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Abstract Remote charge sensing is a technique that can provide valuable insight into
spacecraft-environment interactions, as well as enable missions that leverage electrostatic interactions
between multiple spacecraft or involve docking maneuvers in harsh charging environments. The concept
discussed in this paper uses a co-orbiting servicing spacecraft to measure the energies of secondary
electrons or photoelectrons that are emitted from the target object with initial energies of a few electron
volts. The electrons are accelerated toward the servicing spacecraft, which is at a known positive potential
(relative to the target), where they are measured by an energy analyzer. Given the potential of the servicing
spacecraft, the potential of the target can be accurately determined. Results are presented from
experiments conducted in a vacuum chamber to investigate the touchless sensing concept. Specifically, the
feasibility and accuracy of the electron method is considered for different materials, charge scenarios, and
relative geometries. The results show that the surface potential of a flat plate can be accurately determined
for a range of metallic surface materials, voltages, and relative angles.

1. Introduction

Though spacecraft charging has been studied for decades, little work has been done on how to remotely
sense the charge on a space object. Remote potential sensing is a concept that would enable on-orbit mea-
surements of spacecraft surface charge, providing valuable insight into spacecraft-environment interactions.
Most spacecraft do not have sensors to detect when they are charged to large potentials and at risk of arc-
ing, which means that identifying causes of satellite anomalies is tenuous (Ferguson et al., 2014; McKnight,
2017). Many future space missions are planned that involve docking and rendezvous maneuvers in geosyn-
chronous orbit or the outer radiation belt. For example, the National Aeronautics and Space Administration's
Lunar Gateway program requires rendezvous and docking maneuvers to be carried out in the outer radia-
tion belt. Goodman et al. (2019) show that expected conditions for docking can result in potential differences
of thousands of volts between spacecraft. This creates a risk of electrostatic discharge during first contact
as well as unwanted electrostatic forces and torques. Satellite operators are looking to extend the lifetime
of satellites and reduce overall costs by conducting missions to service or salvage parts from old satellites
(Ellery et al., 2008; Reed et al., 2016; Sullivan et al., 2013; Whelan et al., 2019). Such missions require multi-
ple spacecraft operating in very close proximity and interfacing with each other. Similarly, Chou et al. (2019)
show that there are significant risks of charging and arcing for future human missions to the lunar surface,
especially in shadowed regions near the lunar poles, which have been targeting for exploration. The poten-
tials of astronauts and other objects must be monitored and controlled to ensure mission safety and success.
The ability to remotely sense the electrostatic potential on another object is critical to ensure safe proximity
operations in all regions of the space environment. Additionally, numerous missions have been proposed
that seek to leverage electrostatic interactions between multiple spacecraft. These concepts include the elec-
trostatic tractor for tugging or detumbling debris objects in geosynchronous orbit (Bengtson et al., 2018;
Bennett & Schaub, 2015; Schaub & Sternovsky, 2014), electrostatic inflation of structures (Stiles et al., 2013b,
2013a), and Coulomb formations (King et al., 2002). Each of these concepts would benefit significantly from
knowledge of the electrostatic potential on a nearby object.

The proposed concept works by using a co-orbiting sensing spacecraft to measure the energies of electrons
emitted from the target object (Bengtson & Schaub, 2019; Bengtson, Hughes, et al., 2019). Both passive and
active sensing modes are possible. The active case applies to charged actuation missions, such as Coulomb
formations or the electrostatic tractor, in which an electron beam is used to impose a potential on the target,
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Figure 1. Concept figure showing electrons generated on a target object then accelerated toward the servicer spacecraft
where they are sensed and analyzed to determine the potential of the target. Both active (electron beam) and passive
(environment interactions) sensing options are depicted.

thus generating Coulomb forces and torques. The interaction of the electron beam with the target surface
generates low-energy secondary electrons. In the passive sensing case, it is desired to measure the natu-
ral potential of the target, so no electron beam is used. Instead, low-energy photoelectrons or secondary
electrons are generated by interactions between the target and the space environment. In both cases, the
low-energy electrons are accelerated toward the sensing spacecraft, at a known positive potential, where
they are measured by an energy analyzer. The final energy of the electrons is equal to the potential differ-
ence between the two craft (plus the small initial energy of the electrons). Therefore, given the potential of
the sensing spacecraft, the potential of the target can be accurately determined. Figure 1 provides a concept
of operations. In the active case, the electron beam is used to both force a potential on the target and gener-
ate secondaries that can be used to monitor the forced potential, enabling feedback control. In the passive
case, only environmental interactions occur and the unforced potential is measured.

