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Electrostatic Potential Shielding in
Representative Cislunar Regions

Kaylee Champion and Hanspeter Schaub

Abstract— Touchless potential sensing of neighboring space-
craft using photoemissions and secondary electron emissions
has been investigated for geosynchronous (GEO) applications.
As more missions are being sent to cislunar space, this technology
may be extended there as well. However, the complexity of
the cislunar environment presents novel challenges for touchless
potential sensing technology. A chief issue is shorter Debye
lengths than in GEO regions, which can be as low as 10 m
in the cislunar regions. Therefore, a model for the electric and
potential fields surrounding a charged spacecraft in short Debye
regions around the moon is investigated. The vacuum (Laplace)
and Debye–Hückel models are presented and effective Debye
lengths are used to expand the models and better represent
the environment. The effective Debye length has previously been
investigated in low Earth orbit (LEO), quiet GEO, and asteroid
environments but has not been found in the cislunar plasma
environment, and a larger effective Debye length may allow
touchless potential sensing using electron emissions to be possible
at farther, safer distances than expected. Once the effective Debye
lengths and associated models are established, the relationship
between effective Debye lengths and touchless potential sensing
capabilities is explored through computations in NASCAP-2k,
a spacecraft–plasma interaction software. The developed methods
are then used to determine whether passive and active touchless
potential sensing is feasible in cislunar regions with nonnegligible
electrostatic potential shielding.

Index Terms— Electrostatic analysis, plasma, spacecraft charg-
ing, space environment.

I. INTRODUCTION

NOVEL active and passive potential sensing of neighbor-
ing spacecraft has been investigated in recent years and

deemed feasible for application the geosynchronous (GEO)
region [1], [2], [3], [4]. Active potential sensing involves
a servicing spacecraft directing an electron beam at a target
so that secondary electrons [5], [6] and X-rays [7], [8] are
emitted from the surface, as shown in Fig. 1. The use of a
low-wavelength ultraviolet laser has also been investigated as
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Fig. 1. Touchless potential sensing in cislunar space concept.

a means to excite photoemissions from a target [9]. Secondary
electrons and photoelectrons are emitted with low energies,
so when they reach the servicer, they have been accelerated
approximately to the potential difference between the servicer
and the target. The incoming signals are then measured, and
the servicer utilizes the measurements to infer the potential of
the target with respect to its own potential. Passive potential
sensing works in a similar manner, but instead of exciting
emissions with an electron beam, natural emissions, including
secondary electron and photoelectron emissions, caused by
the ambient space and plasma environment are measured.
Knowledge of a target’s potential can be used to account
for electrostatic perturbations during docking [10], [11] and
minimize the risk of discharges during close proximity opera-
tions [12]. Awareness of a target’s potential is also the first step
toward electrostatic actuation. This may be implemented by a
servicer, which aims an electron beam at a target, imposing
a negative potential on the target and a positive potential on
itself. This proposed implementation, deemed the electrostatic
tractor, can be used to detumble or reorbit uncooperative
targets or debris, dock incoming bodies, and conduct touchless
in situ servicing [13], [14].
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An increasing number of missions have been sent and are
scheduled to be sent to the cislunar region, such as NASA’s
twin ARTEMIS spacecraft, China’s Chang’E-1 spacecraft, and
the Lunar gateway [15], [16], [17]. In addition, one of NASA’s
strategic goals is to extend human presence to the moon and
eventually Mars for sustainable long-term exploration, devel-
opment, and utilization [18]. Spacecraft charging concerns
persist around the moon, and touchless potential sensing may
be extended to cislunar space as a result. However, the com-
plexity of the cislunar environment presents novel challenges
for touchless potential sensing technology. The focus of this
study is the impact of short Debye lengths, as Debye lengths
as low as ten meters are encountered in cislunar space. The
Debye length is a measure of how far a charge’s electrostatic
effect persists, so short Debye lengths may limit the distance
at which a servicer has electrostatic interactions with a target
and distances at which a servicer can sense the potential of a
target. Touchless potential sensing is intended for separation
distances of 10–30 m [3], [19], [20], so a Debye length
less than approximately 30 m is considered short. This has
not posed an issue in GEO, as the Debye length there is
typically up to several hundred meters, so potential shielding
due to the ambient plasma is not considered a limiting factor
in GEO [21], [22]. Therefore, the effective Debye length in
regions around the moon is investigated. The effective Debye
length more accurately represents potential and electrostatic
shielding in plasma and may be several times larger than
the Debye length [23]. Effective Debye lengths have been
investigated around asteroids in interplanetary space [24],
in a quiet GEO environment, and low Earth orbit (LEO)
environments [19], but have not been investigated in cislunar
space.

The goals of this work are to investigate limitations on
servicer–target electrostatic interactions and touchless poten-
tial sensing due to the ambient plasma environment in cislunar
space regions and determine the feasibility of different touch-
less potential sensing methods. An overview of the cislunar
plasma environment is presented in Section II, the effective
Debye length theory is outlined in Section III, the methods
used to solve for the effective Debye scaling parameters are
described in Section IV, the effective Debye length solutions
in the solar wind dayside plasma are presented in Section V,
the magnetosheath dayside plasma solutions are presented in
Section VI, and other factors that may limit servicer–target
interactions are investigated in Section VII. The interactions
between a servicer and target in cislunar space and the
relationship to the effective Debye length are investigated in
Section VIII, and the feasibility of passive and active touchless
potential sensing is determined in Section IX.

II. CISLUNAR PLASMA ENVIRONMENT

The cislunar plasma environment can be divided into four
regions: solar wind, magnetosheath, magnetotail lobes, and
plasma sheet, as shown in Fig. 2 [21], [25]. The solar
wind region is located outside Earth’s magnetic field in the
interplanetary magnetic field (IMF) and flowing solar wind.
The magnetotail lobes are located inside the magnetopause

Fig. 2. Cislunar plasma regions.

TABLE I

CISLUNAR REGIONS AVERAGE CHARACTERISTIC PARAMETERS [21]

and mainly consist of plasma outflow from the ionosphere.
The plasma sheet is a region of hot plasma located in the
center of the magnetotail that magnetically maps to the auroral
oval and splits the magnetotail into its top and bottom lobes.
It consists of plasma from the solar wind and ionosphere.
The magnetosheath is located between the bow shock and
magnetopause and is the transition region between the mag-
netotail lobes and the solar wind. It mainly consists of solar
wind plasma that is deflected around the magnetopause [26].
Average characteristic parameters of these regions are shown
in Table I [21]. The electron Debye length in the solar wind
dayside and magnetosheath dayside regions has the smallest
Debye lengths at approximately 10 m, which is considered
short for touchless potential sensing, as defined in Section I.
Conversely, the electron Debye length is over 100 m in the
magnetotail lobes and plasma sheet, which is several times
larger than the desired separation distance of 10–30 m for
touchless potential sensing. As a result, potential shielding due
to the ambient plasma is not a concern in the plasma sheet
and magnetotail lobes, and the effective Debye length will
be investigated in the solar wind dayside and magnetosheath
dayside regions.

In addition to orbiting through several regions, when the
moon is in the solar wind or magnetosheath region, a lunar
wake will develop. The moon removes plasma from the envi-
ronment through processes such as absorption and reflection.
If no other processes occurred, this would leave a void on
the anti-sunward side of the moon. However, plasma reenters
through various processes, leaving a low-density, complicated
plasma structure on the nightside of the moon [27]. As the
height above the lunar surface in the wake region increases, the
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Fig. 3. Lunar wake structure.

plasma returns to the ambient, undisturbed conditions. More
specifically, the density of the plasma increases as the height
increases. The electron Debye length is found using

λD =
√

�0kB Te

neq2
e

(1)

where �0 is the permittivity of free space, kB is Boltzmann’s
constant, Te is the electron temperature, ne is the electron
density, and qe is the elementary charge. Therefore, as the
density increases, the Debye length decreases, as shown in
Fig. 3 [21].

