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Amethod has been recently proposed to estimate the electric potential of co-orbiting space-
craft remotely using x-rays that are excited by an electron beam. Prior work focused on the
theoretical foundation and experimental validation of this method using flat target plates. Al-
though useful for the validation of this concept, flat plates do not adequately represent the shape
of spacecraft and the resulting complex particle dynamics. Additionally, all previous experi-
ments were conducted with fully conducting test objects, but components of spacecraft are not
always connected to one common electric ground. This paper experimentally investigates the
remote electric potential estimation of objects with complex shapes and differentially-charged
components using x-rays. A particle tracing simulation software is used to assist the interpre-
tation of the experimental results. The results show that the orientation of the target strongly
affects which component’s potential is measured. A new analysis method is proposed that
enables the simultaneous measurement of multiple potentials using a single x-ray spectrum.

I. Introduction

Spacecraft charge in orbit due to various electric currents in the space environment. The incoming electromagnetic
radiation from the Sun excites electrons and causes them to escape from the spacecraft if the craft is charged

negatively, leading to a positive photoelectric current. The plasma environment in Earth orbit results in both positive
and negative currents due to the ions and electrons that impact objects in space. In Low Earth Orbit (LEO), the plasma
environment is cold (low particle energies) and dense. Thus, spacecraft tend to charge a few volts positive in sunlight
and a few volts negative in eclipse. In High Earth Orbit, such as the Geostationary Earth Orbit (GEO) regime, however,
the plasma is hot and tenuous, resulting in high spacecraft potentials that can reach tens of kilo-volts.

These high electric potentials affect spaceflight in several different ways. One of these effects is arcing. It is
recommended by spacecraft design guidelines to build fully conducting satellites in order to mitigate unfavorable
charging effects [1]. However, if the spacecraft is not fully conducting, some structures charge to different potentials
than others, referred to as differential charging. This can lead to arcing between components, for example between the
solar panel and the spacecraft bus, and consequently reduces the lifetime of the solar panel and the spacecraft [2, 3].
Electrostatic discharge can also occur during docking operations if the electric potential difference between the two
objects is large. This is possible if one spacecraft eclipses the other while docking, blocking out the light from the
Sun that is responsible for the photoelectric current. For instance, the Lunar Gateway is oriented such that the Orion
capsule’s tail faces the Sun during docking operations [4], which can lead to hazardous spacecraft charging events.

Another consequence from spacecraft charging are the electrostatic forces that result from electric potentials. Two
charged objects in proximity are subject to electrostatic forces proportional to the charging levels of the two objects.
While opposite signs of the charges result in attractive forces, equal signs cause repelling forces. Thus, even if both
objects are charged to the same potential, they are subject to a repelling force. This also leads to electrostatic torques
if the center of charge of each object does not correspond to its center of mass [5, 6]. These electrostatic forces and
torques can drastically influence the relative motion during rendezvous and proximity operations as well as docking [5].
By remotely estimating the electric potential of the nearby spacecraft, one can feed-forward the expected electrostatic
forces to reduce the control effort [7]. One can also take advantage of charged spacecraft and the resulting forces and
torques. The Electrostatic Tractor concept utilizes the electrostatic force to touchlessly relocate retired satellites from
GEO to a graveyard orbit [8]. The proposed relative motion control of the servicing satellite depends on the electric
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Fig. 1 Concept of touchlessly sensing the electric potential of a nearby object using the x-ray method

potential of the debris and consequently benefits from electric potential estimation [9]. While it would be possible
to measure the potential of the debris directly with common methods by establishing contact between the servicing
satellite and the debris, this would conflict with the fundamentally contactless approach of the Electrostatic Tractor
concept. Thus, remote electric potential sensing of nearby spacecraft provides great benefit for spaceflight.

