WIDTH
€
FREE SPACE CHG CONF USED:
) 50.00 MM e
-70.00 NC/CMmw2 > .:_,.‘,_..,...._‘_.,..3.“.....‘...‘.-. ...,.-.__..‘...,...3..,.4.‘..‘3...,_...3...&..‘.6: -~
g ) i i 50.00 MICRONS R
© L
JON_SPOT: M=6.9 AMU, (=1 E, E0=10.0 EV
| @ Fig.21
'CD
: GO

i ) . . ) - - B \\- ~
Cawae ,_...:'\.' LAY + \.(-v‘ \.n




-

e v v = m - cmcwEE—. ¥ v v Tiw s e, VW W Y Y ONEE VTV TV T ST 4TI YV W TR TR B W

ML TeT T T Yo ¥ LT WA, AL VIR RIS AT L LT U XYYV

] . ]

S e

] 1=

N .

. o

i N

o : o

=] =]

s \\ : ~

ST é T
|

[~} (=]

S ~
o -+ I <
[--} L
=
_ S
=S ! “o
§Q<> -T-QDQ-

(3= 1
Do - 5
N A

o

[~} o

e ~

2T r '{'“F

(=3

(=]

[=] -

8 =

8T T

o

<

8 'y ol o \\l L 4 E
©-140.00  -100.00  -60.00 _ ~20.00 20.00 60.00 100.00 140.00

Z (MM)
FRAEE SPACE CHG CONF USED:
50.00 MM
-10.00 NC/CMun2 i e s

ION_TRACKS:

L

M=6.9 AMU, Q=1 E,

Fig.22

LR Y
el

AT SAWNS

et LT
EROS IR AN

E0=10.0 EV

-

" et “ - -
(SRR AN SR T

j I $0.08 MICAONS

»“ A AR AT Iy

-\':'- AL A LA AL

-~




00°8h

00°0h

00°2¢

00°h2

T+

00°91

00°8h

00°0h

00°2¢

[
00°he

00°91

INISSNIN4 WH3IY

008

L
L3
N
4
X
= g
nold”
(2]
r 4
o .
« .
W [
T '
i b= 8 > '
— 3 w .....
.4
€« o ey
S
H — oy
o H A
w 2 " -
L . 4 o L
o , w ¥
» 4
Kl z,
H . 4
) wi o
8 2
F o z S — 4
- i I . .
— W .. (o] [aY] ...-)
o al ? : o
= "l e -
[=] ? N [£9) L %y
Y] i = ‘e
L o Y- 4 b e
n.U _J _. L—_ a o
m . ..--h
N ) ol
~ v # . ol
[ ] .. w e
3 w | [
l o > i = ....‘.
[ w % d
z e .
o s
[x) — BR
o © - o
nU- (&) .M Dll .-..-,
B W ) ¥
g &
a S Y
] '
- g = Lt
2 w ° (. J
. o o
— w L [} »
0o°0' X
-~
Con
‘A
X
N
-l.’
-'
o v ) © A




r": [ERTRRST IR PR TR TR TR N L B4 BE P TRL K A4 Ad it SN S N

140. 00

120.00
s
]

L
100. 00
/

80.00
-24.00

(v) (xt10!

v

.00
T

(MM)
60.00

@
Y

40.00

20.00

° AN N

-140.00  -100.00  -60.00  -20.00
Z (MM)

0.00
64.00

'60.00 100. 00 140'. 00

FREE SPACE CHG CONF USED:

$0.00 MM

& >
€

«$.00 NC/CMun2

e IR R R T I A R TR S ]

: ; 1 50.00 MICAONS
\c .=:[-_
ION TRABCKS: M=6.9 AMU, @=! E, E0=10.0 EV

¢ Fig.24

- n e ey et e e e mpautatAe s - - T T A A e e Tt e e e
ol A e e e T e e e L L e




BEAM FOCUSSING

50.00 60.00 70.00

110.00

FREE SPACE CHG

Z/HALF WIDTH

CONF USEQ:

(=] Q
(=] (==}
81 g
o (=]
o (o]
1 S
M
o (=]
(=] o
S : S
3 _ - ‘ . . 3
e -1.00 -0.60 -0.20 1.00 4.

50.00 MM
©-5.00 NC/Chmu2 . i
rd L A S R R R TR e R R e LT A e )

E I 50.00 MICRONS

[ON_SPOT:

M=6.9 AMU, @

Fig.25

E0=10.0 EV

T,
i

M4
s

l. 'l
L §
PR
Yol
R

.

2

Sy myeen
oA
r s e




0.00

-47.00 2 3

e
L

4
L]

-87.00

—t
L

270,00  -50.00  -30.00 _ -10

.00

7 (MM}

FREE SPACE CHG CONF USED:

$0.00 mn

10.00

" 30.00 50.00

~1.00 NC/CHMww2

......

