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Chapter 1

Introduction

Photovoltaic power systems continue to be the most commonly used means of meeting
power needs for both DoD and commercial satellites. Currently, most systems operate at
low voltage levels, typically 28 volts. Future space missions, however, will have higher
power requirements than current systems, with power levels of 10kW to IMW needed. To
meet these requirements, either high current or high voltage systems can be used. The use
of high current is undesirable for two reasons. First, high current systems require more
massive power distribution cables, increasing the mass of the spacecraft. And second, high
current results in higher resistive losses during the power transmission. Thus, high voltage
power generation and transmission at low currents is desirable. For example, the Space
Station Freedom design calls for power to be provided by high-voltage solar cells operating
at 160V. Here, the term high voltage means that the absolute value of the bias voltage is on
the order of 100V to 1000V.

A schematic of a conventional geometry solar cell is shown in Figure 1. The solar
cell semi-conductor is protected by a coverglass glued to the top surface. This coverglass
is used primarily to protect the cell from the radiation environment. The semiconductor
itself is composed of two parts: an n-type semiconductor and a p-type semiconductor. A
current path is set up between the cells by the use of metal interconnectors from the n-type
semiconductor on one cell to the p-type semiconductors of the neighboring cells. Series of
solar cells are used to achieve the desired voltage levels and parallel connected cells give
the desired current levels.

When high-voltage solar arrays are placed in orbit, they interact with the ambient plasma
environment. The steady state current collected by the solar arrays from the plasma must

obey the zero net current condition, given by,

(9,0 =
L= (1
8t+V J=0, (1)

which is derived from Gauss’ and Ampere’s Law. This causes part of the array to float
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Figure 1: Schematic of a Conventional Solar Cell =~

positive with respect to the plasma, and thus collect electrons, and the rest to float negative
and collect ions. Because electrons have a much higher mobility than the ions, the electron
flux is higher than the ion flux, causing most of the array to float negative with respect to
the plasma.

High-voltage solar arrays have been found to interact with the ambient space plasma
environment in several manners, including current leakage®?, arc discharges'3, and enhanced
drag due to Coulomb collisions™. For positive voltage operation, the current collection can
become anomalously large, a phenomenon known as “snapover”. This can result in a
significant leakage power loss. For large negative voltage operation, arc discharges have
been found to occur. Arcingis typically defined as a sudden current pulse up to the order of an
ampere on a timescale of a microsecond or less. The current pulse is often accompanied by a
spot of light at the edge of the coverglass. Arcing can result in electromagnetic interference
and solar cell damage.

1.1 Background

Arcing on high voltage solar arrays has been observed in both ground and space experiments.
It was first observed by Herron et al.'® during plasma chamber tests of solar arrays biased
between +16kV. During the tests, arcing was found to occur at bias voltages as low as -6kV
with a plasma density of 103m—3. The first Plasma Interactive Experiment (PIX)7, launched
in 1978 as an auxiliary payload on Landsat 3’s Delta rocket, verified the occurrence of arc
discharges in the space environment. The experiment resulted in four hours of data taken in a
polar orbit at 920km, during which time a solar array consisting of twenty-four conventional
2cmx2cm silicon solar cells were biased between 1000 volts. The cells were found to arc




at voltages greater than -750 volts.

A more extensive space experiment was conducted in 1983 aboard PIX II¥, which was
again launched as an auxiliary payload aboard a Delta launch vehicle into a 900km polar
orbit. Approximately 18 hours of data were taken for an array consisting of 500 cells similar
to those used in PIX I. During this experiment, arcing was found to occur for voltages as
low as -255 volts.

Interpretation of the PIX II data was hampered by unexpected tumbling of the spacecraft,
resulting in the Langmuir probe being placed in the wake during portions of the experiment,
as well as power supply shutdowns following arcs. The data from the PIX II flight and ground
tests were studied by Ferguson®, who assumed that the arc rate was linearly proportional to
the plasma density and found that the arc rate then followed a power law dependence on the

bias voltage, given by

-1 —10 (_1/3.093 n ‘
R=14x10""*(-V) <6‘3X103> (2)
for the flight data, and

R =1.82x107"8(-V)>% (3)

for the ground tests at high density, where V is the bias voltage and n is the plasma density
in cubic centimeters.

There have been two types of theoretical models proposed for the arcing onset mecha-
nism. The first, proposed by Parks et al.?, attributes the arcing onset to the Malter effect at
a thin dielectric layer on the conductor surface. The second model, by Cho and Hastings®
based on previous work by Hastings et al.!?, attribute the arc to a gas discharge in neutral
gases desorbed from the dielectric surface.

The model by Parks et al.?® consists of the following scenario:

(1) A dielectric impurity layer is formed on the conductor surface.

(2) Ions attracted to the negative bias of the conductor are accumulated on the dielectric
layer and enhance the electric field in the layer.

(3) Fowler-Nordheim field emission causes electrons to be emitted from the conductor. into
the dielectric.

(4) The electrons emitted from the metal surface have ionization collisions while being
accelerated within the dielectric, leaving positive charges behind as they are emitted from
the dielectric-vacuum interface.

(5) This remaining positive charge further enhances the electric field within the dielectric
layer.

(6) The resulting rate of change of the electric field in the insulating layer is given by
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Figure 2: Model of the Conventional Solar Array Used for Numerical Simulations

d o .
e%(erEm_d —E4y) = Ji + jm-a€%Py_y — jm—q, (4)

where ¢, 1s the dielectric constant of the insulating layer, E,,_; is the electric field in the
dielectric layer, Eq, is the ambient electric field at the dielectric-vacuum interface, 7; is
the ion current density, ag is the ionization rate per unit distance inside the layer, dgy is
the dielectric layer thickness, F;_, is the probability that the electrons are emitted from
the dielectric-vacuum interface, and 7,,_q4 is the Fowler-Nordheim emission current at the
metal-dielectric interface given by

_ B
jm—d = AEiznse m-d, (5)

where A and B are the Fowler-Nordheim emission coefficients given by

1.54 x 107610452/ V%w
- 3 , (6)
w

B =6.53 x 10°9L°, (7)

A

where ¢,, 1s the work function of the metal in eV.

