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Strong supporting evidence that adsorbed water vapor residing at the triple junction sites on a solar array is a
leading contributing factor to arcing onset in conventional silicon photovoltaic arrays immersed in low Earth orbital
plasmas is presented. It is suggested that an adsorbed water vapor layer becomes ionized by energetic electrons and
that the discharge develops in the area of a triple junction. The fastest process to extinguish the discharge is the
dissociative recombination of water molecular ions. Arc plasma spectroscopic data throughout the wavelength range
260-680 nm is obtained. The two most intensive silver lines in the UV spectrum (Ag I, 328 and 338 nm), an atomic
silver line (Ag I, 358.6 nm), and two lines of singly ionized silver atoms (Ag II, 318.7 and 368.2 nm) are identified.
Additionally, atomic line spectra Fe I (415.87 nm) and Ni I (480.7 nm) are found. More importantly, identification of
several species that appear to validate a dissociative recombination process involving water vapor is also found. The
observations involved are the OH molecular band (302-309 nm) and two intensive atomic lines (H-«, 656.3 nm, and
H-pB, 486 nm). The following species with molecular bands, CH (432 nm), SiH (387 nm), and SiN (472 nm) are also

identified.
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REVIOUS studies of the arc initiation process on the solar array

surface have shown that the most probable arcing sites were
located on the triple junction involving the conductor, dielectric, and
plasma [1]. More recently, our own experiments [2] have led us to
believe that water vapor is the main causal factor behind the arc
initiation process. We hypothesize that the essential component of
the expelled plasma cloud is a water vapor, and that the fastest
available process to extinguish the discharge arises predominantly
from dissociative recombination: (H,O" + e~ — H* + OH*). To
validate our hypothesis we obtained and analyzed spectroscopic
measurements confirming the presence of hydroxyl (OH) and
hydrogen (H) in the arc plasma. Additionally, we also identified a
few atomic lines and molecular bands observed in the arc plasma
throughout the entire optical range from 260 to 680 nm.

Despite the growing volume of experimental data collected on
conductor-dielectric initiated solar array arcs [3-8], only two
theoretical models come close to describing the process of arc
initiation. The first model is based on the hypothesis that a thin
insulating layer on the surface of a negatively charged conductor
undergoes electrostatic breakdown when the electric field strength
becomes high enough [9]. The second model takes into consideration
the formation of a strong electric field in the area of the metal,
dielectric, and plasma junctions [10-12]. The estimated average
electric field strength in this case is usually a few hundred times
below than is typically needed to initiate an arc. Thus, this model
demands a field enhancement factor of about 500 which seems
improbable. More recently, a new correction to this model has been
reported attempting to explain the threshold behavior at the point of
arc inception [13]. It is known that gas layers adsorbed on the
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Fig. 1 Bell jar test apparatus used in the arc plasma experiment.

dielectric surface in the area of a triple junction play a significant role
in the discharge initiation [14]. The observation of hydroxyl and
atomic hydrogen spectral lines confirms the hypothesis that the main
constituent of this adsorbed layer is a water vapor. In addition,
starting from a desorbed gas ionization mechanism and following
dissociative recombination, we derive a relationship between arc
current pulse width and capacitance. This rough model predicts the
observed dependence of arc pulse width on capacitance with a
satisfactory accuracy [15].

II. Experimental Apparatus

The arc initiation experiments were performed in a small bell jar
equipped with a mechanical roughing pump, a diffusion pump, and
an ionization gauge for measuring tank pressure. A Penning-type
plasma discharge source (mounted inside the bell jar) was used as an
argon plasma source for the experiments. A Langmuir probe (1.9 cm
diameter) with a programmable power supply was used to obtain the
needed plasma parameters. Electron temperature ranged between 1.5
and 2 eV, and plasma electron number density ranged between
1.0 x 10* and 8.0 x 10° cm?. Figure 1 depicts the experimental
apparatus just described. Figure 2 shows a close-up view of the solar
array sample. The sample consists of three strings wired in parallel.
Each string consists of three individual solar cells connected in
series.

