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Prospects and Challenges for Touchless Sensing of
Spacecraft Electrostatic Potential Using Electrons

Miles Bengtson , Joseph Hughes , and Hanspeter Schaub

Abstract— A method is investigated to use secondary electrons
to touchlessly sense the electrostatic potential of an object in
geosynchronous orbit or deep space. This method involves a
positively charged servicing craft, which directs a high-energy
electron beam at the object of interest such that low-energy
secondary electrons are emitted from the surface. The low-
energy electrons emitted by the target are accelerated toward the
servicing craft and arrive with an energy equal to the potential
difference between the two crafts. The servicing craft measures
the electron energy spectrum and, knowing its own potential, then
infers the potential of the target. Depending on the application,
photoelectrons could similarly be used to infer the target potential
without the need for an active electron beam. Though it is
possible to measure potential by directly contacting a surface,
remote measurement offers significant advantages and supports
missions which must operate in close proximity without making
physical contact. Several missions have been proposed that use
interactions between charged objects to create useful forces and
torques, including electrostatic detumbling and reorbiting of
debris, Coulomb formations, and virtual structures. Remote mea-
surement of potential would benefit these missions by enabling
feedback control of the active charging. Other applications
include mitigation of arcing during rendezvous, docking, and
proximity operations for future servicing or salvaging missions.

Index Terms— Space technology, satellite constellations, voltage
measurement.

I. INTRODUCTION

THOUGH spacecraft charging has been studied for
decades, there is a lack of understanding of how to effec-

tively sense and monitor the charge on a space object from
a distance. Whereas it is possible for a satellite to measure
its own charge using plasma instruments, little research has
been done on touchlessly sensing the charge on another space
object. This paper discusses the prospects and challenges of
a promising method for remote sensing of the electrostatic
potential of a nearby space object. This method involves mea-
suring the energy distributions of electrons, which are emitted
from the target object. Secondary electrons are generated when
an energetic particle impacts a surface, and photoelectrons are
both emitted from the conducting surface with only a few
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Fig. 1. Servicing craft observes the secondary electrons and photoelectrons
emitted by a target object to touchlessly sense the object’s electrostatic
potential.

electronvolts kinetic energy. A closely coorbiting servicing
satellite can achieve a high positive potential relative to the
target to measure the initially low-energy electrons that are
accelerated toward the servicing craft. The electrons arrive
with an energy equal to the potential difference between
the two craft plus their small emission energy. Therefore,
by knowing the potential of the servicing craft, the potential of
the target object is inferred. For forced charging applications,
the servicing craft directs an electron beam at the target
to generate the secondaries. For natural charging, photoelec-
trons emitted when the spacecraft is in sunlight allow the
technique to be used passively. Fig. 1 shows a concept of
operations for the proposed remote sensing technique. The
ability to remotely sense spacecraft potential has a broad range
of applications. As electrical discharges and arcs between
differentially charged surfaces can be detrimental to satellite
components, remote potential sensing could be used for on-
orbit experiments to better understand differential charging
and subsequent arcing, thereby allowing electrostatic-related
anomalies or mission failures to be mitigated. There is a
similar risk of electrostatic discharge for proximity operations
and docking with uncharacterized objects, which may float
at different potentials [1]. Carruth et al. [2] identified that,
without proper precautions, a discharge could occur between
an astronaut on an extravehicular activity and a large space
structure, which would be fatal to the astronaut [3]. Therefore,
the ability to measure the electrostatic potential on various
objects from a distance will be important for missions involv-
ing rendezvous, docking, or proximity operations.
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Though spacecraft charging has historically been viewed
as a hazard to be mitigated, in recent years, many studies
have investigated leveraging charged spacecraft to enable
novel mission architectures. Missions are being proposed
in which several smaller satellites flying in formation can
accomplish tasks, which would be difficult or impossible
for a single, monolithic spacecraft [4]. The Coulomb forces
between multiple charged spacecraft can be used to create
formations and virtual structures, which require no traditional
propellant [5]–[8]. Another concept involves using electrosta-
tic forces to inflate membrane structures [9], [10]. As valuable
orbital regions become increasingly congested with retired
satellites and hazardous debris, the need for active debris
removal has been firmly established [11], [12]. The electrosta-
tic tractor (ET) is an elegant method, which uses electrostatic
forces to raise the orbits of debris at geosynchronous orbit
(GEO) to a graveyard orbit or detumble uncooperative objects
without making physical contact [13], [14]. In addition, satel-
lite operators are looking to maximize the use of assets in
orbit and orbital servicing concepts have been proposed for
refueling, repair, or replacement of components. Such missions
may enable satellite lifetimes to be extended or new satel-
lites to be assembled from salvaged components [15]–[17].
These concepts, which are significant areas of research for
future space operations, require close proximity operations,
rendezvous and docking, knowledge of a nearby object’s
characteristics, and/or physical contact. Touchless potential
sensing systems can fill a key gap in current knowledge of
spacecraft charging, allowing for a better understanding of
the negative impacts of undesired charging and significantly
advancing the possible uses for electrostatics in space.

