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Abstract

The physics of a positively biased conductor surrounded by dielectrics in contact with plasma
is investigated. It is shown that due to the presence of secondary emission from the surround-
ing dielectrics the voltage of the surfaces near the conductor can be bistable. One of the
bistable solutions always has very low secondary emission while the other has high secondary
emission. The secondary current emitted from the neighbouring dielectrics is collected by
the conductor. When the voltage on the dielectric undergoes a transition from one bistable
solution to another this will be seen as a concomitant increase in the current collected to the
conductor. A theoretical treatment is presented for a conductor surrounded by dielectrics
such as silicon dioxide. The theory is applied to explain the "snapover” effect. The snapover
effect is observed on high voltage solar arrays which involve the use of highly biased surfaces
in contact with the space environment. It has been observed that when such surfaces are
positively biased that the current undergoes an anomalous increase at a critical voltage.

1 Introduction

The need for large powers in space has led to the development of high voltage solar
arrays. The potential drop across these solar arrays may be several hundred volts. These
solar arrays are typically designed with the solar cells connected by metallic interconnects
which are exposed to the space environment. Maxwell’s equations applied to the whole solar
array demand that the net plasma current to the solar array must be zero for the system
to be in equilibrium. In order for this to be true what is found is that some part of the
array will take a positive potential with respect to the environment (and attract electrons
to the interconnects) while the rest of the array will float negatively with respect to space
and collect ions to the interconnects. One observation for these high voltage solar arrays is
that the positively biased interconnects collect anomalously large currents above a critical
voltage. This voltage has been termed the "snapover” voltage from the shape of the current
voltage curve for the conductor.

These observations motivate us to consider the problem of current collection to a positively
biased conductor when the conductor is surrounded by dielectrics. In a high voltage solar
array the biased metallic interconnects are surrounded by the solar cells which are covered
with silicon dioxide as a protection against ultraviolet light. This problem has been considered
by previous authors(Refs. [2,3]) and there is general agreement that the anomalous current
collection is due to the emission of secondary electrons from the dielectric surfaces which
surround the conductors on solar arrays.

In this paper we present an alternative theory which may account for the anomalously
large current collected to a conductor surrounded by a dielectric. The basic idea is that the
dielectric surface which must be in current balance can have more than one solution for it’s
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surface voltage. If the'dielectric has a high enough secondary electron emission coefficient then
it can achieve current balance(zero net current) in two possible ways. First by repelling most
of the electrons so that the balance is between incoming ions and electrons and secondly by
emitting secondary electrons so that the balance is between incoming primary and outgoing
secondary electrons. Since the nearby conductor is always at a positive potential relative to
the dielectric, secondary electrons which are emitted by the dielectric are collected by the
conductor. The snapover is just the jump of the surface potential and associated electron
current from one means of achieving current balance to another. With this idea we formulate
the dynamic charge balance equation for the dielectric and show that it does possess bistable
solutions( which are the two discussed above) and therefore can show all the behaviour

characteristic of such systems(Ref. [4]) namely hysterisis behaviour and sensitivity to plasma
fluctations.

2 Macroscopic Theoretical Formulation

We consider a model of a dielectric next to a conductor. From Gauss’ law applied to the
plasma-dielectric interface we obtain

Cd¢
XZ = Jnet (¢; ¢c) (1)

where the capacitance of dielectric-plasma system is C and A is the area of the dielectric.
The dynamical equation( Eq. (1)) has equilibrium solutions given by the solutions of

Jrut (¢; ¢¢) =0. ) (2)

which is the well known condition of current balance. If there are multiple solutions to Eq. (2)
then the most probable solution can be defined in the following manner. We convert Eq. (1)

to a Langevin equation(Ref. [5]) by adding a stochastic force term, D£(t) so that the equation
is

2 = U'(9) + DE(0) (3
where U(¢) is defined as bt
U(g) = _'/ E*Inet (#) (4)

and the stochastic force term has magnitude D, mean value < £(t) >= 0 and has an autocor-
relation function which is a delta function, < £(t)¢(t + 7) >= 6(r). We define a probability
p(¢,t) as the probability that the surface potential will be ¢ at time t. By well known
methods in the theory of stochastic equations(Ref. [4]) the steady state solution for p is

p(¢,t — o0) = Nexp(~(2/D)U(4)) (5)

where N is a normalization factor. The function U(4) can be interpreted as a free en-
ergy(Ref. [6]) and from Eq. (5)we see that the most probable solution to Eq. (2) will be the
one which minimizes the free energy(U(¢)) while the least probable will be the one which
maximises the free energy.

