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A promising means to touchlessly determine the electrostatic potential of a target is to
examine the bremsstrahlung x-ray spectrum emitted when energetic electrons impact it. Prior
work has assumed these electrons to come from an electron beam mounted to a servicing craft,
but it is shown here that ambient electrons in the local space environment could be used as well.
X-rays induced by these electrons are examined as a noise source for the electron-beam based
case, and the contribution of solar x-rays is also examined. While these additional sources of
x-ray noise are found to not significantly impact previous analysis, new methods of utilizing
ambient plasma-induced x-rays to estimate the potential on a target are evaluated. Additionally,
a method of detecting debris objects within a few kilometers is suggested, utilizing the x-ray
emissions induced by the environment.

Introduction

Objects in space charge through interactions with a variety of currents throughout their orbits. Photoelectric currents,
driven predominantly by solar hard-UV light (also known as Vacuum Ultra Violet, or VUV), can result in positive
potentials developing on a surface. This positive charging is balanced with plasma interactions, which can drive either
positive or negative currents depending on the plasma properties. While some spacecraft carry instruments to sense their
own electrostatic potential, sensing the potential on a nearby object without making contact is challenging. This paper
extends prior work into a promising method for remotely sensing electrostatic potentials by combining an analysis of the
X-ray environment at geostationary orbit—which can impact the promising method for remotely sensing electrostatic
potentials in Reference [1]-with basic experimental results from a terrestrial test facility.

For spacecraft operating in the relatively cold, dense plasma present in Low Earth Orbit (LEO), the tendency is to
charge a few volts positive in sunlight, and a few tens of volts negative in eclipse. While only mild potential levels are
typically seen in LEO, previous research has suggested these levels can threaten spacewalking astronauts, and orbits
passing through auroral zones can briefly experience potentials greater than -2 kV [2} 13]]

However, in the sparser, hotter plasma environment found at geostationary orbit (GEO), objects can naturally charge
to magnitudes of up to -30 kV during significant geomagnetic events [4]. This charging can cause significant problems
relating to electrostatic discharges, including damaged solar arrays and potential loss of spacecraft [SH7]. In addition
to single-craft charging, an increasing number of missions have been proposed which involve rendezvous between
multiple bodies in regions of geospace prone to high levels of charging, such as servicing craft operating at GEO or
NASA’s planned Gateway in Lunar orbit. These spacecraft can potentially charge to different levels, particularly if one
is eclipsing the other, or if they are composed of dissimilar materials or surface coatings [[7,8]. While many operational
concepts include mechanisms to equilibriate two craft to the same potential prior to docking to minimize arcing risk,
there can still be significant (milli-Newton level) forces acting between the two craft due to electrostatic interactions.
These forces can be significant perturbations during rendezvous, and may need to be taken into account by the GNC
system.

In addition to well known effects of spacecraft charging, concepts have been recently developed to harness
electrostatic forces and torques between spacecraft for touchless detumbling or re-orbiting uncooperative targets. The
electrostatic tractor concept uses an electron gun to charge the space tug positively and the space debris negatively,
creating a positive electrostatic force [9} [10]. Many of these concepts require knowledge of the target’s charge for
feedback control, and the ability to measure the charge on a space object remotely would also benefit servicing or
rendezvous scenarios which may otherwise risk dangerous arcing hazards. This concept is shown in Figure [I] For
uncooperative charging scenarios it is often only possible to obtain charge data from the active craft. The ability to
measure spacecraft potentials touchlessly could also contribute to the overall understanding of spacecraft charging
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Fig. 1 Concept of the operating electrostatic tractor, utilizing an electron beam to control the charge on a
debris body.

through changing environments. However, currently it is only possible to measure the potential on an instrumented craft
itself, without determining any charging properties of an uninstrumented object.

Reference [11]] presents a method for remotely measuring the electrostatic potential on an object in space. When
energetic electrons impact a surface, they release a continuum of x-rays known as bremsstrahlung. The resultant
x-ray spectrum can be deconvolved to determine the landing energy of the electrons impacting the surface, with the
additional benefit of generating characteristic peaks in the radiation that can be used to determine the target’s elemental
composition. An example of the spectra generated by 5.5 and 6.5 keV electron beams on aluminum targets are seen in
Figure 2] with different landing energies noticeable from the different upper limits of the spectra. Assuming knowledge
of the electrons at a co-orbiting observer craft, either from measurement of the local plasma or by setting the energy of
an electron gun illuminating the target, the relative potential between the observer and the target can be inferred.