Though spacecraft charging has been studied extensively,
little work has been done on the topic of remote sensing of
charge. Ferguson et al. [18] propose the concept of remote
sensing of charging or arcing and consider various techniques
to remotely monitor high-level charging or arcing events on
satellites, including surface glows, bremsstrahlung X-rays, and
radio or optical emission from arcing. Bennett [19] discusses
how the charge on one satellite in a two-craft formation
can be estimated from the relative motion dynamics, which
are driven by the Coulomb force using range and range
rate measurements. However, this method only provides an
estimate of the electrostatic potential with low spatial and
temporal resolution. Engwerda et al. [20] propose a method
for sensing charge by directly measuring the electric field
around an object. This paper focuses on how to use the voltage
measurements to obtain a charge estimate and then develop a
multisphere electrostatic model of the target [21], but does
not consider the challenges of obtaining a direct electric field
measurement near a charged object in plasma.

Halekas et al. [22], [23] use secondary electrons and
photoelectrons measured by the Lunar Prospector space-
craft to remotely map the charge distribution on the surface
of the Moon. The measurements were completely passive,
with the low-energy electrons being generated by solar pho-
tons or plasma currents. In addition, the authors compare the
incident currents with the secondary currents to estimate the
secondary electron yield of lunar regolith [24]. This reference

demonstrates the feasibility of remotely mapping the charge
and characterizing the material properties of a surface using
electrons.

It should be emphasized that the proposed technique does
not require the development of new hardware, but rather uses
existing satellite detector systems in a novel way to obtain
new information. In the simplest operation, the touchless
sensing concept requires only an electron energy analyzer
on the servicing craft. Such instruments have extensive flight
heritage in space science missions ( [25]–[28]). Furthermore,
both the U.S. Air Force and the European Space Agency
have developed standardized energetic particle detectors to act
as a radiation monitors and collect data for space weather
models [29], [30]. As of 2015, all new Air Force satellites are
required to integrate an energetic charged particle sensor [31].
Therefore, numerous satellites are already in orbit and more
will be launched, which possess the ability to measure electron
energy distributions.

This paper presents prospects and challenges for using
secondary electrons to touchlessly sense the potential of a
closely neighboring space object. This paper is outlined as
follows. Section II provides the theory of secondary and pho-
toelectron emission and also discusses challenges of remote
potential sensing. In Section III, computer simulations are used
to investigate the trajectories of electrons in the vicinity of
charged spacecraft. The effects of various geometries, relative
distances, and potentials on the charge sensing method are
considered. Two case studies are presented in Sections IV and
V to demonstrate the feasibility of the concept.

II. THEORY AND CONCEPT

A. Secondary Electron Emission

When a primary electron impacts a surface, it liberates
electrons that leave the surface with a spectrum of energies.
By convention, electrons that leave the surface with less than
50 eV are called secondary electrons. Those with energies
from 50 eV up to the incident energy are called backscattered
electrons. The energy distribution of backscattered electrons
has a peak near the incident beam energy and that of sec-
ondary electrons has a peak at several electronvolts, regardless
of the incident beam energy. Fig. 2(a) shows a schematic
of how secondary electrons are generated by an energetic
particle impacting the surface. Fig. 2(b) shows an exam-
ple secondary electron yield curve. The secondary electron
coefficient or yield, δ, is the probability that a secondary
electron will be emitted for every primary electron that strikes
the surface. This coefficient is a function of the primary
electron energy and is different for every material. For many
materials, the secondary electron coefficient exceeds unity for
a given energy range. This implies that for every primary
electron, multiple secondary electrons are emitted. Several
common models for the secondary electron yield are given
in [32] and [33]. By convention, secondaries have energies
less than 50 eV, whereas backscattered electrons have energies
greater than 50 eV and close to the incident beam energy [34].
Secondary electron energy distributions show that most sec-
ondaries are emitted with energies less than 10 eV [35]. The
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Fig. 2. (a) Depiction of secondary electron generation. (b) Example secondary electron yield curve.