Several methods to remotely sense electric potentials have been proposed. While it is possible to use x-ray, optical,
and radio emissions from GEO satellites to detect spacecraft charging and arcing events from LEO and even from
Earth’s surface [10], the proposed method only indicates that a spacecraft is charged, but not to what level. Reference
[11] proposes to estimate the electric potential of a nearby spacecraft from the relative motion evolution due to the
perturbation by the electrostatic force between the two craft. However, the estimation accuracy of this method depends
on the accuracy of the gravitational and relative motion models, only the potential of an effective sphere model is
estimated, and it takes minutes to hours to update the charge estimate. Reference [12] proposes to estimate the electric
potential and create a Multi-Sphere Model (MSM, see Ref. [13]) by measuring the electric field around the spacecraft,
but the study only considers the potential field induced by the two spacecraft and neglects the plasma environment.

Two new methods to sense electric potentials of nearby spacecraft have been investigated in recent years: the electron
method [14] and the x-ray method [15]. When electrons impact on a surface, they excite secondary electrons that leave
the surface with nearly zero kinetic energy and are accelerated if the object is charged negatively. The kinetic energy of
the electrons when they arrive at a servicing spacecraft corresponds to the potential difference between the object and
the servicer. Thus, by measuring the energy of the secondary electrons with a servicing satellite at a known potential,
the electric potential of the object is inferred. This is the electron method. The x-ray spectroscopy method utilizes an
electron beam on a servicing spacecraft to excite x-rays on a nearby object, as illustrated in Fig. 1. Bremsstrahlung
radiation is emitted from the object at a continuous spectrum of energies, and the maximum energy of the recorded
spectrum corresponds to the landing energy of the impacting electrons. If the object is charged positively or negatively,
the electrons are either accelerated or decelerated before they arrive at the object, which increases or decreases the
maximum energy of the x-ray spectrum. Thus, knowing the potential of the servicing spacecraft and the initial energy
of the electrons (the electron beam energy), the electric potential of the object is estimated. This work focuses on the
x-ray method.

Prior research developed the theoretical foundation for touchlessly determining electric potentials using x-ray
spectroscopy [15]. The X-ray spectrum consists of characteristic radiation at discrete energies and continuous
Bremsstrahlung radiation. Characteristic radiation is emitted at an energy that is distinct for each element, so the x-ray
method can also be used for determining material composition. The x-ray method is experimentally validated in Ref.
[16], where it is shown that it is possible to estimate electric potentials of a flat plate with errors of less than 100 V for
a wide range of potentials and for various angles between the x-ray detector and the electron beam. Reference [17]
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Fig. 2 Experimental setup with a box-and-panel object representing a spacecraft

investigates the angular dependence of the x-ray method by conducting experiments with a rotating target plate and also
by changing the angle between the detector and the electron beam. The results suggest that there is no relationship
between the accuracy of this method and the angle of the target plate or the x-ray detector, but the number of photons
detected by the x-ray detector (the signal availability) is affected by the plate angle. Reference [17] also shows that the
accuracy of this method for the given x-ray detector decreases with increasing electron landing energy due to detector
saturation, and suggests to control the electron beam energy as a function of the potential of the object (and of the
servicing satellite, because the relative potential between the two objects determines the landing energy) to maintain a
constant landing energy and enable better potential estimation. Reference [18] demonstrates that it is also possible to
use the x-rays that are generated by the ambient plasma environment to passively determine the potential of a nearby
object without using an active electron beam.

However, all experiments for the x-ray method were conducted with a single flat plate. Thus, the effects of
complex-shaped objects and differentially charged components on the performance of the x-ray remote sensing method
were not studied. This paper investigates the remote electric potential estimation of objects with complex shapes and
differentially-charged components by performing experiments in a vacuum chamber. The goal is to find the relationship
between the target orientation and the observability of the potential of each component. An overview of the experimental
setup and the particle tracing simulation framework is provided in Sec. II, as well as a fundamental review of the x-ray
spectroscopic potential estimation method. The experimental results are shown in Sec. III. Two different approaches are
discussed: the first approach aims at measuring the potential of each component of the target object individually, while
the second strategy seeks to measure multiple potentials simultaneously. The observability of each component as a
function of the target orientation is also discussed.