For a monoenergetic electron beam, the landing energy can be determined by examining the highest energy photons
observed. Per the Duane-Hunt law, the energy of the x-rays emitted by the electrons cannot exceed the landing energy
of the electrons, so the upper energy limit of the x-ray spectrum is the highest energy observed [12]]. However, this
method is not particularly robust, as the case where an electron is fully stopped and converts its entire landing energy to
a single photon is exceedingly rare, providing few references to estimate the landing energy. A more robust method for
determining the landing energy of a monoenergetic electron beam is put forward by Reference [13]], where a line is fit to
the upper energy portion of the spectrum. The interception of this line of fit with the x-axis represents the landing
energy. This method was used by Reference [[14] to determine that the landing energy of the electron beam in the
ECLIPS chamber can reliably be determined to within a few percent.

The Autonomous Vehicle Systems (AVS) Lab’s Experimental Charging Laboratory for Interaction of Plasma and
Spacecraft (ECLIPS) is used for all experiments. The x-ray detector is mounted on a rotational stage at the edge of the
chamber (diameter approximately 50 cm), while the target is located in the middle of the chamber. Bremsstrahlung
radiation is strongly directionally dependent, so the ability to sweep through angles is crucial to fully characterizing this
method for remote potential sensing. The target plate potential can be controlled independently of the electron beam, so
the landing energy determination enables the plate potential to be determined if the beam energy is known.

Experimental tests were conducted in a space environment simulation chamber, using an electron gun capable of
energies up to 30 keV. An Amptek X123 Si-PIN diode x-ray spectrometer was used to measure the x-ray spectrum
resulting when the electron beam irradiated a target. This detector has a 1 mil (0.0254 mm) thick frontal beryllium
window, and has an effective range from 1 to 30 keV, making it well suited to the energies of interest here [15]].
Additionally, this instrument has flight heritage aboard the MinXSS-1 solar spectrometer mission.

An aluminum plate was used as a target, and the x-ray detector held approximately 20 cm from the target, with an
angle of 70° from the beam. The beam energy was varied from 5.5 to 6.5 keV, and currents from 0.5 to 1.5 pA. These
tests, shown in Figure 2] have indicated that it is indeed possible to determine the landing energy of the electron beam
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Fig.2 X-ray spectra generated from two different electron energy levels impacting an aluminum target, beam
current of 10 yA. The target potential in both cases was 0V, so the landing energy was dictated only by the beam
energy.

on a surface in a space-like environment, with landing energy determinations within 100 eV of the experiment settings.
Furthermore, the peak in photon counts seen at 1.56 keV corresponds to the characteristic peak for aluminum, providing
a confirmation of material identification.

Reference [[14] experimentally demonstrates the fundamentals of this method for remotely determining the potential
and material composition of a surface, though only using a limited range of target potentials and beam energies. One
significant result was demonstrating that the landing energy of the electrons could be determined to within a few percent
error, while also determining the elements in a material from their constituent characteristic peaks. These prior tests
covered two materials, 6061 aluminum and Inconel, and used only flat target plates that were rotated with respect to the
detector, or held at a constant angle while the detector was swept around the target.

While previous work has demonstrated the theoretical [1]] and experimental [[14] viability of the concept, these have
been done for the case of an electron beam in a pure vacuum, and neglected environmental considerations. This work
extends the prior analysis to look at the impact of GEO electron fluxes, which can generate additional bremsstrahlung
radiation, and solar x-ray contributions. Additionally, passive sensing for determining electrostatic potential of a target
(which relies on the ambient plasma to generate x-ray fluxes without requiring an electron beam) and applications of
ambient plasma-induced x-rays are discussed.