Chung–Everhart model describes the energy distribution of
emitted secondary electrons

f (E) = (E − EF − �)

(E − EF )4 (1)

where E is the energy of the emitted electron, EF is the
Fermi energy, and � is the work function of the metal
surface [36]. Secondary electrons are emitted from a surface
with a cosine angular distribution about the surface normal
that is independent of the angle of incidence of the primary
electron [35]. The secondary yield, however, increases with
increasing incidence angle because more energy from the pri-
mary electron is deposited near the surface where secondaries
have a high probability of escape.

B. Photoelectron Emission

Energy from the sun can energize electrons in the first few
nanometers of the spacecraft so that they leave the surface.
The current is given by

Ip =
{

jph Ae−qφ/kB Tph φ > 0

jph A φ ≤ 0
(2)

where jph is the photoelectron flux, A is the sunlit area, and
kB Tph is the thermal energy of the ejected photoelectrons [37].
For aluminum, kB Tph = 2 eV and jph = 40 μA/m2. For a
negative spacecraft, this current is constant, and for a positive
spacecraft, it quickly vanishes. Most of the photoelectrons will
be recaptured if the target is positive, so it may be challenging
to measure the positive potentials unless the sensing craft is
very positive.

C. Remote Sensing Using Electrons

Remote potential sensing is enabled by the fact that secon-
daries and photoelectrons are emitted with very low energy.
Therefore, the electron energy measured at the servicing craft
is approximately equivalent to the potential difference between
the two craft.

Spacecraft surface charging is frequently discussed in the
context of GEO. In dense plasmas, such as those in low
Earth orbit (LEO), the ambient plasma density is sufficiently
large that there will be thermal collisions between the sec-
ondary or photoelectrons. Similarly, the electric field between
the two craft will be shielded out over short distances. Thus,

the proposed technology is better suited to tenuous plasmas
such as that found at GEO or in deep space.

The relative motion between the two craft evolves with
timescales of seconds or minutes. Given separation distances
of tens of meters, the electrons are transported between the
two craft on the order of microseconds. Detection instruments
that measure the electrons typically have response times on
the order of milliseconds. Therefore, the sensing method is
sufficient to provide real-time closed-loop control for Coulomb
actuation missions.

There are several challenges associated with using electrons
for remote sensing. The first challenge is to ensure that a suf-
ficient signal is obtained from the secondary or photoelectron
current such that it is observable by an instrument relative
to the ambient plasma population. The electric field about a
charged object falls off with the distance squared, so beyond
some distance, the electrons of interest will be affected by
environmental fields and will no longer be distinguishable
from background fluxes. This imposes requirements that the
sensing craft is able to fly in proximity to the target object.
Depending on the method of sensing and relative geometry,
the sensing craft may need to operate within several craft radii
of the target object. However, servicing, salvaging, docking,
and remote actuation missions already propose flying in close
proximity. Future studies will investigate the maximum dis-
tance at which the charge on an object can be sensed under
various environmental conditions.

A similar challenge arises related to obtaining a sufficient
number of electrons to measure. For forced charging appli-
cations, such as the ET, an active electron beam is directed
at the target, which generally dominates the other currents to
and from the object. Therefore, a large number of secondaries
are generated which can be measured. For natural charging
applications, the photoelectric current often dominates and
therefore produces a large number of electrons which can
be measured. However, if an electron beam is not used,
the servicing craft must achieve a relative orbit such that
it can observe the escaping photoelectrons. In other words,
it must be on the sunlit side of the target object, which further
imposes requirements on the mission. If the photoelectric
current is not present at all (for example, in eclipse), it may be
possible to use a short pulse from an electron beam to generate
secondary electrons. A concern is how to generate secondaries
without changing the charge state of the target which the
servicing craft is attempting to measure. Future studies will
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investigate this and also whether secondaries generated by
ambient plasma fluxes could be used for passive sensing of
electrostatic potential.

