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More than 50 years after the dawn of the space age, most spacecraft still do not have sensors onboard capable of
detecting whether they are at potentials likely to put them at risk of severe charging and the concomitant arcing, or,
indeed, even capable of detecting when or if they undergo arcing. As a result, anomaly resolution has often been hit or
miss, and false diagnoses are probably common. In this paper, a few remote sensing techniques that could be applied
for remotely detecting spacecraft charging and/or arcing, and their feasibility, are examined: surface glows from
high-energy electron impact, x-rays from bremsstrahlung, and radio and optical emission from arcs and after arcing.

Nomenclature
A = projected area of sample, relative to observer, m?
Apus = projected area of satellite bus, relative to observer, m?
Agorpanel =  Projected area of solar panel, relative to observer, m?

Atotal = total projected area of satellite (bus and solar panel)
as seen relative to observer, m?

a = sample effective albedo

Apys = average, diffuse bus albedo

AsolarPanel average, diffuse solar panel albedo

= magnetic field strength, T

e = sample emissivity

Lc = spectral radiance expected from charging effects
propagated to the observer location, W - sr~!
m=2 - ym™!

Leharging =  spectral radiance expected from charging effects,
W.sr™'-m™2 . ym™!

LEarthShine spectral radiance due to Earthshine reflected from
sample, W - st~ - m™2 - ym™!

LsiyGlow radiance estimate resulting from expected sky
background, both terrestrial and zodiacal, W -
st m”

Lsun = spectral radiance due to sunlight reflected from
sample, W - sr™! - m™2 - ym™!

Lol = totallspectral radiance expected, W - sr™! - m~2 -

um
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spectral radiance that results from
emittance of sample, W - sr™! - m™2 - yum
R = stand-off range between observer and satellite, m

L Thermal

T = sample temperature, K

c = rms width of specular reflection from sample, deg;
rms standard deviation of photon noise, counts

Ospa = solar phase angle, deg

I. Introduction

PACE situational awareness (SSA) is the capability to determine

what is happening and why on satellites in space. It is important
for satellite operators to have good SSA so that they can respond to
anomalies and plan for events (like meteor showers) when avoidance
is necessary. Easily understood examples of SSA are when ground
station operators plan for losing the signals from their satellites when
they are too close to the sun in the sky (during eclipse seasons) or
when space weather conditions are likely to produce spacecraft
charging arcing anomalies on satellites. The Air Force must maintain
SSA to determine whether satellite anomalies are due to operations in
the natural environment or to hostile acts. In any case, SSA is of great
importance. More than 50 years after the dawn of the space age, most
spacecraft still do not have sensors onboard capable of detecting
whether they are at potentials likely to put them at risk of severe
charging and the concomitant arcing, or, indeed, even capable of
detecting when or if they undergo arcing. As a result, anomaly
resolution has often been hit or miss, and false diagnoses are probably
common. Until spacecraft are routinely launched with charging and
arcing monitors, the best that can be achieved is detection through
remote sensing, from the ground or by satellites. In this paper, a few
remote sensing techniques are examined that could be applied for
detecting spacecraft charging and/or arcing.

But first, one must define a few terms. A satellite is said to be in
eclipse when it passes into Earth’s shadow. Satellites in geo-
synchronous Earth orbit (GEO, on the equator at about 36,000 km
altitude) can only be in eclipse during two eclipse seasons every year,
each lasting about 2 months at the spring and autumnal equinoxes, and
for a maximum of about 1 hour each day during these seasons. GEO
satellites are subject to spacecraft charging, due to fluxes of high-
energy electrons onto and beneath their surfaces, usually coincident
with geomagnetic storms. Geomagnetic storms are rapid changes in
Earth’s magnetic field due to impingement of plasmas from the sun on
the magnetosphere. During these storms, entire satellites can charge
tens of thousands of volts negative of their surrounding space plasma,
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and spacecraft surfaces can charge thousands of volts with respect to
each other. The ensuing electric fields can cause local discharges
(commonly called arcs), which through their high currents and radiated
signals can cause disruptions in command and control signals, latchups
of electronic components, short circuits, and even surface property
changes. When behavior on a spacecraft suddenly deviates from
nominal, the event is called an anomaly. Anomalies range in severity
from simple bit flips in nonsensitive circuits to losses of entire
command and/or communications circuits or permanent destruction of
solar array strings or power supplies. Especially sensitive to spacecraft
charging-related anomalies are the solar arrays, because they typically
have grounded conductors exposed to the space plasma, surfaces
already at high potentials with respect to each other, large areas of
connected capacitance that can contribute to arc currents, surfaces
always in sunlight, and surfaces always in shade.

It is even possible for small transient arcs on solar arrays to turn into
sustained arcs powered by the solar arrays themselves. Most GEO
satellite anomalies occur during eclipse seasons, during eclipse and for
afew hours afterward. The so-called deep-dielectric discharges are due
to very high-energy (penetrating) electrons of 2 MeV and higher. These
electrons can build up for hours or days inside spacecraft electronics
until the electric field builds up to discharge levels. Surface discharges
are due to electrons of 5-50 keV that differentially charge spacecraft
surfaces. Again, when local electric fields build up to discharge levels,
an anomaly can occur. GEO charging conditions can last for an hour up
to several hours, and then typically abate for a while.