H $0.00 MICAONS

ION _TRACKS: M=5.9

AMU,

Fig.26

Q

1

E,

EO=10.0 EV

10

=r127.00

o

-7.00

-27.00

-67.00
(V3

SURF PQOT

-107.00




TN YWY

=TTV

Q [~
(=] (=]
s T st
o I~
e S
a1 "t
- —

o o
e S
=T =T

(&)

=z

)

w

29 [=]

oS =)

=xT o

[T

= - e

[« | —

i 1 — |

[saPY (=]
Q Q
ot T
(=] Q
Qo (=]
(=] (=]
Q. 5 i 3 4 Fu b
c ¥ . 1 T A Q

-1.40 -1.00 -0.60 ~-0.20 0.20 0.60 1.00 1.40

Z/HALF WIOTH

FREE SPRCE CHG CONF USED:

=1.00 NC/CHun2

$0.00 MM

&

<

S
P T R W T R T T

; $0.00 MICRONS

10N_SPOT:

4

M=6.8 AMU, Q=! E,

Fig.27

€0=10.0 EV

.
'.;"'vl"'..’l



. . S R - £3" = o ar I “atie ¥l R W S T A T LW W SR W
DS T YT TGRS AT AV M R N M W WD W W IN I W WS N P oI el T2 LA ST rYE s i 5 ’{:

[~

140.00

50.00

-30.00

1?0.00
P

?,‘f., oy
vy

100.00

-110.00

7
’
A

o

ot
(34

-
- A
*"a

vy,
-
L4
v

46

-190.00
(V) (X102 )

®
80.00
|
)

U

‘l
A
» W

-y

“ate
¥ :.‘
l.{"

4 %
Y

(MM)
60.00
-270.00
X

Y
SURF POT

40.00

s
T

-350.00
,‘
/4
A

20.00

¥

-430.00

o

510.00
A

X4
‘e X '

N\

0.00

R

-140.00  -100.00  -50.00

r 1

20200 §0.00 ' 100.00

’
o/ IR

—
¥ =4
[=)
o
o

TS

LA N )
*
’ o ,"

-
g
4

15
v

o $0.00 Mm L E_

-400.00 NC/CMun2 L ? o
8 - 7 so.00 wicaons P

L I S
- E— .::::::‘4
: [ON_THBACKS: M=1.0 AMU, Q=1 E, EO0=10.0 EV e
- Wl
'

" N
Fig.28 g_’-_':

S “ew N '\‘,.\ R RS ..‘...'..\-., -‘\-..'~“.- DR

P AL R ‘a :‘J“s“’ R PR S
A SRR SRR SA AT S LHE DESL ML DL HIA LI ARSI PLTLE LN




00°95

00°95

@ @ o

T L e L g s e o - GEmmmEE v o~ e g W& NN Ty 0T

00" hZ
INISSNI0d WUH3YG

008

00°0

(=}
| — L i ' 4 —) “o-
00°8h 00°0h 00°2€ 00°h2 00°91 00°8 000"
8
T-
o
w
I&
— e o
1 ~
= o
_ I
| = —
o
= o
. o
C 3
R e———— — (e
I
~
™~
o
“
}e
[
<
I~
o
=
¥ - A — — t -
00°8h 00°0h 00°2€ 00°91 _

FREE SPACE CHG CONF USED:

$0.00 mM

~400.00 NC/CMun2

R R e o S e

I $0.00 MICAGNS

=10.0 EV

EC

1 E,

Q=

M=1.0 AMU,

[ON_SPOT

Fig.29

RIS

<

a

(IS




80.00

T N

(MM)
60.00

Y

40.00

o L
20.00

-16.00

-32.00

—_

o
(o=
—
>
-
Lo
=
-—

-46.00

SURF POT

-64.00

0.00

TEW VYV

FREE SPACE CHG CONF USED:

-20.00
Z (MM)

-80.00

96.00

g
.

50.00 MM

-70.00 NC/CMmn2

R
: : | $0.00 MICAGNS

TV WERY VT W VY

10N _TRACKS

L

M=1.0 AMU,

. "v (.- "

e

E0=10.0 EV

Fig.30




ol

S ey A WY K ok e RS Pt g g £ ta a?, gl " ¥ RO g, Mgt 4a b et gl gl gl D 5 Vo gl Ta ek ced Sl e <gr v ) 2¥ Sy gc e - 3 0

o aed

-
-
-
v
s .
)
.

®
56.00
56.00
n'f;EQ{?‘.I'

u8.00

48,00
= R
AL

40.00
40.00

o
32.00
32.00

F LTS TS TVNTEEEERTCV T CN RN TR W W W W I—S_— e W S s
=)
-

21.00

4
L}

®
21.00
. .
-’A' N

9

AR

BEAM FOCUSSING

16.00
16.00

Yy “r G4
R

8.00
, bOBrnS u

8.00

T LN A S
9
]
1
#

YR o e

LA

0.00

; 1 |

I
-1.40 -1.00 -0.60 -0.20 0.20 0.60 1.00 1.40 KNGS
Z/HALF WIDTH SN

-
0100
)

a

FREE SPACE CHG CONF USED:

$50.00 MM

&
<«

3
>

=70.00 NC/CMuw2

D R R R T

: g I 50.00 MICAONS
¢ L

VT VT TV WV T T

ION_SPQOT: M=1.0 AMU, Q=1 E, EO0=10.0 EV

Fig.31

‘_.' \f

)