Another challenge arises from the fact that spacecraft is
composed of various components, which may float at different
potentials. Therefore, the electric field geometry about the
spacecraft may be complex, with potentials wells and barriers,
which make it difficult to measure the emitted secondary
electrons. In addition, the sensing system may measure dif-
ferent peaks in the electron energy distribution associated
with the differentially charged components. A sufficient spatial
resolution of the sensing system is required to resolve the
potentials of each component. As each material has unique
secondary emission properties, there is a possibility for mul-
tiple electron populations from spacecraft components with
different materials and charge states. Finally, dielectrics and
insulators, which are common on spacecraft surfaces, have
different charging and secondary emission physics than that
of conductors. Future work will investigate how the remote
sensing technique can be implemented for realistic spacecraft
materials and geometries.

The primary question to be investigated in the remainder
of this paper is under what conditions a sufficient number of
secondary electrons are captured to measure the charge of the
target object. The following section describes the development
and results of numerical studies used to investigate this ques-
tion.

III. SIMULATION AND RESULTS

A. Simulation Setup

A 2-D simulation was written in Matlab to analyze the
feasibility for using low-energy electrons to remotely sense
the charge of an object in space. Initially, each spacecraft
was modeled as a single sphere so that the electric field can
be computed straightforwardly. Voltages are assigned to the
servicing craft and target object and then the charges are
computed using the capacitance matrix [21], [38], [39] as[

qS

qT

]
= [C(ρ)]

[
φS

φT

]
(3)

[C(ρ)] = ρ

kc(ρ2 − RS RT )

[
RSρ −RS RT

−RS RT RT ρ

]
(4)

where [C(ρ)] is the 2 × 2 capacitance matrix, φS and φT are
the servicing craft and target object voltages, respectively, qS

and qT are the charges, RS and RT are the object radii, ρ is
the center-to-center separation distance, and kc is the Coulomb
constant.

The total electric field at a given point is found by the
following equation:

E = kc
qS rS

r3
s

+ kc
qT rT

r3
T

(5)

where rS and rT are the distances from the given point to the
center of the servicing craft and target object, respectively. The
force on each electron is computed at each timestep using the
combined electrostatic and Lorentz force

F = q(E + v × B) (6)

Fig. 3. Simulation results for an application with low charging levels and
passive sensing. The electrons with black trajectories do not escape the target
object’s potential well, those with blue trajectories impact the servicing craft,
and those with gold trajectories enter a 25 cm2 detector on the front of the
servicing craft. The black arrows denote the direction and relative magnitude
of the electric field.

where q is the electron charge, v is the velocity of each particle
relative to the magnetic field, which corotates with earth, and
B is the magnetic field. For these simulations, a magnetic field
strength of 100 nT directed out of the simulation plane was
selected to represent the field at GEO, though the effect is
very small. Mutual repulsion between electrons and effects of
beam expansion into a vacuum are neglected. The spacecraft
is assumed to be perfectly geostationary so the velocity of the
electrons with respect to the spacecraft is also the velocity with
respect to the B-field. A user-specified number of electrons are
generated with initial energies of 5 eV at the surface of the
target and an initial velocity distribution consistent with the
cosine distribution relative to the local surface normal. At each
timestep, the electric field is computed at each particle, then
the forces are used to compute the next state using a fourth-
order Runge–Kutta method with a variable timestep. Individual
electrons that impact either craft or leave the simulation
domain are stopped. At the conclusion of the simulation,
the electrons that hit either the servicing craft or a designated
sensor on the servicing craft are counted. This allows the
fraction of detected particles to be computed and thus provides
insight into the expected signal-to-noise ratio, as is discussed
later on.

Fig. 3 shows an example of the simulation results for a case
where a 1-m radius target object is charged to +20 V, the 1-
m radius servicing craft to +100 V, and the two crafts are
separated by 10 m. The particles are generated 0.5 m above
the x-axis on the target object. Because the target is slightly
positive, some of the secondary electrons (black trajectories)
do not have the energy to escape the potential well and thus
return to the target. Other electrons escape the target object
and impact the servicing craft (blue trajectories), and a small
number (gold trajectories) enter a 25 cm2 sensor on the front
of the servicing craft. This simulation demonstrates that even
if the target object is charged positively, the servicing craft
can measure the energy of the secondary electron population,
as long as it is more positive than the target.