The same technique of observing electrons is applied to data from the Lunar Prospector mission to deter-
mine the charge distribution on the surface of the Moon and other planetary bodies (Halekas et al., 2002,
2005, 2008; Nordheim et al., 2014). Ferguson et al. (2014) propose several other methods for remotely sens-
ing the charge on a spacecraft in orbit from the ground or another spacecraft by observing surface glows,
X-ray bremsstrahlung, or radio or optical emissions from arcs. The X-ray bremsstrahlung method is another
promising technique for remote charge sensing, which is discussed further in several studies (Wilson &
Schaub, 2019, 2018).

This paper presents results from laboratory vacuum chamber experiments to investigate using secondary
electrons and photoelectrons to touchlessly sense spacecraft electrostatic potential. The paper is outlined as
follows. Section 2 provides the relevant theory and a concept of operations. Section 3 discusses the exper-
imental design and equipment. Section 4 presents the results and discussion. Section 5 draws conclusions
from the results.
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2. Theory and Concept

Secondary electrons are created when an energetic electron or ion strikes a surface. The incident particle
liberates electrons within the material, some of which escape the surface as secondary electrons. The ini-
tial energy distribution of secondaries has a peak at one third the work function of the material, which is
about 2 eV for most surfaces (Chung & Everhart, 1974). The number of secondaries emitted for each inci-
dent particle is known as the yield, which varies as a function of the incident particle energy. It is common
for materials to have a yield larger than unity for a range of incident energies. This implies that multiple
secondaries are emitted for every incident particle. Above the maximum in the secondary emission yield
curve, higher incident energies produce fewer secondary electrons, because the incident energy is deposited
deeper in the material where electrons have a lower probability of escaping to the surface (Dekker, 1958).
Secondaries are emitted with a Lambertian angular distribution about the surface normal, regardless of the
incident angle of the primary particle (Bruining, 1954). Larger primary incident angles produce larger num-
bers of secondaries because more energy is deposited closer to the surface. Secondaries are differentiated
from backscattered electrons, which are observed when the primary electron reflects off the surface.

Photoelectrons are emitted when light shines on a surface. The number of emitted electrons depends on
the intensity of the light. The energy of the emitted electrons depends on the energy of the light and work
function of the metal. For common spacecraft materials exposed to sunlight, photoelectrons leave the surface
with energies of a few electron volts and the photoemission current is on the order of J,, = 40pA/m?. Note
that this current is constant for negatively charged spacecraft and quickly vanishes as the spacecraft charge
goes positive, because the photoelectrons are attracted back to the surface.

The electron method for touchless charge sensing involves two spacecraft: a target object and a sensing
spacecraft. Depending on the application, the target object may be a defunct spacecraft to be salvaged or
towed, a spacecraft with which another spacecraft will dock, or another active spacecraft. The sensing space-
craft flies near the target object. It is assumed that the sensing spacecraft has the ability to measure and
control its own potential (Torkar et al., 2001, 2016) and can achieve a positive potential relative to the target
via electron beam emission (Schaub & Sternovsky, 2014). For active sensing scenarios, in which an electron
beam is used to force a potential on the target, secondary electrons are generated by interactions between
the beam and the target surface. For passive sensing scenarios, in which it is desired to measure the natural
target potential, photoelectrons are produced by sunlight and secondary electrons are produced by envi-
ronmental currents on the target. In both cases, electrons are generated on the surface of the target object
with very small initial energies of a few electron volts. The electrons are accelerated toward the sensing
spacecraft, which maintains a positive potential relative to the target to attract the electrons. The sensing
spacecraft uses an electron energy analyzer to measure the energy of the electron population. The energy
of the electrons is equal to the potential difference between the two spacecraft (plus the small initial energy
of the electrons, which is negligible compared to relevant spacecraft potentials). Therefore, if the potential
of the sensing spacecraft relative to the plasma is known, the potential of the target object relative to the
plasma can be inferred.