III. EFFECTIVE DEBYE LENGTH THEORY

Several analytic approximations of potential and electric
fields in plasma have been developed. The appropriate equa-
tions depend on several variables, including the properties
of the plasma, potential of the spacecraft with respect to
the local plasma, and geometry of the spacecraft [28]. Two
models are presented in this research: vacuum (Laplace) and
Debye–Hückel. Both assume a spherical spacecraft, and their
differing approximations provide a range of potential and
electric fields that may be present around a charged sphere
in plasma [19], [24].

The vacuum model does not account for space charge
shielding or assumes that charge only exists on the spacecraft
surface. In a vacuum, the potential field strength at a distance
from the center of the sphere is [19]

φ(r) = VSC RSC

r
(2)

where VSC is the potential of the surface, RSC is the radius of
the sphere, and r is the distance from the center. This equation
is only valid for r > RSC. The electric field is defined as the
negative gradient of the potential

E(r) = −∇rφ(r) = VSC RSC

r2
. (3)

In a plasma, the potential field is shielded or drops off
more rapidly than in a vacuum. The properties of plasma,
or the sheath structure, around a charged spacecraft may be
determined by solving the Poisson–Vlasov coupled equations
using numerical solutions [29]. However, if the charged body

Fig. 4. Potential field for a 30-kV, 1-m radius sphere (λD=10.1 m).

Fig. 5. Electric field for a 30-kV, 1-m radius sphere (λD=10.1 m).

is assumed to be a sphere with a low surface potential
compared to the plasma thermal energy (eVSC � kB Te), the
Debye–Hückel approximation of the potential field can be
employed [19]

φ(r) = VSC RSC

r
e

−(r−RSC )
λD . (4)

The electric field is again the negative gradient of the potential
field

E(r) = −∇rφ(r) = VSC RSC

r2
e

−(r−RSC )
λD

(
1 + r

λD

)
. (5)

The potential and electric field as a function of distance from
the surface of a spacecraft for a 1-m radius sphere charged
to 30 kV in a plasma with a Debye length of 10.1 m is
shown in Figs. 4 and 5, respectively. This spacecraft potential
is feasible for touchless potential sensing or electrostatic
actuation, as electron guns with energies of tens of kilovolts
may be utilized, resulting in spacecraft potentials on the order
of tens of kilovolts [2], [7], [30]. Note that the electric field is
plotted on a log scale, as this allows the features of the models
to more easily be compared. The vacuum potential and electric
fields are the maximum magnitudes possible, as no potential
shielding is taken into consideration. There is an exception
within a few meters of the surface of the spacecraft, where
the Debye–Hückel model predicts a higher electric field than
the vacuum model. In the example plots, the Debye–Hückel
model shows a larger electric field within 3.25 m of the surface
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of the spacecraft. Therefore, the electric field may be larger
than expected close to the spacecraft’s surface.

The Debye–Hückel model typically overestimates the poten-
tial shielding in a plasma as it assumes that the object’s
potential is small compared to the energy of the plasma and
therefore serves as the minimum estimate of the potential
and electric field [24]. Thus, the true fields lie somewhere in
between the two models, but the exact location is unknown.
As the distance from the surface of the spacecraft increases,
the models diverge and uncertainty increases. Furthermore,
as the potential of the spacecraft grows with respect to the
plasma temperature (eVSC > kB Te), the potential field will
become closer to the vacuum model. Therefore, developing
a more accurate representation of the fields becomes more
pressing as the distance from the spacecraft increases and
the potential of the surface of the spacecraft increases. This
is especially relevant to touchless potential sensing, as it is
desirable to have tens of meters of separation between the
servicer and the target, and the servicer may be charged to
kilovolt levels through the use of an electron gun, as previously
mentioned [31], [32].

The Debye–Hückel model may be expanded to represent
scenarios in which eVSC ≮ kB Te. To do so, an effective Debye
length is used in place of the electron Debye length [19],
[24]. The effective Debye length is simply the Debye length
multiplied by a scalar

λD,eff = αλD . (6)

The effective Debye length may be implemented into the
Debye–Hückel using the scaling factor α as

φ(r) = VSC RSC

r
e

−(r−RSC )
αλD (7)

and

E(r) = VSC RSC

r2
e

−(r−RSC )
αλD

(
1 + r

αλD

)
. (8)

Finding the effective Debye length is not straightforward.
The scaling factor α depends on several variables, including
the local plasma parameters, spacecraft surface potential, and
spacecraft radius [19], [24]. Therefore, numerical solutions or
computational tools must be utilized.

IV. SOLUTION METHODS FOR EFFECTIVE DEBYE

LENGTH SCALING FACTOR

In order to compute the effective Debye length scaling
factor, the potential field is calculated using numerical or
computational tools, and the Debye–Hückel model with the
effective Debye length shown in (7) is fit to the solution.
The potential field is numerically modeled using the turning
point method [19]. The turning point method is based on
numerical analysis of possible charged particle orbits in order
to solve the Poisson–Vlasov system of equations for spheri-
cal geometry [24], [29]. More specifically, the turning point
method can be utilized to compute particle density around a
charged sphere for a collisionless, isotropic plasma [33]. In this
work, the implementation of [29] is used, which provides
1-D electric and potential fields. The turning point method

is often considered a nominal solution as it is possible to
calculate potential fields over several hundreds of meters with
significantly less computational requirements than 3-D plasma
analyzers, and the solutions are considered very accurate [29].
This method is also used in [19] and [24] to determine the
effective Debye length around asteroids, in a quiet GEO
environment, and LEO environments.

In addition to the turning point method, two computational
tools are used to determine the scaling parameter: NASCAP-
2k and SPIS. NASCAP-2k is a 3-D spacecraft charging and
plasma interactions code developed as a collaboration between
NASA and the Air Force Research Lab [34], [35]. SPIS
is a spacecraft–plasma interaction software created by the
Spacecraft Plasma Interactions Network in Europe (SPINE)
[36], [37]. Both programs operate with the same basic prin-
ciples: the object’s geometry and computational space are
defined, the plasma properties are specified, and methods of
evaluation are selected. However, underlying processes and
assumption of the programs vary. Therefore, utilizing both
tools allows for a better understanding of the range of α terms
that may be applicable for a charged spacecraft in a plasma
environment. Furthermore, the use of 3-D computational tools
to calculate the scaling parameter allows for an investigation
into the accuracy and functionality of these programs for large
computational volumes. Once the potential field is found in the
programs, the α term is found using a nonlinear least squares
fit to the entire potential field solution. The accuracy of the fit
is investigated in Section V.