The capacitor is charged by the bias supply through the resistor,
and the shorted array contacts are biased to a large negative potential
relative to the walls of the bell jar (see Fig. 3). When an arc occurs
both the capacitor and solar array are discharging directly through the
plasma. The arc monitor control program detects a change in the
trigger state of the oscilloscope and triggers all its four channels at the
moment of the discharge initiation.

Figure 4 shows a diagram of the optical setup used for obtaining
individual arc spectra. A 1/4 m spectrometer with a 50 pm entrance
slit, a 1200 lines/mm grating, and a gated 1024 x 256 pixel
intensified CCD are used for obtaining the optical measurements.
The spectrometer is capable of obtaining readings over the
wavelength range of 190-920 nm with grating centered on 350 nm.
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Fig. 2 Snapshot of the small sample used in arc plasma solar array
experiments.
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Fig. 3 Experimental setup of arc detection and oscilloscope
connections.

A combination of current probe amplifier and oscilloscope
provides the needed output trigger for the programmable timing
generator (PTG) shown in Fig. 4. The output trigger pulse from the
digital storage scope is sent directly to the external trigger input of the
PTG. The received input trigger pulse causes the PTG to open the
gate of the PI-MAX intensified CCD. A signal sent from the ST-
133A controller causes the PI-MAX to capture a single arc spectrum
for each detected arc event.

III. Dissociative Recombination

It has been suggested that the main causal factor behind the arc
initiation process is a desorbed molecular gas ionization mechanism
(specifically, condensed water vapor) at the site of the triple junction.
The total number of water molecules ejected into vacuum due to
electron impact desorbtion can be estimated as

Ny = =8 1)

The dielectric side surface area that is irradiated by energetic
electrons on initial stage of the discharge development is roughly
100 x 100 pum, and a few adsorbed layers of water molecules
provide a surface density about 10'> c¢m?. Thus, the total number of
these molecules amounts to about 10'!. The degree of ionization of
water molecules depends on the electron temperature and varies
between 0.01 and 0.1 for generally accepted value of T, = 4-6 eV
[16]. The calculations in [16] did not take into account the ionization
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Fig. 4 Diagram showing the experimental setup used for obtaining
individual arc spectra.



GALOFARO ET AL. 1133

of water molecules by energetic electrons in the process of electron
impact desorbtion; thus, real degree of ionization can be higher.
According to [17] a typical vacuum arc supplies about N; =5 x
10" Ag metal (cathode) ions that are ejected into the chamber during
the discharge time interval. For this particular experiment
(C =0.22 uF, U =200-300 V), the total number of silver ions is
N; > 10'!. Even though, as it is seen from the preceding estimates,
the total number of water ions is 1-2 orders of magnitude lower than
the number of metal ions, the influence of water ions on the
ionizational balance in the arc plasma can be significant because the
rate of dissociative recombination is several orders of magnitude
higher than the rate of radiative recombination. One more argument
in favor of the dissociative recombination mechanism is comparable
intensities of hydrogen and silver spectral lines measured in the
current experiment.

The rate of the dissociative recombination H,Ot + ¢ — OH*+
H*can be written as

R = (v, Z)n; =yn; 2

The braces in the preceding equation indicate the expectation
value of the product of the thermal velocity and the cross section. We
disregarded the contribution of metal ions in the total charged particle
number density assuming the quasi neutrality of arc plasma in the
form n, = n(H,0™"). The molecular-ion recombination constant can
be presented in the simple form [18]

1077
JT,

Disregarding the collisional ionization in a cold arc plasma we can
write the equation for electron number density:

dn,
dr

y >

3)

=—yn; 4

If we suggest that cooling of the electron gas due to plasma
expansion is much slower that recombination we can write the
solution of Eq. (4) with the appropriate initial condition at # = O in the
following form:

n
)=—° 5
) = ®)

The electric current /(¢) to the surface of a hemispheric arc plasma
cloud of radius R(#) (1-2 cm) at the dielectric-conductor junction is
simply

1(1) = 27R(1)*n, (t)eV, (6)
The velocity of plasma cloud expansion can be estimated as

o [ -
P\ Am,

For typical electron temperatures 7, = 4-6 eV this velocity
reaches 7-10 km/s for water ions (A = 18). The estimated value of
the velocity of metal plasma expansion is a few times lower than
measured one (see [17]). It means that our further calculations must
be considered as rough estimates, which reveal basic relations
between measured arc parameters.

