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ABSTRACT
This paper resents results first a short review of recent
experiments performed on large test fixtures and whose
aim is to evaluate the flashover propagation during an
electrostatic discharge. Then, the model of plasma
bubble expansion is presented and compared to the
results collected during the review. We will show that
the model can represent qualitatively and quantitatively
most of the results. The parameters of the model are
mainly the ion velocity and the backscattered electron
emission yield. The other experimental parameters
influencing the flashover propagation will be discussed.

1.

INTRODUCTION

When an electrostatic discharge occurs on a solar panel,
there is a first neutralization of the satellite capacitance
and a neutralization of the charged solar cells
coverglasses. The first neutralization current is called
Blow-off (BO) and the second Flashover (FO). They are
both important to know because their amplitude and
duration have to be represented during the on-ground
tests with equivalent circuit that have to be sized
correctly to be representative to what’s going on in
space on a charged floating satellite with its particular
geometry.
2.

Figure 1 : Solar panel assembly used in [1] and [2].

Figure 2 : Solar cells assembly used in [3] and [4].

REVIEW OF RECENT EXPERIMENTS
PERFORMED ON LARGE TEST FIXTURES

Concerning the tests performed recently on solar panels,
We can notice tests performed in Japan on large panel
made of an assembly of 2 panels of 2m*1.2m each.
Results were published by Mashidori [1] and Okumura
[2] (see Figure 1). The different tests performed in the
frame of the US round-robin and published by Vayner
[3] and Young [4] were also performed on a large
assembly of solar cells coupons (see Figure 2). And our
results obtained during emags3 project were performed
on a 8m² panel [5] (see Figure 3).

Figure 3 : Solar panel used in [5].
During these different experiments, the main objectives
were to evaluate the largest expansion of the FO and the
parameters governing its propagation.
More oriented towards the determination of the FO
velocity, different tests were performed on concentric
rings structures, mainly made of metalized kapton.
Some at ONERA published by Siguier [6] (see Figure
4) and some in US by Young [7] (see Figure 5), in
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Japan by Suzuki [8] (see Figure 6). Same objectives
with different shapes, we can raise the results in the
frame of the US round–robin and published by Hoffman
[9] and those made in France and published by
Siguier[6].

Figure 7 : Rectangle of 1m long and 0.3m wide used in
[9].

Figure 4 : Structure of 1.8m of diameter made of 3
concentric rings in metallized kapton used in [6].

Figure 8 : Rectangle of 1m long and 0.5m wide made of
3 segments in metallized kapton used in [6].
From all these tests, a lot of results were gathered and a
lot of discussions started on the different ways to
interpret these results and particularly the FO velocity.
The following table tries to state the similarities and
discordances between all these results.
Figure 5 : Structure of 0.8m of diameter made of 8
concentric rings in metallized kapton used in [7].

Figure 6 : Structure of 0.8m of diameter made of 12
concentric rings in metallized kapton used in [8].

Despite a lot of discordances in the interpretation, the
results are quite similar and even they are performed in
a lot of different chamber on different test fixtures, a lot
of observations are common. If we look at the results on
large panels or if we extrapolate the results obtained on
small text structures, we can agree that a discharge on
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complete panel corresponds to a FO of a few amperes
during a few hundreds of µs.

Both are well reproduced with the model (ion velocity of
4500m/s).

3.

3.3. Comparison with concentric rings experiments

APPLICATION OF PLASMA BUBBLE
EXPANSION MODEL TO SEVERAL CASES

3.1. Rationale of the plasma bubble expansion model
Sarrailh’s model developed in the frame of EMAGS3
project and published in [10] is based on the following
assumptions :
After The BO which corresponds to an emission of
electrons which empties the satellite capacitance and
brings back the panel potential to 0V, the plasma bubble
starts to expand isotropically with a constant velocity.
The plasma bubble neutralizes instantaneously the
dielectric potential.
Outside the plasma bubble, electrons extracted from the
bubble are collected by the solar panel and this current
is space charge limited and uniform. They create
secondaries and only backscattered electrons are taken
into account, leading to a current redistribution on the
surface. The potential varies due to the net current
collected and the conducted current is neglected. We
need to highlight the point that the model does not apply
if BO duration = FO duration i.e. in case of big Csat,
effects of walls or effects of geometry which makes the
potential of the panel not neutralized during the
expansion of the plasma.
3.2. Validation of the model
This model was validated on results obtained in the
frame of Emags3 project i.e. on a large solar panel. One
can refer to the paper from Sarrailh [10] to see these
results and an example is given in with two discharges
obtained in the center or in the corner of the panel and
which are well reproduced with an ion velocity of
4500m/s.

Figure 9 : Examples of 2 discharges occurring in the
center of the panel and discharging the total charge of
the surface and another discharge occurring in the
corner of the panel and partially neutralizing the panel.