If the factor e*#%¢ P;_,, is greater than unity, a positive feedback mechanism is created at
the metal-dielectric interface, leading to a runaway of the field and the emission current by
increasing E,,_4 monotonically in time.

A second arcing onset mechanism was proposed by Cho and Hastings®, who studied the
model system shown in Figure 2. This system was used to study the arc initiation process
at the triple junction of the plasma, dielectric, and conductor.

The resulting arcing onset mechanism, used in this research, can be summarized by the
following sequence, illustrated in Figure 3:

(1) Ambient ions charge the dielectric (i.e. coverglass and adhesive) front surface, but
leave the dielectric side surface uncharged.

(2) As the front surface potential approaches zero relative to the plasma, a strong electric
field of E=V/d (where V is the bias voltage and d is the dielectric thickness) is formed at
the conductor surface, inducing pre-breakdown electron emission due to enhanced field




electron emission (EFEE). Electrons are also released due to ion induced emission from
ion bombardment of the conductor surface.

(3) Some of the emitted electrons strike the dielectric side surface, inducing the release of
secondary electrons and causing electron stimulated desorbtion of neutrals adsorbed on
the dielectric surface. If the secondary electron yield is greater than unity the side surface
charges up positively, providing a positive feedback mechanism to further enhance the
electric field at the conductor surface.

(4) As the electric field increases, the electron emission current increases until it is limited
by the negative space charge of the emitted electrons.

(5) Once the neutral density becomes high enough, ionization begins due to collisions

~ between electrons and neutrals.

(6) If the neutral density is very high, Townsend breakdown occurs. Even if the density is
not high enough for Townsend breakdown to occur, breakdown is still possible if the
positive ion space charge can cancel the negative electron space charge and enhance the
field at the conductor.

(7) The arcing time is the minimum of the sum of the ion and EFEE charging times for all
the emission sites on the conductor.

(8) A discharge wave created by the arc resets the charging process at all of the emission

sites within the area covered by the wave.

This model was produced through the use of computer particle simulations of the arc
initiation process. These results were then used to develop analytical formulas for the ion
charging time ;. and the enhanced field electron emission charging time T,f... From this,
a semi-analytic computer code was developed to predict the arc rates for high voltage solar
arrays placed in a plasma environment. Subsequent work by Mong and Hastings® used vari-
ations of the particle simulation and semi-analytic codes to explore the arcing characteristics

of wrap-through-contact cells and to examine various arc mitigation techniques.

1.2 Overview of This Research

The focus of this research was twofold: to modify the semi-analytic simulation to be
more physically accurate, and then to use this tool to predict the arc rates for the upcom-
ing Air Force Photovoltaic Array Space Power Plus Diagnostics (PASP Plus) experiment.
Predictions were made using expected environmental and operational parameters for the
experiment. The data from the experiment will then be used, along with the simulations, to

determine correlations between arc rate and the various material properties, environmental

(911
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variables, and experimental parameters.

In Chapter 2 the semi-analytic simulation developed by Cho and Hastings will be outlined,
while Chapter 3 will discuss the modifications made to the code to make it more physically
and experimentally accurate. The arc rate predictions for PASP Plus made using the code
will then be discussed in Chapter 4. Finally, conclusions will be summarized in Chapter 5.




Chapter 2
Semi-Analytic Model

Figure 3 schematically shows the arcing sequence assumed in this research. This chapter
will review the semi-analytic model of this sequence developed by Cho and Hastings, and
the next chapter will discuss the modifications made to the model.

When an arc discharge occurs, some of the charge stored by the coverglass is lost.
Experimentally, coverglass potential drops during discharges of up to several hundred volts
from the steady state value have been observed®®. Before the next arc can occur at the same
location, the dielectric must restore some, or all, of the lost charge. It is assumed that the
dielectric restores its lost charge through bombardment by the ambient ions since the electric
field at the triple junction drops after the discharge and the field emission ceases to charge
the dielectric. Once the dielectric charge is recovered so that the electric field induces a
significant amount of field emission current, the EFEE charging resumes and results in the
next discharge.

For large solar arrays, it can be assumed that arcing can happen independently at separate
locations on the array. That is, arcs at one location do not affect the charging processes at
sites distant from the arc site. Sites widely separated are thus said to be uncorrelated. The
area of correlation is taken to be the area of the discharge wave created by an arc. This
area is taken to be 0.012m? based on experimental measurements in Reference 11. For the
simulations, the array area is divided into correlated areas and the arc rates are determined
independently for each area. The total arc rate for the array is then taken to be the sum of
the rates for the correlated areas.

The time between arcs, 74, is the minimum charging time of all the sites on the inter-
connector within the correlated area, given by

Tarc = nnn('rion + Tefee)) (8)

where 7;.,, is the ambient ion charging time and 7, fee 15 the enhanced field electron emission

charging ime. Numerical results showed that the critical condition for arcing onset after
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EFEE charging has been initiated is whether the desorbed neutral density is larger than
the critical value of approximately 6 x 102'm~3. If the neutral density is above this value,
breakdown occurs. If the density is below this value, the electron current just becomes
space charge limited and eventually relaxes without leading to breakdown. In this case, a
very short current pulse would be seen, without an arc flash or arc damage. Current pulses
such as these, with timescales on the order of a nanosecond, have been detected in many
experiments. In previous work by Mong and Hastings®, it was assumed that the neutral
density was always above the critical value, resulting in an upper bound for the breakdown
discharges. The next chapter will discuss how the neutral density criterion was incorporated

into the simulations.