To be able to remotely sense spacecraft charging and its discharges,
one must be able to detect the high-energy electrons (or ions) as they
hit the spacecraft surfaces, to detect the radiated emissions from the
passage of the electrons through the material, or to detect the radiated
emissions from the arcs themselves. In this paper several of these
options are investigated, to see if remote sensing is feasible. It is
believed that the detection of electromagnetic radiation gives the
best chance of remote sensing because electromagnetic waves are
insensitive to the electric and magnetic fields and charged particle
environments in which spacecraft operate.

II. Terminology Conventions and the Natural Radiation
Background

To detect electromagnetic radiation from spacecraft, one must
have a sensitivity great enough to see the radiation signal and also
have a sufficient signal-to-noise ratio to discriminate it from the
background. In what follows, the conventions in Fig. 1 and Eq. (1)
will be adhered to. All except the material radiance are natural
background noise. The material radiance is assumed here to be any
glow produced over an area by a charging material.

LTotal = LCharging + LSun + LEarthShinc + LThcrmal + LSkyGlow (1)

When observing a satellite in GEO with a ground-based sensor, the
sources of spectral radiance are described mathematically in Eq. (1).

The terms in Eq. (1) are the reflected sunlight Lg,,, the reflected
Earthshine incident on the satellite Lgypnshine, the thermal emittance
Lthermat> and the skyglow Lgy,giow- T0 Obtain an estimate of each of
the contributing spectral radiance terms, several assumptions are
made that are reasonable for a large GEO-synchronous com-
munication satellite, such as one of the DirecTV satellites, observed
from a ground-based sensor. The expected spectral radiance due to
reflected sunlight Lg,, is calculated assuming that the observed
satellite has an albedo described by the equation

a(Ospp) = |: exp{_[(GSPA)/ZGZ]Z}

ASolarPanel ABus

S 2

+ (aSOIarPanel A + aBusA COs HSPA (2)
Total Total

For a large communications satellite, the solar panel and bus sizes (A)
and albedos (a) can be approximated as Agoupanel = 60 m2,
Asoparpanel = 0.04, Ap,s = 10 m?, and ap,, = 0.6. The notional
observed solar phase angle in this scenario is fgpy = 60°. For these
conditions, the expected reflected sunlight from the satellite is Lg,, =
140W-m~2-um~" (3.5 10'® photons - s™' - cm™ - ym™!) at an
optical wavelength near 0.5 pym. Using a similar set of assumptions,
the spectral radiance due to Earthshine can be estimated as
Liartnshine =4W-m=2-um~! (1 x 10" photons - s™! - ecm™2 - ygm™1)
at an optical wavelength near 0.5 pm. The expected spectral radiance
due to thermal emission of the notional, large communication
satellite, assuming an emissivity even as unrealistically high as
e = 1, gives an upper bound on the value of Lyyerma = 10737 W -
m~2 - um~! (2.5 x 10723 photons - s~ - cm™? - um™') at an optical
wavelength near 0.5 ym.

Assuming that the observation scenario is conducted on Earth, in
good observational conditions, i.e., dark skies of 19th mag/arcsec™2,
with a telescope that has a field of view (FOV) equivalent to one
minute-of-arc, one should expect that the spectral radiant con-
tribution of skyglow is small, Lgyygiow & 1071 W.m™2 . ym™!
(2.5 % 1072 photons - s™' - m™2 - ym™') in the optical waveband.
Under the best observational conditions on Earth, 21st mag/
arcsec ™2, zodiacal background light becomes important. In a space-
based observational scenario, one would not expect skyglow, but
there would still be zodiacal background light. Zodiacal background
light has been estimated to be in the order of 21st mag/arcsec™?;
however, the background also depends strongly on which stars are in
the observatory’s FOV. For example, if one is observing a satellite
near a bright star, there will obviously be a high background radiance
due to the starlight.

The remaining term in Eq. (1), Lcnarging> Which is one focus of this
paper and will be described in more detail in subsequent sections, is
the spectral radiance due to electron bombardment of the satellite
surfaces, primarily the solar panels. In the case of an electron
bombardment glow, such as observed in prior laboratory experiments

Assuming a GEO-based source observed from LEO or ground-based sensor

Material Radiance
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Fig.1 Radiance seen by a sensor at standoff distance R.
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Fig.2 Cathodoluminescence spectral radiance versus incident electron energy for four spacecraft materials, normalized to 10 nA - cm~2 electron power
density, with the approximate level of the zodiacal background shown for comparison.