To define computation in NASCAP-2k, several parameters
must be defined. First, the spacecraft is defined in the Object
Toolkit. For this research, a spherical shape is approximated
in order to properly compare the results to the turning point
method. Next, the computational space is defined using a
Cartesian grid. More specifically, a parent grid is defined
that encompasses the computational space, and child grids
are defined where better resolution is desired. Typically, child
grid elements are a factor of 2 smaller than their parent grid
elements. Next, the interplanetary environment is selected with
100% H+ ions [17], [34]. To calculate the potentials in space,
the analytic nonlinear model is selected, as it is applicable to
high and low potentials in a dense plasma and is appropriate
when the spacecraft velocity and the ambient magnetic field
have minimal effect on the charge density within the sheath.
This function interpolates between linear Debye screening
(the Debye–Hückel model) at low potentials and the charge
density of a single accelerated and converging species at
high potentials to solve Poisson’s equation [28], [38]. To do
so, the model uses a convergence factor, which accounts for
increased charge density due to attracted charged particles. The
convergence factor was determined by numerically solving
the Langmuir and Blodgett problem for current collection by
a biased sphere [39] and fitting an analytic formula to the
results [34]. While the plasma densities in cislunar space,
shown in Table I, are low compared to LEO plasma, strict
limits are not placed on the density for the nonlinear model and
high-density plasma is interpreted to apply to environments in
which the Laplace, or vacuum, model is not applicable. Other
model options for the interplanetary space environment include
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TABLE II

NASCAP-2K PARENT GRID SIZING FOR A 30-kV, 2-m RADIUS SPHERE

TABLE III

NASCAP-2K GRID RESOLUTION SIZING AROUND

A 30-kV, 0.25-m RADIUS SPHERE

Fig. 6. NASCAP-2k cut view of grid (left) and SPIS 2-D mesh (right).

barometric and full trajectory ion, which are applicable when
current collection in a wake is important, and frozen ion, which
is intended for primarily for negative potentials [35]. As a
result, the nonlinear model is the most appropriate assumption.
The boundary conditions for the grid is set to “DEBYE,” which
estimates the potential on the boundary of the grid using the
Debye–Hückel approximation. It should be noted that cislunar
spacecraft may have a nonnegligible velocity with respect to
the plasma, but this is not considered in this study.

In order to ensure that the results are independent of the
grid, analysis is conducted to determine the optimal size and
resolution of the grids. First, the size of the parent grid is
determined by increasing the size of the external boundary
until the difference in solution is below 10%. This analysis
is conducted for a 30-kV, 2-m radius sphere, as this is the
most extreme case to be analyzed. The results are shown in
Table II. Once the external boundary is set, the resolution
required around the spacecraft is increased by adding child
grids with a subdivision ratio of 2 until the difference in
solution is once again below 10%. This is conducted for a
30-kV, 0.25-m radius sphere, as this is the smallest spacecraft
to be investigated and will require the highest resolution near
the surface. The resolution results are shown in Table III. A cut
view of the final NASCAP-2k grid is shown in Fig. 6.

SPIS also requires that several parameters are defined in
order to perform a computation. The geometrical system is first

TABLE IV

SPIS EXTERNAL BOUNDARY SIZING FOR
A 30-kV, 2-m RADIUS SPHERE

TABLE V

SPIS EXTERNAL BOUNDARY GRID SIZING
FOR A 30-kV, 0.25 m RADIUS SPHERE

defined, which must include the external boundary, the inner
boundary (spacecraft surface), and the computational volume
bound by the external and inner boundaries. Once the compu-
tational space is defined by the geometry, it is meshed with
irregular tetrahedral elements, which is built and optimized
in Gmsh, a 3-D finite-element mesh generator [37]. Once the
mesh is built, the Dirichlet boundary condition is selected,
which assumes a fixed boundary potential. The potential is
then set equal to the potential estimated at that distance by
the Debye–Hückel model. In addition, the external boundary
is defined using a sphere so that the entire surface is equidistant
from the spherical spacecraft surface. To model the ions and
electrons, SPIS offers a Maxwell–Boltzmann and particle-in-
cell (PIC) distribution. For this study, the PIC distribution
is selected for both ions (100% H+) and electrons, as a
Maxwell–Boltzmann distribution assumes that the potential
of the spacecraft is significantly less than the energy of the
plasma. The PIC method conducts Monte Carlo solving of the
Vlasov equation using ion and electron macroparticles.

The SPIS mesh is also analyzed to ensure the results
independent of the mesh. The size of the external boundary is
increased until the difference in solution is less than 10%, and
the spacecraft is again defined as a 30-kV, 2-m radius sphere.
The analysis and external size results are shown in Table IV.
Once the external boundary is determined, an intermediate
grid with a 0.5-m resolution and 8-m radius is added to slow
the size of the mesh expansion near the spacecraft. Then, the
resolution of the external mesh is increased until the difference
is less than 10% for a 30-kV, 0.25-m radius sphere, as shown
in Table V. The final 2-D mesh is shown in Fig. 6.

V. DAYSIDE SOLAR WIND EFFECTIVE DEBYE LENGTHS

The effective Debye lengths in the dayside solar wind region
are investigated as this region has the shortest electron Debye
length, and the moon spends approximately two thirds of its
orbit in the solar wind [40]. The parameters in Table I are
used for this analysis. As shown, the electron temperature
is only 11 eV, so if the potential of the surface of the
spacecraft is only a few volts, the potential of the spacecraft
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Fig. 7. Potential field models for a 5-kV, 0.25-m radius sphere in mean solar
wind dayside plasma.

Fig. 8. Potential field models for a 30-kV, 1-m radius sphere in mean solar
wind dayside plasma.

surface is not significantly less than the plasma thermal energy
(eVSC ≮ kB Te). Example potential field computations are
shown in Figs. 7 and 8. As shown, as the radius and potential
of the spacecraft increase, the effective Debye length increases.
This follows expectations, as the potential field is expected to
approach the vacuum model as the potential of the spacecraft
increases. The scaling factor results for each model differ
slightly, as expected, but the potential fields versus distance
results are comparable. Furthermore, all models lie in between
the Debye–Hückel and vacuum potential fields, and they
display the same trend as the radius and potential increases.

The NASCAP-2k and SPIS solutions, fits, and confidence
bounds for a 30-kV, 1-m radius sphere are shown in Fig. 9.
In the background of the plot, the potential field versus
distance is shown as a grayscale colormap for different scaling
parameter values for comparison. Interestingly, the potential
field seems to change more significantly when the alpha
parameter is smaller. For example, at a distance of 15 m
from the spacecraft surface, the difference in potential field
magnitude calculated for alpha values of 1 and 1 is approxi-
mately 500 V, while the potential field magnitude difference
between alpha values of nine and ten is approximately 27 V.
This explains why the scaling parameters vary significantly
between models despite similar potential field versus distance
results. The scaling parameter value is more uncertain as
spacecraft potential and radius increases, but this does not

Fig. 9. SPIS and NASCAP-2k solutions, fits, and confidence bounds for a
30-kV, 1-m radius sphere in mean solar wind dayside plasma. A background
grayscale colormap shows the potential field versus distance for a range of α.

Fig. 10. Trends in effective Debye length scaling factor α in the dayside
solar wind region computed using the turning point method.

necessarily correspond to higher uncertainty in the potential
field approximation. Therefore, the potential field may still be
approximated by the range of scaling parameters found using
the three previously described methods.

In order to evaluate the effective Debye length scaling
factor trends, computations are done for radii ranging from
0.25 to 2 m and potentials ranging from 1 to 30 kV. The
solutions found using the turning point method are shown in
Fig. 10. As shown, a higher spacecraft radius and potential
result in a higher α, with a maximum scaling factor at 2.85.
There are physical limits on the potential and radius that a
cislunar craft may achieve, but this solidifies that the effective
Debye length may be increased in the dayside solar wind.

