NUMERICAL SIMULATION OF PLASMA-INSULATOR INTERACTIONS IN SPACE
PART I: THE SELF-CONSISTENT CALCULATION®

J. H. Nonnast, R. C. Chaky, T. P. Armstrong,
J. Enoch, and G. G. Wiseman
University of Kansas

SUMMARY

A computer program is being developed to simulate the interaction of a
plasma with a conducting disk partially covered by an insulator. Initial
runs consider only charge sticking to the dielectric. Results indicate that
the current density drawn by the hole in the dielectric increases approx-
imately linearly with voltage for conductor voltages between 5 Volts and 250
Volts.

INTRODUCTION

Solar cell arrays which operate at hich voltage (kilovolts) are beina
considered for power generation on satellites. Operatina the solar cell
arrays in the multikilovolt ranae provides one means of improvina electrical
efficiency and reducing weight. However, if the dielectric material
insulating the various parts of these solar cells develop holes or cracks
at these high voltages, laroe drainage currents from the ambient plasma will
occur, resulting in a decradation of performance. This situation is further
complicated by experiments which show that for electron collection the
dielectric tends to effectively increase the collectina area of the hole and
therefore increase even further the coupling current (refs. 1-3). In this
paper we will describe a computer proaram ESP (for "electrostatic plasma")
which is being developed to simulate the interaction of a plasma with a
conducting disk partially covered by an insulator and maintained at any
desired voltage with respect to the plasma. The simulated system is
illustrated in figure 1.

The simulation is written in such a way that various aspects of the
plasma-dielectric interaction can be taken into account. In this paper,
runs will be described in which the insulator has been treated only as a
repository for surface charge. Other computer runs were made which take into
account secondary emission from the dielectric (ref. 4). 1In the future we
hope to study edge effects more closely, alona with the inclusion of more
dielectric properties such as surface currents.

* This work is supported in part by NASA Lewis Research Center, Research
Grant #NSG - 3290.
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DESCRIPTION NF THE COMPUTER PRNOGRAM

The structure of our code ESP is shown in the flowchart in ficures 2 and
3. This is a 2%-dimensional PIC (particle-in-cell) calculation with several
unique features. PIC calculations are described fully elsewhere (refs. 5 and
6).

One unique feature of our program is the use of cylindrical coordinates
for our particle mover. For an individual macroparticle, we keeo track of a
two-dimensional position (r,z), the corresponding velocities (Vr’vz) and the

angular momentum ¢£. The quantities r, z, V. and v, chanae with time; ¢ does
not. The particle mover is discussed further in Appendix A.

Another feature of our program is the inclusion of several sources and
sinks of particles in our system: there is a current flow to a recion of
bare conductor on the plate, particles leave the arid region by their inertia,
and other particles enter the system as particles from the ambient plasma.
The inclusion of these sources and sinks of particles led to another important
departure from conventional PIC methods -- the number of particles is allowed
to vary with time. In practice, the particle number is limited by the
storace we allot at the time of prooram compilation (presently we allow for
up to 3000 macroelectrons and 3000 macroprotons).

There are 6 different regions of our boundary, as shown in figure 4. The r-z
arid represents the cylindrical recion we are studyina. The three-dimensional
cylinder comes from rotatinc the grid around the z-axis. Ve are also assuming
that symmetry exists between the top and the bottom of the simulation reaion.
If a particle crosses the z-axis (into boundary region 1), it is reflected.
(This would only happen in the case of zero angular momentum. )

A particle which moves out of the grid because r or z is too larce
(boundary regions 2 and 3) is Tost from the orid. Pecause we have assumed
that there is an ambient plasma with a known density and temperature,
boundaries 2 and 3 also serve as sources of macroparticles; at every time
step, we calculate the number of particles expected to cross into these
regions due to thermal movement. We add this number, the velocities of
which are chosen from a Maxwellian velocity distribution.

Particles moving across the z=0 plane, outside the disk (boundary
region 4), are reflected. In the simplest model, particles which move
across the z=0 plane into the reaion of the dielectric (boundary reaion 5),
contribute to the surface charge density accordina to their r-position (i.e.,
they stick). Particles movina across the z=0 plane in the reaion of the
pinhole (boundary region 6) contribute to the current. It is this current,
as a function of plate voltage, that will be used to construct the current-
voltace characteristics.

In other respects, our simulation relies on extensively tested PIC
methods. At present, the potential is calculated usina a relaxation method
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(ref. 7). The use of this method for calculatina the potential necessitates
that the dielectric be coincident with the conductor (i.e., we assume an
infinitely thin dielectric). We are presently workina on a Green function
approach to calculating the potential which we feel will lend oreater flexi-
bility in dealing with the dielectric properties. This method will allow the
dielectric to be moved off of the arid cell points, thus allowina different
dielectric thicknesses.