We shall model the secondary electron yield of the dielectric surface with a function of
the form(Ref. [7])

) exp(—2 Ef“)- (6)

E
il E) = T4l ( -

maz

116



This is the number of secondary electrons emitted per primary electron as a function of the
energy, E. If 6nsz > 1 then this function will be equal to one at two energies which we
shall call the first unity crossing, Ey and the second unity crossing E,. This yield should be
averaged over the incident electron distribution function. However since we motivated by the
use of dielectrics in low earth orbit where the electron temperature is 0.1 Volts and which
satisfies e >> T, we can take the incoming electron distribution function as a delta function
centered on the potential energy. The secondary current is then given for e$ > 0 by y.(ed)J.
where J, is the primary current. For e$ < 0 we shall take the secondary current as ve(Te) Je
which is approximately correct. However for negative potentials the secondary emission has
a negligible effect on the dielectric potential as we will show below. For dielectrics like silicon
dioxide, typical values for the constants §,,; and En.: are 2.4 and 400 eV. From Eq. (6) we
see that the maximum secondary yield occurs at En.; and is 6pmqz.

We shall write the net current density to the dielectric surface for three conditions:(A)
space charge limited spherical current collection (Ref. [8]), (B) orbit limited spherical current
collection(Ref. [9]) and (C) orbit limited planar current collection(Ref. [9]). For all three
cases the mean drift velocity in the far field of the ions and electrons is taken to be zero with
respect to the dielectric surface. For brevity we give only the formulae for (A). Condition (A)
will apply for a high density plasma( A\s/Rs < 1 where R, is the radius of curvature of the
surface). The particular condition for applicability of the formulation from Ref. (8] is that

if the attracted species has temperature T, then e|@| > T,(Ro/A4)*/3. For condition (A) we
write for ¢ <0

m,T; e ek o e
Jn.:(¢,¢c)/J,,,=,/m;1T,:o.gs(';,f' (%) ) +@@-YeE) (@

while for 0 < ¢ < ¢. we have

m,T; 4/3\ 8/7
Tnet (8, )/ Jeew = m’;{: exrv(-%) + (ve(ed) — 1)0.95 (% (%) ) (8)

and for ¢ > ¢,

. e € i " — e ¢
o690 o = || P exp( =) + (o) exp (=) — 1y0.05 (T¢ (%) ) o

where J,, is the random electron current in the far field. In Egs. (7) and (8) the secondary
electrons can escape from the dielectric surface and be collected to the conductor since the
conductor is positive with respect to the dielectric. In Eq. (9) the secondary electrons cannot
escape to the conductor unless they climb a potential barrier of height e(¢ — ¢.). The
probability of climbing the barrier is given by exp(e(¢. — #)/Tsec) where the T,,. is the mean
energy with which the secondary electrons are emitted from the insulator surface.

We can solve Egs. (7), (8), and (9) for ¢. From Eq. (7) we obtain( since y.(T;) < 1)

ed : m,T; eld| [ A4 i v
Ezln( ;IO.QS T‘ -R—o )<0 (10)

Ye(ed) =1 (11)

from Eq. (8) we obtain
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Figure 1: Dielectric Voltage against Conductor Voltage for Space Charge Limited, Spherical
Current Collection:SiO,

while from Eq. (9) we find
e = ed. + T,ee In(ye(eg)). (12)

The first root has no secondary emission associated with it and is the result of a balance be-
tween ions and electrons. The second and third roots require Ye(e#) > 1 which implies that a
necessary condition for them to exist is e¢ > E;. They both involve some secondary emission.
We note that only the first root has some weak dependence on the plasma properties. The
other two roots are determined solely by the material properties.