The NASCAP-2k, SPIS, and turning point scaling parameter
solutions are compared, as shown in Fig. 11. NASCAP-2k
and SPIS solutions typically overestimate the alpha parameter,
or underestimate the potential shielding, compared to the
turning point method. Furthermore, the NASCAP-2k solutions
appear to show the same trend seen in the turning solutions,
as the rate at which alpha is changing decreases consistently
as the potential increases. The SPIS solutions by contrast
appear to increase more sporadically, but the magnitude of the
scaling parameters is closer to the turning point solutions. The
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Fig. 11. NASCAP-2k, SPIS, and turning point α solutions versus spacecraft
potential for spheres with varying radii.

differences in solutions may be explained by the mesh analysis
and difference in the solution method, described in Section IV,
and the uncertainty of the model fit to the solutions. In addi-
tion, the numerical accuracy limits of NASCAP-2k and SPIS
may be pushed as the potential field is computed over the
large computational volume. Anyway, the use of all three
methods presents a narrow range of solutions that may be used
to predict the potential fields expected in solar wind dayside
plasma. Furthermore, despite the differences in magnitude, all
methods show that as the radius and potential increase, the
scaling parameter increases. This is promising for touchless
potential sensing, as it may be possible at larger separation
distances than expected.

VI. DAYSIDE MAGNETOSHEATH EFFECTIVE

DEBYE LENGTHS

The scaling parameter trends are also evaluated using the
turning point method in the dayside magnetosheath region as
the electron Debye length is only 10.2 m, and the electron
temperature is again low at 18 eV, as shown in Table I. The
scaling parameter results found using the turning point method
are shown in Fig. 12. The trends are similar to the solar
wind scaling parameter trends, as α increases nonlinearly with
increasing potential and radius. However, the scaling parame-
ter values are smaller, with a maximum α at approximately
2.59. This is likely due to the higher electron temperature and
electron Debye length. Nevertheless, this shows that increasing
the potential and radius of the servicer can increase the
effective Debye length and enable touchless potential sensing
at farther distances in the dayside magnetosheath region as
well.

VII. CONSIDERATION OF OTHER LIMITING FACTORS

In order to touchlessly sense the potential of a neighboring
target spacecraft, the servicer is charged more positively than
the target such that the emitted electrons are attracted toward
the servicer. However, if the target’s emitted electrons cannot
“see” the servicer or the servicer’s potential field does not
extend to the target, the emitted electrons may not be attracted
to the servicer. Some emissions may still reach the servicer

Fig. 12. Trends in the effective Debye length scaling factor α in the dayside
magnetosheath region computed using the turning point method.

if their trajectory happens to intercept the servicer, but in
this scenario, the measured current is limited and may not
be detectable. Therefore, the optimal separation distance is
theorized to be within the sum of the effective Debye lengths
of the servicer and target. However, other factors that may
deflect emissions must be considered, including the magnetic
field and particle collisions. The gyroradius or the radius of
the circular motion of a nonrelativistic charged particle in a
magnetic field is

rg = v⊥me

qe B
(9)

where v⊥ is the velocity perpendicular to the magnetic field,
me is the mass of an electron in kilograms, and B is the
magnetic field strength in teslas. The thermal velocity of an
electron is

ve =
√

2kB Te

me
. (10)

In the ambient solar wind at 1 AU, the IMF is approximately
4 nT [41]. The magnetic field in the magnetosheath is complex,
and extensive studies have been conducted to parameterize
it [42]. In general, the IMF may be amplified in the magne-
tosheath, and the magnetic field is estimated as 10 nT based
off data from Cluster 1 [43], [44].

Using the parameters from Table I and assuming that the
electron velocity is entirely perpendicular to the magnetic field,
the gyroradius of electrons is approximately 2.8 km in the
dayside solar wind and 1.4 km in the dayside magnetosheath
plasma. Separation distances of tens of meters are proposed
for touchless potential sensing, which is significantly less than
the gyroradius. Therefore, deflection from the servicer due to
the magnetic field does not limit sensing capabilities.

The distance at which particles travel between collisions is
characterized by the mean free path, λmfp. The mean free path
of particles in a Maxwellian plasma is [45]

λmfp = 48
√

6/π NDλD

ln(9ND)
(11)
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where ND is the Debye number or the number of particles in
a sphere with radius equal to the Debye length

ND = 4

3
πneλ

3
D . (12)

The mean free path is approximately 6.5E8 km in dayside solar
wind and 10.8E8 km in dayside magnetosheath plasma, which
is orders of magnitude larger than the proposed touchless
potential sensing scale. Therefore, collisions are also not a
limitation for sensing in these regions.

VIII. SERVICER–TARGET INTERACTIONS

In order to investigate the influence of effective Debye
lengths on particle motion, two aluminum, 1-m radius spher-
ical spacecraft, a servicer and target, are modeled in dayside
solar wind plasma in NASCAP-2k. As found in Section V,
NASCAP-2k overestimates the scaling parameter when com-
pared to the turning point solutions. However, the scaling
parameter trends better follow the trends found using the
turning point method, as the scaling parameter increases
with increasing radius and potential and the rate of change
decreases with increasing potential. The purpose of this section
is to analyze trends in servicer–target interactions, so the
magnitude of the sheath is of secondary importance compared
to the trends in sheath size. In addition, the difference in the
potential field versus distance from the spacecraft surface is
shown to be small for the larger scaling parameter solutions
in Section V, so the NASCAP-2k potential field estimates
are a reasonable approximation. Therefore, the findings in
NASCAP-2k are analyzed as an approximation and show the
general interactions between a servicer and target in the cislu-
nar solar wind. The conclusions drawn from the simulations
also apply to the dayside magnetosheath environment, as the
effective Debye length is on a similar scale and the other
factors investigated were also not found to be a concern in
this region.

The servicer is held to 1 and 10 kV in order to determine
the impact of different effective Debye lengths and potential
magnitudes on servicer–target interactions; 1 kV is chosen
as the lower bound, as this is the lowest potential at which
the effective Debye length has been investigated; 10 kV is
chosen for comparison as this is a reasonable potential for
touchless potential sensing and the electrostatic tractor, and
it allows for comparison between servicers with an order
of magnitude difference in potential. The target is allowed
to float in order to analyze how different servicer potentials
and separation distances may impact the target’s potential and
electron emissions. The target is simulated at distances of 10,
20, 40, and 100 m in order to analyze how the interactions
change with changing separation distances. The grid definition
is based on the findings from Section IV. Thus, the external
boundary is defined at least 100 m from the edge of both
spacecraft, and the grid elements are smaller than 0.5 m near
the surface of the spacecraft. Fig. 13 shows the grid for a
distance of 10 m between the servicer and the target.

The NASCAP-2k analysis requires two steps to investigate
the servicer and target interactions: computation of target
charging and potentials in space, and simulation of emitted

Fig. 13. Cutaway of NASCAP-2k grid for computation with 10-m separation
between spacecraft (left) and resolution of the grid around spacecraft surfaces
(right).

particle trajectories. For the first step, the surface charging
is computed using the “Tracked Ion & Analytic Electron
Currents” option. For this option, the electron surface currents
are calculated using analytic formulas appropriate for the spec-
ified environment, interplanetary Maxwellian plasma for this
case. The ion surface currents are taken from particle tracking
results, and for this study, the ion particles are generated as
a thermal distribution at the grid boundary. The potentials in
space are once again found using the analytic nonlinear option.
Once the potentials in space and target potential are found,
the emitted particle trajectories are simulated. NASCAP-2k
does not automatically provide an option to simulate emitted
particle trajectories. However, spacecraft surfaces may be
assigned as “Emitters” in the Object Toolkit. For an emitter, the
emitted current density, range of angles, and range of kinetic
energies are specified, and the particles may then be tracked
from the surface. After computing the floating potential of the
target, various current densities can be found on the “Results”
tab. For an eclipse environment, which may occur if the
target is shadowed by the servicer or other spacecraft, the
secondary electron current is the dominant emitted current.
The angular distribution of secondary electrons approximately
follows a Lambertian distribution and is nearly independent of
the impacting particle’s angle of incidence [6], [46]. Therefore,
the range of angles is defined as zero to π or the highest
range of emitted angles possible. The emitted energy of a
secondary electron is on the order of a few electronvolts and
follows a characteristic distribution, often modeled using the
Chung–Everhart probability density function, with a peak at
one third of the work function ϕ of the material [47]. The
work function of aluminum is assumed to be 4 eV [48], so the
energy of the secondary electrons is defined as 1.333 eV. Once
the emitter is defined, the trajectories are modeled as particles
injected into the computational space from the surface of the
spacecraft.