[1], it is known that this term will be small compared with either the
reflected sunlight or Earthshine terms, Lgy, Or Lgahshine-

In summary, when Eq. (1) is employed for a scenario in which a
large GEO-synchronous communication satellite is observed from
Earth, the total expected spectral radiance L, is dominated by Ly,
and Lg,mshine- In that scenario, the value of Lt corresponds to a
visual magnitude My = 14 at a solar phase angle of 60°, which is
consistent with observational data [2]. Of course, observational
scenarios in which the observed satellite is eclipsed by Earth may be
imagined, in which case both illumination of the satellite by the sun
and Earth will be eliminated. Equation (1) is general enough to be
used in that eclipse scenario, where LgiyGiow» Lhermat> @04 Lcharging
may be the dominant terms.

III. Glows Due to Electron Impact

Dennison et al. [1,3] have shown that when keV energy electrons
bombard dielectric surfaces under space-like conditions, they can
emit a continuous glow. This cathodoluminescence spectral radiance
can range from 10~ to 10 W .sr™! - m™2 - um~! for different
polymeric, glassy, and multilayer and nanodielectric composite
materials (see Fig. 2 and [1,4,5]). This phenomenon has been seen in
the laboratory countless times (see [6,7]). The GEO environment
often is characterized by high fluxes of keV electrons, and these
electrons can produce kilovolts of charging on GEO satellites.
Especially during geomagnetic storms, it is quite normal that GEO
satellites undergo charging to several kilovolts in eclipse. This
charging must be due to collection of keV electrons, which may thus
be observed by the glows they produce. From Fig. 2, an estimate for
the glow brightness is 6.3 X 107 W - m~2 - ym~! for a carbon fiber—
epoxy composite at a current flux at the surface of about 10 nA -
cm~2 and a beam energy of about 5 keV [1]. Similar materials are
widely used in spacecraft design and are likely to be used for solar
array structural supports for many satellites. The highest electron
current fluxes seen in GEO are about 0.4 nA - cm™ at an effective
thermal energy of about 20 keV. Taking the glow radiance to be
proportional to the beam energy and current flux [4], one may correct
the maximum expected spectral power density from Lchaging t© be
(6.3%x4/25)x10°W-m=2-ym™" or ~1x10°®W.m™> - um™.
For comparison’s sake, the estimate of the total power density
deposited by collected electrons on a spacecraft is 8 X 107 W - m™2.

Because the glow from an electron-bombarded surface is
presumed to be very small, it would behoove us to observe it when the
satellite is in the Earth’s shadow (eclipse), so that the reflected
sunlight and the Earthshine are both near zero. Although one cannot
eliminate the thermal contribution from the surface, by observing at
optical or near-infrared wavelengths, one can minimize it so that it
becomes negligible. Finally, from ground-based observations, the
skyglow cannot be eliminated, and Lyoa = Lcharging + LskyGlow-

A complication is that as seen from Earth, the satellite charging
brightness must compete with the skyglow. Assuming that the area of
a solar array in GEO is 60 m?, at Earth

_ LCharging X Aarray
4zR? ’
where R = 36X 10° km ?3)

L¢ or Ler6x1072 W-m™2.um™!,

compared with the skyglow: Lgiygiow = 3.4 X 10716 W .m™2 .
um~' (8.5% 1072 photons - s™! - cm™2 - um~!) for an FOV of
1 arcmin. The signal-to-noise ratio would be only ~2 x 107". If one
reduces the FOV (or the pixel size) to 1 arcsec, LgiyGiow =
9.4x1072° W -m™2 - um~!, and the signal-to-noise ratio still is
only 7 x 107*. Thus, skyglow severely limits detectability of the
electron-produced glow from Earth. Even phosphorescent materials,
if they were on GEO spacecraft, would not be very effective at
making the glow much more visible from Earth. For example, if each
bombarding electron were to yield all its energyina 1 ym bandwidth,
then L at Earth would stillbe only 4.9 x 1072' W - m~2 - ym~!, and
the signal-to-noise ratio against skyglow is ~0.06.

If one can make observations from space, and where the zodiacal
background is also negligible, the skyglow can be eliminated, so that

LTotal = LCharging (4)

and the signal-to-noise ratio is as good as possible. Unfortunately, the
zodiacal light background for GEO satellite observation is strongest
near eclipse seasons, when the satellite is near the plane of the ecliptic.

The difficulty in seeing the low-level signals of the glow can
perhaps be appreciated by comparing the corrected Lcparging Value
with the Lrefeceasun Value discussed in Sec. II. Lgeecteasun 1S about
7.4 x 10° times that of L harging- Thatis about 15 magnitudes brighter
(5 magnitudes are a factor of 100 in brightness), and so the maximum
brightness of the array glow as seen from Earth is about 29th
magnitude. If every bombarding electron could be seen by emitted
light, one gains only a factor of about 100, and the glow might be as
bright as 24th magnitude. The faintest magnitude limit of the Hubble
telescope, for example, is about mag 31, and thus it might just be
possible to observe the glow with a long integration time. However,
integration times are limited by the length of satellite eclipse (about
70 min at maximum). Co-orbiting telescopes in GEO might be able to
more easily observe the emitted radiation.