‘ . .. t)'- . 'p.,_‘-.‘. -" .'_".._ - .. .. ‘-- .;.. -..: ."g LI "] n.\\ ~._ -'.“..- - :‘ LI T l"-.".'-q '.;-.‘ .
‘!L‘hthhlL 2 .



rsru-s.xriut A SECANCE S EN TR MW R nle’?]lii-ﬁ e YEFTXYX

— ]
o =)
=] S
o 1-2
o
8 \ o
5 o
'3"' \\ '1-'7.
L 3 g
o ~
ST 1o
= 8
[ ] g;-. -L'\x
=
o
— c'_
£2 =0
=87 1%
d — N
\ s
72
= 8
S <
$1 : 13
| J
™ o
(=]
o .
Q ~
o o
ST TT
@ \ =S
o ~
S + ' —t + s >
.140.00 -100.00 -60.00 5-20.00 20..00 60.00 100.00 140’09
Z (MM)
<
FREE SPRCE CHG CONF USED:
. 50.00 Mn

=10.00 NC/CMund

B R A e R T T

: I 50.00 MICRONS
N £
JION_TRBACKS: mM=1.0 AMu, Q=1 E, E0=10.0 EV

e Fig.32




Fup Rt Wb A B S R st o

P R A B R A R PR I e e

. T so.00 wicans

10N SPOT

E0=10.0 EV

v, . . o W Lrey L' WS S O A U AR A S R TR U L TS AC A TR PR R P
N O%S 4 .‘ 3¢ ‘. P .. ‘ V jﬂmmmm:i&'}f. <. -.'.\'l‘. (:'.,‘:'("_ 1’}\':.1'. i?n’}f}t'.‘-" LA r.‘}u'-

(913 N s ¥ o Adgy Nig 48 Al gis x¥y o by 28 4t IR R LR wy I BN CaAR 29 AR e - o
e
g ' g
a1 i1
o
1 Q (=]
: =] =]
o4 o4
= E
. (=) [—]
S o
o+ ot
= =
? 3 3
@ i+ Nt
W
=
N
. 1] b4
] S+ . =4
e ragh i
=
i
; o 3
) ‘é-. é..
Y
@
’ o poRR
: a7 sl
) [ SOy
M
@ ’ '
g o o
e . T . . : . o
-1.40 -1.00 -0.60 -0.20 0.20 0.60 1.00 .40
Z/HBLF WIDTH
<
FAEE SPACE CHG CONF USED:
50.00 MM
-10.00 NC/CHum2 L il

R AR T T N
SNl AN




.

oo.ﬁm-

(A) 10d 3JHAS

00°L01-

00° L2l

0o

cc.mu

-

co.ha-

oc.pm-

oa.ﬁmu

+—

LTS e R e o S O W SO TR I W S N LN R N

(WW)

\

140

o

- o

— 2

[

[ =3

o

8

B

[ ]

o

o

4 L 4 3 1 'l m“
00°021 00°001 00°08 00°09 00°0h 00°02 o'

A s & 2R F R x xS N_ RN PP L T P L M ST

FREE SPACE CHG CONF USED:

$0.00 MM

-1.00 NC/CMun2

L R T T e R e At R T

I $0.00 MICAONS

AT A S Sl S A

E0=0.143 gV

1 E,

G=

¢ M=6.3 ARMU,

ON_TBACKS

I

Fig.34

ECAS RN

BORCRAC

»

-

»

-

et et
- e » e, A, . B
AT YLS phe D R SOYE




R g
ey o

T

-, ‘.‘g
Lo
- i

00°95

00°8h

00°0h

L

00°2€ 00°h2 00°91 00°8

00

>

1.00

.40

8.60

0.20

-0.20
Z/HALF WIOTH

00°8h

00°0h

002 00-1e 00°91 00°9
INISSNI04 WY34

FREE SPACE CHG CONF USED:

$0.00 MM

DR R
H . I $0.00 MICRONS

3

1,00 NC/CHww2

6.9 AMU, Q=1 E, E0=0.143 EV

M=

I

10N _SPQ

Fig.35



SR B R Pe ACRE AR R Y

BRRATI ek

AT S

VU

P R S R T
TR LTTUEY L

X TAYTL

v v

T,
o,

!

Fig.36 Electrostatic Probe Head Mounted Inside Chamber

from rig.3%6

trox. 30°

-
S

PP PN WL v P DTS

N

7 Probe Head Rotated Ap

Fig.3




-
.
>

N
I
8¢ 9andrty r.un“
- N
[l
2
(ssmpw ) doomg :_
.-\“'.
ori oci 00! 08 09 ov (114 0 X
L. ---.
L 1 L i 1 ] { 1 1 ] i 1 yi~ 5
w
‘paJunazo sabioyosip opN - €1- .,.,,_.
‘085 G| ‘x0iddp 10} X
woaq—a 0} pasodxs ajdwing L Zi- -
'~
“
- - ...“..L“
L 0t- h
.--‘
L 6~ < ...M
g S
- O v
- 8 o ,.‘.M
~ L= < ”.....4,
: 7
Ehal B
L - &

-8 .vll

—— nl

. Z-

L -

0

woeq—e AYOZ © 0) pesodxe ‘OIp wwgQ}

HTdAVS YVIAN V NO ATIH08d HIV.LTOA

L 9 0 ® ® Q (V) o o ®

— PP A B RO i - bad it tnd SN 5o Sl Pt S 2 SN, . - 5 S, SERAD ol Bl Al b B . 2




.....
........