II. Experimental Setup and Theory of Potential Estimation using X-rays

A. Experimental Setup
The experiments are conducted in the ECLIPS Space Environments Simulation Facility [19]. The experimental setup

is shown in Fig. 2 and consists of an electron beam, an x-ray detector, and a box-and-panel shaped object on a rotary
stage representing a spacecraft bus with one solar panel. The bus of the spacecraft-like target object is a 70 × 70 × 70
mm cube and the panel is a 145 × 60 mm flat plate. Both components are made of aluminum. Additionally, a Retarding
Potential Analyzer (RPA) is included in the setup and used to touchlessly estimate potentials with the electron method
[20], but is not required for the x-ray method. The electron beam is a EMG-4212C from Kimball Physics and capable of
emitting electrons with energies from 1-30 keV and currents from 1 `A to 100 `A. The focus of the electron beam is
adjustable, which allows to either bombard a large area of the target object with electrons, or to focus the electron beam
on a small spot. An Amptek X123 X-ray spectrometer with a 6 mm2 Si-PIN diode is used to detect the x-rays, and the
line between the x-ray detector and the test object approximately forms a 16◦ angle with the electron beam.

A Matsusada AU-30R1 and a Spellman SL300 high voltage power supply separately control the potentials of the
spacecraft bus and the panel, and are able two provide potentials up to 30 kV and 1 kV, respectively. The orientation of
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the spacecraft with respect to the electron beam is varied with a RM-3 vacuum compatible rotary stage from Newmark
Systems, and measured with an incremental rotary high-vacuum Renishaw Tonic encoder. The angle is defined to be
zero when the panel aligns with the electron beam. A 3.8 cm diameter Kimball Physics Rugged Phosphor Screen is
attached to the backside of the test object to verify the landing spot of the unperturbed electron beam (i.e. when both the
bus and panel potential are equal to 0 V). The unperturbed landing spot of the electron beam is also used as a reference
point for the setup of the numerical simulation with the particle tracing software described in the next section.

B. Particle Tracing Simulation Framework
A phosphor screen is used to center the electron beam for a specific orientation (-30◦) of the uncharged target object,

but the exact landing spot of the electron beam on the target object changes with the orientation of the object and the
electric potential of the spacecraft bus and panel. However, to validate the experimental results, it is important to know
if the electron beam is hitting the bus or panel, because both components are charged to different potentials. Thus, the
particle tracing simulation software SIMION∗ is implemented to assist the interpretation of the experimental results.
SIMION solves Laplace’s equation to derive the electric field and then computes the particle trajectory from Newton’s
second law. The implementation of the SIMION simulation framework for remote sensing of electric potentials is
discussed in greater detail in Reference [20]. Figure 3 shows the SIMION model of the experimental setup.

C. Theory of X-ray Spectroscopic Potential Estimation
Energetic electrons can interact with atoms in various ways. When an inner-shell electron is removed by an incoming

energetic electron, an outer-shell electron of the atom fills the vacant spot of the inner-shell, and the difference in energy
between the two shells is released as a characteristic x-ray photon [21]. Because the energy difference between shells
varies from element to element, the characteristic energy is specific to each element and allows for material identification.
Another type of interaction occurs when an electron traverses closely to an atomic nucleus and is decelerated. Again,
the loss in energy is emitted as an x-ray photon, called Bremsstrahlung (German for braking radiation) [21]. However,
because the interaction with the nucleus can occur in many different paths, the energy of the emitted x-ray is not distinct
as for characteristic x-rays, but continuous. The maximum Bremsstrahlung energy is given by the Duane-Hunt law and
is equal to the energy of the incident electron prior to the interaction with the atom [22], referred to as the landing energy
(or effective energy). Thus, x-ray spectra can be used to estimate the landing energy of the electron beam electrons. The
electron beam interacts with the electric field created by charged objects, and the change in kinetic energy of the electron
beam corresponds to the difference in electric potential between the serving satellite (the initial location of the electron
beam electrons) and the target object (the final location). Therefore, knowing the electric potential of the servicing
satellite, the initial electron beam energy, and estimating the landing energy of the electron beam from x-ray spectra, the
potential of the target object can be inferred [15–17]. For the experiments conducted in the ECLIPS research vacuum
chamber, the electron gun is grounded, which corresponds to a neutral potential of the servicing satellite. Consequently,