Fig. 4 shows results for a case simulating the operation of
the ET so that both crafts achieve potentials with very large
magnitudes. In this simulation, the servicing craft is charged to
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Fig. 4. Simulation results for an application with high, forced charging levels,
and active sensing. The electrons with black trajectories escape into space,
those with blue trajectories impact the servicing craft, and those with gold
trajectories enter a 25 cm2 detector on the front of the servicing craft. Black
arrows: direction and relative magnitude of the electric field.

+20 kV, the target object is charged to −20 kV, and electrons
are generated on the target between 0 and 20 cm above the
y-axis. Since both the active electron beam and secondary
electron current occupy the same region near the centerline
between the two crafts, it is assumed that these oppositely
directed currents do not interfere with each other. Recent
experimental work to validate the sensing concept confirms
that this assumption is valid [40]. The experimental data
show no significant interactions between the two beams, even
at nearly antiparallel configurations. Again, the simulation
confirms that the electrons arrive at the servicing craft with
energies of approximately 40 keV. For applications with such
high charging levels, there is a much smaller region on the
target for which electrons will map onto the sensing detector.

B. Parameter Trade Studies

An important quantity for determining the feasibility of the
proposed method is the fraction, α, of the emitted secondary
electron current, ISEE, which is captured by the detector on the
servicing craft, ISEC. This fraction is a function of the object
potentials, the separation distance, and the relative geometry
between the two crafts. A broad range of simulations have
been run to investigate this parameter space and determine the
conditions for which the secondary electron method for remote
potential sensing may be feasible. Fig. 5 shows the fraction
α plotted as a function of the servicing craft voltage, VS , and
the separation distance, L. In this simulation, the target object
voltage, VT , is held fixed at −100 V. Both crafts are assumed
to be spheres of radius 1 m, the detector on the servicing craft
is defined to be 25 cm2, and the secondaries are generated
along a 40 cm2 area on the target object surface centered
about the line of separation. The results show that the captured
current depends most significantly on the separation distance.
For separation distances of a few craft radii, the captured
current is tens of percent of the emitted current. Beyond
10-m separation, the captured current decreases from 10 to
a few percents of the emitted current. For forced charging
applications where ISEE is large, the remote potential sensing
method would be feasible at operating distances of 10 s of
meters. For other applications where ISEE is small, it may

Fig. 5. Value of α as a function of separation distance and servicing craft
voltage.

Fig. 6. Value of α as a function of the target object and servicing craft
voltages.

be necessary to operate at separations of a few craft radii to
obtain a sufficient signal-to-noise ratio. Sections IV and V
provide case studies for specific operating conditions within
each regime.

Fig. 6 shows how α depends on the voltage of both the
servicing and target craft. The separation distance is fixed at 10
m and the same assumptions regarding the initial condition of
the secondaries and the detector size are made again here. The
highest value of α occurs when VT is at the lowest magnitude
potential and VS is at the highest. This occurs because the
electrons are not strongly accelerated away from the target at
which they are generated, but are strongly accelerated toward
the servicing craft. Therefore, the servicing craft collects a
large fraction of the secondaries. Conversely, when VT is large
negative and VS is small positive, α is very small. In this
case, the electrons gain most of their energy when leaving the
target surface and their trajectories are essentially determined
before they are influenced by the servicing craft electric field.
Therefore, only those electrons that are accelerated along the
line between the two crafts will be captured by the detector.
Interestingly, α is lowest where both VT and VS are small
in magnitude. In this case, the electrons are not accelerated
strongly and therefore travel slowly away from the target
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Fig. 7. Simulation results for two nonspherical spacecraft. The electrons
with gray trajectories escape into space, those with blue trajectories impact
the servicing craft. The target object is charged to −20 kV and the servicing
craft is charged to +20 kV.

surface. Therefore, the initial velocities of the electrons are
important and the initial cosine angular distribution has time
to expand such that only a small percentage of the secondaries
map onto the detector.

C. Rectangular Spacecraft Study

Another simulation was run to investigate the trajectories
of electrons around charged spacecraft with more realistic
and geometrically complex shapes. The method of moments
(MOM) was used to find the electric field in the vicinity of the
two spacecrafts due to the voltage of both of them. The MOM
is an elastance-based method, which translates the voltage
to charge on every node through an extension of Poisson’s
law [41]. Once the charge is found every node, the E-field
can be computed at an arbitrary point in space.