Prior observations of environmentally induced x-rays

Bremsstrahlung due to energetic local electrons are a frequent observation for orbital x-ray detectors. These
observations typically take one of three forms: energetic particles precipitating into the atmosphere and emitting
bremsstrahlung radiation, bremsstrahlung occurring on the spacecraft in view of the sensor, or occurring within the
sensor itself. The BATSE instrument counted numerous examples of x-ray bursts which were traced to electron
bremsstrahlung on the spacecraft or in the instrument [[16]. Instrument design, such as that for the WFIRST telescope,
now frequently includes an evaluation of electron induced bremsstrahlung when assessing instrument performance
in regions with known populations of energetic electrons [17, [18]]. Reference [19] presents a general overview of
observations of bremsstrahlung generated by energetic electrons precipitating into the atmosphere, while Reference
[20] examines these bremsstrahlung spectra to determine the energy distribution of the source electron population.
Bremsstrahlung from energetic plasma electrons has also been observed on the lunar surface [21].

Additionally, Reference [22] presents a method to remotely determine the occurrence of charging events using
environmental electron fluxes. They examined the increase in high energy bremsstrahlung that would be expected to
accompany hot electrons in geomagnetic storm conditions at GEO, and found that it may be possible for a co-orbiting



spacecraft to observe these x-rays as signatures of charging events. However, the method presented here only indicates
a proxy of conditions which are conducive to spacecraft charging, but does not enable an evaluation of the extent of
charging.

Ambient plasma-induced x-rays

Bremsstrahlung radiation with energies that can be captured by an x-ray detector can be generated by any electrons
with energies above ~1 keV. However, the high resolution energy dispersive detectors considered for remote potential
sensing applications here work only in finite energy regions. For the Si-PIN diode in the Amptek X123, the detection
efficiency begins to fall off above 12 keV, and limits the detection energy to approximately 1-30 keV [15].

Bremsstrahlung radiation is generated up to the energy of the incident electron, so even a 1 MeV electron would
be expected to have some contribution in the 1-30 keV range. However, the flux of electrons with a given energy
decreases rapidly as energies increase, so the contributions of higher energy electrons can be neglected. Geospace
plasma, particularly in the geostationary orbit region, is dominated by electrons and protons, and both are capable of
generating bremsstrahlung radiation. However, the much higher mass of protons means they require orders of magnitude
more kinetic energy than electrons to achieve significant bremsstrahlung yields, so their contributions to the x-ray
spectrum are neglected. Additionally, the electron flux at GEO is assumed to be isotropic. Even though bremsstrahlung
has strong directional components depending on the angle of the incident electron, prior work on plasma-generated
bremsstrahlung indicates the resultant thick target spectrum can be assumed to be isotropic [23]].

The bremsstrahlung yield is dependent on the energy of the incident electron, and on the atomic number of the target
material. Spacecraft generally make extensive use of aluminum alloys in their construction, and aluminized coatings are
a major component of the multi-layer insulation typically used to insulate spacecraft.

According to the NIST ESTAR database of electron stopping powers in various materials, a 20 keV electron will be
stopped in 7.5 um of aluminum [24]. Assuming an incident electron flux that is isotropically distributed across 2z
steradians, the mean stopping distance should fall within 4.5 ym of the material surface. The random walk nature of
successive electron-atom interactions also serves to reduce this distance, such that electrons can be expected to deposit
their energy very close to the surface. Therefore, the assumption that only coatings and surface materials is valid for this
approximation.

An aluminum coated spacecraft is assumed for this work. In practice, a spacecraft would likely have surfaces coated
in thermal control paint such as AZ-93, and solar arrays covered in glass and likely coated with a conductive film such
as indium tin oxide. While the elemental composition of AZ-93 is not available in the literature, it is known to use a
silicate-based binder [25]]. Silicon has atomic number 14, while aluminum is 13, so the silicate binder will have similar
bremsstrahlung and characteristic radiation efficiencies to aluminum. The specification provides for application of
AZ-93 to a depth of 5 mils, or 0.127 mm, which is far larger than the maximum range of electrons in the material [25]].

Two components of the x-ray spectrum require separate calculation to simulate the complete electron-induced x-ray
spectrum: the discrete energy emission of characteristic radiation, and the bremsstrahlung continuum spectrum.