2.1 EFEE Charging Time

The geometry considered for EFEE charging is shown in Figure 4.
The rate of change of the electric field at the emission site on the conductor is given by

dEe _ (Vee - 1)\/ 37"ea.l 172 ;2 B
= né G2 A'G°E; exp <—ﬁEe> . (9)

For a detailed derivation of this relation, the reader is referred to Reference 3. The factor 7,

which was introduced to compensate for the difference in the value of the electric field at
the emission site to that at the triple junction, is calculated from the following polynomial




fit determined from the numerical schemes
n=4

n=1+) a((§~1D"-1), (10)

n=1
where § = y/(dgap/2), y is the distance of the emission site from the triple junction, and
dgap 18 the interconnector length. The factor ¢ is introduced to account for the discontinuity
of the electric field due to the difference in the dielectric constants of the adhesive and
coverglass. If the first impact point of the emitted electrons on the dielectric surface is
within the adhesive, i.e. d; < d», then £ is unity. If the impact point is within the coverglass, _

then £ is given by
[da | e, (di—dy)]7!
e

£o 1s the value of £ with d; = d; + d,. The first impact point is also calculated from a

(11)

polynomial fit to numerical results given by

d‘i n=4 y #

7= :L; br (3) (12)
where d = d; + d2. The capacitance per unit area of the dielectric side surface, Ciee(d;) is

determined from a fifth order polynomial fit to the results of a capacitance matrix scheme'6

given by
Caiete(ds) 1

Crom St en (%)

where Crorm, 18 the capacitance per unit area of the front surface

A1 (13)

1

Cnorm = d. a7 (14)
€d1 + édz

The term ~.. is the secondary electron yield given by Reference 9 as

maxr

= B 2oL 2(1 6; 5
Yee = %mnE exp Eos exp[2(1 — cos 6;)]. (15)

Here E; is the incident energy of the emitted electrons impacting the dielectrics given by

Er;d; _ @ngi

E‘i = 6¢d = 6 f d (16)
and 6; is the incident angle of those electrons at the first impact site given by
6; = arctan <é> . (17)
Y

In Eq. (15), Ymaz 1s the maximum secondary electron yield at normal incidence and Fi,,,
is the electron incident energy for the maximum secondary electron yield. In Eq. (9), A’ is

10
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related to the Fowler-Nordheim coefficient A by
S
Al = FN (18)

S’real

where the factor Srn/Srea; has been introduced to account for the negative space charge
effect near the emission site. The term 3 in Eq. (9) is the electric field enhancement
factor assigned to the emission site. This enhancement is due to manufacturing defects or
impurities on the interconnector surface.

If the secondary electron yield is assumed to be constant, Eq. (9) can be integrated to

obtain
Ee,

E(t) =
1+ ﬁ—%“ln (1 - exp(

(19)

Zy&)ct)’

where C is the constant given by

(20)

g(’Yee - )\/Sr_e:z;A//BQ
Cieled;
and E., is the initial electric field at the electron emission site on the interconnector. Chapter
3 will discuss the method using a non-constant secondary electron yield. The electric field
E.(t) has the characteristic shape shown in Figure 5
The field shows a run-away ata time t = 7. s Wwhen the denominator in Eq. (19) vanishes.

Thus, the field emission electron charging time 7, ze. is given by

1 —exp(—55-) (B
Tefee — exp(—BTB—) <F>C | (21)
B
o~ 6exp<ﬁE > ! (22)
- Cdzele ( B ) (23)
rYee - V Srealan_LBﬁ /BEeo

11




The initial electric field at the emission site E._ can be expressed in terms of the potential
difference between the coverglass front surface and the triple junction as

v

Ee, = 77350- (24)
Thus, 7, e 1S glven by
C'dieled2 < Bd >
efee V)= : —_— . 25
Tef ( ) (’Yee - 1) \ SrealnﬁA/BB P 577£OV ( )

The implicit assumption in this analysis is that the secondary electron yield is greater
than unity. If the yield is less than unity, positive charging of the dielectric side surface will
not occur and the field will not run away.

2.2 Ion Charging Time

The calculation of the ion charging time is simpler than that for the EFEE charging time.

If an arc occurs when the potential difference between the front surface and conductor is

V. and the coverglass front surface loses charge AQ), then the potential difference drops to

Vo = AQ/C tront, where Clrone 1s capacitance of the front surface given by
1

(Aceti€a,)/dy + (Aceti€a,)/da

The ambient ion charging time for the voltage to recover to the value V, is then given by

[‘/6 - (X/a — A )]Cfr(mt

Cfront

Cfront = (26)

(27)

Tion =
ETleVion Acell

where enevion 1 the 10n flux to the coverglass front surface of area A.y;. This gives a total
charging time of

(V;? - (V;J.rc - Cfr?m))cfront Cz.iieledg ( Bd ) 58
Tchrg = -+ ‘
hrg ENeVion Acell (Yee — V)V Sreainé A%B@ TP\ Bré, V. (28]

2.3 Arc Rate Code

Using the model above, a computer code was written by Cho? to determine the arc rate for
high voltage solar cells operating in a plasma environment. A slightly modified version
of this code, which'neglected the effects of neutral density on the arc rate, was used by
Mong and Hastings to predict arc rates for the PASP Plus experiment. A description of this
program will be given here, while the next chapter will discuss modifications made to the
code. A flow chart of the code written by Cho is shown in Figure 6.

12
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The program first reads in the input data. This includes the information about the
cell dimensions and materials, the experimental parameters (i.e. bias voltage, experiment
duration, cell temperature, environmental parameters, etc.), as well as the ranges of the
parameters Syeq;, Sry, AQ, etc. The emission site density is read in at this point, which
will set the number of sites on the conductor. The array is then divided into correlated areas
based on the discharge wave area.

Next, the distributions of 7, &, d;, and Clg;;. are calculated using Eq. (10) - (13). Uniform
distributions of S;.q, Srx, and the electron stimulated desorbtion cross section QEsp In
10910 Sreat> 10910SPN, and log,0Q gsp are calculated between minimum and maximum values
read in from the input data. The distribution of A — Q is calculated as a linear distribution
between minimum and maximum values. The distribution of the field enhancement factor
3 is calculated from f(8) = foexp(—3/5), where f, is a constant determined from the
normalization condition [ f(5)d3 = 1 and 3, is a constant which determines the shape of
the distribution.