The dayside solar wind environment is, as the name implies,
a sunlit environment. Therefore, computations are also con-
ducted in sunlight, and in sunlight, the photoemission current
exceeds other current contributions. The photoemission current
density can again be found in the “Results” tab. Since photo-
electrons are a case of secondary electrons emitted by photons
as opposed to incident electrons, the angular distribution again
follows a Lambertian distribution, and the range of angles
is defined from zero to π . The maximum emission energy
follows the relation:

Eph,max = ω − ϕ (13)
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TABLE VI

POTENTIAL AND CURRENT DENSITY OF ELECTRON EMISSIONS FOR A 1-m RADIUS TARGET NEAR A 10-kV, 1-m RADIUS SERVICER

where ω is the incident photon energy and ϕ is the work
function. The Ly–α line is the dominant wavelength in the
solar spectrum at 10.2 eV, so in theory, photoelectrons will be
generated from aluminum surfaces at approximately 6.2 eV.
However, photoelectrons must be excited in a direction such
that it can propagate through the material and overcome the
work function barrier. Following this process, photoelectrons
emerge from the surface with typical energies between 1 and
3 eV [32], [49]. Therefore, the emitted energy is set from 1 to
3 eV. In addition, photoelectrons are only emitted from half
the target, as only half of the sphere will be sunlit.

A. 10-kV Servicer Results

The results are presented for the 10-kV servicer. The
effective Debye length for this servicer as found in NASCAP-
2k is 35.1 m, so the approximate distance at which the servicer
is theorized to be capable of attracting the target’s emissions
is 45.2 m, the sum of the servicer’s effective Debye length
and the electron Debye length. The target’s resulting potentials
and currents in eclipse and sunlight are shown in Table VI.
In eclipse, as the target moves closer to the servicer, the surface
potential becomes more negative. This may be contributed to
a change in charging currents because the positive servicer
repels ions and attracts electrons, so as the target moves closer
to the servicer, the flux of incident electrons increases and
incident ions decreases. In addition, the presence of a charged
neighboring object alters the capacitance of a spacecraft as a
function of the separation distance, which in turn alters the
spacecraft potential [50]. In addition, the secondary electron
current density decreases as the target approaches the servicer.
Ambient electrons are accelerated to the energy of the servicer
as they approach it, and secondary electron emissions favor
lower energy incident electrons [51]. More specifically, Emax

of aluminum, or the energy corresponding to the maximum
secondary electron yield, is 300 eV, significantly less than
the potential of the servicer [48]. Furthermore, there is a
larger change in potential closer between 10 and 20 m than
between 20 and 40 m. This is expected, as the potential
field changes at a higher rate closer to a charged spacecraft,
as shown by the potential fields in Figs. 4, 7, and 8. In sunlight,
the photoemission current exceeds other contributing currents,
so the target potential remains at a positive 5.021 V for all
positions.

The secondary electron emissions modeled are shown
in Fig. 14. The secondary electron trajectories are tracked
throughout the grid but are only shown in a section of the
grid in order to more clearly visualize individual trajectories.
As a result, some trajectories appear to stop suddenly, but these

simply left the bounds of what is plotted. As expected, regard-
less of separation distance, the secondary electron emissions
are accelerated away from the negative target, and once the
electrons are within the sphere of influence of the servicer,
their trajectories are warped toward the servicer and may
impact the surface. This is promising for touchless potential
sensing, as emissions may reach the servicer at distances
far exceeding the effective Debye length. However, at larger
separation distances, fewer emissions are drawn toward the
servicer, and the detected currently likely decreases. This will
be explored further in Section IX.

The photoelectron trajectories from a sunlit target are shown
in Fig. 15. Since the target charges positively in sunlight,
the photoelectrons are not repelled from the target spacecraft
and in isolation would be attracted back toward the target.
However, if the potential field of the positive servicer exceeds
that of the target, seen at separation distances of 10–40 m, the
photoelectrons emitted from all sides of the target are drawn
toward the servicer. These emissions then impact the servicer
or enter complex trajectories that appear to orbit the servicer
and target. This may lead to more positive potentials on the
target, but this effect is not accounted for in NASCAP-2k
computations and may be a subject of future work. At 100 m
of separation, the servicer and the target do not interact with
each other, as they are farther than approximately 45.2 m apart.
As a result, the low-energy photoemissions are attracted back
toward the positively charged target and are not detected by
the servicer.

B. 1-kV Servicer Results

The results are presented for the 1-kV servicer. The effective
Debye length found for this servicer in NASCAP-2k is approx-
imately 15.8 m. Thus, the servicer is theorized to be capable
of attracting the target’s emissions within a separation distance
of 25.9 m, the sum of the servicer’s effective Debye length and
the electron Debye length. The target’s resulting potentials and
currents in eclipse and sunlight are shown in Table VII. The
same trends are seen as in the previous section, as the target
becomes more negative and the secondary electron current
decreases as it approaches the servicer. However, the target
potential is more positive and the secondary electron current
is larger in comparison. This makes sense, as the 1-kV servicer
does not attract as many electrons and repel as many ions as
the 10-kV servicer. Furthermore, the electrons are not accel-
erated as much as they approach the servicer, so their energy
remains closer to the Emax energy of 300 eV. In addition, the
potential approaches its isolated, floating potential at smaller
separation distances than the previous case. This is expected,
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Fig. 14. Secondary electron trajectories from a negatively charged 1-m radius target (right) in eclipse at varying distances from a 10-kV, 1-m radius servicer
(left). (a) 10-m separation, Vfl,target. (b) 20-m separation, Vfl,target. (c) 40-m separation, Vfl,target. (d) 100-m separation, Vfl,target .

Fig. 15. Photoelectron trajectories from a 5.021-V, 1-m radius target (right in sunlight at varying distances from a 10-kV, 1-m radius servicer (left). (a) 10-m
separation. (b) 20-m separation. (c) 40-m separation. (d) 100-m separation.

as the effective Debye length for a 1-kV servicer is shorter
than that for a 10-kV servicer. Thus, the potential field and

the servicer interactions with the target will decrease more
rapidly. The potential in sunlight is once again dominated by
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Fig. 16. Secondary electron trajectories from a negatively charged 1-m radius target (right) in eclipse at varying distances from a 1-kV, 1-m radius servicer
(left). (a) 10-m separation, Vfl,target. (b) 20-m separation, Vfl,target. (c) 40-m separation, Vfl,target. (d) 100-m separation, Vfl,target.

the photoemission current, and the target potential is the same
as the previous case and remains unchanged as the servicer
approaches the target.

The modeled secondary electron emissions are shown in
Fig. 16. Again, the trajectories are modeled through the
entirety of the grid, but only a section of the trajectories are
shown in order to more easily evaluate individual trajectories.
The same behavior is seen as the previous case, as secondary
electrons are accelerated away from the negative target and
may enter the potential field of the servicer. However, the
potential field, or sheath size, of the 1-kV servicer is smaller
than that of the 10-kV servicer, so less emission trajectories
are influenced by the potential field of the servicer.

