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A 2j-dimensional, cylindricaily symmetric particie in cell program is used to simulate the
interaction of a plasma with a positively biased disk covered by a dielectric material (Kapton).
Several runs using different combinations of bias voltages and secondary electron yields are
discussed. Special attention is paid to the role of the secondaries as the dielectric surface changes
from a negative potential to become increasingly positive. This is termed the “snapover™ process.

The contribution due to secondaries is examined by plotting the distribution (number versus
position) of the particles emitted by the impacting on the dielectric. These plots show that
secondaries are drawn back into the dielectric as well as the conductor in the case of snapover.
Mechanisms and experimental implications for these particular distributions are discussed.

INTRODUCTION

The importance of secondary emission to current col-
lected by a conducting disk partially covered by a dielectric
material has been discussed by Stevens.! He suggested that
plasma electrons were accelerated into the dielectric materi-
al (Kapton) and generated secondaries which enhanced the
current drawn to exposed regions of the conductor {pin-
holes). It was supposed that the secondaries were not an im-
portant factor until the voltage reached a certain value. “At
low, positive applied potentials the Kapton surface assumed
a slightly negative voltage. As the applied voltage exceeded
100 voits, the surface voltage on the Xapton changed: it
became more and more positive until the whole surface was
strongly positive.”' This positive potential implied that
more secondaries were being emitted, and this effect was
strong enough to enhance the current.

The importance of secondary emission has been ex-
plored by Brandon? and Brandon et al.? in a computer simu-
lation of the experiment by Stevens.' The plasma simulation
code s a further development of the 2{-dimensional program
described previously.*” Electrons striking the dielectric
may emit secondaries. The ratio of secondary electron cur-
rent to primary electron current is determined by fits to ex-
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FIG. 1. Current enhancement for the disk and dielectric configuration due
to the collection of secondary-emitted particles.
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perimental data presented by Haffner,® and is given by the
expression

Jv)

J (V)

For Kapton the values of X, g, and b are 3.5, 2.0/keV,
and 15.0/keV, respectively.

Bradon et al. described the “pinhole” effect as *“the col-
lection of electron current by conductors surrounded by di-
electric material in excess of the current which would be
collected by a similar sized conductor not surrounded by a
dielectric.”? They suggested two possible mechanisms to ex-
plain the increase in current: electron trajectory focusing as
the potential of the conductor spreads into the dielectric sur-
face, and charge hopping along the dielectric surface toward
the conductor due to secondary emission. The current en-
hancement due to the two mechanisms is shown in Fig. 1
{after Brandon ef al.*). An increase in the current is seen
when a dielectric is added to the plain conductor, and a
further increase is evidenced when secondary emission is in-
cluded in the calculation. These results show that for vol-
tages just over the first crossover point, the effects of charge
focusing and secondary electron emission are about equal.
For higher voltages, the increase in current due to collection
of secondary particles is the dominant mechanism.
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FIG. 2. Current-voltage characteristic curves for positive voltages with var-

_ iations in the maximum of emitted secondary electrons for an incident pri-

mary electron {secondary yield).
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FIG. 3. Potential snapshots of the four cases at equilibrium. The upper left
has a voltage of 40 V and the s yield of 4.2. The upper right has a voltage of
70V and a s yield of 4.2. The lower left has a voltage of 40 V and a s yield of
8.4, The lower right has a voltage of 70 V and a s yield of 8.4.

Secondary yield is defined as the maximum number of
electrons scattered from the dielectric surface per incoming
primary electron. Figure 2 shows current-voltage curves
with different values of secondary yield. The increase of the
current with increasing secondary yield is obvious. A more
important effect is that the voltage of the onset for the in-
crease in collected current, with reference to the plain disk,
decreases with increasing secondary yield. This onset corre-
sponds to the place in which the voltage on the dielectric
surface first becomes positive (Fig. 3, upper right} and has
been termed “snapover.”® The yield of the secondaries has
an effect on the voltage at which snapover occurs.

NUMERICAL MODEL

The objective of this study is to further examine the
importance of secondaries by using enhanced diagnostics.