∗https://simion.com (Consulted on: 26/11/2021)
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Fig. 4 Narrow Electron Beam for measuring each component individually

the change in energy of the electron beam is equal to the electric potential of the target object in the vacuum chamber.
Some sample x-ray spectra from the experiments are shown in Fig. 5, with the characteristic peak of aluminum

clearly visible at an energy of roughly 1.5 keV. To estimate the landing energy, it is not sufficient to simply take the
energy of the highest energy photon observed by the x-ray detector. Instead, a more robust method is recommended by
Ref. [23]. Taking advantage of the approximately linear shape of the Bremsstrahlung spectrum close to the landing
energy, a linear curve is fitted to the upper energy part of the x-ray spectrum. The energy where this fitted line intersects
the G-axis corresponds to the estimated landing energy. This procedure is explained in greater detail in Refs. [16] and
[17]. The fitted lines for each sample spectra are shown by the red curves in Fig. 5, labeled as Estimate. Note that the
log-scale of the plot distorts the linear shape of the fitted Estimate line.

III. Results
When measuring electric potentials using x-rays excited by an electron beam, several parameters can be adjusted:

the beam current, the beam energy, and the beam focus. A high beam current is generally desired, because it will result
in more x-rays being generated and thus yields a stronger signal. However, one must take into account the possibility of
detector saturation. The Amptek X123 X-ray spectrometer with a 6 mm2 Si-PIN diode used in this work has a maximum
count rate of 10,000 photons per second. Therefore, the electron beam current should be chosen such that this maximum
count rate is not exceeded during the 20 second accumulation time frame of the x-ray detector. An electron beam current
of ��� = 1 `A is used for all experiments in this work. Naturally, the electron beam interacts with the electric field
created by the charged target object and is deflected to some degree [24]. To reduce deflection, a higher electron beam
energy of ��� = 10 keV is used in this work. Finally, the electron beam focus is varied from experiment to experiment
to provide either a narrow beam spot option or a wide beam spot option. A narrow beam spot is used to excite x-rays
from a small source region on the target object. Ideally, the electron beam hits only one spacecraft component for a
given orientation and consequently each potential of a differentially charged object is measured individually. On the
other hand, a wide beam spot is used to excite x-rays from multiple spacecraft components at once and thus measure
multiple potentials simultaneously.

A. Measuring Each Component Individually
A small electron beam spot with a half-cone angle of about 0.2◦ is centered on the phosphor screen for a spacecraft

angle of −30◦ and grounded components, as shown in Fig. 4. An electron beam current of ��� = 1 `A and a beam
energy of ��� = 10 keV are used. For the experiments, the angle of the target object is changed between −20◦ and 80◦
in 10◦ steps. The x-ray spectra are taken for a static target object orientation and using an x-ray accumulation time of 20
seconds, meaning that the x-ray detector counts photons for 20 seconds. Each experiment run is repeated five times.

Figure 5 shows some sample x-ray spectra for various target object angles. The electric potential of the bus is
set to Φ� = −500 V and the potential of the panel is set to Φ% = −1500 V. For a target object angle of −20◦, the
resulting x-ray spectrum includes characteristic peaks at approximately 5.4 keV and 6.4 keV. These peaks match with
the characteristic energies of Chromium (Cr,  U transition at 5.41 keV) and Iron (Fe,  U transition at 6.4 keV) [25],
indicating that the electron beam hits the stainless steel chamber wall. The estimated landing energy is approximately

5



0 2 4 6 8 10
Energy [keV]

10!1

100

101

102

103

104

In
te

n
si

ty
[n

u
m

b
er

o
f
p
h
o
to

n
s]

Angle = -20/

Angle = 30/

Angle = 80/

Estimate
Ground
Bus
Panel

Fig. 5 X-ray spectra for different target object angles. Φ� = −500 V, Φ% = −1500 V

10 keV. For an electron beam energy of 10 keV, this corresponds to an estimated potential of 0 V. This supports the
claim that the beam is deflected from the target object and impacting on the chamber wall, because both electrodes
are charged to non-zero potentials and the rest of the chamber is grounded. The x-ray spectra for an angle of 30◦ and
80◦ both include a characteristic peak at 1.5 keV, which agrees with the characteristic energy of Aluminum (Al,  U
transition at 1.49 keV) provided by Ref. [25]. This suggests that the electron beam hits the aluminum target object. The
estimated potential is approximately −1400 V for 30◦ and −500 V for 80◦, indicating that the electron beam impacts on
the panel for the former orientation and the spacecraft bus for the latter.