Glows from ions, if they exist, will be much fainter than those from
electrons, because typically ion fluxes onto spacecraft surfaces in
GEO are lower by 1.5 orders of magnitude than electron fluxes.

IV. X-Rays from Impinging Electrons

High-energy electrons, when impinging on materials, produce
braking radiation, or bremsstrahlung, as they slow down. This
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I Emitted bremsstrahlung x-rays
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Fig. 3 Assumed solar array layup for purposes of electron and x-ray transport.

radiation can be seen by remote sensing instruments. Typically,
bremsstrahlung is strongly peaked in the direction toward which the
electron was traveling, and so to be observable from GEO satellites,
this radiation must make it through the thickness of the solar array
panel. This places a lower limit on the energy of the radiation, and
thus of the electrons responsible. However, electrons of very high
energy will pass completely through such a panel, and give up little
energy to bremsstrahlung. This places an upper limit on the electrons
responsible for any observed radiation. For the typical solar array
layup shown in Fig. 3, this implies, from the National Institute of
Standards (NIST) tables= that most of the observable x-ray radiation
will come from electrons in the energy range 20—400 keV. The x-rays
produced will be completely absorbed by Earth’s atmosphere, and so
observation must be done by a satellite in low Earth orbit (LEO)
or GEO.

Take as a worst-case GEO electron spectrum that of September 22,
1982, as reported by Roeder [8]. In the 40 keV bin, Roeder reports a
differential electron flux of 1.0 x 107 electrons - cm™ - sr™! -
keV-! . s, This is 1.0 x 10'! electrons - m~2 - sr™! - keV~! - 57!,
or, taking 2z steradians as the normalizing factor, one has
6.28 x 10! electrons - m™2 - keV~! - s~!. Assume a 100 keV band-
width, and that every electron produces one x-ray. At the source this
gives 6.28 x 10'3 photons - m™2 - s™! over a hemisphere. With a
60 m? array, one has at the source about 3.7 x 10! photons - s~!. Ata
distance of 35,000 km (distance from GEO to LEO), this becomes
0.6 photons - m~2 - s7! at a LEO sensor. Finally, assuming that the
sensor has a collecting area of 1 m?, one can get ~30 x-ray photons per
minute. For the entire maximum time the array is in eclipse, one might
then see about 2100 photons. This seems like it would be a detectable
flux in the absence of a strong x-ray background. However, the
assumption that every incident electron produces a detectable x-ray
photon is extremely optimistic.

To put some realism in the brightness estimate, consider electrons
entering the layup in Fig. 3 from below (because in eclipse, the front
of the array is Earthward pointing), and use a code such as
MULASSISE to calculate escaping fluxes. The electron spectrum
used here was a single-Maxwellian fit to the September 22, 1982,
spectrum. Figure 4 shows the assumed electron flux spectrum, the
photons predicted to be escaping from the layup, and the re-
sultant emitted electron spectrum. Performing a simple inte-
gration from 40 to 180 keV electrons gives a total of about
8 x 10% photons/m?-sr- sec, and with the 2z normalizing factor
and 60 m?> array as above, one has from the source of
5.6 x 10! photons - s~'. This is a factor of about 3 x 10* down
from the estimate above that assumes every electron produces one

**Data available online at http:/physics.nist.gov/ [retrieved 25 Au-
gust 2014], ESTAR and X-ray Attenuation tables.

fiData available online at http://www.spenvis.oma.be/help/models/
mulassis.html [retrieved 25 August 2014].

Bremsstrahlung SCATHA Sept. 22, 1982
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Fig. 4 Bremsstrahlung x-rays from an extreme charging electron
spectrum [8].

photon. Now one will have in the sensor at LEO about 2.4 x 1073
x-ray photons per minute, and during an entire eclipse about 0.18
x-ray photons, not nearly enough to make a detection. If one could
improve this number by at least 2.5 orders of magnitude (by reducing
the observing distance to 2000 km or less, for instance), one might be
able to detect these emissions.

Next, consider whether the cosmic x-ray background would limit
detection of the x-ray signal. In Fig. 5 is the diffuse x-ray spectrum
seen in space.Z The strongest x-ray emission from the array will
be in the energy range 40-50 keV (from the MULASSIS
calculations). From Fig. 5, one can see that at 45 keV, the differential
photon flux is about 0.02 photons - cm™2 - s~! - keV~! - sr~!. This
is 200 photons - m™2 - s~ - keV~! - sr~!. Again, assuming a 50 keV
bandwidth, one has from the background 10* photons - m~2 -
s7! - sr™!. Now one must make an assumption of the beamwidth of
the x-ray telescope. Assume 1 arcmin?. This is 8.46 x 10~® sr, and
so in the telescope, one has 8.5 x 10~ photons - s™! - m™2, or in an
entire eclipse period, about 3 photons. This gives a signal-to-noise
ratio in the LEO sensor above the diffuse background of about 0.06.
Therefore, x-ray detection at LEO of bremsstrahlung on a solar array
in GEO seems impossible. However, a co-orbiting GEO satellite
might detect bremsstrahlung from a GEO satellite, or a co-orbiting
LEO satellite from a LEO satellite. Thus, one would require that both
the satellite and detector be in either LEO or GEO.