Characteristic radiation occurs when an incident electron removes an inner shell electron from an atom, at which
point an outer shell electron relaxes to fill the vacancy. The energy difference between the two orbitals is released as
an x-ray. The energy difference between two orbitals is unique to each element, and as such the emitted photons are
characteristic to a specific element and can be used for elemental identification. The characteristic radiation yield,
defined as the number of photons of characteristic radiation (from the dominant K,, transitions) generated per incident
electron of a specific incident energy can be estimated as

E, @
I =N (E—k _ 1) ()

where, for aluminum, N = 1.4x 107, & = 1.63 and the energy of characteristic emission E; = 1.49, while E, represents
the incident electron energy. Electrons with energy less than Ej are not capable of generating characteristic emission in
this transition, so I, for these cases is zero. For a given number of incident electrons N, of a specific energy E,, the
expected number of characteristic photons can be computed.

However, the detector will not observe an infinitely narrow representation of the characteristic radiation with a
single specific energy. Instead, the detector observes a Gaussian distribution with a width given by the full width at half
maximum (FWHM). For the detector used in the experimental work here, the FWHM was found to be approximately
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Fig. 3 Efficiency (in photons detected per incident
photon) for the Amptek X123 500um thick Si-PIN
diode detector with 1 mil thick frontal Be window.

Fig.4 Analytical x-ray spectrum for 10 keV electrons
with and without accounting for detector efficiency.
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The distribution sensed by the detector should contain I, - N, photons, but redistributed into a Gaussian function
with the given standard deviation. This is achieved by using the analytic integral of the Gaussian function. As the
integral is known to be I, - N, and o is defined by the sensor, the height of the sensed peak can be determined, and the
characteristic spectrum is fully defined.

A variety of models are available to simulate the bremsstrahlung spectrum from monoenergetic electrons on thick
targets, many of which are provided in review by Reference [26]. The electron is assumed to be fully stopped in the
target, so a thick target model is used. These models can be divided into two main categories: analytic expressions, often
empirically derived from sample data sets, and Monte Carlo-based simulations. While the Monte Carlo simulations can
be more accurate than the analytic expressions, they have the disadvantage of requiring significantly more computational
resources; the analytic expressions are generally accurate to within 20%), which is not much worse than Monte Carlo
simulations, and adequate for the analysis performed here [26]]. The equation selected for use here is an empirical fit
valid for photons in the 0.5-20 keV range and elements from Z = 4 to Z = 83, while covering electron energies up to 38
keV. While electron energies considered in this work exceed this value and are subject to reduced accuracy, the results
are still considered sufficient for the accuracy desired here [27].
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A final complication is introduced with real sensors. The detector consists of a frontal window, designed to filter out
low energy photons (such as those in the visible or UV portions of the spectrum) to avoid detector saturation, followed
by a Si-PIN diode. When photons penetrate the window, which is 1 mil (0.025 mm) thick Beryllium, they interact with
the diode. As the photon deposits energy into the diode, it results in the formation of electron-hole pairs. The electrons
are then drawn toward an electrode by an electric field, where they are then counted and the energy of the incident
photon inferred by the number of electron-hole pairs generated [15]].

However, it is possible for high energy photons to pass through the detector without depositing a significant fraction
of their energy. Therefore, both low energies and high energies are attenuated by the detector, and only a range of
energies in the middle are accurately measured. Figure [3]illustrates the energy-dependent efficiency for the specific
detector used here, while Figure []illustrates the impact of accounting for the detector efficiency on the sensed spectrum.

This theoretical model is compared to the experimental results obtained, and the resultant curves are shown in
Figure [5} Although Equation [3]is typically considered to be accurate to within 20%, the strong qualitative agreement
between the theoretical and experimental spectra suggests that this equation is a good approximation for the energies
and elements under consideration here.
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Fig. 5 Comparison of theoretical spectrum from Equation |3[ and experimental results. Beam parameters:
10uA, 5.5 keV.

A year-averaged GEO flux was obtained from SPENVIS, using the IGE-2006 model for trapped electron fluxes [28]].
This model provides 3 flux outputs: a mean, a lower bound and an upper, as seen in Figure[6] The electron energies are
sorted into logarithmically spaced bins, and the 16 bins from 0.92 keV to 130 keV are used here. Though the model
includes electron fluxes for energies up to 5 MeV, the diminishing numbers of electrons at increasing energies means the
contribution of those electrons to the 0-30 keV x-ray spectrum is limited.