Previous analysis has investigated the expected electron signal magnitude in comparison to the background
space environment currents (Bengtson, Hughes, et al., 2019). These results show that, for several repre-
sentative cases, the signal magnitude is greater than or on the same order as the background magnitude.
However, the signal current occurs at a discrete energy, equal to the potential difference between the two
craft, whereas the background currents are distributed across a spectrum of energies. Therefore, the signal
is detectable given existing sensor capabilities in a realistic space environment. Future missions will have
to take care to ensure the detector design and integration onto the sensing craft is sufficient for the given
mission requirements. For a general case, however, the secondary or photoelectron current emitted by the
target object is sufficiently large to be measured in the geosynchronous plasma environment with separation
distances on the order of tens of meters.

3. Experimental Setup
The experimental research had the following goals:

1. Demonstrate feasibility of touchless potential sensing.
2. Investigate the accuracy of the electron method for a wide range of operating conditions.
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Figure 2. Schematic of the experiment setup inside the vacuum chamber. Note that the chamber walls, instrument
body, electron gun chassis, VUV source, and rotating arm are all grounded (i.e., everything is grounded except for the
target plate, which is held at a fixed potential).

3. Determine the effect of various target materials on the electron sensing method.
4. Determine the effect of relative geometries between the target and sensor.
5. Identify areas for future analytical and experimental research.

To achieve these goals, experiments were conducted in which a target plate was held at a fixed, known,
potential in a vacuum chamber. The plate was then irradiated with either an electron beam or ultravio-
let light. The resultant secondary electrons and photoelectrons were measured using an electron energy
analyzer mounted on a rotating arm to sweep around the target plate. All experiments have been carried
out in the Electrostatic Charging Laboratory for Interactions between Plasma and Spacecraft at the Uni-
versity of Colorado Boulder. The experiments consisted of a Kimball Physics EMG-4212 electron gun, a
Hamamatsu L10706 vacuum ultraviolet (VUV) light source, a custom-built retarding potential analzyer
(RPA) for measuring electron energy distributions, a Keithley 2401 SourceMeter, a Keithley 2301A-30-3
power supply, a Spellman CZE3000 high-voltage power supply, a Spellman SL300 high-voltage power sup-
ply, and a Matsusada CZ9 high-voltage power supply. Additionally, a Stefan-Mayer FLC3-70 magnetometer
was used to measure the magnetic fields. The electron energy analyzer or RPA consists of a front grounded
grid and a variable voltage discriminating grid in front of a hollow-cylinder detector. The closed-end of
the hollow-cylinder detector was tapered to reduce secondary electron escape from the detector. The target
plate was fixed in the center of the 0.75 m diameter bell-jar style vacuum chamber. The retarding potential
analyzer and magnetometer were mounted on the end of rotating arm controlled by a rotary stage at the
center of the chamber, which allowed for angular data to be collected. The angle 6 is defined between the
target surface normal and the energy analyzer. The electron beam has an angle of incidence on the plate
of 35°. Therefore, the rotating arm could be swept over a range of § = —30° to 90°. Experiments were con-
ducted under a vacuum pressure between 107> and 107° torr. Target plates of various materials were used
in the experiments. Materials included aluminum, copper, indium tin oxide, titanium, aluminized mylar,
and Inconel. The samples were cleaned with isopropyl alcohol prior to being installed in the experiment
apparatus. Figures 2 and 3 show a schematic and picture of the experimental setup, respectively.

BENGTSON ET AL.