The simulation code retains information about where pri-
maries impact, where secondaries are generated, and where
these secondaries impact. Parametric studies include vary-
ing the voltage and secondary yield, and examining these
impacts and emissions. Four cases have been examined in
detail, a combination of two values of peak secondary yield (s
yield) and two values of voltage. In the first case the values of
4.2 and 40 were used for the s yield and voltage, respectively;
snapover did not occur. This case was included for compara-
tive purposes. The next two cases are both at the onset of
snapover. The s yields and voltages were 4.2 at 70 V, and 8.4
at 40 V. Also included was the case well past snapover, s
yielJdof 8.4 at 70 V.

The geometry and boundary conditions are described
as follows. The cylindrical simulation region is divided into a
numerical grid which is used to calculate the potentials and
fields of the problem. Each cell represents a ring of space due
to the rotational symmetry about the Z axis. The outer boun-
daries, large R and large Z, are assumed to be removed far
enough from the conduction disk that the potential can be
set to zero. Thus, the plasma is Maxwellian at the outer
boundaries, and particles are added to the simulation ac-
cording to the value of the random thermal current. Parti-
cles are lost from the simulation whenever their orbits cross
one of these boundaries. In all four cases discussed here a
2020 calculational grid is used. Along the R axis lie the
conductor and dielectric covering (assumed thin) and the
ground plate extending from the edge of the conductor to the
end of the simulation space. The first two cells are uncovered
conductor, the next eight cells are conductor covered by di-
electric, and the last ten cells represent the ground plate.
Depending on where particles cross this boundary, they are
either added to the current, added to the charge on the di-
etectric surface (in which case they can emit secondaries), or
lost from the simulation.

The results presented are the equilibrium configura-
tions. A simulation is considered to be in equilibrium if sev-
eral conditions are met. The charge on the dielectric surface
must have settled down to a constant value (small fluctu-
ations around this value allowed). This settling down must
also be true for the number of particles (both species) and
their kinetic energies. The last criterion is a steady potential
over the entire simulation space. The four cases each took a
different number of time steps to reach equilibrium, less for
the cases of lower voltage or lower secondary yield. How-

TABLE I. Various percentages due to impacts and emissions along the conductor and first few dielectric grid cells,

Conductor Dielectric
Secondary Secondary Secondary Secondary Secondary
impact in impact in impact in impact in impact in
Percent of grid cell 1/ grid cell 2/ grid cell 3/ grid cell 4/ grid cell 5/
Current due total total total total tota)
to secondaries emission emnission emission emission emission
Case 1 4.7% 42.9% 57.1% 0 0 0
Case 2 24.8% 2.8% 65.3% 31.9% 0 0
Case 3 19.6% 3.8% 76.9% 19.3% 0 0
Case 4 57.4% 0.6% 28.6% 55.1% 13.3% 2.49%
4992 J. Appl. Phys., Vol. 57, No. 11, 1 June 1985 Kessel et al. 4992

Downloaded 01 Oct 2007 to 129.237.188.1. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



300

° -
7Y =
] - i
g 200F — total electron impacts
5
_Ec;w 100% secondary impacts
£ C
3 ol
c E

0 1 1 1

5 10 15 20

conductor [___dil_g_c_!LLQ___‘

grid cell position

FIG. 4, For case 2 (70 V, s yield of 4.2), total electron impacts and secondary
impacts vs grid cell position. The impact data for the entire grid cell shown
at grid cell center.

ever, this may be a function of the computer code and not a
physical result.

COMPARISONS AND DISCUSSION
Case 1

The first case is not very interesting in terms of secon-
dary emission. Snapover has not been reached so the Kapton
surface has a negative potential. Very few electrons strike the
dielectric surface, only 9 on the first dielectric cell compared
to 61 and 88 on the two conductor cells, respectively. The
nine electrons appear even more insignificant when the area
effect is taken into account. The grid cells actually represent
concentric rings; thus the area of the first is approximately
one-third the area of the second and one-fifth the area of the
third. Electrons that strike the dielectric have energy that
decreases with distance from the conductor, due to the de-
creasing potential through which they are accelerated. In
this case only seven secondaries are emitted—all from the
first dielectric grid cell. The electrons that strike further out
on the dielectric do not have enough energy to emit secon-
daries. This is indeed a small effect; 4.7% of the current is
accounted for by secondaries (see Table I). Taking the area
effect into account, two-thirds of the electrons strike the first
cell. As will presently be shown, this peak moves toward the
second conductor cell and then to the first dielectric cell as
both voltage and s yield are increased.