RESULTS OF COMPUTER RUNS

In this section we present the rasults of several runs of the computer
code. In these runs, the dielectric acts simply as a medium on which charge
will stick. The input parameters for the run are civen below:

Temperature of plasma = 10000°K (both species)

10 3 4 3
Density = 2.0 x 10 particles/m = 2.0 x 10 particles/cm (both species)
Proton mass/electron mass = 1.0

Radius of conductor = 0.50m

Radius of hole = 0.15m

i}

Thickness of dielectric = 0

Size of simulation grid = 20 x 20

Size of arid cell = .05m x .05m

Each simulation run is begun with a uniform Maxwellian plasma occupying
our grid area. Enough time steps are then taken so that we reach an equil-
ibrium state. The equilibrium state is looked for by examinino several
time history plots, three of which are shown for the 50 Volt case in fiaures
5 through 7.

Fioure 5 is a plot of the total amount of charge (esu) on the dielectric
vs. time. At the becinnino of the run, charge is accumulating very rapidly
on the dielectric (since the conductor is beino held at +50 Volts, the
dielectric accumulates negative charce). Most of the charae has been
deposited on the dielectric by time step 200. By time sten 700, we appear to
have reached an equilibrium. Thus, on the basis of this plot, we are runnino
at an equilibrium state between time steps 700 - 1000.

The cumulative total of macroelectrons collected by the hole as a function
of time is shown in figure 6. The current drawn by the hole will be related
to the slope of this curve, and the straioht line drawn throuch the points
indicates that the current is constant from about time step 500 through time
step 1000. For this run of 50 Volts on the conductor, the averace electron
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b
current over time steps 500 to 1000 is 3.735 x 10 Amperes.

Other quantities which must come to equilibrium is the number of macro-
electrons and macroprotons in our simulation system. This is shown in
figure 7. (Macroparticles absorbed by the dielectric or conductor are not
counted). At the beginning of the run, the numbers of macroparticles of both
species are decreased. The macroelectrons are beina absorbed by the
dielectric and collected by the hole faster than they are beino replaced at
the boundary (at the outer boundaries, particles are beino added at a rate
dependent upon their thermal velocity). The number of macroprotons decrease
at the becinning of a run because of the unshielded potential on the conductor,
forcing them to leave the system at a faster rate than they are beina added.
The number of both particle species becins to increase as the dielectric
begins to build up a siagnificant amount of necative charae. Poth the number
of macroelectrons and macroprotons remain fairly constant from time step 400
on, indicatinag an equilibrium has been achieved.

Other plots, such as kinetic energy and drift eneray of the macro-
particles, the number of macroparticles leavino the system, etc., show that
an equilibrium state has been reached for the second half of this simulation
run.

The potential in the various arid cells is shown in two different types
of plots in figures 8 through 10. The left-hand plot is a three-dimensional
representation of the potential. The r- and z-coordinates of the plot
represent the spatial coordinates, and the potential is plotted on the
y-axis. The dielectric is denoted by "Rd", the hole by "Rh". The right-
hand plot shows equipotential contours, with contours plotted for .05 x
Voltage, .15 x Voltaae, ..., .95 x Voltaoce.

Fiaure 8 shows the potentials at the beoinning of the 50 Volt run. At
this point, no charge has collected on the dielectric, and the potential
is uniform over the hole and the dielectric. The potential on the outer
grid cells is being forced to zero, which accounts for the departure from
oblate spheroids of the outer equipotential contours. The slicht variations
of the potential contours in the plasma is due to irrecularities in the
initial loading of the plasma macroparticles.

Figure 9 shows the potential after 500 time steps (each time step is

_8
1.873 x 10 sec). By this time, enough charae has collected on the
dielectric to cause the potential on the dielectric to be close to zero. An
electron sheath has built up around the hole, causina a rapid decrease in
potential away from the hole. In the body of the plasma away from the hole
and dielectric, the potential is essentially zero. It is this fact which
makes the assumption of zero potential on the outer boundary valid. This
plot can be compared to fiaure 10, which is the potential after 2000 time
steps for the 200 Volt run. Again, the electron sheath has built up around
the hole so that the outer portions of the plasma near the boundary are
effectively shielded. The equipotential contours do extend further out into
the plasma for this case than they did for the 50 Volt run. This will
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eventually place a 1imit on the voltage which can be put on the conductina
disk for our present arid size and plasma parameters.

If there was no hole present, and we had a conductor completely covered
by a dielectric, one would expect that at equilibrium the voltace would he
zero across the dielectric. (This would be the case for our plasma para-
meters, i.e. the ratio of proton mass to electron mass equal to one, anAd
the proton temperature and electron temperature equal.) A close examination
of the potentials on the dielectric show that a necative potential exists
there. This is better illustrated in fiqure 11, which is a araph of the
potentials on the dielectric and the conductor. The potentials indicate
that there is an excess of neocative charge close to the hole. After the
initial charae buildup on the dielectric which occurs in the first part of
the simulation run, we have observed that the potentials are always neocative
on the inner part of the dielectric. As the simulation proceeds, the strona
electric fields due to the hole keep protons from this recion of the
dielectric. Thus, this portion of the dielectric stays necative. One thina
which is planned for the future is to start a run with the proper amount of
charge on the dielectric so that the potential is zero all the way across
the dielectric. It could then be seen if the same eguilibrium state is
achieved with these initial conditions.