Next, the code loops through the correlated areas. For each area, a loop is made through
the emission sites within the area. All the parameters needed for Eq. (28) are then chosen
randomly from the distributions previously calculated or determined using the equations
listed above. To determine the charging time for the site using Eq. (28), the term V, needs
to be determined. This is the potential difference between the coverglass and the conductor
when the EFEE charging is initiated. It is not necessarily equal to the bias voltage. This is
due to the fact that after an arc occurs, as the dielectric recovers its lost charge through ion
charging and the electric field at the conductor begins to increase, EFEE charging can start
as soon as the conductor surface feels a strong enough electric field. Therefore, the voltage
Ve is found by finding the minimum of Eq. (28), which assumes that the secondary electron
yield is constant (see Figure 7. This is done by solving the differential equation

dTarc

dve

using a Newton-Raphson scheme. The arcing time for the site is then calculated using this

=0 (29)

value of V.. This is done for each site in the correlated area, and the site with the minimum
charging time is the one that arcs. An arc counter is then incremented and the charging
time is added to a running timer. The process is then repeated until the timer exceeds the
experiment duration. The arc rate is then found by summing the arc counts from all the
correlated areas and dividing by the experiment duration.
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Chapter 3

Modifications to Semi-Analytic Arc Rate
Code

In the previous chapter, the arc rate code developed by Cho and Hastings was described.
This chapter will discuss modifications made to this code to make it more physically accurate
and to allow it to accurately model the PASP Plus experiment as the satellite moves through
the changing environment of its orbit. A flow chart of the modified code is shown in Figure
8.

The code now has a driver at the front end of the program. This allows the environmental -
parameters to defined at one second intervals during the experiment. Thus, when simulating
arcing on orbiting spacecraft, the environmental data for the orbit can be set at one second
intervals based on either actual data or data generated using environmental models. The
bias voltage, experiment time, and cell type are also set in the driver. Output files are then
opened. Data from the arc rate simulation can be dumped to these files for one second
intervals during the experiment. This was done to match the format of the data for the PASP
Plus experiment. This information is then passed to the arcrate subroutine.

The cell data, consisting of cell dimensions and material properties are then read in.
Next, the distributions of 7, d;, &, Caiele, Sreat>» SFn, @ESD, and 3 are calculated as before.
The distribution of the amount of charge lost from an arc, AQ, is now a linear distribution
of the percent of charge stored by the dielectric instead of a distribution between two fixed
values. The array is then divided into correlated areas based on the discharge wave area.

The code then loops through these correlated areas. The occurrence of a breakdown
discharge at a site in an area will reset the charging process of all other emission sites within
that area, but will not affect the charging at sites in the other areas. However, as discussed
in Chapter 2, if the neutral density at a site is not greater than the critical neutral density,
breakdown will not occur. A small current pulse, hereafter referred to as a “small arc” will

be generated, but no discharge wave will be created. Thus, the charging at the other sites
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will continue until one of the sites experiences breakdown (“big arc™). Previously, either
the small arcs were ignored and only the big arcs were counted, or, as in the work done
by Mong and Hastings??, the neutral density criterion was ignored, resulting breakdown in
every case. Now, both big and small arcs are counted, with the sum giving the total arc
rate. The results from numerical simulations showed that the current seen from a small arc
is on the order of microamps to a few milliamps. Big arcs are typically current pulses on
the order of amps. An input current threshold was added to the code to screen out arcs that
would be below the level detectable by equipment used in an experiment. For example, the
recently flown shuttle based SAMPIE experiment had a detectable current threshold of 100
mA. Thus, only big arcs would be seen by this experiment.

The charging time for each emission site within the correlated area is then calculated. In
previous work by Cho® and then by Mong??, the secondary electron yield of the dielectric
was assumed to be constant. This allowed Eq. (9) to integrated, resulting in a closed form
solution for the EFEE charging time given by Eq. (25). The assumption that the secondary
electron yield is constant, however, is not physically accurate. As the electric field builds up,
the emitted electrons are accelerated to a higher velocity below striking the dielectric surface.
This increased velocity results in a higher secondary electron yield. Thus, the secondary
electron yield will increase as the EFEE charging takes place. When the equation for the
secondary electron yield as a function of the electric field, Eq. (15), is inserted in Eq. (9),
a non-linear differential equation results, which can not be solved in a closed form as was
possible for the case when the secondary electron yield was assumed to be constant. Thus,
the EFEE charging time must now be calculated numerically, using a Runge-Kutta scheme
with adaptive stepping®®. The total charging time for the emission site 7.4 is determined

by numerically finding the minimum of
Tehrg = Tion + Te fee (30)

where 7o, is given by Eq. (27) and 7., is found by numerically integrating Eq. (9) with
the boundary conditions

néo Ve
e 31
€initial dl + d:) ( )
and
Eefinal = 2E€initial : (32)

The choice of the final boundary condition comes from the fact that the field runaway follows
the characteristic shape shown in Figure 5, where the field remains almost constant until the

runaway time.
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Once the charging time has been calculated for all the emission sites, the breakdown
criterion must be judged. To do this, the desorbed neutral density n, at the site is compared
to the critical neutral density n,_, which was determined by Cho® to be approximately
6 x 1021m 2. The desorbed neutral density is given by Refefence 3 as

]vnQESD 60 26 Vs

Eam mEseldzHVH2 (33)

Ty, = 2.08

where NV, is the adsorbed neutral density on the dielectric surface before the intensive
outgassing due to the EFEE begins, ¢, is the dielectric constant of vacuum, e is the electron
charge, m, is the electron mass, F. is the secondary electron emission energy ineV, Ey, is
the energy for a secondary electron yield of unity, d = d; + d,, and ¢ is the average speed of
the desorbed neutrals, which are assumed to be at the temperature of the dielectric surface

Ts, so that
8kTs
T,
where m,, is the mass of the neutrals which are assumed to be water. In the previous work by

¢ = (34)

Cho, the adsorbed neutral density /V,, was assumed to be at the steady-state value determined
by the balance of the thermal stimulated desorption of neutrals to the flux of ambient neutrals
onto the dielectric surface, found by solving the following equation for N — n

ko n@l’p ( ’{E,']cj ) = nna% <1 - ’%) ? (35)

where k? is the neutral thermal desorption coefficient, Ey is the adsorbtion energy, nn, is

the ambient neutral density, and Ny, is the neutral surface density for monolayer coverage
of the surface. The term 1 — N,,/N, is an approximation for the probability that a neutral
striking the surface will stick. The flux of neutrals onto the surface was assumed to be only
due to the thermal flux of ambient neutrals.