Case 2

In case 2 secondary emission is significant. Snapover
has just been reached, which is evident from the positive
potential on the first cell of the dielectric surface (see Fig. 3,
upper right). The total current to the conductor is larger than
in the previous case by a factor of 2.7. This is explained by
the increased voltage and the secondary emission effect.
Without secondaries the increase in current would only be a
factor of 2.0 arising from the increased voltage. The remain-
der would be accounted for by secondary emission. As can be
seen from Fig. 4 or Table I, 25% of the current is due to
secondaries, and almost all of the secondaries impact on the
second conductor cell. Thus, the secondaries contribute to
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the outward shift of the peak electron impact mentioned ear-
lier.

In case 1, taking the area effect into account, approxi-
mately 66% of the current strikes the first grid cell. In case 2,
without secondaries, the result is similar (61%). With secon-
daries, only 52% of the current impacts on the first conduc-
tor cell—about half of the current is accounted for by each
conductor cell. The increase in the second cell is due to se-
condaries. The explanation for this particular increase lies in
the electric field strength. The secondaries move in the elec-
tric fields in the same way as incident electrons. Since secon-
daries usually have low kinetic energies, they are pulled to-
ward the conductor or back to the dielectric very quickly.
This results in the hopping motion along the dielectric men-
tioned earlier.

Case 3

Case 3 is at a higher s yield but lower voltage than case
2. The percentages are similar, but the total number of im-
pacts and emissions is about half for case 3. This indicates
that voltage increase is more significant than is the s yield
increase. The secondary emission model is distinctly energy
dependent as seen from Eq. {1). The maximum yield occurs
at 155 eV so it would be expected in a purely energy-depen-
dent model that a 70-eV electron would emit more secondar-
ies than a 40-¢V electron. The secondary emission model,
however, is also dependent on s yield so that a 70-eV electron
at s yield of 4.2 actually emits fewer secondaries than a 40-eV
electron at s yield of 8.4, A further explanation might lie in
the importance of a sheath region to the collection of cur-
rent. Brandon? found that the current collected by the ex-
posed conductor is proportional to the area of the sheath and
that the area of the sheath is directly related to the potential
on the conductor. Comparing cases 2 and 3, we see twice as
much current collected in the former. Thus we expect the
sheath region to be twice as large. In case 3 not as many
electrons “see” the conductor; instead their motions are
dominated by thermal energy. The electrons are shielded so
fewer can get to the conductor or to the dielectric to emit
secondaries that will add to the current. For this reason vol-
tage is the dominant factor.

The current enhancement due to secondaries is 20%.
This can be compared to case 2 which is also at the onset of
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FIG. 5. Secondary yield vs voltage at the onset of snapover.
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FIG. 6. For case 4 {70 V, s yield of 8.4), impacts and emissions vs grid cell
position. The data for the entire grid cell shown at grid cell center.

snapover and has a current enhancement of 25%. Table Iis a
listing of various percentages. Notice that cases 2 and 3 are
quite similar; few secondaries impact on the first conductor
cell; the majority impact on the second conductor cell. Fig-
ure 5 is a plot of voltage versus s yield. Cases 2 and 3 are
represented by points on this graph. The third point at 100 V
is from an earlier study (not reported here) and agrees with
the Stevens experiment discussed earlier. The points are con-
nected by lines to give an approximation of the curve for the
onset of snapover. Along this curve, the points will have
similar characteristics such as the percent increase due to
secondaries and the position of impact; however, the total
current will increase as the voltage increases. Values of s
yield above 8.4 are not realistic. In fact 8.4 is stretching the
limit, but since this point was discussed by Brandon,’ it is
also presented here. For 100V and above, a larger number of
grid elements must be used in the simulation which is also a
limiting factor. These four cases were run on a CRAY-I
computer which can accommodate a 60X 60 run at 18 000
particles. Future runs will all be made on a VAX 11-750
which can easily handle 10 X 10 runs and can less easily han-
dle 20 %X 20 runs, but cannot handle 40X 40 runs.