As in the previous calculations, one will want to do this detection
when the sensor is in eclipse, so that there is no noise background of
solar x-rays scattered in the atmosphere, and when the satellite being

#Data available online at http:/heasarc.gsfc.nasa.gov/docs/objects/
background/diffuse spectrum.html [retrieved 25 August 2014].
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Fig.5 The diffuse x-ray background spectrum.

observed is in eclipse, so that there are no solar x-rays reflected by the
satellite.

V. Electromagnetic Emissions from Arcing
A. Radio Emission from Arcs

Arcs occur on GEO spacecraft because of the high electric fields
produced by spacecraft charging. Leung [9] has measured radio
emission from arcs on solar array samples. Figure 6 shows his results.
A 2000 pF capacitor was added to the bias circuit to enable his small
array results to simulate a larger array. Of great interest is the very
steep spectrum. The electric field strength falls off by about 75 dB
from 1 to 1000 MHz. The reason for this is obvious from Fig. 7, where
the rise time of the voltage is seen to be on the order of 0.02 us and the
fall time is about 0.3 us. The latter number corresponds roughly to a
3 MHz frequency, and the former a 50 MHz frequency. Frequency
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Fig. 6 Radio frequency emission from arcs on solar arrays [9].
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Fig.7 Voltage waveform for one of Leung’s arcs [9].

content at >50 MHz must be due to unresolved structure in the
voltage profile.

Assuming that all of the energy stored in the 2000 pF capacitor at
1000 V (0.001 J) is dissipated in about 0.5 us, one has an average
power of about 2000 W. Converting dB - xV - m™! in Fig. 6 to power,
at 1 MHz the peak power (for a fraction of a microsecond) is about
3x10* W-MHz"'. This gives about 1.5x 10* W -MHz™!
average power, and thus a “bandwidth” of about 2000/1.5%
10* = 0.13 MHz. No wonder the spectrum falls off so fast! Leung
estimates that 80-100% of the stored charge is released in a
discharge. The discharged capacitance of a large solar array on a GEO
satellite is expected to be 100 times (200 nF) the 2000 pF used by
Leung, and so one can expect that the peak power of a large array arc
at 1 MHz could be 3 x 10° W - MHz~!. Ata GEO satellite distance,
this corresponds to a differential flux at 1 MHz of 1.8 x 10712 W -
m2.-MHz ! =18x 1078 W.m™2.Hz! = 1.8 x 10* solar
flux units (sfu) = 1.8 x 103 Jy, even greater than the signals from
the disturbed sun!S But at 10 MHz, the differential flux is already
down to 1.8 x 10* Jy at Earth. This should, however, be detectable
with an uncooled receiver on a 3 m radio telescope or a cooled
receiver on a 1 m telescope.

These short bursts of radio emission from arcs must surely be
routinely picked up by satellite ground stations, clipped and/or
filtered out, and also must be exceedingly strong at the satellite on
which they occur. For instance, on PASP Plus and other scientific
satellites, radio waves produced by arcs were used to determine the
arc location [10]. At4 m distance (something like an average distance
between a solar array arc and the spacecraft antenna), the peak
differential flux would be ~150 W - m~2 - MHz~! at 1 MHz or
1.5%x 10713 W . m™2 - MHz! at 1 GHz. Thus, whether in eclipse or
not, satellite arcs may be easily detectable by a monitor onboard the
satellite or even by a moderate-sized radio dish on Earth.

B. Optical Emission from Arcs

The subject now turns to arcs as seen in visible wavelengths. In
laboratory experiments, arcs are easily seen by video camera
capacitor (33 nF or more) is added to the bias circuit of a small array.
With a large array in orbit, this should be unnecessary. Taking the
capacitance to space of a spacecraft to be 500 pF, Okumuraetal. [11]
have reported ground-based results using a 5 m? solar panel that
produced a current of 3.6 A with a rise time of 2 us. Assuming the
same fall time, one gets a total energy involved in the arc of 0.012 J.
Extrapolating to a 60 m? array on orbit, this is 0.144 J. Fluorescent
bulbs (luminous plasmas) are about 10% efficient at converting
electricity to light. Taking 7% of 0.144 J gives 0.01 J as the total
energy dissipated as light. If this is emitted in 1 us, and with a

$¥Data available online at http://astro.u-strasbe.fr/~koppen/10GHz/basics
.html [retrieved 25 August 2014].
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bandwidth of 10,000 (1 pm), there is a differential power emitted of
104 W - um~!. Assuming that the light is emitted uniformly over 2z
st (1/2 of the full sky) at the GEO distance, the spectral radiance on
Earth becomes 1.3x 1072 W -m=2 . ym~'. Put in astronomical
terms, the momentary magnitude of the arc should be about +10.9.
Because the energy of a photon at 0.5 um wavelength is
3.98 x 10719 J, the momentary photon flux received per arc by a
ground-based telescope is 3.3 x 107 photons - m™2 - s~!. Again,
assuming that the arc light is emitted mainly in the first microsecond,
then one should see about 33 photons-m™2 from each arc.
Assuming only quantum noise (with Poisson statistics), this should
be about 5.76 for a 1 m? telescope.