For this simulation, a 1 m3 is charged to +20 kV and a
2 × 1 m rectangular box charged to −20 kV is 15 m away
and rotated by 45◦. 144 polygons are used per square meter
and the E-field is computed at 900 points in the xy plane.
This E-field is then interpolated for trajectories that do not lie
directly on the field points.

Fig. 7 shows the results of this paper. In this simulation,
electrons are generated on every surface of the target, which
is visible to the servicing craft. When the target is charged
to potentials in the kilovolts range, the electrons will quickly
reach high velocities as they fly away from the surface.
Therefore, their trajectories are mostly determined by the
field geometry at the target object and are not influenced
significantly by the servicing craft. As shown in the figure,
there is a small region on the target from which the electric
field points to the servicing craft and the electrons make it
to the craft (these trajectories are colored blue). By expanding
the electron beam size such that it illuminates the entire target,
it is possible to guarantee that some secondary electrons on
the target will always map back to the servicing craft. Future
research will investigate the sensing performance given more
complex spacecraft geometries and the effects of a tumbling
target.

IV. CASE STUDY FOR ELECTROSTATIC TRACTOR

To demonstrate the feasibility of remote potential sensing,
a case study was carried out with application to the ET.

Reference [42] provides an example operating condition for
the ET: a tractor of 2-m radius is charged to 21.4 kV, a debris
object of radius 0.935 m is charged to −14.6 kV with a
separation distance of 12.5 m. The electron beam energy is
EEB = 40 keV and the beam current is Ibeam = 520 μA.
Furthermore, it is assumed that the beam diameter is 20 cm
and the beam impacts the target sphere centered on the line
of separation. The secondary electrons are initialized with a
kinetic energy of 5 eV and a cosine angular distribution. The
trajectories of 2000 particles are simulated. The secondary
electron emission current model is given by

ISEE = −4δM Ibeamκ (7)

where

κ = Eeff/Emax

(1 + Eeff/Emax)2 (8)

and

Eeff = EE B − qφS + qφT (9)

δM is the peak of the secondary electron yield curve
and Emax is the energy at which this peak occurs [43].
Values of δM = 1 and Emax = 300 eV are assumed, so
ISEE = 163 μA.

The secondary electron current captured by the detector on
the servicing craft, ISEC, is found by

ISEC = α ISEE (10)

where α is between 0 and 1. For these conditions,
the numerical simulation results show that 15.3% of the
secondary electrons are captured by the 25 cm2 detector
centered on the tractor satellite. Therefore, α = 0.153 and
ISEC = 25.0 μA.

The flux of secondary electrons occurs at a very narrow
range of energies corresponding to the potential difference
between the two crafts plus the initial energy distribution of
the electrons. The captured secondary current is converted to
a flux so that it can be compared to the ambient electron flux.
The captured secondary flux, FSEC, is modeled as a population
distributed according to the Chung–Everhart model. Values
of 11.7 and 4.08 eV are assumed for the Fermi energy
and work function, respectively. Fig. 8 shows the secondary
electron flux superimposed on a bi-Maxwellian background.
The bi-Maxwellian model parameters were selected to be
representative of storm-time conditions in GEO, with n1 = 0.3
cm−3, T1 = 4 keV, n2 = 0.2 cm−3, and T2 = 7 keV [44]

F =
2∑

i=1

ni

√
q

2πTi me

qφS

kB Ti
exp

(
qφS

kB Ti

)
(11)

where kB is Boltzmann’s constant and me is the electron
mass. Fig. 8 shows the electron flux at the sensing craft,
including both the ambient plasma and the secondary electron
population. The dashed black line shows the expected value of
the secondary population energy, equal to φS −φT = 36.0 keV.
The response of a realistic energetic particle detector to the
secondary electron population is modeled. Numerous electron
energy analyzers have been utilized in laboratory and on-orbit
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Fig. 8. Electron fluxes for the ET remote potential sensing case study. The
background fluxes are a bi-Maxwellian and the peak is the secondary electron
signal. The dashed black line represents the expected energy value.

missions. Electrostatic analyzer-type instruments use electric
fields to filter between particles of different energies [26]–[28],
[45], [46]. These detectors can measure energies ranging from
a few electronvolts to tens of kiloelectronvolts (30–50 keV
typical) and have energy resolutions of 	E/E = 2–15%.
At higher energies, electron telescopes use stacks of silicon
detectors to measure the energy distribution of electrons [47],
[48]. Silicon detectors can measure energies ranging from
tens of kiloelectronvolts to megaelectronvolts with energy
resolutions comparable to those of electrostatic analyzers. Both
types of particle detectors can be used in parallel so a given
spacecraft can measure across a wide range of energies with
good resolution.