The photoelectron trajectories are shown in Fig. 17. The
emissions are attracted to the servicer from all sides at
separation distances of 10 and 20 m and again either impact
the servicer or enter into complex trajectories. At 40 m of
separation, the servicer and target are approximately 14 m
farther apart than their combined Debye lengths. However,
some of the trajectories from the near side of the target are still
attracted toward this servicer. Upon further investigation, it is
found that the potential field surrounding the servicer is 3 V,
or the maximum energy of the photoelectrons, near the closest
side of the target, as shown in Fig. 18. Therefore, the most
energetic photoemissions emitted from the side of the target
nearest the servicer reach the point at which the potential field
of the servicer exceeds the potential field of the target and are
pulled directly toward the servicer. At 100-m separation, the
servicer and target once again do not interact with each other,
so the photoemissions are attracted back toward the target.

C. Comparison to Vacuum and Debye–Hückel Model

In order to verify the importance of using the effective
Debye length to calculate potential fields instead of the elec-
tron Debye length or the vacuum model, the photoelectron
trajectories are modeled in NASCAP-2k using the “Laplace”
and “linear (Debye shielding)” potentials in space options. The
Laplace, or vacuum, model assumes zero space charge, or the
charge exists only on the object surfaces, as approximated
by (2) and (3). This is the approximation that has been utilized
in investigations in the GEO environment. The linear (Debye
shielding) model solves the Debye–Hückel equation using the
electron Debye length, as shown in (4) and (5). Therefore,
these options provide a method to compare the servicer–target
interactions found using the effective Debye length to the
models outlined in Section IV. The target potential and pho-
toelectron current density are kept the same as in Table VII
in order to allow for direct comparison.

The trajectories found using the listed models are shown
in Fig. 19. The photoelectron trajectories modeled using the
Laplace model more closely resemble the results in Fig. 16
when the target is negatively charged. In other words, the
Laplace assumption overestimates the servicer’s potential field,
so photoemissions are attracted at distances far exceeding the
combined effective Debye lengths. Thus, this model does not
accurately capture the potential field damping that occurs in
the plasma environment and vastly overestimates the distance
at which the servicer can sense the target’s potential. At 40 m,
the servicer and target are no longer interacting in the Debye–
Hückel model, which shows an overestimation of the potential
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Fig. 17. Photoelectron trajectories from a 5.021-V, 1-m radius target (right) in sunlight at varying distances from a 1-kV, 1-m radius servicer (left). (a) 10-m
separation. (b) 20-m separation. (c) 40-m separation. (d) 100-m separation.

TABLE VII

POTENTIAL AND CURRENT DENSITY OF ELECTRON EMISSIONS FOR A 1-m RADIUS TARGET NEAR A 1-kV, 1-m RADIUS SERVICER

Fig. 18. Potential field and photoemission trajectories for a 1-kV, 1-m radius
servicer (left) and 5.021-V, 1-m radius target (right) at a separation distance
of 40 m.

field damping compared to the previous section. Therefore, the
distance at which the servicer can sense the target’s potential
is underestimated using this model. As found in the previous
section, the effective Debye length is already a conservative
estimate for the distance at which the servicer can detect the
target’s emissions, so the Debye–Hückel model is not useful

for estimating possible potential sensing distances. In addition,
the use of the Laplace or Debye–Hückel model may over-
estimate and underestimate, respectively, the Coulomb force
between the target and servicer and the current detected by
the servicer due to the models’ inaccuracies when determining
the servicer’s potential field.

IX. TOUCHLESS POTENTIAL SENSING

Now that the possible separation distance between a ser-
vicer and a target for electron emissions from the target to
be capable of reaching the servicer has been investigated,
the feasibility of touchless potential sensing is determined.
In order to touchlessly sense the potential of a target without
the use of an electron beam or UV laser, the natural emissions
from the target must be distinguishable from the ambient
plasma environment. In other words, within the maximum
separation distance at which interactions occur, discussed
in Sections VIII-A and VIII-B, sufficient current must reach
the servicer’s sensor. Electrostatic analyzers (ESAs) are used
to measure the ambient charged particle distribution func-
tion [52]. For this work, a retarding potential analyzer (RPA)
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Fig. 19. Photoelectron trajectories from a 5.021-V, 1-m radius target (right) in sunlight at varying distances from a 1-kV, 1-m radius servicer (left) using
nonlinear, Laplace, and Debye–Hückel potentials in space models. (a) 10-m separation, nonlinear model. (b) 10-m separation, Laplace model. (c) 10-m
separation, Debye–Hückel model. (d) 20-m Separation, nonlinear model. (e) 20-m separation, Laplace model. (f) 20-m separation, Debye–Hückel model.
(g) 40-m separation, nonlinear model. (h) 40-m separation, Laplace model. (i) 40-m separation, Debye–Hückel model. (j) 100-m separation, nonlinear model.
(k) 100-m separation, Laplace model. (l) 100-m separation, Debye–Hückel model.

is proposed to measure the ambient environment and tar-
get’s electron emissions, and the energy resolution 	E/E
is assumed to be 4%, comparable to the resolution found
in [5]. The resolution is equivalent to the width of the
discreet current bins measured by the RPA. The distribution
of ambient electron current density to a positively charged
spherical spacecraft as a function of velocity distribution in a
Maxwellian plasma is [32], [52]

J (E2) − J (E1) = qene(1 + qeVs/kB Te)

(2πme)1/2(kB Te)3/2

∫ E2

E1

e−E/kB Te EdE

(14)

where Vs is the servicer potential and E is the electron
energy, or E = (1/2)mev

2
e assuming nonrelativistic particles.

In addition, when electrons approach a positively charged
spacecraft, they gain an energy equal to qeVs , which shifts
the distribution versus energy plot qeVs to the right [52].
This provides a method of determining the servicer potential
using an RPA and must be considered when modeling the
distribution.

As previously outlined, when conducting touchless potential
sensing, the arrival energy of the emitted electrons at the
servicer is approximately equal to the difference in potential
between the servicer and target E = qeVs − qeVt . However,
electrons are emitted with energies on the order of a few volts,
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TABLE VIII

MEASURED CURRENT DENSITY OF TRACKED ELECTRON EMISSIONS IN NASCAP-2K
FOR ALL SIMULATIONS DISCUSSED IN SECTIONS VIII-A AND VIII-B

as discussed in Section VIII, so the arrival energy may be more
accurately represented as

E = (qeVs − qeVt)

∫ ∞

0
f (Ei)dEi (15)

where f (Ei ) is the distribution of emission energies of an
emitted particle species. Furthermore, because the incoming
particles are accelerated to the potential of the servicer, the
minimum energy measured is also equal to the potential
of the servicer. Therefore, it is assumed that for a positive
target, the arrival energy is equal to the potential of the
servicer E = qeVs

∫ ∞
0 f (Ei)dEi . The distribution of sec-

ondary electron emission energies may be represented using
the Chung–Everhart model, as mentioned in Section VIII [47]

f (Es) = 6ϕ2 Es

(Es + ϕ)4
(16)

where Es is the energy of the emitted secondary electron
with respect to the vacuum level. The emission energy of
photoelectrons, based on lab tests, may be from 1 to 3 eV
as previously mentioned, but the distribution within this range
is not well known [32], [49]. Thus, the emission energy for this
approximation is assumed to be negligible or

∫ ∞
0 f (E ph) = 1.

The target’s electron emissions current is superimposed on
the ambient current, simulating the distribution of current
densities measured by a servicer’s RPA. The signal is assumed
to be differentiable from the noise if it is approximately 1 nA
larger than the ambient environment, based on [31].