In this research, however, the steady-state surface neutral density is not assumed, since
an arc could occur at a site before the steady state could be reached. Therefore, the change
in the surface neutral density with time is given by the difference between the flux of the
neutrals from the surface and the flux of neutrals onto the surface that stick

i rrind) (-3 -t (). oo
where I',, is the component of the neutral flux onto the side surface due to the orbital velocity

' = Mg Vorbit COSQ, (37)

with vom being the orbital velocity and « the angle of attack of the arrays to the ram (an
angle of attack of 90 corresponds to the spacecraft velocity vector and the vector normal to
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the array front surface being parallel). The surface neutral density, as a function of time, is

therefore given by

Na(t) = 2 (1 - e‘cﬁ) (38)
where C, and C, are given by .
Cl =T, + nna’g (39}
Cl OAT . ED
CQ = ]\/—.ng + klz\nexp <_K,T5> . {40)

The surface neutral density at the time of the arc is calculated from Eq. (38) with the-
ume set to the difference between the time of the arc and the time of the previous arc at that
site. This time is the time for which the neutrals have been recharging the surface. If there

~ was no previous arc at the site, the recharging time was set to 1 x 10%, resulting in the steady

state surface neutral density. The ambient neutral density n,,, was taken to be 100 times the
actual ambient density based on numerical work by Cho® which found that the neutral gas
pressure over the solar cell after an arc was as high as 20 torr when the background density
was on the order < 1073 torr.

From Eq. (38) and (33), it can be seen that the desorbed neutral density is a function of the
ambient neutral density, cell temperature, voltage, and electron stimulated desorbtion cross
section Qesp. Thus, for a given voltage and value of Qgsp, the ambient density needed to
result in the desorbed neutral density exceeding the critical density can be determined for
various cell temperatures. Figure 9 shows the critical ambient neutral density needed for
breakdown at a voltage of -500V and a Qgsp of 1 x 1071%m?. As can been seen, the ambient
neutral density needed to allow breakdown is a strong function of temperature. Conversely,
the cell temperature needed to allow a sufficiently large surface neutral density to lead to
breakdown can be seen to be a function of ambient neutral density, as well as of voltage
and (gsp. The surface of critical ambient neutral density versus temperature and voltage
is shown in Figure 10.

When the solar cells are cold and there is a high ambient neutral density, there is a higher
surface neutral density, and therefore a higher desorbed neutral density, which results in a
larger probability of breakdown, and thus a larger arc rate. In the limit, all of the possible
arcs will have a desorbed neutral density greater than the critical density and will result in
breakdown. This is the limit used in the earlier work by Mong?2. However, when the cells
are warm and/or the ambient neutral density is low, many, or all, of the possible arcs will
not have a sufficiently large desorbed neutral density to allow breakdown to occur, resulting

1n a lower arc rate.
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Once the surface neutral density at the site is known, a value for Qgsp is randomly
chosen from the distribution of Qgsp and the desorbed neutral density is calculated using
Eq. (33). This is then compared to the critical neutral density to determine if breakdown
occurs (i.e., whether a small or big arc occurs at the site). After the arc size has been
determined for all the sites within the correlated area, along with the time of the arcs, all
the small arcs up to the first big arc are counted, along with the big arc. Since this big arc
resets the charging process at all the sites within the correlated area, the big arcs that would
have occurred after this first big arc are disregarded and the process is repeated untl the
time exceeds the experiment duration.

The arcs from all the correlated areas are then summed to give the total arc counts.
The code has also been modified to be able to include arc count limitations within the
experimental equipment. For example, the PASP Plus transient pulse monitors have an
upper limit of fifteen arcs per second. The final simulated results are then output after
screening for arc current and arc rate limitations within the experimental equipment.

This semi-analytic arc rate code can be used to predict the arcing activity of conventional
geometry cells in a plasma environment. In the next chapter, the results of predictions using
this code for the PASP Plus experiment will be discussed. The code was also recently used
to predict the arcing on the SAMPIE experiment, with experimental values falling either

within or very near the predicted values.
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Chapter 4
PASP Plus Predictions

In March, 1994, the Solar Array Module Plasma Interactions Experiment (SAMPIE) was
flown aboard the Space Shuttle. In the next few years, three more space missions are
planned to study high voltage solar arrays, including the Photovoltaic Array Space Power
Plus Diagnostics (PASP Plus) experiment. By using the semi-analytical model discussed in
the previous chapter for the conventional cells, arcing predictions were made for the PASP
Plus mission to aid in its preparation and to further check the validity of the model.

4.1 PASP Plus

The Air Force anticipates that future missions will require more survivable, higher powered
space systems. This requirementdemands more efficient, survivable, and radiation hardened
solar array systems operating at higher voltages to minimize the mass requirements and
resistive losses in the power distribution subsystem. The interactions of these high voltage
arrays with the space plasma and radiation environments need to be clearly understood in
order to improve the reliability of the future systems. Because of the complex nature of
these interactions, ground simulations are inadequate to accurately quantify the effects of
the space environment on the solar array systems. Thus, the PASP Plus experiment was
designed to gather a large base of flight test data to be used to develop an understanding of
the interaction of both highly positive and negative biased solar arrays. PASP Plus has four
main objectives?:

(1) Characterize the electrical performance and environmental interaction of a set of
advanced solar arrays operating at high voltages in the natural space environment.

(2) Characterize the long-term radiation degradation effects of several advanced solar
arrays operating in a harsh space radiation environment.

(3) Determine an environmental cause-and-effect relationship for the impact of the space
environment on the operation of solar arrays.
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(4) Obtain flight performance data for advanced array designs never before flown.

4.2 Hardware Description

The PASP Plus is the primary experiment on the Advanced Photovoltaic and Electronics
Experiments (APEX) satellite. This satellite is part of the Space Test Program (STP) of the
Air Force’s Space and Missile Systems Center. Two other radiation effects on electronics
experiments, CRUX and FERRO, will also be flown on the APEX satellite. The satellite,
built by the Orbital Science Corporation, is scheduled to be placed into a 360 x 1950 km,
70° inclination orbit via Pegasus launch vehicle in the summer of 1994. This elliptical polar
orbit will allow the spacecraft to operate in a broad range of the space plasma, neutral,
and radiation environments. The solar arrays on the spacecraft will be continuously sun
pointing, resulting in operation at various angles of attack in both the ram and wake. The
experiment is expected to operate for one to three years.