To model the response of an instrument, it is assumed that
the instrument can measure in the range of 30 keV with an
energy resolution of 	E/E = 8% and a geometric factor of
2×10−5 cm2 sr keV (comparable to that in [45]). Fig. 9 shows
the count rates, which would be observed by an instrument
with these parameters. The dashed black line indicates the
actual value of the electron energy peak (36.0 keV). The
energy bin which ranges from 34.1 to 36.9 keV is several
orders of magnitude higher than the background. This is
because the detected secondary electron current is already
large, and further, the secondary electrons are limited to a
very narrow energy range. Even for geometries in which
the majority of the secondary electrons escape into space,
the signal peak from a small percentage of captured electrons
provides sufficient information for the potential of the target
object to be determined. Subtracting the potential of the
servicing craft from the bin edges of the electron peak gives
a range of values for the target potential between 12.7 and
15.5 keV or an accuracy of 6%–13%. Using an instrument with
finer energy resolution would reduce these values. In light of
these results, the proposed method for remote potential sensing
is feasible for the ET application given current capabilities.

V. CASE STUDY FOR PASSIVE SENSING APPLICATIONS

Another case study is presented to determine the feasibility
of passive sensing of potential using photoelectrons. An oper-
ating condition is assumed in which the sensing craft and
target object are spheres of 1-m radius, separated by 8 m,
with φS = 200 V and φT = −50 V. The target is assumed
to be a conducting, aluminum sphere with jph = 40 μA/m2

Fig. 9. Model of observed electrostatic analyzer signal for the ET remote
potential sensing case study, in which the fluxes have been binned assuming
an instrument resolution of 8%.

Fig. 10. Electron fluxes for the photoelectron remote potential sensing case
study. Black dashed line: expected energy value of the photoelectrons. Note
that units of eV are used instead of keV. The background plasma is modeled
as a double-Maxwellian representative of GEO conditions.

and kB Tph = 2 eV. The electrons are again given an initial
cosine angular distribution. It is assumed that the half of the
target sphere facing the servicing craft is in sunlight. Under
these conditions, only 1.75% of the emitted photoelectrons are
captured by the sensor on the servicing craft. This percentage
is small because photoelectrons are generated on a large
area of the target craft, but only a small area maps back to
the sensor. Assuming the sunlit area is a circle, the emitted
photoelectron current is 126 μA. Given α = 0.175, the current
captured by the servicing craft sensor is 2.2 μA. As in the
previous section, the photoelectron population is modeled as
a Maxwellian distribution with a temperature of 1.5 eV [49].
The same bi-Maxwellian distribution used in the previous
section is used again here for the ambient plasma. Fig. 10
shows the photoelectron population flux superimposed on the
bi-Maxwellian background. The dashed black line indicates
the potential difference between the two spacecrafts. The peak
photoelectron flux is several orders of magnitude larger than
the background flux, therefore the signal is easily detectable
given current energy analyzer capabilities. In light of this
result, touchless potential sensing is feasible for passive sens-
ing applications in which only photoelectrons are used.

VI. CONCLUSION

This paper presents the prospects for how electrons can
be used to touchlessly sense the charge on a space object,
as well as the challenges for further development. Using either
secondaries from an active electron beam or the photoelectron
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current, the potential on an object can be sensed over distances
of tens of meters in GEO with realistic instrumentation. Sev-
eral challenges are identified, which will be addressed in future
work. Realistic spacecraft geometries may produce potential
wells and barriers that complicate the measurement. Similarly,
the sensing of charge for differentially charged spacecraft
may not be straightforward. Open questions include how
incorporating more sophisticated electrostatic and secondary
electron emission models impacts the sensor performance.
Future work will also consider if the target surface material
can be identified from the secondary electron characteristics
measured during the sensing process. Laboratory experiments
both in vacuum and in plasma are planned to demonstrate the
concept with a variety of materials, geometries, and charge
regimes, and also validate the numerical results.
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