A. Passive Touchless Potential Sensing

In order to determine whether passive touchless potential
sensing is possible in the cislunar regions considered in this
study, the tracked current density to the surface element of
the servicer closest to the target, which will be referred to as
the measured current density, is determined using NASCAP-
2k’s “Results” tab, shown in Table VIII. This simulates the
current density that is received by an RPA pointed at the target,
and the total current is determined by simply multiplying
the current density by the area of the RPA. The measured
photoelectron current density to the 10-kV servicer decreases
as the separation distance increases. However, the measured
photoelectron current density to the 1-kV servicer is larger at
40 m than at 20 m. This is likely because the emissions are
attracted directly to the servicer rather than orbiting around
the servicer and target, as shown in Fig. 17. In addition,
the secondary electron emissions measured by the 10-kV
servicer increase as the distance increases. This is because the

total secondary electron emissions from the target decrease
due to the acceleration of the electrons close to the highly
positive servicer, as discussed in Section VIII-A. This trend
is also seen for the 1-kV servicer for the separation distances
from 10 to 40 m. However, the measured secondary electron
emissions decrease from 40 to 100 m. This is because the
total emissions remain approximately the same between these
distances, as the target is mostly outside the influence of
the servicer at 40 m of separation. Then, as the distance
increases, less secondary electron emissions are pulled toward
the positive servicer. Therefore, the optimal separation distance
when measuring naturally emitted secondary electrons is near
the outside edge of the servicer’s potential sheath, and mini-
mizing the separation distance when measuring photoelectrons
is optimal.

The maximum current density for the sunlit cases occurs
at 10 m of separation. The current measured by a 3-cm
radius RPA at this separation distance is 5.6 and 4.1 nA for
the 1- and 10-kV servicer, respectively, which is detectable.
However, these measurements are not large enough to form
a clearly distinguishable peak in RPA current measurements,
as shown in Fig. 20. In order to determine whether there is
a situation in which there is a distinct peak from passively
emitted photoelectrons, the trajectories are tracked for a lower
servicer potential case in NASCAP-2k, as this will decrease
the measured ambient electron current density. The servicer is
held to 50 V, and the target once again floats to 5.021 V with a
photoelectron current density of 3.249E-6 A/m2. The tracked
current density to the servicer’s surface element closest to the
target is found to be 7.909E-7 A/m2, and the measurement
bins for a 3-cm radius RPA are shown in Fig. 21. The
energy bin containing the measured photoemissions is approx-
imately 2.37 nA and three times the maximum energy bin of
the ambient environment, which is sufficient to differentiate
it from the ambient environment. Therefore, lower servicer
potentials are desirable when sensing the naturally emitted
photoemissions from a target. However, this also decreases
the effective Debye length of the servicer, so an optimization
study may be conducted to determine the optimal conditions
for passive potential sensing of a positively charged target in
cislunar space regions with short Debye lengths. Measuring a
distinct peak may also be more readily achieved through the
use of an RPA with a finer energy resolution.

The maximum measured secondary electron current density
from a negative target to the servicer is 1.030E-10 A/m2,
as shown in Table VIII. This requires an RPA with a radius of
approximately 85 cm to measure an emitted current of 1 nA.
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Fig. 20. Current measurement bins of passive photoemissions from a 5.021-V
target to a 1-kV servicer at a separation distance of 10 m. Measurements are
binned for a 3-cm radius RPA with an energy resolution 	E/E of 4%.

Fig. 21. Current measurement bins of passive photoemissions from a 5.021-V
target to a 50-V servicer at a separation distance of 10 m. Measurements are
binned for a 3-cm radius RPA with an energy resolution 	E/E of 4%.

However, the current from the ambient environment given
these conditions is on the order of 100 nA, two orders of
magnitude larger than the current due to secondary electron
emissions from the target, so there is no discernible peak in the
current distribution due to secondary electron emissions from
the target, as shown in Fig. 22. In order to determine whether
minimizing the servicer potential may allow for detection of
secondary electron emissions, a 2-m radius servicer and a 1-m
radius target at a separation distance of 10 m are modeled in
NASCAP-2k. The servicer is then held to 50 V, and the target
floats to −12.16 V with a secondary electron current density
of 3.123E-8 A/m2. The trajectories are once again modeled,
and the measured current density is found to be 3.621E-10 A.
To measure 1 nA of current, a 94-cm radius RPA is required.
However, the current from the ambient environment is on the
order of 10 nA under these conditions, and there is again
no discernible peak in distribution or RPA measurements,
as shown in Fig. 23. In addition, the RPA radii required to

Fig. 22. Current distribution to an 85-cm radius RPA on a 1-kV servicer. The
vertical black line marks the arrival energy expected from a target charged to
−29.89 V.

Fig. 23. Current measurement bins of passively emitted secondary electrons
and ambient environment electrons to a 94-cm radius RPA on a 50-V servicer.
The black vertical line marks the arrival energy expected from a target charged
to −12.16 V. Measurements are binned for an RPA with energy resolution
	E/E of 4%.

detect the secondary electron current are several times larger
than RPA used in previous experiments, which have radii
on the order of a few centimeters [5], [53], and may not
be physically feasible. Therefore, passive potential sensing
using secondary electron emission from negatively charged
spacecraft in eclipse in short Debye length regions around the
moon is not feasible.

B. Active Touchless Potential Sensing

Two case studies are conducted to determine the feasibility
of active touchless potential sensing in cislunar regions with
short Debye lengths. Active potential sensing makes use of an
electron beam or UV laser to excite secondary electrons or
photoelectrons. This is not readily simulated in NASCAP-2k,
so analytic expressions are utilized to determine the approxi-
mate potential of the servicer and target and secondary electron
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emissions excited when an electron beam is used to excite
electron emissions. The current balance equation of a servicer
emitting electrons through an electron beam is [32]

Ie(V )(1 − α) − Ii (V ) − Iph(V ) − Ie,B = 0 (17)

where Ie is the incident electron current, Ii is the incident ion
current, α is the sum of the secondary electron yield δ and
backscattered electron yield η, Iph is photoelectron current, and
Ie,B is the electron beam current. It is assumed that the energy
of the electron beam is higher than the energy of the servicer,
so all electrons emitted from the beam escape the servicer. The
orbit motion limited (OML) equations for spherical current
collection are utilized, and the incident electron current is [32]

Ie = 1

4
qeneve A exp

(
qeV

kB Te

)
for V < 0 (18a)

Ie = 1

4
qeneve A

(
1 + qeV

kB Te

)
for V > 0 (18b)

where A is the total surface area of the spacecraft. The incident
ion current is

Ii = 1

4
qenivi A

(
1 − qeV

kB Ti

)
for V < 0 (19a)

Ii = 1

4
qenivi A exp

(−qeV

kB Ti

)
for V > 0. (19b)

The photoelectron current is

Iph = qe Aph f Yph(1 − R) cos(θ) for V < 0 (20a)

Iph = qe Aph f Yph(1 − R) cos(θ) exp

(−qeV

kB Tph

)
for V > 0

(20b)

where Aph is the sunlit area of the spacecraft, f is the flux of
photons, Yph is the photoelectron yield or emitted photoelec-
tron per incident photon, R is the reflectivity of the surface
material, and θ is the impact angle. For this approximation,
the impact angle is assumed to be zero, or perpendicular
to the surface. The Ly–α line (10.2 eV) is dominant in the
solar spectrum, and the flux of photons with energy equal to
this is estimated as 4.48E17 photons/m2/s from the NRLSSI2
reference spectra from July 2008. The yield and reflectance
of aluminum at 10.2 eV and a 0◦ impact are 0.58 and 0.93,
respectively [54].