If one defines dark skies as 19th mag - arcsec™2, will the normal
sky background swamp the signal? Again, assuming a 1 arcmin FOV,
this becomes 11 mag - arcmin~2, or about the brightness of the arc
signal. Thus, one must confine his consideration to an FOV of much
less than 1 arcmin, to dilute the background, whereas the arc signal
will be undiluted. This should be easily done with a pixelated
detector, if each pixel corresponds to only a few arc seconds. For
example, a pixel area of 4 arcsec> would give about 2 orders of
magnitude less sky background per pixel, reducing the noise per pixel
to alevel far below that of the arc signal witha 1 s time resolution. If
one integrates for longer times, the sky background could still be a
problem. What about skyglow? Assuming, as above, a 1 arcmin FOV,
the result before was that the skyglow was of spectral intensity
34x1071 W . m2um~!. Integrating over 1 us, there are only
8.5 x 10~* photons - us™! for a 1 m? telescope. One would have to
integrate for about 7 ms for the skyglow to contribute 1o to the photon
count from an arc. Thus, compared with the ordinary sky
background, skyglow is no problem. And, at 21st mag - arcsec™, the
zodiacal light is even less of a concern.

Dark current in the sensor needs to be examined. The current
produced by the photoelectric effect of 33 photons in 1 us is
5.3 x 10712 A. With a gain of 10°, one would need a dark current less
than about 1076 A. If the array arcs while the satellite is in eclipse, it
should be detectable with a moderate-sized (1 m?) telescope with a
focal plane detector of 4 arcsec? pixel area and 10 us time resolution
on a night of good seeing (<2 arcsec). A 1 us time resolution might
enable partial resolution of the optical pulse shape. Alternatively, a
photomultiplier could be used with a 4 arcsec? aperture, but in this
case, to look for arcs over a 1-hour period would require arc-second
tracking accuracy on an essentially invisible source.

Up to now, only GEO satellites have been considered, but arcs can
occur on any satellite if sufficiently differentially charged. Suppose
that one were to look for arcs on a GPS satellite, for instance. Aside
from the complication that now tracking is very important, GPS
satellites (with a 12-hour period) are nearer and the arcs should be
brighter. From Kepler’s third law, the radius of the orbit of a GPS
satellite should be only 0.63 that of a GEO satellite, and thus
the (midnight) distance to one overhead would be only about
19.7 x 103 km. The arcs, all other things being equal, should then be
(35/19.7)? brighter, or about 3 times brighter, giving roughly 100
photons per arc. This is some 106 above the quantum noise. All of the
other considerations would still apply.

Just as important as how to observe is when to observe. GEO
satellites charge more (and arc more frequently) when the high-
energy electron flux and electron temperature are higher than normal.
Satellite anomalies occur most frequently when the Kp index is high
(>6) or when it has averaged higher than 4 for a 24-hour period.
These time periods usually are preceded by a few days by an
Earthward-pointing coronal mass ejection on the sun (CME) or
coronal hole ejection on the sun. Thus, the best times to observe
satellite arcing are 2—4 days after a CME or coronal hole ejection. In
addition, GEO satellites pass through the Earth’s shadow only during
the so-called eclipse periods near the dates of the vernal and autumnal
equinoxes, and GEO satellite arcs are visible only during an eclipse
season. GPS satellites do not adhere to this visibility rule. Times of
eclipse passage for them must be found from orbital data.

Finally, the arc emissions, by their very transient nature, might be
mistaken for local noise or cosmic ray flashes in optical telescopes or
for pulsar pulses in radio telescopes. However, if optical bursts are

coincident with radio bursts, arcs could be easily discriminated from
natural radio emissions or cosmic ray events. It is suggested here that
a commercial satellite ground antenna be used in conjunction with a
moderate-sized optical telescope and pointed at GEO satellites one
after another as they enter and exit eclipse. With a small optical FOV
(1 arcmin or less), a transient pulse monitor, and a sensitive and rapid
time response detector, arc pulses should be easily detectable. The
radio receiver should have a broad bandwidth and a high-pass filter
on the detected output to detect signals coincident in time with those
from the optical telescope. Then, coincidences with fluxes above a
certain level could be positively identified as arc signatures.

And, depending on the filtering scheme used by GEO satellites, it
may be possible to detect arcs on satellite solar arrays by looking for
very-short, very-high-amplitude radio pulses in the satellite antennas
themselves.