Case 4

As expected of a higher s yield and voltage, the current
is greatly enhanced for case 4. This case is well into snapover.
More of the dielectric surface is at a positive potential as can
be seen from Fig. 3, lower right. This causes more electrons
to impact on the dielectric surface with sufficient energy to
emit secondaries. In this case, 57% of the current is due to
secondaries. With a further increase in potential the conduc-
tor hole could be essentially shiclded from incident elec-
trons, and the current would be due solely to secondaries.
Figure 6 shows the impacts and emissions as functions of
distance along the R axis. In this case the total efectron im-
pacts are greatest on the first dielectric cell. When the area
effect is taken into consideration, the second conductor cell
has slightly more impacts than the first dielectric cell, but the
first conductor cell has half the value. The impact peak has
shifted as was suggested earlier. This is due to the hopping
motion along the dielectric. This can be seen more clearly
from Fig. 7, which is a finer scale of the same impacts and
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emissions but only along the dielectric surface. The curves
for total electron impacts and electron emission are simifar,
but the secondary impacts, which must account for all the
emissions, assuming no secondary escapes, are shifted to-
ward the conducting hole. The maximum of all three curves
is at the conductor-dielectric edge. Total electron impacts
are at first greater, then less, and then greater than electron
emissions. The fact that the electrons are actually macroe-
lectrons and have size associated with them helps to explain
this. When electrons impact on the first dielectric cell, the
charge is spread over both the conductor and the dielectric
so fewer secondaries are emitted. However, the incident elec-
trons have sufficient energy to emit more than one secondary
as can be seen from the emission curve rising above the im-
pact curve between grid cells 3 and 4, where less incident
charge is shared with the conductor. In moving further out
on the dielectric surface, the incident energy is decreased and
fewer secondaries are emitted per incident electron. The sec-
ondary impact curve is shifted toward the conductor hole
which shows that electrons emitted along the dielectric sur-
face only travel a few grid cells at a time, on the average,
before impacting on the surface. This itlustrates the motion
of hopping along the dielectric surface which was discussed
earlier.

SUMMARY ANID CONCLUSIONS

Stevens suggested that at a certain positive voltage
enough secondaries were emitted to enhance the current.
Brandon attributed this to the higher voltage spreading onto
the dielectric surface and causing incident electrons to be
pulled to the dielectric with sufficient energy to emit secon-
daries. This study supports these ideas with enhanced diag-
nostics to pin down the sources and sinks of electrons and to
explain the mechanisms in greater detail. The following
points can be made:

{1) The impact maximum moves outward from the con-
ductor hole with increasing values of voltage and s yield: in
case ! the peak is on the first conductor cell; in cases 2 and 3
the peak is between the first and second conductor cells; and
in case 4 the peak is on the second conductor cell. It is sug-
gested that with a further voltage increase the peak would
move onto the dielectric surface.
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FIG. 7. For case 4, finer-scale view over the dielectric surface showing im-
pacts and emissions vs grid cell position.
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(2) As the peak moves outward toward the dielectric,
more of the current is due to secondaries: 5% for case 1;25%
and 20% for cases 2 and 3, respectively; and 57% for case 4.

(3) Runs at the onset of snapover exhibit similar charac-
teristics such as the percent increase due to secondaries and
the position of impact, but the total numbers of impact and
emission increase with increasing voitage along the curve.

(4) Voltage increase is the dominant mechanism for cur-
rent increase. The voltage spreads out further into the simu-
lation space causing more particles to “‘see” the conductor.
At lower voltages a large number of particles are outside the
shielded region and either do not impact on the dielectric or
impact on the outer edge without sufficient energy to emit
secondaries.

(5} Secondaries that are emitted have sufficient energy
to travel only a few grid cells before being pulled to the con-
ductor or back to the dielectric, which results in a motion of
hopping along the dielectric surface.
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