40f12



~1
AGU

100

AND SPACE SCIENCE

Space Weather 10.1029/2019SW002341

Iggc A

Figure 3. Experimental setup in the vacuum chamber. The target plate is at center, above the rotational stage. The
electron energy analyzer is at left, mounted on the end of the rotating arm.

4. Results and Discussion

4.1. Uniform Charging

4.1.1. Example Results

Over 580 data points were collected in the experimental campaign for plate voltages ranging from —15 to
—3,000 V (Bengtson, Wilson, et al., 2019). At each voltage, the electron energy analyzer was swept around
the plate from —30° to +90°, where the angle 6 is defined so that the plate normal is at 0° as shown in
Figure 2. The angle is defined positive in the counterclockwise direction. When the instrument is closest to
the electron beam, = —30°. When the instrument is farthest from the electron beam, 8 = +90°. Targets were
irradiated with either an electron beam or ultraviolet light. Electron beam currents ranged from 10-110 pA
and electron beam energies ranged from 1.5-10 keV. Figure 4 shows results for a test in which an aluminum
target plate charged to —1,000 V was irradiated by an electron beam current of 10.4 pA at an energy of
8.0 keV, simulating the active sensing case in which an electron beam is fired at the target. The electron
energy analyzer was located at an angle of & = 10°. The left panel of the figure shows the electron current
as the voltage on the discriminating grid is varied. As the grid voltage surpasses the voltage on the target
plate (which corresponds to the energy of the secondary electrons), the current drops to 0. The right panel
in the figure shows a first-order, backward-difference numerical derivative of the data and a Gaussian fit
(indicated by the solid line). The actual plate potential is given by the vertical dashed line (in both panels
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Figure 4. (left) Measured secondary electron current as a function of voltage applied to the discriminating grid for an aluminum sample charged to —1,000 V
and irradiated by an electron beam. (right) Numerical derivative of the data in the left panel, which gives the electron energy distribution, Gaussian fit,
actual plate potential, and estimated plate potential. The electron energy analyzer was located at an angle of 6 = +10°.
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Figure 5. (left) Measured secondary electron current as a function of voltage applied to the discriminating grid for an aluminumized Kapton sample charged to
—15V and irradiated by an electron beam. (right) Numerical derivative of the data in the left panel, which gives the electron energy distribution, Gaussian fit,
actual plate potential, and estimated plate potential. The electron energy analyzer was located at an angle of 6 = 0°.

of the figure), and the estimated plate potential is taken to be the peak of the Gaussian (indicated by the
vertical dotted line in the left panel). As shown, the estimated plate potential corresponds to the actual plate
potential to within the voltage step of 10 V, indicating the feasibility and accuracy of the electron sensing
method for potentials in the kilovolt range.

In Figure 4 (left), a background population of electrons approximately continuously distributed in energy is
present, as indicated by the approximately —0.005 nA/eV slope between 400 and 800 V. This population is
likely generated when electrons from the target impact the walls or other surfaces in the vacuum chamber,
thus generating other electrons. Additionally, the dip in current at 880 V is interesting. This dip was present
in some, but not all, data sets. This is an artifact of backscattered electrons in the detector (Simpson, 1961). A
backscattered electron is an electron that strikes a surface, then reflects off the surface with an energy up to
itsincident energy. Some of the secondary electrons from the target plate enter the detector, pass through the
discriminating grid, then scatter off the detector surface and exit the detector. As the grid voltage approaches
the energy of the secondary electrons from the target plate, the electrons that backscatter in the detector no
longer have sufficient energy to penetrate the grids on the way back out. Therefore, the backscatter current
is reduced and the total detected current increases as the grid voltage approaches the plate voltage.