C. Optical Emission from Arc-Afterglows

There are also light emissions from solar arrays shortly after an arc
occurs. Shortly after the initial arc emissions, solar array surfaces
glow continuously for two reasons: First, while the arc is progressing,
the coverglass surface is positively charged, and glows from electron
excitation at its surface. In effect, it undergoes snapover. Ferguson
et al. [6] have studied the light emitted by snapped-over surfaces.
If the arc does not completely discharge the surface, the glow may
continue until ambient electrons collected completely neutralize it
[11]. Second, some of the cells in the array circuit are back-biased by
the arc, and act as light-emitting diodes [12]. Both of these types of
emissions are broadband and may last for hundreds of microseconds.

It is difficult to estimate how bright these arc-caused glows are, but
from the figures in [12] one can say that the back-bias glow may be
comparable to the illumination in a very poorly lit room, which can be
estimated® as 10 lux(lumens - m~2). For green light,™— 1 lux is
1.464 mW - m~2. Thus, assuming that one quarter of our array is
back-biased, a total power of about 0.016 W, a bandwidth of 1 ym in
wavelength, and a GEO satellite distance, the intensity at Earth is
1 x 10~ W - m™2, some 360 times (~7 magnitudes) brighter than
the glow produced by electron bombardment. This very rough
number may suffice to show that these glows would be possible to
detect from large ground-based or LEO telescopes during GEO
eclipse. Again, however, telescopes co-orbiting in GEO could more
easily see this emission.

Similar long-duration, postarcing emissions related to discharges
have been observed for several catholuminescent spacecraft materials
under electron bombardment in laboratory space simulation ex-
periments [1,5]. These typically have peak spectral radiances of 1073
to 1077 W -m=2-sr™! - yum~! for keV electron bombardment at
10 uW - cm™2 (representative of severe GEO fluxes), and exhibit
10'-10? sdecay times [1]. The upperrange of these observed emission
intensities is of the same order as those estimated above for continuous
solar array surface glows.

VI. Conclusions

It has been shown that it may be feasible to detect, from low Earth
orbit (LEO) and in some cases Earth’s surface, the x-ray, optical, and
radio emissions from geosynchronous Earth orbit (GEO) satellites as
they undergo spacecraft charging and arcing. The best possibility for
detection is from the microsecond bursts of light and radio waves
from arcing, especially when the arcs occur on large solar arrays. The
arc-produced radio bursts may also be easily seen by antennas on the
arcing GEO satellites. The arcs should be bright enough to be seen
(even on a GEO satellite bathed in sunlight) with a moderate-sized
telescope from Earth or from LEO. From Earth, optical and radio
coincidence techniques may be most useful. Solar array back-bias
glows may be observed from the ground or from LEO for a few
hundred microseconds after an arc. Second, the glows produced

TData available online at http://www.engineeringtoolbox.com/light-level-
rooms-d_708.html [retrieved 25 August 2014].

#**Data available online at http://en.wikipedia.org/wiki/Lux [retrieved
25 August 2014].
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when charging electrons bombard dielectrics in GEO seem to be
almost too weak to be detected from Earth or LEO, although co-
orbiting GEO satellites might be more easily able to detect the
emissions. Finally, the bremsstrahlung x-rays produced by charging
electrons are too weak to be detected by LEO satellites and so would
also require co-orbiting satellites for detection. It may be of
immediate interest to attempt arc detection from ground-based
optical and/or radio telescopes.

Acknowledgments

This paper was supported by the U.S. Air Force Research
Laboratory, Space Vehicles Directorate at Kirtland Air Force Base.
We acknowledge useful discussions with Mike Bodeau of Northrop-
Grumman, Henry Garrett of the Jet Propulsion Laboratory, and Sigrid
Close of Stanford. Also, we acknowledge the excellent graduate
education provided by the Astronomy Department of the University
of Arizona to two of the authors (Ferguson and Gregory).

References

[1] Dennison, J. R., Evans Jensen, A., Wilson, G., Dekany, J., Bowers, C.
W., and Meloy, R., “Diverse Electron-Induced Optical Emissions from
Space Observatory Materials at Low Temperatures,” Proceedings of
the SPIE: Cryogenic Optical Systems and Instruments 2013, edited by
Heaney, J. B., and Todd Kvamme, E., Vol. 8863, SPIE, Bellingham, WA,
Aug. 2013, pp. 88630B1-88630B15.
doi:10.1117/12.2030232

[2] Murray-Krezan, J., Inbody, W. C., Dao, P. D., Dentamaro, A., Fulcoly,
D., and Gregory, S. A., “Algorithms for Automated Characterization of
Three-Axis Stabilized GEOS Using Non-Resolved Optical Observa-
tions,” Advanced Maui Optical and Space Technologies Conference
Technical Papers, U.S. Air Force Research Lab., Space Vehicles
Directorate, DTIC-ADA574594, Kirtland AFB, NM, 2013.