The deployed configuration of the APEX satellite is shown in Figure 11. The solar arrays
to be tested are located on the top shelf of the body and on one of the deployed panels. The
other three panels are the solar arrays used to generate the power for the spacecraft operation.
Most of the diagnostic equipment is located on the avionics shelf located under the payload
shelf.

4.2.1 Diagnostic Equipment Description
Diagnostic sensors for the PASP Plus experiment include®”:

(1) Sun sensor to measure the incident angle of the solar energy.

(2) Langmuir probe to measure the plasma temperature and density. The probe will also
have a potential sensor (SENPOT) to sense and compensate for the vehicle frame
potenﬁal, which may be more negative than the space plasma potential.

(3) Four remote E/M discharge sensors connected to a transient pulse monitor to detect
and fully characterize (amplitude, rise time, integral, and number of pulses per second) the
arc discharges that occur during the negative biasing portion of the experiment. These
monitors have a rate limitation of 15 arcs/second.

(4) Electrostatic analyzer to measure the 30 eV to 30 keV electron/ion spectra and detect
the passage of the spacecraft through the auroral region.

(5) Dosimeter to measure the short and long term ionizing particle (electron and ion)

radiation dosage.




Figure 11: Deployed APEX Spacecraft with PASP Plus Experiment

(6) Contamination monitors to measure the amount and effect of molecular and particulate
contamination on the array surfaces. Two types of monitors will be used. Quartz Crystal
Microbalances (QCMs) will be used to measure the mass of contamination being
deposited on the surface, while Thermal Coated Calorimeters will determine the optical
degradation of the coverglass through «//¢ measurements.

(7) Temperature sensors to measure the temperature of the arrays.

In addition, an electron emitter will be available to emit a stream of electrons to alter the
spacecraft potential. This will allow the experiment to simulate more accurately the positive
high-voltage operation of large functional arrays.

4.2.2 Solar Array Module Descriptions

There will be seventeen arrays of twelve different types flown on the payload shelf and
deployed panel of the spacecraft. Since there are only sixteen electrical channels, one of
the arrays will not be used. Ten of these arrays will be subject to voltage biasing. The
information for these arrays are taken from References 22 and 1. The array modules are
numbered from 0 to 15 for identification. Arrays #0, #1 and #2 are conventional silicon
solar cells. Module #3 is made up of silicon wrap-through-contact (WTC) cells designed
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for Space Station Freedom (SSF). Arrays #4 and #6 are Applied Solar Energy Corporation’s
(ASEC) gallium arsenide/germanium (GaAs/Ge) conventional cells. TRW’s APSA cells
make up array #5 (previously labeled array #36). The advanced solar cells of AlGaAs/GaAs
Monolithic MBG are on array #7. Array #8 is made of Spectrolab’s GaAs/Ge WTC cells.
Amorphous silicon cells developed by TRW and Solarex are located in module #9. Armay
#10 contains advanced indium phosphate (InP) cells. Spectrolab’s conventional GaAs/Ge
cells are in array #11. Modules #12 and #13 are made up of Boeing’s GaAs/CulnSe MBG
cells. Two concentrator designs are being flown in modules #14 and #15. Module #14
is the Mini-Cassegranian GaAs cell from TRW, while module #15 contains the Boeing
Mini-Dome Fresnel Concentrator. Of these, modules #1, 2, 3, 4, 5, 6, &, 11, 14, and 15
are the arrays subject to high voltage biasing. Predictions will be presented here for the
conventional geometry cells (arrays #1, 2, 4,5, 6, and 11).

The biased conventional silicon cell arrays #1 and #2 are representative of virtually
all of the arrays flying on DoD, NASA, and commercial spacecraft today. The cells were
manufactured by Spectrolab Inc. and incorporated into an array by RCA in 1984. In addition
to the objectives stated above, these cells will also be compared to the well documented
degradation characteristics of Si to insure the accuracy of the dosimeter readings. The
silicon cells are 2cmx4cm and 203um thick. The coverglass is fused silica bonded to the
cell with Dow Corning adhesive DC-93500, with estimated thicknesses of 153um and 37um,
respectively. The interconnector is assumed to be Kovar with an estimated work function
of 4.76 eV. Array #1 contains twenty sells in series, while array #2 has sixty cells contained
in three strings of twenty. Thus, differences in the arc rates between these arrays will help
give the relationship between arcing and the number of cells.

A much thinner silicon cell design is being tested by the TRW Advanced Photovoltaic
Solar Array (APSA) cells in module #5. The thin cells hold a large promise for future use
due to mass cost savings they yield. The cells are 2.6cmx5.1cm with a thickness of only
63.5um (2.5 mil) thick. More importantly for arcing considerations, the CMX coverglass
thickness is only 51um (2 mil) and the DC-93500 adhesive is estimated to be 76um (3 mil)
thick. The interconnector is silver plated invar, so the relevant work function is that of silver,
which is 4.26 eV. The module is made up of twelve APSA cells. Examination of the arc
rate of these cells will give insight into the relationship between arcing and cell thickness
for silicon cells.

Modules #4 and #6 contain thin GaAs/Ge cells, which high efficiency, radiation resistant
cells produced by the Applied Solar Energy Corporation. These contain 4cmx4cm, 76um
(3.5 mil) cells with 102um (6 mil) thick CMX coverglasses. The adhesive thickness is
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Table 1: PASP Plus Cell Data

Instrument No. | 1,2 3 4,6 8 11 5(36)
Cell Type St | SIWTC | GaAs/Ge | GaAs/Ge WTC | GaAs/Ge | APSA
Manufacturer | RCA | NASA ASEC Spectrolab Spectrolab | TRW
Cell Size (cm?) | 2x4 8x8 4x4 4x4 4x4 2.6x5.1
No. of Cells | 20, 60 4 20, 12 4 8 12
Cell Gap (um) | 500 1000 500 1000 500 635
Aeery (pm) 203 203 &9 178 178 56
d; (um) 153 203 102 152 152 51
d> (um) 37 N/A 51 N/A 76 76
€d, 3.5 4 4 4 4 4
€d, 2.7 3 2.7 3 2.7 2.7
Vmaz, 3.46 4 4 4 4
Vmaz, 3 2 3 2 3 3
Eraz, €V) 330 400 400 400 400 400
Bz, €V) 300 200 300 200 300 300
Ow (eV) 4.76 4.85 4.26 4.5 4.26 4.26

estimated to be 51um thick. The interconnector is also silver plated invar. Array #4 contains
four parallel strings of five cells, while array #6 has three parallel strings of four.