6¢ dand1y

(ss9y2wyiws) doomg

00! 0] 09 ov oc 0
1 L 1 1 L 1 ! 1 1 1 1 1

psJo 9|dwos g/| paianod - 11—
abioyosig ‘pauindoo abioyosip
D |)jun pasodxa ajdwog : . Z1-

L 6~ <

¢ 2
L] FOlI h
[ ]

.l.hl. \.m.)
1

.IO m

[ odl

- G- .

woeq—2 ANQZ D 0} pasodxa ‘DIp wwQQ| 0
ATdANYVS HVIAN V NO A'TIH0dd TIVLT0A

@ ® ® L v

e N ilioto ot il BN oo b otde oot




& 2 AT ARRAR IS S SRR I A S A
PRRRIRNTR *| ENORTS ™ AR XA = AR
L e e SOOI AL NS | BRI

ot sanfdry o

(sso10wiijius) daamg

AR
S0 R

ov! 114 oot 08 09 14) 4 474 0
L 1 1 J { 1 | 1 1 1 1 1 1 $i—~
‘0940 sjdwos 7 /|
pasaroo abipyosip (piriw

SN

}
a2
q-

!
AT

151D po)pIpoJal 3|dwobg .,

‘pauipiqo abbjloa ‘xop - Tl- a

~ ti- ...,

. 01— e

~ b— < "1

g

- g- 8 4

-

3 d

u -o- 4

-~ G-~ g w

3

I ¢

2 c A
= -~ - -
5 . X
2 . ;
: :
? — - ”
w.; f .h-
A 0 A
w.. woeqg-8 AJOZ O 0} pasodxa ‘OIp wwop! w
s ;
3 ATIAVS HdVIAN V NO AT1408d AIVL'T0A :

»y

K- o
@
o
®
®
@
L
®
| &
<
¢
®




SNy PIELD _
AR AENL

Iy @an3dty A

(ssojowi ) doamg i

ovl A 00! 08 09 1) 4 114 0 o

BT

r
|

Ve
L]

st
A

e,
“
-

. ',.B.‘.{a'_'.l

A
lala

.
w0
|
RN

.
ula
s at

~
]
(s3on0) ) abojjopn

T
w0
l

T
"
t

-, Ca Lo
IO I T
R Syl Sl WAL S

‘sabioyosip snoiasid
0U'23S G 42UV I -

'{.\ s

- »
ot

(=
RO

woeq—s ANOZ D 0} pesodxe "D wwQQ|

ATdAWVS NOTHAL V NO TTIH0Md TIVILTOA

- -
sV a?
~ -
i

-'.~
) Y

Pha

"
o
.,

* 4

o w o :

e s i R ettt TR Y. e A ..




§ RN

Y

Ry

Zy @andty

SRR

FR

(ss9jowijiu) deomg

ovl ocl 001 08 09 oy oc 0
1 1 1 1 L L ] 1 1 ] i 1 1 pi-

. ._ . "_;.“-

-
.

g

Y
o a e
o, ",

i
(2]
-

}

",
LI

|
N
-

!

-
I
—
-
!
DS

i

-
-
-

{
Q
—

|

.

_ "
p— m' A -..-\
: p -bl
2 ~ A
-~ 8- M
i o
4 -obioyosip o - [- 2
4930 Aj9101paww) 5 .
- - 99— < v, 4
§ 2
g = i
- -
: _ Ky
' ..c‘.
) and Nl ..”,-
) .»'-1
: — - K

, v O 0

g : woeq-9 AJOZ D 0} pasodxe 'DIp wwQQ}

ATdAVS NOTAAL V NO ATIH0Nd AIVL'TO0A

.. ‘,'-.. \...-._‘...‘

.
»" o

Y




PR P IR L i A

st Bt el

b 19y

ISt RAL A

]

A
< RO

LR A Yo b

¢y sandt1yg

(ssajowi W) daamg

ovl oct 001 08 09 ov 0c
| 1 - | 1 | 1 1 i i 1 1 2l 1
‘abioyosip snojrsud
wouy "ujw | "xouddy
woeq-—2 A)NOZ D 0} pesodxe *O)p wWwQQ|
ATdAVS NOTdHL V NO A'TTH08d dIVL'T0A
hd .I .... °. ... ...... v . e e WLV

A \ g \.\.ﬁu.

--

\.;\..\\‘..\

(s31040i1%) abBo3j0A

i\-qq q\\u-
ﬂ-\ -“u
\u
c\. ‘.
E/

RN J_\

P RS SN
ALY A\_-.“ml.a.’u.\m

R

DRI

TR ORI
AT A VA LR SR CA TR

R Y

;\. \. '..-:'- :

38

LI
N

. -
LR
At !'\

ol Ay

. m s -
R
RIS N

- -~ -
..1"._.- .‘-‘\-

L0

-~

™ J'_.- *-

N

CR%

oLl 0 0T

G AN

.-\ﬂ-\*



\ | bty A0 PW B9, P E, U e g gy YWY §9 eiy as, ) I A N TR U LWL Yo g i g1, o plha gha @i B g &3 Cate 3" Yy x $ Rt

APPENDIX

o
o
X
2,

...,.f_
byt S
. .
-
s
f
~ O

-
L
.