Another representative result is shown in Figure 5, which illustrates the electron sensing method at low
charginglevels. In this case, a sample of aluminized Kapton is held at a potential of —15 V and irradiated with
an electron beam current of 44.7 pA at an energy of 1.5 keV. The electron distribution raw data are noisy, but
the secondary electron population at 15 eV is identified by Gaussian fitting routine, and the plate potential is
estimated accurately. In theory, the accuracy of the technique is limited by the initial energy distribution of
the electrons. Further, local surface variations or coatings can further widen the initial energy distribution,
so the method is only accurate to within several volts. Therefore, at voltages near 0, the method produces
larger percent uncertainties. However, small voltages are less of a concern because it is large voltages that
lead to arcing or produce significant Coulomb forces and torques. Though a target in space irradiated with
an active electron beam would likely charge to larger (magnitude) potentials, the low-voltage results are
included here to demonstrate the sensing technique over a range of potentials.

Figure 6 shows results for an Inconel plate held at —500 V and irradiated by a vacuum ultraviolet light to
simulate exposure to sunlight in space. The emitted photoelectrons are used to measure the potential on the
plate very accurately. This result shows that the proposed technique is feasible for touchlessly sensing the
potential of an object in space using either photoelectron or secondary electrons. Given a target in space that
is irradiated with an electron beam and exposed to sunlight, both photoelectrons and secondary electrons
would be emitted from the target object simultaneously, contributing to an even larger signal. Similarly,
ambient electron currents produce additional secondary electrons, which could allow for passive sensing,
even in eclipse.

4.1.2. Data Processing Technique

Several techniques were considered for estimating the plate potential from the raw data. One option is to
fit the raw current versus voltage data with a hyperbolic tangent function, which is an analytical approx-
imation of a step function. An analytical approximation of a step function is desirable because the ideal
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Figure 6. (left) Measured photoelectron current as a function of voltage applied to the discriminating grid for an Inconel sample charged to —500 V and
irradiated by a VUV light. (right) Numerical derivative of the data in the left panel, which gives the photoelectron energy distribution, Gaussian fit, actual plate
potential, and estimated plate potential. The electron energy analyzer was located at an angle of 6 = —10°.

current-voltage curve produced by the RPA should resemble a step function with the step occurring at the
energy of the electron population coming off the plate. The negative derivative of the hyperbolic tangent
function gives the electron energy distribution, and the plate potential estimate is found by taking the maxi-
mum of the electron energy distribution. This option works reasonably well except that in many cases there
is a small background distribution of electrons. It is likely that the background distribution consists of sec-
ondary or backscattered electrons generated from other surfaces inside the chamber, though this will be
investigated in future experiments. As a result, the current-voltage curve has a background slope that nega-
tively affects the fit of the hyperbolic tangent function. To account for the slope, it is possible to use a fitting
function, which is a hyperbolic tangent plus a linear fit. This approach models some cases quite well but
breaks down when the background is flat or when the signal is very small. Additionally, the iterative least
squares fitting routine is sensitive to the initial guess, which is undesirable.

Another approach is to directly compute the numerical derivative, which gives the electron energy distri-
bution. For cases in which the electron current is much larger than the noise floor of the detection system,
a clear peak is visible in the electron energy distribution (as is seen in Figures 4 and 6, right) which can be
used as the plate potential estimate. However, the electron peak is lost for cases where the signal is on the
same order as the system noise. In the right panel of Figure 5, for example, the peak of the numerical deriva-
tive is only slightly higher than the noise. Rather than simply taking the maximum of the electron energy
distribution, a Gaussian curve is fit to the electron energy distribution. The peak of the Gaussian fit is then
taken as the estimate of the target potential and the width of the Gaussian fit provides a metric for quanti-
fying uncertainty. This data processing technique allows for accurate potential estimation which is robust
even for small signals or cases in which a background distribution is present.