The radius of the plasma cloud is given by

R(t)=V,t ®)

Substituting Egs. (5), (7), and (8) into Eq. (6) yields the electric
current

ekT, Neot?

I(t) =4n ————
® Am, "1+ neyt
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The net electric charge carried our from the capacitor by this
current is

cu:[%mm (10)
0

Substituting Eq. (9) into integral and taking into account that
ne, Yt > 1 we obtain

Am,y 7172
=|—2 cu)'/? 11
' |:2nkTeeVe:| (o) an

This relation between arc current pulse width and capacitance was
obtained in a slightly different form in [15]. The dependence of pulse
width on capacitance can be easily verified in the experiment. By the
compilation of the results of six different experiments it was found
that (v7/ 0 C=0.627 —0.016 within the wide range of
capacitance values (107°~10° uF) [19,20]. In the narrow range of
capacitances (0.04-0.065 uF) the slope was determined as 0.5 —
0.05 [15]. Later, the dependence t(C) was measured within the
interval of capacitances of 5 x 1073-3 x 10~% uF, and significant
deviation from the square root dependence was found [21]. Thus, one
can conclude that the simple model of a discharge development
based solely on the process of dissociative recombination of water
molecular ions can pretend on just qualitative description of real
processes in the arc plasma. However, the presence of water
molecules in the arc plasma was confirmed by mass spectrometry,
and thermal outgassing of the sample resulted in a sharp decrease in
arc rate [21]. These two series of observations stimulate further
experimental investigation that can be performed by the measure-
ments of emission spectra of the arc plasma.

IV. Optical Spectroscopy

All arc spectra shown in this paper have been obtained using an
intensified CCD array cooled to —20°C to reduce the internal noise.
Twenty rows of vertical pixels (120 4 20 vertical pixels out of a
possible 256 pixels and 1024 horizontal pixels out of a 256 x 1024
array) were used to keep the signal to noise ratio within acceptable
limits. Each spectrum shown covers a wavelength range of about
100 nm divided by 1024 pixels. Spectrometer calibration was
performed using standard Oriel 6030 and 6031 lamps. The spectral
resolution of employed optical system was determined as of
0.109 nm/pixel. A minimum of two spectral lines with known
wavelengths and the corresponding pixel numbers are needed to
manually calibrate the spectrometer within the chosen range. For
those instances where only one known line was registered, the linear
interpolation was used:

A, = Ag + 0.109(P, — P})

Four to six individual spectra are gathered at each wavelength
setting to insure that the features present were repeatable and not
merely artifacts of the measurement process. Measurements were
obtained at the central wavelength starting at 260 nm. The entire
optical spectra from 260 to 680 nm in wavelength were
systematically scanned in 50 nm increments.

The distance between the spectrometer and the solar array was set
to 16 cm. The small chamber size and random arc site locations (from
one side of the array to another) caused shifts of £4 nm in measured
wavelengths. To correct this problem the array sample was masked
down to the area of one cell leaving one pair of interconnects exposed
to the plasma.

One example of spectrum is shown in Fig. 5. Atomic and
molecular spectral lines (bands) were identified according to [22—
24]. Itis seen in Fig. 5 that the most intensive spectral lines belong to
silver atoms and ions. This observation supports the general idea of a
commonality between vacuum arcs and discharges on triple
junction: in both cases the negatively biased electrode erosion is
caused by arc current pulses.