Thickness Scaling for Arc Discharges on Electron-
Beam-Charged Dielectrics

.
¥

A'l "
.

L
L IR

.
.

by

3

L}

)
i
.

Y
"]
i)

;

l e K.G. Balmain, A. Battagin, and G.R. Dubois

S
' 8- at,
’ ;p"-
o
[4
"/ By

¥
0

.

P

;.
» 7
s
e »
4, o,
.

To be published in the December 1985 issue of IEEE
Transactions on Nuclear Science.

¢

/

@

o 0
IS ]
A
’
.

$
Y

. v
"
LA

S I

.- »
'T l' ’
D

.
.

[

’
e

v g

A
U * -
N

<l‘f‘f¢“1
M s
ref

PO O RN UL ER e S R R AR IR 545 5 ool s



THICKNESS SCALING FOR ARC DISCHARGES ON ELECTRON~BEAM-CHARGED DIELECTRICS*

K.G. Balmain, A. Battagin, and G.R. Dubois

Department of Electrical Engineering
University of Toronto
Toronto, Canada M5S 1lAé4

Abstract

A study of arc discharges on various thicknesses of
electron-beam-charged Mylar, FEP Teflon and Kapton shows
that the peak substrate current and the energy dissi-
pated in a load resistor both exhibit maxims at¢ a parti-
cular thickness of the order of 50 um, for one set of
experiment parameters. The experiments also show that,
as thickness increases, this particular thickness is the
transition from near-constant to decreasing released
charge, and, for Mylar, from decreasing to near-comstant
arc duration. This transition is interpreted as being
caused primarily for thin specimens by punchthrough
formation and possibly influenced by the transition from
conduction-dominated to emission-dominated charging.
Additional low-energy ion exposure is shown to weaken
and sometimes eliminate the arc discharges without ra-
dically altering the thickness scaling. At low fluxes,
the incident ions are focussed into a central spot.

Introduction

The accumulation of charge and the threat of arc
breakdown on exposed spacecraft dielectric materials
have been a matter of concern to spacecraft designers
for about fourteen years, and the first journal review
on the subject was published by Rosen in 1976 [1]. 1In
subsequent years, extensive laboratory simulation has
been carried out in order to study both the charge accu-
mulation and arc breakdown processes, processes which
have been reviewed recently by Frederickson {2]. Most
of the laboratory experimentation has been done on
sheets of polymeric materials which are used for space-
craft thermal control, such as Kapton and Mylar thermal
blankets and Teflon second-surface mirrors. The thick-
nesses used ranged from 12.5 to 125 um, but to date
there has been no attempt to establish the inter-rela-
tionships between phenomena observed on specimens of
different thicknesses.

This paper addresses part of this problem, namely
the varistion with specimen thickness of the electrical
properties of arc discharges, under exposure to a mono-
energetic electron beam of fixed current density, com-
bined with a low energy ion beam. If one wished to
model accurately the magnetospheric environment, one
would have to use appropriate broad-spectrum, low-
current-density sources of both electrons and ions, and
the results of such an experiment would no doubt be
different from those to be presented here. The present
objective is more limited, being to contribute to the
process of tying together the many monoenergetic-elec-
tron experiments that have been done, in the belief that
understanding those experiments is a necessary prerequi-
site to the study of more complicated situations.

The experiments to be described involve a polymer
sheet lying on a flat metal substrate and covered by a
close-fitting metal mask with a circular aperture. The
electrical quantities measured directly are the sub~
strate and mask currents as functions of time, the
method employed being to measure the voltages across
two low~value resistors connected respectively to the
substrate and the mask.

Mork supported by the U.S. Air Force Weapons
Laboratory through AFOSR Grant 84-0342, and by the
Natural Sciences and Engineering Research Council of
Canads, through Operating Grant A=4140.

Theoretical Considerations

A dielectric sheet over a ground plane and in a
vacuum accumulates surface charge when exposed to an
incident electron beam. As time progresses, if not
interrupted by electrical breakdown, the surface charge
and potential both approach an equilibrium state which
corresponds to current balance involving the incident
electrons, the backscattered electrons, the secondary
emission from the dielectric, and the conduction through
the dielectric. It has been shown [3] that, for a mono-
energetic incident beam in which the current density J.
actually reaches the dielectric, the equilibrium state
may be dominated either by conduction or by emission,
the transition between these two states being given for
Teflon and for a 20 kV beam accelerating voltage by

J d
- T 2 x 10" volts )

in which d is the dielectric thickness and g is its
conductivity. The transition is not sharp but occurs
gradually over as much as an order of magnitude in
Jid/g, and the transition point is not significantly
different for other good dielectrics such as Kapton.
For a constant beam accelerating voltage, the conduc-
tion-limited state is characterized by the surface
potential V being proportional to Jjd/g through the re-
lation