4.1.3. General Results

Each of the 583 tests consists of a current-voltage curve collected at a given angle, 6, and a given plate
voltage and material. The peak of the Gaussian fit to the electron energy distribution for each test is found
and taken as the plate voltage estimate. This estimate is then compared to the actual plate voltage and a
percent error is computed. Figure 7 shows the percent error as a function of the angle 6 for all 583 tests.
The plot indicates the mean percent error and standard deviation of the distribution of all tests at a given
angle. The means are very close to 0% error for angles ranging from —20°
to 60°. The standard deviations are smallest for angles between 0° and

20

% Error

to within a few percent error over a range of angles centered about the

% % 60°. These results indicate that the electron sensing method is accurate

surface normal. At large angles, the method becomes less reliable, but the
means of the percent errors across all runs are still within 16%. Several
factors contribute to this result. Interestingly, the maximum current for
the electron gun experiments is not observed at an angle of 0, but rather
. when the detector is between 30° and 50° off the plate normal. However,

-20

Figure 7. Percent error as a function of angle.

0

20

Angle [deg]

40 60 80 for the experiments conducted with the VUV light, the maximum current
is observed when the detector is near the normal angle. Figure 8 shows
the current as a function of angle for several tests. The current at each
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Figure 8. Normalized mean current as a function of angle. SE denotes secondary electrons, and PE denotes

photoelectrons.

angle is averaged over grid voltages less than the plate voltage and then normalized. The dashed lines in
the figure indicate tests in which the VUV light was used to generate a photoelectron current, whereas the
solid lines indicate tests conducted with the electron gun and secondary electrons. As the plate voltage is

increased for a given beam energy, the angle of maximum current shifts to higher angles. However, the

maximum current for tests with photoelectrons and no beam occurs close to 0. Figure 9 shows an illustration
of how the beam interacts with the target plate. If the beam energy is much greater than the voltage on the
plate, then the beam electrons are unaffected by the plate until they impact it. In the extreme case in which

the plate voltage is greater than the beam energy, the beam is deflected because the electrons cannot climb
the potential hill to reach the plate. For cases in which the plate voltage is a fraction of the beam energy, the
beam is deflected a small amount and impacts the plate closer to the edge. Due to the electric field geometry,
indicated by the black arrows in the figure, secondary electrons generated closer to the edge of the plate fly
away at an angle. Therefore, as the plate voltage is increased (in the negative sense), the beam is deflected
further toward the edge of the plate, the resultant secondary electrons fly off the plate at an angle, and the

Vacuum Chamber

Plate

—

EBeam > VPlate

— ped

Figure 9. Schematic of the electron beam interacting with the plate. The
orange line indicates a beam of energy much greater than the plate voltage.
The blue line shows how the beam is deflected if the plate voltage exceeds
the beam energy. Black arrows indicate the direction of the electric field
around the plate.

maximum current is measured at increasingly large angles. This phe-
nomenon is confirmed by observation of radiation darkened spots, which
developed on the target plates after extended electron beam exposure.
The spots were not located at the center of the plates but, instead, were
offset toward the edge. The VUV light is unaffected by the plate voltage.
Thus, the maximum photoelectron is always measured at an angle near
the plate normal.

This geometry has important implications for future touchless sensing
missions. For any physical object that is charged to a negative potential
(negative relative to the servicing spacecraft, which aims to capture the
emitted electrons), there always exists a point on the surface for which
the electric field maps to the servicing spacecraft. The electron beam can
be expanded to illuminate the entire target, which ensures that some
number of secondary electrons are always detected, regardless of the rel-
ative geometry of the spacecraft. Similarly, photoelectrons can always be
detected by a servicing spacecraft, which observes the sunlit side of the
target object, but are not detected if the servicing spacecraft is on the
dark side of the target. Alternatively, if electrons are only generated on
a small area of the target surface, potential measurements are possible
when the relative geometries between the target and servicer are appro-
priate to guide the electrons to the sensor (i.e., when the target surface
faces the detector). In many cases, the target may be tumbling at a high
rate, whereas the target potential evolves slowly in time. Therefore, mea-
surements are obtained at a useful rate and the potential of the target can
be accurately determined. The best case scenario is when the servicing

BENGTSON ET AL.

8of 12



Arru

100

AND SPACE S

Space Weather 10.1029/2019SW002341

o
@079@**0%{*5*9**0**774}****ov***v*‘o*

0 20 40 60 80 100 120
Mean Signal [nA]

Figure 10. Error as a function of signal magnitude.

craftis using an electron beam for active sensing and is also observing the sunlight side of the spacecraft. Both
secondaries and photoelectrons are generated in this case, producing a large signal. These results are espe-
cially important considering that most defunct spacecraft have complex shapes with multiple solar panels,
antennas, and appendages and are generally tumbling.