[3] Dennison, J. R., Evans, A., Wilson, G., Dekany, J., Bowers, C. W., and

Meloy, R., “Electron Beam Induced Luminescence of SiO, Optical

Coatings,” Conference on Electrical Insulation and Dielectric Phenomena

(CEIDP) 2012 Annual Report, IEEE, Piscataway, NJ, 2013, pp. 479-482.

doi:10.1109/CEIDP.2012.6378824

Evans Jensen, A., Dennison, J. R., Wilson, G., Dekany, J., Bowers, C.

W., Meloy, R., and Heaney, J. B., “Properties of Cathodoluminescence

for Cryogenic Applications of SiO,-Based Space Observatory Optics

[4

[l

and Coatings,” Proceedings of SPIE: Cryogenic Optical Systems and

Instruments 2013, edited by Heaney, J. B., and Todd Kvamme, E.,

Vol. 8863, SPIE, Bellingham, WA, Sept. 2013, pp. 88630Al1-

88630A10.

doi:10.1117/12.2030231

Evans Jensen, A., Dennison, J. R., Wilson, G., and Dekany, J.,

“Nanodielectric Properties of High Conductivity Carbon-Loaded

Polyimide Under Electron-Beam Irradiation,” Proceedings of 2013

IEEE International Conference on Solid Dielectrics (ICSD), IEEE,

Piscataway, NJ, 2013, pp. 730-735.

doi:10.1109/1CSD.2013.6619849

Ferguson, D. C., Hillard, G. B., Snyder, D. B., and Grier, N., “The

Inception of Snapover on Solar Arrays: A Visualization Technique,”

36th Aerospace Sciences Meeting and Exhibit, AIAA Paper 1998-1045,

Jan. 1998.

Ferguson, D. C., Schneider, T., and Vaughn, J., “Arc Testing of a

Mockup Cable in a Simulated Space Radiation Environment,” 45th

AIAA Aerospace Sciences Meeting and Exhibit, AIAA Paper 2007-

0095, Jan. 2007.

Roeder, J. L., “Specification of the Plasma Environment at

Geosynchronous Orbit in the Energy Range 87 eV to 288 keV,” SMC-

TR-96-9 Aerospace Report No. TR-94(4940)-6, Aug. 1994.

[9] Leung, P., “Characterization of EMI Generated by the Discharge of
VOLT Solar Array,” NASA CR-176537, Nov. 1985.

[10] Guidice, D. A., Davis, V. A., Curtis, H. B., Ferguson, D. C., Hastings, D.
E., Knight, F. L., Marvin, D. C., Ray, K. P,, Severance, P. S., Soldi, J. D.,
and Van Riet, M., “Photovoltaic Array Space Power Plus Diagnostics
(PASP Plus) Experiment,” U.S. Air Force Research Lab., Space Vehicles
Directorate, PL-TR-97-1013, Kirtland AFB, NM, 1997, pp. 3-6.

[11] Okumura, T., Imaizumi, M., Nitta, K., Takahashi, M., Suzuki, T., and
Toyoda, K., “Propagation Area and Speed of Flashover Discharge on
Large Solar Array Panels in a Simulated Space Plasma Environment,”
11th Spacecraft Charging Technology Conference, Albuquerque, NM,
Sept. 2010, http:/NGDC.NOAA.GOV/stp/satellite/anomaly/
2010 _SCTC/index.html.

[12] Reed,B.J.,Harden, D.E., Ferguson, D.C., and Snyder, D. B., “Boeing’s
High Voltage Solar Tile Test Results,” Proceedings of the XVIIth Space
Photovoltaic Research and Technology Conference, NASA CP-2002-
211831, 2002.

[5

=

[6

=

[7

—

[8

[t

R. Sedwick
Associate Editor


http://dx.doi.org/10.1117/12.2030232
http://dx.doi.org/10.1117/12.2030232
http://dx.doi.org/10.1117/12.2030232
http://dx.doi.org/10.1109/CEIDP.2012.6378824
http://dx.doi.org/10.1109/CEIDP.2012.6378824
http://dx.doi.org/10.1109/CEIDP.2012.6378824
http://dx.doi.org/10.1109/CEIDP.2012.6378824
http://dx.doi.org/10.1117/12.2030231
http://dx.doi.org/10.1117/12.2030231
http://dx.doi.org/10.1117/12.2030231
http://dx.doi.org/10.1109/ICSD.2013.6619849
http://dx.doi.org/10.1109/ICSD.2013.6619849
http://dx.doi.org/10.1109/ICSD.2013.6619849
http://dx.doi.org/10.1109/ICSD.2013.6619849
http://dx.doi.org/http://NGDC.NOAA.GOV/stp/satellite/anomaly/2010_SCTC/index.html
http://dx.doi.org/http://NGDC.NOAA.GOV/stp/satellite/anomaly/2010_SCTC/index.html
http://dx.doi.org/http://NGDC.NOAA.GOV/stp/satellite/anomaly/2010_SCTC/index.html
http://dx.doi.org/http://NGDC.NOAA.GOV/stp/satellite/anomaly/2010_SCTC/index.html
http://dx.doi.org/http://NGDC.NOAA.GOV/stp/satellite/anomaly/2010_SCTC/index.html