V = (1-SE-BS) J.d/g )

in which SE and BS are the secondary emission and back-
scatter coefficients. The emission-limited state is
characterized by the surface potential V being constant,
that is

eV = (BE-KE,) (3)

where BE is the beam energy and KE, is the second-unity-
crossover emission energy at which SE+BS = 1,

Regarding the assumed uniformly charged dielectric
as a parallel-plate capacitor, one may take the charge
to be Q=CV where the capacitance C = ¢ A/d, A being the
area, and one may take the stored energy to be EO-CV2/2.
These may be written as follows, displaying their depen-
dence on V and d:

Q=¢ AV/d (4)
E~dea v/ (5)

It may be assumed that a discharge involves total charge
cleanoff, which is known to be approximately true for
the strongest discharges; then Q is the total charge
flow to ground via the replacement current I from the
metal substrate supporting the dielectric. The stored
energy E, is generally much greater than the energy E
dissipated in a low-value load resistor connecting the
substrate to ground. Making the tentative assumption

E = E,, we would have

Eevi/d (6)

The released charge is given by Q = 1 dt, 1If we
assume I(t) is a symmetric triangle function with peak
current I, and duration between half-current points

given by T, then
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With the same triangular curzent pulse passing through
a load resistor of R ohms, it is straightforward to
show that

E = (2R/3) Ip’ T (8)
The following relations are deduced from (7) and (8):

E/Q = (2R/3) Ip 9

Q'/E = (3/20) T (10)

Equations (4), (6), (9) and (10) plus the fact that, for
constant incident current density Ji, coaduction~-limit~-
ing implies V « d and emission-limiting implies V= con-
stant, together make it possible to estimate the thick-
ness dependence of the properties of the arc discharge
as shown in the following Table. In the table, the be-
havior of the released charge Q is independent of any
assumptions related to E, Ip or T. However the predicted
behavior of E, I_ and T with variations in thickness d
depends on the assumption E « E,. Also shown in the
table are the emission-limited results for the alterna-
tive assumptions I =1/d and I_«1/d* which are based on
measurements to be presented.

Table I
Conduction-dominated Emission~dominated
charging charging
(thin dielectric) (thick dielectric)
E«E, E<E Ie<l/d 1e 1é’
Q = constant Q=1/d Q=1/d Q=1/4d
E«d E«<1/d E=«1/8° E«1/d’
1ed I=const. Ie1/d T« 1/4*
T<1/d T<1/d T =const. T« 4d

This table shows that, as thickness increases, the re-
leased charge Q will change from a constant to a de-
creasing quantity independent of any assumptions on E
or 1,. This table also suggests that the energy E dis-
sipaged in a load resistor will be a maximum at a tran-
sition thickness given by

d=2x10" g/J; 1)

The peak current I_ and the pulse duration T may also
exhibit thickness dependence.

Experiment Parameters

A beam accelerating voltage of 20 kV was selected
because of the existence of data on many experiments at
this voltage. A beam current density J, of 25 nA/cwm?
vas chosen to allow the accumulation of an adequate
quantity of discharge data in a reasonable time,although
this current density is one to two orders of magnitude
too high to simulate conditions around spacecraft in
synchronous orbit. In the laboratory, the actual inci-
dent current density is lower than the beam current
density due to beam spreading, a reasonable approxima-
tion for this case being J; = 0.4 Jy [4]. The low-field
conductivity of FEP Teflon at room temperature and low
field strength could be of the order of 1072 (oha~cam)
rising to a value perhaps as high as 1071 (ohm~cm)~! at
elevated temperature (- 400K) and as the internal elec-
tric field approsches breskdown strength [4,5]. Under
the extreme highest-conductivity conditions the tran-
sition thickness would be
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2x 10" g/3;
220 um

(with similar results expected for Mylar [5]) which is
just within the range of available material thicknesses,
these being 12.5, 25, 50, 75 and 125 um. The conduc~-
tivity for Kapton could be of the same order of magni-
tude or higher {6], but at room temperature. Trying to
predict the transition thickness is obviously very
difficult due to extreme uncertainty about the conduc~
tivity at the point of breakdown and also due to some
uncertainty about the degree of beam spreading.

The experimental configuration was the same as used
in the past [7]): it consisted of the dielectric sheet
specimen sandwiched between a flat metal substrateand a
metal aperture mask with a bevelled-edge circular aper-
ture of area 15.9 cm®*. The substrate and mask were
connected to the metal vacuum chamber walls ("ground")
through individual 2.5 ohm resistors, the resistor
voltages being used to deduce the substrate and mask
currents during a discharge. The electron beam was
magnetically deflected through approximately 90 degrees
to permit direct viewing and photography of the speci-
men., Ion exposure was also available using a small
Lithium oven and 100-volt-accelerator ion extractor
vhich produced a broad flood beam of ions at a current
density equal to 10X of the electron current density,
comparable to relative ion current densities used in
past vork [8] and existing in the magnetosphere (9,10,
11]. Before the experiments, multiple Faraday cups
vere used to measure the incident current density dis-
tribution which was established as uniform over the
mask aperture to within t 15%. During each experiment,
a single Faraday cup mounted just to the side of the
mask aperture was used to monitor the incident current
dengity which was maintained constant to within % 10X.
The dielectric specimens were used in the state "as
received from the manufacturer” but it was also con-
firmed by a few experiments that there was no notice-
able effect due to cleaning the specimens with trich-
loroethylene in a vapor degreaser. The vacuum pressure
was always lower than 9 x 10~ torr.