Returning to the discussion of the error distributions in Figure 7, it is clear in light of Figure 8 that the signal
magnitudes decrease significantly at angles beyond 60°. As the magnitude of the peak in the electron distri-
bution approaches the noise floor of the detection system, it becomes impossible to accurately estimate the
target potential. Figure 10 shows the errors plotted as a function of signal magnitude. All of the tests that
resulted in large percent errors had an average signal of less than 20 nA, and the vast majority of these cases
had an average signal of less than 5 nA. Several control tests were conducted in which neither the electron
beam or VUV light was active, so there was no source of electrons in the vacuum chamber and the noise
floor of the measurement system could be quantified. The measured noise current has a mean of 0.0124 nA
and a standard deviation of 0.0339 nA. Therefore, it becomes difficult to differentiate the peak in the elec-
tron distribution from the noise as the signal magnitude approaches single nanoamps. However, for signal
magnitudes on the order of tens of nanoamperes, the electron sensing method produces an estimate of the
target voltage accurate to within 4%. Several sources contribute to the differences between the estimated and
actual plate potentials, even when the signal magnitude is large. First, it is assumed that the discriminating
grid inside the retarding potential analyzer produces a uniform, equipotential region of potential. Ideally, for
a grid potential of V, only particles with energies E > gV can penetrate the potential barrier. However, the
wires that comprise the discriminating grid have finite dimensions and the regions between the wires have
potentials slightly lower than the potentials on the actual wires (Enloe, 1994). This results in a broadening
of the electron peak given by the following expression:

2n<§)—1n4

2n<§) ~2In [2sin<%r>]’

where E is the energy of the electron, AE is the erroneous increase in the width of the peak, r is the wire
radius, a is the distance between the wires in the grid, and d is the distance between grids. For the retarding
potential analyzer used in the experiments, the wire radius is on the order of 0.01 mm, the distance between
wires is 0.3 mm, and the spacing between the grounded grid and discriminating grid is 10 mm. This gives a
% of 2.1%. Given a plate voltage of 1,000 V, the expected broadening of the peak would then be 21 eV. The
electron energy distribution given in the right panel of Figure 4 has a full width at half maximum peak width
of approximately 28 eV, which is consistent with this source of error. It is also not expected that the secondary
electron population be monoenergetic, as secondary electrons depart from a surface with a distribution of
kinetic energies of a few electronvolts. The peak of this distribution occurs at an energy equal to one third
the work function of the emitting surface (Chung & Everhart, 1974).

@

(%)width:l—

Another consideration for planar-type retarding potential analyzers is that the energy filter only acts upon
particles in the direction along the axis of the instrument (i.e., normal to the grids). The velocity of the
particle in the transverse direction is unchanged. Therefore, a shift in the measured energy can occur if
particles are not traveling through the device on a trajectory parallel to the instrument axis (Enloe, 1994).

This shift is equal to

(%) hift = sin’a, @)
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Figure 11. (left) Measured secondary electron current as a function of discriminating grid voltage for two aluminum
samples charged to —500 and —1,000 V then irradiated by an electron beam. (right) Numerical derivative of the data in
the left panel, which gives the electron energy distribution, double Gaussian fit, actual plate potential, and estimated
plate potential. The electron energy analyzer was located at an angle of = —50°.

where «a is the angle of incidence. Two effects could cause the particles to enter the detector at an angle:
(1) gyrorotation about the magnetic field and (2) misalignment of the instrument relative to the plate. The
instrument is designed such that the maximum angle, @, that a particle could have and still pass through
the detector is approximately 25°. This gives a % shift of 18%.