Module #11 has the thick GaAs/Ge (inactive Ge) cells made by Spectrolab Inc. These
cells are 4cmx4cm, 178um (7 mil) thick, with 152um (6 mil) thick coverglasses. The
adhesive thickness is estimated to be 76m (3 mil). There are two strings of four cells each
in the module. By comparing the results from this module with modules #4 and #6, the
relationship between arcing and cell thickness for the GaAs/Ge cells can be examined.

Table 1 summarizes the given and assumed cell properties for the conventional and
wrap-through-contact cells that will biased during the PASP Plus experiment.

4.3 Experiment Simulation

The PASP Plus arrays will be biased in sequences of four bias steps. Each bias step will
last 23 seconds, with a 7-second interval for Langmuir probe sweeps and array I-V curves.
Bias voltages between +500 volts and -500 volts are possible, though the APSA cells will
not be biased beyond /pm 300 volts. In the simulations, however, the APSA cells were
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Tabie 2: PASP Plus Bias Voltages

SeqNo. | StepO | Step 1 | Step 2 | Step 3

75 100 125 150
200 240 280 320
360 400 450 500
200 300 400 500
160 180 200 220
240 260 280 300

prog. | prog. | prog. | prog.

NN WIN ]~ O

biased to -500 volts to allow comparison with the other arrays. During the experiment, the
arrays to be biased can be selected, and will be biased in descending numerical order. The
pre-programmed bias sequences are shown in Table 2, where sequence 0 is no biasing (“‘safe
mode”) and sequence 7 is programmable.

Predictions were made for the arcing of the conventional cells during the initial negative
biasing phase of the experiment, hereafter referred to as Phase 1. In this phase of the
experiment, the conventional cells will be biased on the odd days and the unconventional
cells will be biased on the even days, following the schedule shown in Table 3. As stated
earlier, predictions were made for the APSA cells even though they will notactually be biased
beyond -300 volts. In this phase of the simulation, biasing will only be conducted from +20
minutes of the arrays being in ram during each orbit. The environmental data needed for
the simulations was generated at one second intervals using the Environmental Workbench
(EWB) software developed by S-Cubed. Temperature data for the cells was generated using
a simple thermal model for the cells and spacecraft, along with data from Reference 23.
Two sets of simulations were then run. In the first, the environmental parameters were first
set to the maximum values from the generated environmental data, and the second used the
minimum values. This was done to find the range of expected arc rates for the experiment,
as well as to determine the expected probability of arcing. The second set of simulations
used the generated data at one second intervals to actually simulate the experiment during

the orbit.




Table 3: PASP Plus Phase 1 Biasing Sequencing

Seq No. StepO | Step 1 | Step 2 | Step 3
1 Days 1,2) | -75 -100 | -125 | -150
5 (Days 3,4) | -160 | -180 | -200 | -220
6 (Days 5,6) | -240 | -260 | -280 | -300
3 (Days 7,8) | -360 | -400 | -450 | -500

Table 4: Environmental Parameters for Minimum/Maximum Arcing

Condition Plasma Electron Ion Ion Neutral Cell
Density Temperature Mass Velocity Density Temperature

Minimum | 2.8 X 10°m ™3 | 0.0715ev | 2.21 x 107 ¥kg | 653679 m/s | 6.85 x 109m—3 285.0 K

Maximum | 3.5 X 10"'m ™3 | 0347ev | 2.64 x 107 %kg | 8083.78 m/s | 3.18 x 10Y4m=2 | 2150K

4.3.1 Arcing Ranges

A set of simulations were run to determine the expected arcing of the conventional geometry
cells under the orbital conditions for maximum and minimum arcing. The parameters used
are listed in Table 4.

In the simulations, 100 trials were run at each bias voltage for the two sets of conditions.
The resulting range of arc rates for the conventional cells are shown in Figure 12. The upper
curves show the maximum rates seen, while the lower curves show the minimum. For each
cell, minimum rates of at or near zero arcs/second occurred for the entire voltage range,
while the maximum rates varied from 0.56 to 4.3 arcs/second. The large area between the
two curves represents the high anticipated scatter in the data. The thin cells (APSA and
thin GaAs/Ge) showed the highest rates, as expected. The predictions for the silicon cells
in modules #1 and #2 show that the arc rate will depend on the number of cells, which is
expected since more cells results in a larger number of correlated areas in which arcs can
occur independently. This is also evident by examining the rates from the two thin GaAs
modules #4 and #6. In these simulations, as well as the second set of simulations conducted
to represent the actual on-orbit experiment, it was found that at low cell temperatures, most
of the arcs were “big arcs”, while at high temperatures they were mostly, or solely, “small
arcs”. This is expected since at the high temperatures there is not a sufficient surface neutral
density to be desorbed to lead to breakdown, whereas at low temperatures there is.
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Table 5: PASP Plus Conventional Cell Onset Voltages

Module |

Module 2

Module 4

Module 5

Module 6

Module 11

-180

-180

-125

-125

-125

-200

Onset Voltage

Figure 13 show the range of probability of arcs occurring during the experiment. These
probabilities are the percentage of trials in which at least one arc occurred. The upper curves
show the probability of arcing under maximum conditions, while the lower curve shows the
probability under minimum conditions. Thus, the actual probability of arcs occurring during
the experiment lie between these curves, depending on the actual environmental conditions.
During the actual experiment at voltages for which the probability is greater than zero but
less than one, it is expected that arcing may occur in some trials and not in others. For a
given bias voltage, it can be seen that the environmental conditions can greatly affect the
chance of arcing. For example, at -500V the thick GaAs/Ge cells (module 11) experienced
arcing in nearly 100 percent of the trials under maximum conditions, but arced in less than
60 percent of the trials under the minimum expected conditions. The thinner cells showed
higher probabilities of arcing than the thick cells in addition to having higher arc rates.