The model was used to reproduce the results obtained
during the tests with concentric rings shown in Figure 4.
An example of a discharge neutralizing completely the
structure is compared with the model using a velocity of
3400m/s and presented in Figure 10.

Figure 10: Example of a discharge neutralizing
completely the structure made of 3 concentric rings
used in [6] and compared with the model using a
velocity of 3400m/s
We see on this figure that the model represents correctly
the fact that current collection starts on all rings at the
same time at the beginnings of the ESD and ends
sequentially. It does not represent the strong variations
on the signals which are attributed to variability of the
cathodic spots.

The model was then applied on a discharge obtained on
the test fixture presented in Figure 5 and published in
[7]. It is an assembly of 8 concentric rings made of
aluminized kapton. Each ring is instrumented. The
measurements are represented with continuous lines and
the calculation in dotted lines.
The plasma velocity was set to 9 km/s in order of the
current and the backscattered electrons yields was quasi
doubled (0.6 instead of 0.37) compared to previous
results in order to fit the very fast shapes and he position
of the maxima.
However, the representation of the simultaneous onset
of all currents and the sequential end, at least of the first
rings, is well represented.
Concerning the velocity, the ions of the electrode being
aluminium, the velocity does not have to be increased
that much and another reason has to be found to explain
such increase of the velocity compared with previous
experiment.
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3.5. Application to other solar panels experiments
The model was applied on the experiments published by
Okumura [2] and obtained on the panel assembly shown
in Figure 1.

Figure 11 : Comparison of the model with an example
of a discharge measured on the test fixture presented in
Figure 5 and published in [7].
Concerning the backscattered electrons, their evaluation
is complicated wince we do know their exact energy
(something about 100eV) and their incidence angle on
the kapton. What we know however is that this yield
about 0.2 at normal angle and 1keV is subject to
increase with angle and on light materials, when the
incident energy decreases. A value of 0.6 is not that
impossible and maybe, the previous value of 0.37 was
more underestimated. It means that this yield was also
certainly higher but a non-negligible part of these
secondaries were not recollected by the panel.

3.4. Comparison with a rectangle structure

Figure 13 : Comparison of the model with one of the
results (FO signal) published in [2] and obtained on a
large solar panel.
As we did not the signals measured on each string, we
could only compare the FO shape shown on Figure 13
and the neutralized charge on each string shown on
Figure 14.

The model was compared with results obtained on a
rectangle structure made of 3 rectangles of metalized
kapton.
The results are presented in Figure 12.

Figure 14 : Comparison of the model with the same
result as in Figure 13 but presenting the charge
neutralized on each string.

Figure 12 : Comparison of the model with a partial
discharge on the 3 segments of the rectangle structure
used in [6].
The velocity of 3700m/s was conserved in this
calculation (same as in Figure 10) but in order to
represent the results, the potential in the model was not
set to the experimental value 600V instead of 800V and
the calculation was stopped before complete
neutralisation of the rectangle, both in order to represent
the partial neutralization in terms of surface but also in
terms of potential.

In this experiment, an IR camera is used to capture an
image of the FO (see Figure 15). We think that the
emitted light in this image can be related with absorbed
power more than to collected current and the model
qualitatively represents well the observations made by
the authors.
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Lastly, the model was compared to the results published
in [4]. We see on Figure 17 that agreement is
qualitatively obtained even if the parameters were not
optimized because of the complexity of the text fixture
which does not make easy the interpretation of the
measurements.
(a)

Figure 15 : Comparison of the model (power flux
density) compared with IR image taken and calculated
20µs after ESD onset.
Another example of application of the model to a
measurement published in [9] is given below. In this
case, the model does not represent what is measured and
we show here its limitations since it cannot represent
what happens when the BO and FO durations are
equivalent which is typically the case in this example.

(b)

(a)

Figure 17 : Comparison of the model (a) with the
results obtained during a discharge obtained on the text
figure presented in Figure 2 and published in [4].
4.

(b)

Figure 16 : Comparison of the model (a) with the
results obtained during a discharge obtained on the text
fixture presented in Figure 7 and published in [9].

DISCUSSION

We have seen that the model of plasma bubble
expansion represents quite well the different
experiments I have collected. The model is based on the
ideas that there are different phenomena in the
expansion of this neutralisation process : an expansion
of a plasma bubble, the electrons extracted from the
plasma bubble and those emitted by their impact on the
dielectrics which participate to the neutralization
phenomenon. Ion velocity is the sound velocity and
electron velocity is very high and explains why the
current collection starts everywhere at the same time.
Then, it is quite hard to speak about a FO velocity
which might be something more like a wave velocity or
a group velocity.
Moreover, the flashover propagation depends on
parameters that are not taken into account in the model
such as pressure or potentials surrounding the test
fixture (walls…)
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