Figure 12 shows the result of our computer runs of ESP. This is a plot
of hole current density vs. voltage of the conductinc disk. We find that
the current density increases approximately linearly with voltaae for conduc-
tor voltages between 5 Volts and 250 Volts. A factor of 10 increase in
voltage increases the current density by a factor of 6. 0On the same araph
is a plot of experimental values obtained for a plain disk restina on a
surface held at zero potential (ref. 1-2). The plain disk experiment has
similar plasma densities and temperatures as the ESP run. It should also
be mentioned that the experimental values compare favorably with theoretical
values which have been developed for plain metallic disks as probes on
spacecraft surfaces (ref. 8).

The most important difference between the two curves is their differinc
slopes. At this point, reasons for this difference are pure speculation.
One factor which does contribute to the smaller current densities of the
simulation is the small necative voltaces on the dielectric when equilibrium
has been achieved. However, test runs have been made with the potential on
the dielectric forced to zero (this should mimic the experiment very closely)
and this has resulted in only a 10% increase in current densitv at 250 Volts.

CONCLUDING REMARKS

A computer program is being developed to simulate the interaction of a
plasma with a conducting disk partially covered by an insulator. In this
report, we considered only charoe stickina to the dielectric. Comrputer runs
with this model have been made and results compared with experimental values
for a plain conductino disk.
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This computer simulation is written so that other dielectric effects
can be easily included. Another paper (ref. 4) discusses results obtained
when secondary emission from the dielectric was included.

APPENDIX A
THE PARTICLE MOVER

The PIC particle mover is the portion of the proaoram which advances the

particle positions and velocities (r, z, Vs and Vz) each time step.

In cylindrical coordinates, Lacrange's eauations for a sinale particle
reduce to:

2
2 a3V

-3 - =

my ar

mr

av

9z

mz

2' . [
and 2 = mr 6, where ¢ is a conserved aquantity.

We rewrite the first two equations in terms of T and V, and have:

dv 2
r_ %
m-o—="—g3+qf
dt e r
(A-2)
dv
zZ _
m a - QEZ.
In a time At, we have, approximately:
_ 2 3
m (Vr,new B Vr,o]d) = ot (2 /mr + qEr)
(A-3)

m ( At (aEZ)

v -
Z,new vz,o]d)

The equations of (A-3) contain velocities at two different times, and
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Eps E,s and r, which are function of time. The Teap-froo method uses this to

advantace by usinc the velocities precedina and followine Er, £ and r by
tt/2. Thus we have:

2 23
= . €
vr,t+At/2 Vr,t-At/Z tot (o /m "t * O“r,t/m)

(A-2)

VZ,t+At/2 N VZ,t-At/Z tet (OEz,t/m)

In the remainder of this Appendix, the time subscriots will be dronoed.
The subscripts "old" and "new" will be used only where necessary.

Suppose we were to use (A-4) as it stands usino stored values for Ve old?
T

Vz,o]d’ r, z, Er, EZ, £, m, and q. Then to calculate Vr,new’ Vz,new’ rnew,

and Zpew for one particle at one time step, we would have to do 11 multinli-

cations, 3 divisions, and 5 additions. In our proaram, we have available the
"arid units" :r and Az; these, with ~t, will allow us to rewrite (2-4) in a
better form for calculation:

. f2 2 // 2
A Y " \
Vr,new == = Vr,01d et it E LY,

Ar or 3

A M Lr3\\ r
2
2t ac
rom°r

t bt (R-5)

v . v i it g -
f — = 4+ -

z,nev = z,0ld 2t EZ
r ir = Ar + t/e
new/ rold/“r Vr new (et/er)

znew/az = zo]d/iz + V2 new (at/0z)

Lettina r = r/ir, Qr = v, (at/2r), etc., and definina

2 2 2 3
a. = (at /ar) (& /m :or ), we can rewrite (A-5).

£
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Now
z, £
Equa

- - =3 -
= + +
vr,new vr,o]d az/r £

v =y + E
Z,new vz,old Ez

(A-6)

=r +v
new old r,new

=z +y
Znew old zZ,new

to calculate v , and z

- - ¢ - - -
r,new’ "z,new’ "new new ' oM vr,old’ vz,o]d’ &
o and Ez’ we must do 3 multiplications, 1 division, and 5 additions.

tion (A-6) is the basic form of our cylindrical PIC mover.
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Figure 1 - The system simulated: we have a conductina disk covered with a
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