The wide band structure at 302-309 nm is well known as the
hydroxyl molecular band. The OH band is observable in emission in
arcs where water vapor is present [24]. The most intensive line in the
OH band occurs at 306.3 nm (Fig. 6). The low observed line intensity
can be explained by a significant absorption of UV light propagating
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Fig. 5 Typical atomic lines and molecular band in emission spectrum of
arc plasma.
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Fig. 6 Hydroxyl emission spectrum. Spectrometer set at the central line
of 270 nm.

through a glass window installed in the bell jar. The cutoff
wavelength for a glass is approximately 350 nm, and this translates to
a six times decrease in intensity at 306.3 nm.

Figure 7 shows a molecular band at 387 nm, two wide bands at
434 nm and 472 nm, a molecular band for SiH at 387 nm, a wide band
for CH at approximately 432 nm, and molecular band SiN at 472 nm
[24] The SiH (387 nm) band is often present in silicon arcs in
hydrogen (silicon may come from solar cell and/or adhesive). The
CH molecular band often occurs in electrical discharges where
carbon molecules and hydrogen molecules are present. Two atomic
lines at approximately 408.7 nm and 415.8 nm are also shown in
Fig. 7. Harrison [23] lists one of two possible lines at 408.7 nm as
either ion Fe (408.710 nm) or O* (O I1 at 408.714 nm), but is beyond
the spectral resolution of our equipment to say which is correct. An
atomic line for iron, Fe I at 415.879 nm is also identified. We may
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Fig. 7 Variety of atomic and molecular emission spectral patterns from
single plasma arc.
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suggest that atomic lines of iron were observed due to the erosion of
the invar electrodes.

The most important observation is a strong atomic hydrogen line
(H-cr, 656.3 nm). It is seen in Fig. 8 that the intensity of this line is
only three times lower than the intensity of atomic silver line
(328 nm, Fig. 5). Corresponding transitional probability for a
hydrogen atom is approximately two times lower than for a silver
atom; thus, one can conclude that both atomic number densities are
close to each other. Finally, a strong H-, line at 486 nm (not shown)
was also observed with an intensity of 500.

V. Conclusions

Itis hypothesized that a desorbed gas ionization process occurring
at the triple junction on a solar array surface is responsible for the
onset of arc initiation. We suggest a simple dissociative
recombination mechanism that predicts a simple square root
dependence of the arc current pulse width on bias voltage and
capacitance. Series of tests demonstrated at least a qualitative
agreement with our model whereas exact quantitative theoretical
analysis needs to be performed for a validation of the hypothesis.

The observations of arc optical spectra lend credence to the
suggested molecular gas ionization process as an essential part of the
arc initiation mechanism. The presence of hydroxyl in arc plasma is
an indicator of a dissociation of water molecular ions. High-intensity
hydrogen spectral lines observed in arc plasma emission spectra
confirm the presence of water molecular ions in this plasma.
Moreover, comparison of hydrogen and metal (silver) line intensities
results in a conclusion about comparable number densities of these
ions in the arc plasma. Outgassing solar array surface by thermal
cycling and pumping out the residual gases resulted in a sharp
decrease in arc rate on a large sample [21,25]. This is undoubtedly
one more strong argument in favor of a suggestion about a significant
role of adsorbed water in arc initiation process.

The obtained results seem to be important for the prevention of
electrostatic discharges on spacecraft surfaces. Really, most
conventional arrays are backed with stiff supporting structures
composed of honeycomb aluminum matrix filled with either graphite
or fiberglass. Graphite and fiberglass are both porous materials able
to adsorb water vapor. Thus, an array on a spacecraft launched at sea
level into low earth orbit contains water vapor, and it is outgassing
continuously due to solar heating and space vacuum. The rate of
outgassing is higher during a few initial orbits, and this leads to a high
probability of arcing on solar array. If a whole structure would be
degassed in vacuum chamber and properly packed before the
deployment in orbit, the probability of a discharge diminished
significantly.
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