The primary measurement during an arc discharge
was current I as a function of time, the peak value be-
ing designated I . The current was integrated to give
the released charge Q, and the square of the current
mltiplied by the resistance (R = 2.5 ohms) was inte-
grated to give the energy E. The current pulse dura-
tion T was measured as the time between the I = § Ip
points.

Experiment Results

The results for thickness scaling are presented in
Figs. 1 to 4. Each graph displays up to four data
curves and includes short-form designations for the
curves, the short~forms having the following meanings:

Sub:e means Substrate: electrons only.
Mask:e " Mask: electrons only.

Sub:e+i " Substrate: electrons plus ions.
Mask:e+i " Mask: electrons plus ioms.

The word "maximum" over the Q, E, and 1_ graphs is an
indicator that only the strongest discharge pulse ob-
served for each case contributes to the data presented.
Graphs for data averaged over all discharges were also
plotted but are not shown. They were generally similar
in shape but wvere significantly reduced in magnitude by
the occurrence of punchthroughs after a few discharges.
Among the "maximum" discharges analyzed the only cases
that exhibited punchthroughs were the following:

- .‘.'-'-'
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12.5 um Teflon wich electrons only
(8 punchthroughs),

25 um Teflon with electrons only
(4 punchthroughs),

12.5 um Teflon with electrons and ions
(2 punchthroughs),

and 12.5 uym Mylar with electrouns only
(1 punchthrough)

The pulse duration graphs displayed are of averaged data
because the pulse duration is determined by arc propa-
gation velocity and therefore is not strongly influenced
by the occurrence of punchthroughs. Pulse duration
graphs were plotted (but are not shown) for those dis-
charges having the largest peak currents: these graphs
were found to be generally similar to the average pulse
duration graphs.

The Mylar and FEP Teflon specimen thicknesses were
12,5, 25, 50, 75 and 125 um, and the Kapton specimen
thicknesses included all of these except 12.5 um. On
the graphs, the absence of data for an available thick-
ness indicates that no discharges were observed after
an exposure period of at least 30 minutes. For example,
no discharges were observed on any of the Kapton speci-
mens under exposure to electrons plus ious, nor on the
25 um Kapton with electron-only exposure. Also, the
12.5 um Mylar did not discharge under exposure to elec~
trons plus ions,

Figures 5 and 6 show typical arc discharges on the
same specimen of 25 um Mylar, under electron-only irra-
diation. A punchthrough is clearly identifiable as a
bright spot, and essentially the whole area is covered
by the arc. Figure 7 shows a luminescence pattern with
10% ion flux, and Fig. 8 shows an arc occurring under
an ion flux of about 3%X.

Discussion of Results: Electrons Only

The charge graphs appear to agree well with the
rudimentary theory presented, and there is also a
measure of apparent qualitative agreement for thin
specimens under the assumption that the energy E dissi~
pated in a substrate load resistor is proportional to
the stored emergy E,. For thick specimens the slopes
of the log-log graphs of measured data are shown in
Table 1I, with the two values in parentheses being those
for the initial assumptions Ip- 1/d and Ipt 1/42.

Table II

Measured (predicted) substrate graph slope magnitudes
for the thickest specimens irradiated with electrons only

Charge Energy Peak Current
Mylar 1.1 (1,1) 3.2 (2,3) 2.0 (1,2)
Teflon 1.1 (1,1) 2.7 (2,3) 1.4 (1,2)
Kapton 1.2 (1,1) 2.8 (2,3) 1.3 (1,2)

For thin specimens the comparison is more random and is
not shown. For the substrate discharge pulse duration
graphs (electrons only), there is not a consistent

similarity between the experiments and the predictions.

The predictions summarized in Table I are based on
the premise that the specimen charges up almost to the
equilibrium state before a discharge occurs. If the
first discharge on a previously untested specimen exhi-
bits a punchthrough, then experience shows that the dis-
charge is weaker than might be expected, presumably
becsuse the discharge was triggered early by an initial
breakdown at a point of weakness (such as & gaseous in-
clusion) which results in specimen perforstion at that

bl decd

3

point.
with premature and therefore relatively weak arc dis-

Thus one associates punchthrough occurrence

charges. The punchthrough occurrences already noted
could have contributed to the weaker discharges for the
thinnest specimens of both Mylar and Teflon, and there-
fore it is not at all certain that the measured transi-
tions in the 25 to 50 um range were actually caused by
the theoretical transition between conduction and emis-~
sion domination in the charging process, a transition
vhich could be pushed as high as 20 um thickness only
by the assumption of improbably high conductivity caused
by temperatures of the order of 400K. Rather, the ex-
perimental evidence of punchthrough formation suggests
that localized material weakness which affects thin
specimens preferentially is the most likely cause of the
observed variation of discharge properties for the thin-
ner specimens. For the thicker specimens, emission-
dominated charging appears to be the main factor con~-
trolling the variation with thickness of the discharge
properties, because the released charge was found to
vary with thickness as predicted, independent of whether
the initial assumption was E = E, or an observed I, de-
pendence. The measured variation with thickness of
energy dissipated in the load resistor appears to
require the initial assumption that the peak current is
proportionsl to something between 1/d and 1/d?. The
initial assumption E = E, appears to be generally in-
appropriate for thick specimens, although it does pre-
dict correctly the slope of the pulse duration graph
for Teflon.