From this set of electron energy distributions, combined with Equations|[I]and 3] the emitted x-ray spectrum can now
be approximated. This is done iteratively, with the assumption of all electrons in a given bin having the initial energy of
that bin (ie, all electrons in the 0.92-1.2 keV bin are assumed to have an energy of 0.92 keV). Figure [/|illustrates the
x-ray spectrum contributions of each energy bin, and the total x-ray flux that would be generated for the IGE-2006 mean
electron flux case.

In relative terms, the lower electron flux case from the IGE-2006 model resulted in 31% fewer x-ray photons being
generated relative to the mean case. The upper electron flux case resulted in a 46% increase in photon emission relative
to the mean.

The goal of this work is ultimately to determine the electrostatic potential on a co-orbiting object touchlessly. The
bremsstrahlung spectrum from ambient electrons provides an intriguing option for doing so without requiring an active
electron beam to excite bremsstrahlung x-rays.

Spacecraft tend to charge negatively in GEO, and the scenario where an electron beam is used to generate
bremsstrahlung radiation on a target object will also results in negative charge accumulating on the target. As it charges
negatively, it will effectively shift the energy of incident electrons. A spacecraft charged to -10kV, for example, will
repel any incident electrons with less than 10 kV. Therefore, the electron spectrum will be shifted by 10 kV, as seen in
Figure 8] which results in the change in x-ray photon spectrum seen in[9]

The change in emitted x-ray quantities provides a means of determining the charge state of an object without
requiring spectrum-based analysis. If the servicing craft can measure the local electron population, then the potential of
the target can be inferred by examining the reduction in x-ray emission in the 0-30 keV range. While this would be
more challenging to implement if the local plasma conditions were varying with time as the anticipated bremsstrahlung
spectrum would have to be accurately recomputed for each new set of plasma conditions, it could be useful in indicating
changing surface potentials in cases where the plasma remains relatively constant. Such circumstances are found
naturally when a spacecraft crosses from sunlight to eclipse conditions (or in a rendezvous scenario, when the servicer
eclipses the sunlight on the target).

During rendezvous of the Orion crew module with NASA’s planned Lunar Gateway, the Orion capsule will be in the
shadow of the Gateway during the terminal rendezvous phase. Analyses have shown that the change in photoelectric
current could result in potential differences of several kV between the two bodies, posing electrostatic discharge risks at
contact [8]. The ability to measure the relative potentials between the objects, or the change in potential of the Orion
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ray photon flux from the IGE-2006 mean flux
that observed by a spacecraft charged to -10 kV.

and that observed by a spacecraft charged to -10 kV.

module as it moves into eclipse, could help indicate the presence of hazardous potential differences.

It is worth noting that the simulations here, that the x-ray flux decreases as a spacecraft charges, runs somewhat
counter to the conclusions of Reference [22] in their analysis of using x-ray fluxes as proxy indicators of charging events.
However, these two analyses rely on fundamentally different assumptions: here it is assumed that the plasma conditions
are near steady state, while the work of Reference [22] assumed the spacecraft were charging due to changing plasma
conditions. The authors therefore examined high energy bremsstrahlung emitted by the high energy electrons (40 to 180
keV) associated with geomagnetic storm conditions, and did not look a the contributions of more numerous but lower
energy electron populations that are significant even in quiet conditions.
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Fig.10 Change in total x-ray photon emission due to plasma electron bremsstrahlung as a function of spacecraft
potential.

Solar x-ray contribution

The sun is a significant source of x-rays in space, which could conceivably interfere with efforts to use x-ray spectra
to measure the landing energy of electrons. A number of missions have flown x-ray spectrometers in Earth orbit to
observe the sun, and these spectra could be used to determine the contribution of the solar x-ray spectrum to a spectrum
that would be sensed in a potential measurement scenario. Two missions, the MinXSS-1 and MinXSS-2 cubesat solar
observatories, flew variants of the x-ray detector used in the experimental part of this work [29].