For definiteness we will choose the dielectric to have the properties of silicon dioxide. For
¢ > E; = 44 Volts the secondary yield is greater than one. In Fig. 1 we show the voltage
on the dielectric as a function of the conductor voltage for space charge limited spherical
current collection. The electron and ion temperatures are taken as equal to 0.1 Volts which
is characteristic of the ambient ionosphere. The secondary temperature T}, is taken as 2 eV.
The ratio of Debye length to radius of curvature of the dielectric is taken as 0.1. For low
voltages on the conductor there is only one possible solution for the current balance condition
to the dielectric. This is with the dielectric at a slightly negative potential(e¢ ~ —0.6 Volts).
For this voltage on the dielectric there is no secondary emission and the current balance
occurs between incoming ions and electrons. Once the conductor voltage exceeds E; then
there are three solutions to the current balance equation on the dielectric. One is the slightly
negative potential that existed for low voltages while the other two are new. The most
positive solution corresponds to a balance between incoming primary electrons and outgoing
secondary electrons. The voltage on the dielectric is approximately the same as the voltage on
the conductor. The intermediate solution also has some secondary emission associated with
it but it is unstable to small perturbations and is the least probable of the three solutions in
the sense described above. The most probable dielectric voltage is also shown on Fig. 1. We
see that after the three solutions to the current balance appear the most probable solution
jumps at about ¢ ~ 70 Volts from the slghtly negative solution to the most positive solution.
This leads to a jump of about a factor of two in the current collected to the nearby conductor
as can be seen from Fig. 2. These two figures show that the current to the conductor will
experience an anomalous increase when the voltage on the nearby dielectric jumps from one
stable solution of the current balance relation to another. Furthermore the current collected
to the conductor could show hysterisis effects since the voltage on the dielectric will only
follow the most probable solution if the plasma above the surface is sufficiently turbulent. If
the plasma above the surface is quiescent then the voltage on the dielectric may follow the
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Figure 2: Normalised Conductor Current against Conductor Voltage for Space Charge Lim-
ited, Spherical Current Collection:SiO,

Material | émaz | Emaz | Ei A B C

Volts | Volts | Volts | Volts | Volts

Kapton | 2.1 | 150. 18. 34. 34. 50.
Si0, 2.4 | 400. | 44. 70. 66. 100.
In,04 1.4 | 800. | 230. | 376. | 376. | 588.

Table 1: Snapover Voltage in Volts as a function of material for conditions A, B, C

negative solution as the conductor voltage is increased to some voltage greater then the most
probable voltage and then jump at a larger conductor voltage. If the conductor voltage is now
decreased the voltage will jump back at some other voltage so leading to a classic hysterisis
loop. If the conductor-dielectric system shows such behaviour then it will also show extreme
sensitivity to fluctuations since beyond the most probable voltage on the surface the surface
will be metastable.

When the current balance equation is solved for cases (B) and (C)we find that the general
shape of the curves are the same as in Fig. 1 indicating that the same general physics is at
work. The snapover voltage for case (B) is 66 Volts while for case (C) it is 100 Volts. The
increased snapover voltage for case (C) is due to the lack of the influence of the spreading
sheath in the planar case. In the other two cases the influence of the spreading sheath causes
the neagtive root to approach the unstable root. This tends to make the negative root less
stable relative to the positive root as the conductor voltage is increased.

In Table 1 the most probable snapover voltage is given as a function of material. We see
that the snapover voltage is a strong function of the energy E,;. This is not surprising since a
necessary condition for the existence of three solutions is that the yield be greater than one.
This suggests that the major determinant is E; not the yield as long as it is greater than one.
This could serve as an experimental test of this theory since we see that Kapton and Silicon
Dioxide have almost the same maximum yield but different snapover voltages.

3 Conclusions
A theory has been developed for the anomalous current collection observed on postively

biased segments of high voltage solar arrays. It is proposed that the snapover seen in cur-
rent collection to the interconnects is the result of a transition from one stable root of the
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neighboring dielectric surface to the other stable root of the current balance relation. Two
specific predictions of the theory that may be amenable to experimental test are first that the
snapover voltage will be larger for interconnect geometries that give planar current collection
as opposed to interconnect geometries that give spherical current collection. Secondly, the
snapover voltage is a sensitive function of the material that the dielectric is composed of and
depends most sensitively on the first unity crossing. Hence materials with the same maximum
yield but different unity crossings can have substantially different unity crossings.

Another experimental observation is that snapover seems to be supressed in ram con-
ditions. A possible explanation for this based on this theory is that in ram conditions the
plasma conditions over the surface change and if the snapover is occurring at some voltage
greater than the most probable voltage then the jump from from one root to the other will
depend sensitively on the fluctuation level. If the fluctuation level in ram is less than the
fluctuation level in wake than snapover in ram will be supressed relative to snapover in the
wake region. This hypothesis could be tested by inducing fluctuations in the plasma in the
ram region to see whether snapover can be triggured. '
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