The secondary electron yield δ depends on the incidence
energy of the primary particle and angle of incidence. For this
approximation, the incidence angle of the electrons is again
assumed to be zero or perpendicular to the surface of the
spacecraft, so δ can be roughly approximated by the Sanders
and Inouye yield model [55]

δ(E, 0) = c
[
e−E/a − e−E/b

]
(21)

where a = 4.3 Emax, b = 0.367 Emax, and c = 1.37δmax [51].
δmax is the maximum yield and Emax is the energy at the
maximum yield. For aluminum, these values are assumed to
be 0.97 and 300 eV [48].

The backscattered electron yield η for sufficiently high
impact energies depends on the atomic number of the surface
material Z and the impact angle. For this approximation,

the incidence angle is once again assumed to be zero or
perpendicular to the surface of the spacecraft, and the yield
can be approximated by the model proposed in [55] and [56]

η(Z , 0) = a − 1 + 0.5a

a + 1
(22)

with a(Z) = 0.045Z being an experimentally fit parame-
ter. The minimum electron energy (in eV) that makes this
approach valid is shown to be

Emin ≥ 13.7Z 4/3 tan(θ/2) (23)

with 180◦ − θ being the deflection angle of the electron in
the material. To establish this value, Romero-Calvo et al. [55]
suggested using θ = 45◦. If the impact energy is smaller
than the minimum energy, the backscattered electron current
is assumed to be negligible. The atomic number of aluminum
is 13 [48], resulting in a minimum energy of 173.46 eV.

Electron emissions escape from the surface with energies
on the order of a few volts. Therefore, if the spacecraft is
more than a few volts positive, the electron emissions will be
attracted back toward the servicer. It is shown in Section VIII
that a positively charged servicer may attract emissions away
from the target even if it is positively charged, but this will be
ignored for charging purposes. Furthermore, in order to find
α in a Maxwellian plasma, the yield is integrated over the
distribution function. As a result, the electron emission yield
is modeled as

α =
∫ ∞

0
(η(E) + δ(E)) fE (E) for V < 0 (24a)

α = 0 for V > 0 (24b)

where fE (E) is the Maxwellian energy distribution function

fE (E) = 2E1/2

π1/2(kB Te)3/2
exp

( −E

kB Te

)
. (25)

The current balance equation of a target being impacted by
an electron beam, assuming the entirety of the beam impacts
the target, is [4], [32]

Ie(V )(1 − α) − Ii (V ) − Iph(V ) + Ie,B(V )(1 − αB) = 0

(26)

where αB is the sum of the secondary electron and backscat-
tered electron emissions due to the beam. The effective impact
energy of the electron beam is approximated as [32]

Eeff = EB + qeVt − qeVs for qeVs − qeVt < EB (27)

Eeff = 0 for qeVs − qeVt ≥ EB (28)

where EB is the emission energy of the beam. If the difference
between the potential of the servicer and the target is greater
than the energy of the electron beam, the beam will be
deflected by both objects and not impact the target [32].
The effective energy of the electron beam then serves as
the impact energy when calculating the secondary electron
and backscattered electron yield αB . The secondary electron
current excited by the electron beam is found as

ISE,B = δ(Eeff)Ie,B . (29)
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Fig. 24. Current measurement bins of actively emitted secondary electrons
from a −647.78-V target to a 729.37-V servicer at a separation distance of
40 m. Measurements are binned for an RPA with an energy resolution 	E/E
of 4%.

Active charging is simulated for two scenarios. The first
includes a 1-m radius servicer and target in eclipse with a
2-kV, 400-μA beam. The potentials of the servicer and target
are found to be 729.37 and −647.78 V, respectively, and the
secondary electron current excited by the beam is 3.261E-4A.
In order to determine the current density to the servicer, the
target and servicer are assumed to be separated by 40 m and
the electron beam is assumed to have a divergence angle of
0.1◦. The radius of the area of the target impacted by the
electron beam is then approximately 7 cm. A circular surface
element with a 7-cm radius is created on the surface of the tar-
get closest to the servicer in NASCAP-2k, and the secondary
electron emissions are modeled from this area following the
same process outlined in Section VIII. The measured current
density is found as 6.194E-7 A/m2 in NASCAP-2k or 1.8 nA
when measured by a 3-cm radius RPA, and the measured
current distribution is shown in Fig. 24. The temperature of
the dayside solar wind electrons is 11 eV, so the distribution of
ambient electrons at the energy of the measured target electron
emissions, approximately 1,377 V, is negligible, as shown.
Therefore, the target’s emissions are easily identifiable, and
active touchless potential sensing of a negative target in eclipse
is feasible.

The second scenario includes a 1-m radius servicer and
target in sunlight with a 0.5-kV, 250-μA beam. The potentials
of the servicer and target are found to be 451.73 and 4.306 V,
respectively, and the secondary electron current due to the
beam is 0.114 mA. For this scenario, the servicer and target
are assumed to be 20 m apart, and the electron beam is again
assumed to have a divergence angle of 0.1◦, resulting in an
impact area with a radius of 14 cm. As stated previously, for
charging purposes, the secondary electron current excited by
the beam is assumed to be zero for a positive target. However,
in Section VIII, it was found that the servicer may pull
emissions from a positively charged target. Therefore, a repre-
sentative circular surface element is once again created on the
target, and the measured current density is 1.046E-6 A/m2 or

Fig. 25. Current measurement bins of actively emitted secondary electrons
from a 4.306-V target to a 451.73-V servicer at a separation distance of 20 m.
The black horizontal line in the first bin represents the current measured at
that energy when no target emissions are detected. Measurements are binned
for an RPA with an energy resolution 	E/E of 4%.

3 nA when measured by a 3-cm radius RPA. The measured
current bins are shown in Fig. 25, and the horizontal black
line in the first bin represents the current measured when no
emissions are detected from the target. As shown, there is
a distinguishable change in peak when viewing the measured
energy bins. Therefore, the current from the target may be dif-
ferentiated from the ambient environment’s current, and active
touchless potential sensing of a positively charged spacecraft
in short Debye length regions around the moon is feasible.
For all passive and active sensing scenarios, an instrument
with higher resolution or a collimator may be used to enhance
the signal-to-noise ratio of the detector [57].

X. CONCLUSION

This article presents the solutions for the potential field
surrounding a spherical spacecraft around the moon using
the effective Debye length, determined using NASCAP-2k,
SPIS, and turning point solutions. The effective Debye length
varies between solution methods, which is found to provide an
approximation of the range of potential fields. In addition, all
methods show that the effective Debye length increases as the
radius and potential of a spherical spacecraft increases, creat-
ing a larger sheath around a spherical servicer and enabling
touchless potential sensing at larger separation distances than
estimated with the electron Debye length. Deflections due
to the magnetic field and collisions are found to be sec-
ondary considerations compared to the potential field damping,
allowing interactions between a servicer and a target to be
approximated using NASCAP-2k simulations. It is found that
secondary electron emissions from a target decrease as it
is approached by a servicer, as the ambient electrons are
accelerated to energies higher than the optimal energy for
emissions. Furthermore, if the servicer’s potential field exceeds
the potential of the target, the emissions from a positive target
may be drawn toward the servicer and detected.
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It is revealed that active touchless potential sensing and
passive potential sensing of photoelectrons is feasible in cis-
luanr regions with short Debye lengths. Touchless potential
sensing may then be extended to this region, so long as care
is considered for potential shielding that will occur.
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