MinXSS-1 operated in 2016, and two sample spectra from this mission, preprocessed to Level 1 and obtained from
[30], are shown in Figure[TT]

It is assumed that the sensor is oriented such that the sun line of sight is excluded from the sensor’s field of view, but
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Fig. 11 The solar x-ray spectrum observed by MinXSS-1. July 23 was the date of 2016’s most significant flare
event, an M7.6, and illustrates enhanced x-ray flux relative to the quiet August 20th spectrum [30].

the sun is illuminating the object of interest. X-rays incident on a surface typically do not reflect, but can excite the
release of characteristic x-rays from the surface material, a process known as secondary fluorescence. Any incident x-ray
with an energy above the characteristic energy of the atom it is interacting with can result in secondary fluorescence. An
equation for fluorescence yield was developed by Reference [31], and represents the number of characteristic photon
emissions per incident photon:

1076z*
= = 4
K= 10624 ®
For aluminum, this yields an efficiency of approximately 0.03, which matches well with the experimental data compiled

by [32].

Solar-induced secondary fluorescence has been used on a variety of spacecraft missions to determine the elemental
composition of celestial bodies, including the Moon and asteroids [33].

Therefore, for each photon with an energy over 1.49 keV, 0.03 characteristic x-rays can be expected to be emitted
from the target. Characteristic radiation emission is isotropic, so only half of these x-rays will escape from a flat surface.
For a spacecraft made of aluminum with an area of 5 m?, integrating the MinXSS-1 data for the nominal August 20th
spectrum and then multiplying by wy, this yields 2.5 x 107 photons emitted per second with an energy of 1.49 keV. The
same analysis performed on the July 23, 2016 flare data yields an x-ray flux nearly 6 times larger, at 1.4 x 10% photons
per second.

Ultimately, the solar x-ray contribution to the sensed x-ray spectrum from the target will be fairly negligible, only
serving to increase the flux of characteristic x-rays. Incident photons with energies above the characteristic energy of
the surface elements will be absorbed by the material but can contribute to characteristic emission, while those with
energies below Ej will primarily be absorbed without inducing secondary fluorescence. For the nominal solar spectrum,
it is expected that only a few tens of additional photons will be observed per second by a 75 mm? detector at a distance
of 10 meters.

While the servicing spacecraft can be oriented to avoid having solar photons directly incident on the sensor aperture,
the cosmic x-ray background is much harder to exclude. However, the flux levels are quite low, with estimates on the
order of 10 photons cm™2 s™! sr™! keV~! in the keV range. For a 75 mm? detector with a 10° field of view, this yields a
flux of around 1 photon per minute, a level that will likely not have any significant impact on this technique.

Spectrum with environmental noise contributions
Ultimately, the bremsstrahlung-based method for determining the potential of a target is likely to be used in active
charge control scenarios, such as the Electrostatic Tractor [9]. A nominal electron beam current for such a scenario
may be on the order of 10 uA. Figure [12]illustrates the relative magnitudes of the bremsstrahlung radiation from the
electron beam and the ambient plasma, assumed to be the IGE-2006 mean flux. The solar x-ray spectrum adds only to
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Fig. 12 Simulation of sensed x-ray spectrum for a 10 A electron beam and ambient plasma electron fluxes,
using the IGE-2006 mean flux. The target is assumed to be an isotropically emitting point source equivalent to
a 5 m? aluminum spacecraft.

the characteristic radiation, and has no contribution to the bremsstrahlung continuum, so is not shown here. However,
the hot plasma electron flux does contribute to the bremsstrahlung spectrum, but at a level that is approximately 4 orders
of magnitude smaller than the beam-induced flux. This makes sense, as the electron beam current in this scenario is 10
MA, while the cumulative plasma current (neglecting charging effects) is approximately 0.7 nA, roughly 3.5 orders of
magnitude smaller. Higher energy electrons in the plasma will contribute greater numbers of photons than lower energy
electrons.