Finally, the presence of oxide layers or other contaminants on the surface of the target material can produce
localized surface potential variations on the order of hundreds of millivolts (Robertson et al., 2004). There
were no significant differences observed between the different materials tested, which encompass a variety
of common spacecraft materials including metals, solar panel coverglass, and thermal insulation. Future
tests will also investigate electron emission from samples of spacecraft thermal control paint.

In these experiments, the separation distance between the target plate and sensor is approximately 25 cm.
Due to the finite diameter of the chamber, it is not possible to significantly increase the separation distance.
For on orbit applications, however, relevant separation distances are on the order of tens of meters. Previous
simulation work has shown that the signal remains above a reasonable detection threshold, even for sepa-
ration distances on the order of tens of meters (Bengtson, Hughes, et al., 2019). Whereas the electric field
about a charged object falls off with the inverse of the distance squared, the signal current captured at a given
distance depends on the voltages of each craft. If the potential difference magnitude is small (on the order
of volts of tens of volts), the initial angular distribution of the electrons causes the electron beam to expand,
and thus, the signal decreases strongly as a function of distance. If the potential difference magnitude is
large, however, the initial energy distribution is negligible and the signal does not decrease as strongly with
increasing distance. Future simulations and experiments in larger vacuum chamber facilities are planned
to further investigate the scalability of these results to larger separation distances.

4.2. Differential Charging

It is known that spacecraft do not always charge to uniform potentials (e.g., Garrett, 1981; Prokopenko &
Laframboise, 1980). Differential charging occurs when various spacecraft surfaces charge to different poten-
tials. This can occur because different materials have different charging characteristics or because different
surface are exposed to different conditions. Though design guidelines recommend that all satellite surface
be connected to a common electrical ground to prevent differential charging, this guideline is not always
followed (Steves, 1980). For example, one side of the spacecraft has a photoelectron current because it is in
sunlight, whereas the shaded surfaces do not experience photoelectron emission. An experiment was con-
ducted to determine if the electron sensing method could accurately identify the potentials on adjacent,
differentially charged surfaces. Instead of a single target plate, two target plates were placed side-by-side in
the experiment apparatus such that they were electrically isolated. A different voltage was applied to each
plate and the electron analyzer was swept around the target setup. Figure 11 shows the results for one such
test. At this angle of = 50°, both target potentials are sensed simultaneously, as indicated by the electron
peaks at 500 and 1,000 eV. This demonstrates that electron-based remote sensing is effective even for more
complex and realistic charging scenarios. The position and geometry of the targets becomes increasingly
important for differential charging tests. For angles less than 50°, only the peak at 1,000 eV is observed
because the —1,000 V plate was located on the left of the —500 V plate. Therefore, electrons generated on
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the surface of the —500 V plate are steered further to the right and are only observed when the detector is
at larger angles. In other tests, only one peak is observed at a given angle. Future experiments will consider
sensing differential charging on realistic spacecraft models.

5. Conclusions

The experimental results demonstrate the accuracy of the electron remote sensing technique for a range
of target materials, voltages, and geometries for fixed target voltages. It has been shown that the method
is accurate to within 4% error when the signal magnitude is on the order of 10 nA or above. An important
result is that the relative geometry between the target surface normal and the detector has a large impact on
the signal magnitude because the electric field near the target will determine the trajectory of the electrons.
Rather than using a small beam spot size, it may be advantageous to irradiate a large portion of the target
surface, thereby ensuring that some of the generated electrons map to the detector.

There are several promising avenues for future research. Additional experiments will be conducted on more
complex targets, such as model spacecraft with boxes, panels, antennas, and appendages. Differentially
charged surfaces will be incorporated on a single target. The maximum separation distance between the tar-
get and sensor is limited due to the physical size of the vacuum chamber, so 3-D simulations will be used to
model the performance of the system with realistic separation distance and target geometries. A filter will
be developed to estimate the target potential over time with appropriate confidence bounds, even if the sig-
nal temporarily drops out because the target spacecraft is tumbling. Ultimately, implementing the system in
real-time on an experimental test bed with a tumbling model spacecraft target will advance the technological
readiness to a high level.
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