The measured variation of pulse duration with
thickness indicates that the thickness of the specimen
influences arc velocity. Under electron-only exposure
the velocities (mask radius divided by duration) range
from 0.5 x 10° to 5.6 x 10° m/s for Mylar, from1.8x10°
to 7.5 x 10° m/s for Teflon, and from 2.8 x 10° to
5.0 x 10° m/s for Kapton. Arc velocity increase with
increasing deposited charge in very thick specimens has
been reported by Erickson and Oakley [12] and by Cooke
et al. [13] for very high~energy, short-duration elec-
tron exposure but the great differences in experimental
circumstances make comparison with the present work
difficult.

Discussion of Results: Electrons Plus Ions

The electron-only arc photographs of Figs. 5 and 6
(both on the same Mylar specimen) show arcs that cover
the entire exposed dielectric in spite of the existence
of localized triggering at a punchthrough. Figure 7 is
a photograph of luminescence only, in the absence of any
arc, but for combined electron plus 10X ion exposure.
On the photograph there are two bright regions which
require explanation. The upper bright region is the
specular reflection of the very dim red light from the
small Lithium oven ion gun. The lower bright region
disappears slowly after the ion gun is turned off and
expands when the ion current density is increased. This
bright region is therefore interpreted as a region of
steady-state ion neutralization of embedded electron
charge, which permits the electrons to approach the di-
electric unimpeded and produce the bright region by im-
pact luminescence. The bright region is approximately
centrally located because the embedded electroms
produce high transverse edge fields which draw the low
energy ions radially inward from the specimen edge
before drawing them to the surface in the middle region
of the specimen. If this interpretation were correct,
then, in order for steady-state neutralization to occur
in the bright region when the incident ion flux density
is 10% of the electron flux density, the exposed speci-~
men area would have to be 10 times the bright-region
area. In fact the area ratio is about 13, close enough
to 10 to lend support to the explanation offered above.

Figure 8 shows an arc on a specimen exposed to a
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somevhat lower incident ion current density which was
not accurately measured but estimated at 3% of the elec~-
tron current density. In the _photograph there is an
evident tendency for the arc to avoid a central region
vhose area is somewhat smaller than the bright region
already discussed, a phenomenon consistent with the
lover ion current density creating a smaller charge-
neutral region which cannot support a propagating arc
discharge.

Conclusions

Under electron-only exposure at one value of inci-
dent current density (25 nA/cm?), the properties of
beam-induced arc discharges on polymer sheets scale with
sheet thickness in a manner which is regular and similar
from one material to another indicating that a transi-
tion occurs around 50 um thickness. For thick sheets,
the released charge scales in accordance with a predic-
tion assuming that the charge accumulation process is
emission-dominated and that the released charge is pro-
portional to the accumulated charge. A corresponding,
simple prediction of scaling laws for peak current and
energy dissipated in a load resistor was not achieved
due to insufficient knowledge of the discharge mechanism,
although a measure of cousistency between peak curreat
and energy scaling was established for thick specimens.

For thin specimens exposed to electrons only, the
released-charge scaling levels off approximately as pre-
dicted by assuming that the charge accumulation process
is dominated by the conductivity of the polymer, includ-
ing nonlinear conductivity, but such conductivity would
have to be improbably high to produce a transition
between conduction and emission domination in the 20-
50 um range. A much more likely explanation based on
observation is that the levelling out of released charge
for thin specimens was caused by punchthrough farmation
and subsequent premature discharging. As for thin-
specimen peak current and energy scaling, a measure of
qualitative agreement with experiment was achieved by
assuming that the energy dissipated is proportional to
the stored energy but, again, lack of understanding of
the discharge mechanism prevents the establishment of a
vell-founded, simple prediction.

Under electron=-plus—ion exposure, & relatively
bright, steady, luminescent spot was observed in the
central region of the specimen. This spot was avoided
by discharge arcs and therefore was interpreted as an
area of ion impact and electron-ion charge neutraliza-
tion. The reduction in arc strength due to the ion ex-
posure was too great to be explained simply by postula-
ting that the effective specimen area was reduced by the
size of the ion spot. Rather, it is likely that enough
ions fall outside the spot area to reduce significantly
the net charge accumulated there. With ions, the arec
discharges are weakened and sometimes eliminated, but
the thickness-scaling graphs are not greatly changed in
shape. Insofar as spacecraft are concerned, it appears
that low energy ions from the ambient plasma could be
drawn in to neutralize partially any exposed electron-
charged dielectrics.
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