By examining the results from the trials at maximum arcing conditions, expected onset
voltages could be found. The voltages represent the level at which arcing was first seen to
occur on the cells. Below these levels, no arcs occurred in any of the trials. The simulated

arcing onset voltages for the cells are shown in Table 5

4.3.2 Orbital Simulation

The next set of simulations consisted of simulating the actual experimental operation of
the PASP Plus conventional cells during Phase 1. Using the sequencing listed in Table 3,
along with orbital data generated with EWB, the cells in the simulation were biased for +20
minutes of ram. With approximately thirteen orbits per day, this resulted in a database of
approximately 1000 bias steps being conducted each day. Each of these step simulations,
however, were done using the environmental data generated for the approprate portion
of the orbit. This database was then used to develop software using the Interactive Data
Language from Research Systems, Inc. to be used to find correlations between arc rates
and the various environmental and operational parameters.

For example, by scanning through the data for points of constant ion density, neutral
density and cell temperature, a fit to the arc rate versus voltage similar to that found by
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Figure 12: Range of Arc Rates for PASP Plus Conventional Cells
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Figure 14: Voltage Power Law Fit to Array #2 Arc Rate

Ferguson for the PIX 1I data®, discussed in Chapter 1, was done, given by the equation
R=Cin (-V)“ (41)

where 7. 1s the plasma density and C; and C; are coefficients found by the fit. An example
of this is shown in Figure 14 for the silicon cells in array #2, which had approximately the
same cell area as the PIX II cells. In the fits, the power of the voltage is on the order of
3, matching the results found by Ferguson. If this equation held, the coefficient C, would
be independent of the plasma density. Preliminary studies, however, indicate that this may
not be the case, implying that the arc rate is not linear with plasma density in the regime
examined.

Another type of correlation between arc rate and voltage is motivated by the model used
in the simulations. Because of the need to numerically calculate the charging times for the
arcs, a closed form equation for the arc rate is not given by the model. However, by assuming
a constant secondary electron yield, a form of the solution is implied by Eq. (28). Itshould be
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Figure 15: Voltage Exponential Fit to Array #2 Arc Rate

noted that this equation is combination of a linear function of V, and an exponential function
of V., where V, is the voltage which the dielectric charges up to when EFEE charging is
initiated, and not explicitly a function of the bias voltage. Neglecting this, and assuming
that the exponential term of the equation was dominating, fits were made to the data with

the form

R = C1exp(Cy/Viias) ' (42)

where C,; and C, are the coefficients found by the fit. Based on the typical values of the
parameters in Eq. (28), C, is expected to be on the order of 10, while (5 is expected to be
on the order of -1000’s. An example of this fit, using the same simulated data as for the fit
above, is shown in Figure 15. The coefficients found in the fit match those expected from
the model.

This data analysis software will be used to analyze the actual flight data to find the

correlations between the arc rate and the various environmental and operational parameters
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experienced by the arrays during the PASP Plus experiment.
\
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Chapter 5

Conclusions

As space systems demand higher power levels, high voltage solar arrays will used to meet
these needs. This will result in more significant interactions taking place between the
ambient space plasma environment and the arrays. Arcing has been observed to be one of
these interactions for high negative voltage operation, simulated in experiments by biasing.
Since this arcing can be detrimental to the operation of the spacecraft and can damage the
arrays themselves, it is necessary to be able to understand the process leading to the arcing
and be able to predict arcing on arrays operating in space.

The model used in this research to explain the arcing process is that developed by Cho
and Hastings®. Previously, a semi-analytic model was created to predict the arcing rates on
highly negative biased solar arrays, as discussed in Chapter 2. This model was then modified
to be more physically accurate and to be able to predict the arcing on the conventional cells
of the PASP Plus experiment.

In Chapter 3, the modifications made to the arc rate code were discussed. The first
modification was to not use the assumption of a constant secondary electron yield. This
resulted in a non-linear differential equation which had to be solved numerically to get
the EFEE charging time, instead of the previous case where a closed form solution was
found. While this is more computationally intensive, it is also more physically accurate
and results in shorter electric field run-away times. Also included in the new code was the
analysis of the desorbed neutral density criterion for breakdown. In previous work by Cho,
the surface neutral density was assumed to be at the steady state value, while subsequent
work by Mong?? neglected this criterion altogether andassumed that the neutral density was
always sufficient for breakdown. The steady state assumption is only valid if the interval
between arcs is sufficiently large that the surface has time to recharge the neutrals from the
ambient, which may not be the case. By neglecting the criterion, Mong found the upper
bound for the “big arcs”, which are cases where breakdown occurs. In this work, the neutral
density criterion is enforced, with the surface neutral density calculated time accurately.
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The addition of “small arcs” was also made, which are cases where the field runs away but
the desorbed neutral density is less than the critical density for breakdown. These small arcs
would show up as detectable current pulses up to tens of milliamps, which are generally
much smaller than those of big arcs. The code was also modified to allow the data describing
the environment to be input at one second intervals, instead of assuming to be constant, to
allow the simulation of the PASP Plus experiment throughout the orbit.

This code was then used to predict the arcing for the conventional cells aboard PASP
Plus. The simulations showed that arc rates up approximately 4.3 arcs/second would be
seen, with the thin cells showing more arcing activity than the thick cells. Expected arcing
onset voltages were also found, ranging from -125 volts for the thin cells up to -180 and
-200 volts for the thick silicon and GaAs/Ge cells, respéctively. These predictions were then
used to develop tools to look for correlations in the arc rate with the various environmental
and operational parameters. Possible correlations examined for the arc rate with voltage
include both a power law relation with voltage, as expressed by Ferguson for the PIX II
flight data®, and an exponential relation as implied by the model by Cho and Hastings®.
This software will be used to find the correlations for the arc rate from the actual flight data
when it becomes available.
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