Both spectra are treated as isotropic point sources 10 meters from a detector with a 75 mm? sensor. In reality,
the electron beam contribution is likely to behave in a point-source like manner, but the x-ray emission from it is not
isotropic. Instead the sensed flux will depend significantly on the angle between the incident electron beam and the
detector; though prior experimental work by the authors has indicated that even for small separation angles (for the case
where the detector is positioned near the electron beam) significant fluxes can still be observed. The plasma-induced
x-rays will also be isotropic, but are less accurately modeled by the point source approximation. However, accurately
modeling this distribution requires knowledge of the target geometry and relative attitude, which is beyond the scope of
this work.

The local plasma is fairly insignificant contribution to the sensed spectrum, and will not significantly impact the
ability to determine the landing energy of the electrons (and therefore the relative potential). Likewise, the solar x-ray
contribution to only the characteristic radiation will not impact the determination of electron beam landing energy.

Debris sensing SSA applications

The dominant means of tracking objects in space currently are by use of radar arrays, or optical tracking, which
relies on sunlight reflected by target objects. Both of these methods are typically ground-based, have limited resolution
and sensitivity at GEO, and pose challenges in integrating into a spacecraft [34]. The mechanisms described here which
lead to x-ray emission from a body apply to any solid in space. Therefore an object, such as difficult-to-track debris
objects, in a region with either solar x-rays or energetic electron populations will emit x-rays. These x-ray emissions
could have implications for space situational awareness (SSA) applications, providing a means of detecting co-orbiting
debris objects passively. This can be particularly useful in a GEO context, where many large objects orbit with very
low relative velocities but can be closely spaced. Ground-based observations of spacecraft in GEO are limited to
tracking objects greater than around 1 meter in size, and have limited positional resolutions [35]. Therefore, it would be
advantageous to be able to passively sense other debris objects passing in a spacecraft’s vicinity to improve the debris
catalogue and potentially inform avoidance maneuvers to mitigate collision risks.

Combining the results of the IGE-2006 mean electron spectrum and the mean solar induced fluorescence,
approximately 2.8 x 10'° x-ray photons will be emitted per second from a 5 m” aluminum debris object, such as a
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defunct spacecraft. In practice elements heavier than aluminum, such as indium-tin compounds used to coat solar panels,
or nickel alloys used in rocket motor nozzles, will have reduced characteristic radiation yields (due to the increase
in characteristic energy) but increased bremsstrahlung yields. However, the aluminum approximation can be used to
determine the feasibility of detecting these emissions from a co-orbiting spacecraft.

A few assumptions about the sensor and detection thresholds are made. First, the sensor is assumed to require
detection of 10 photons over a 20 second integration period to provide a reasonable reliability. As earlier, the photons
are assumed to be emitted from the object are isotropically, and a sensor like the Amptek SDD with a with a mean
efficiency in the energy region of interest of 90% and a detector area of 75 mm? is used. For this case, a separation of
some 780 meters or less yields the signal required to identify the presence of a nearby object; this rises to nearly 1 km
for the IGE-2006 upper electron flux case. The detector sensitivity could be increased by the use of x-ray optics, like
those that were developed for the NICER x-ray observatory mission which have an effective collection area of 44 cm? at
1.5 keV [36]. Adding these optics extends the detection range to nearly 6 km (over 7.2 km in the upper electron flux
case). Other options, from larger or more efficient optics, or increased integration times, could improve the sensitivity
of this method.

Conclusions

Although environmental contributions to the sensed x-ray spectra are found to not have a significant impact on the
ability to determine the relative potential between a servicer and a target, they are able to provide an alternative, passive
form of electrostatic potential estimation. The introduction of environmentally-induced x-ray fluxes also allows for
the use of x-rays in space situational awareness applications, where spacecraft could determine the presence of nearby
debris objects by their x-ray emissions.

Future work will examine more realistic distributions of materials and non-planar surfaces. Both of these factors
complicate the analysis, but will yield high fidelity models of the x-ray spectra generated by the interaction of the object
with the space environment. As noted previously, higher atomic number materials will experience reduced characteristic
radiation yields, but increased bremsstrahlung yields. Finally, the isotropic x-ray emission assumption should be
rigorously analyzed. Although the electron flux may be isotropic, the direction of bremsstrahlung emission known to be
strongly dependent on the incident electron energy, so while the isotropic emission assumption may be adequate for
relatively low (keV) energies, once electron energies reach 10s or 100s of keV this assumption may no longer be valid.
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