Which object or component is observed in the x-ray spectrum for a each orientation is confirmed by the simulated
electron trajectories, as shown in Fig. 6.

The estimated potential as a function of the target object orientation is presented in Fig. 7 for two different voltage
combinations. The circles indicate the mean of the five experiment runs, and the error bars correspond to the 2f values,
where f is the standard deviation. Depending on the angle of the target object, the potential of either the chamber
wall, the bus, or the panel is measured. If the maximum photon count per energy bin is less than 100 photons, or the
total number of photons counted is less than 1500 photons, the corresponding x-ray spectrum is rejected by the data
analysis code due to an insufficient x-ray signal. This is the case for an angle of 10◦, and the reason why Fig. 7 does not
include any data for 10◦. The consistent lack of signal at an angle of 10◦ over all experiment runs is a consequence of
the experimental setup. As mentioned earlier, the x-ray detector and the electron beam are about 16◦ apart from each
other, and the target object angle is defined as the angle between the panel and the source location of the electron beam.
Thus, for an angle of 10◦, the electron beam impacts on the panel on one side, but the x-ray detector is located on the

(a) −20◦ (b) 30◦ (c) 80◦

Fig. 6 Narrow Beam trajectories from SIMION simulation. Φ� = −500 V, Φ% = −1500 V
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(b) Φ� = −1500 V, Φ% = −500 V

Fig. 7 Narrow Beam Results

other side of the panel, reducing the x-ray signal significantly. Even for an angle of 20◦, the location of the detector is
unfavorable, resulting in a weakened signal and consequently larger 2f values. For angles below −10◦, the electron
beam is deflected and hits the chamber wall, and consequently the potential of the grounded chamber wall is measured.
For the remaining angles, either the bus or panel potential is detected.

B. Target Observability
The previous subsection demonstrates that the orientation of the target object affects which potential or component

is observed by the x-ray detector. The electric field due to the two electrodes varies from one orientation to the other,
which changes the way the electron beam is deflected. Consequently, the landing spot of the electron beam is a function
of the target object’s orientation and the electric potential of its components. Which potential is measured essentially
depends on the landing location of the beam. Table 1 provides an overview of which potential is measured by the x-ray
detector, compared to the landing location of the electron beam as predicted by the SIMION simulation. The possible
observations are the chamber wall (CW), the bus (B), the panel (P), both the bus and the panel (B/P) or loss of signal
due to an insufficient number of photons (LOS). The outcome CW essentially means that the electron beam is deflected
so much that it does not hit the spacecraft. Thus, in an in-orbit scenario, the outcome CW would correspond to a loss of
signal.

In general, the observations by the x-ray detector agree well with the predictions by SIMION. For electrode
configuration (a) and an angle of 40◦-50◦, the x-ray detector measures the potential of the panel even though the
SIMION simulation predicts the electron beam to hit both the bus and the panel. However, small modeling inaccuracies
of the experimental setup geometry can have a large effect on the accuracy of the SIMION simulation [20]. Thus, this
discrepancy could be explained by an imprecise SIMION chamber model. More interestingly, for electrode configuration
(b) and angles between 60◦ and 80◦, the potential of the panel is measured although the electron beam should hit either

Table 1 Target Observations. (a) Φ� = −500 V, Φ% = −1500 V, (b) Φ� = −1500 V, Φ% = −500 V

Angle −20◦ −10◦ 0◦ 10◦ 20◦ 30◦ 40◦ 50◦ 60◦ 70◦ 80◦

(a)
Observation X-rays CW CW CW LOS P P P P B B B
Observation SIMION CW CW CW LOS P P B/P B/P B B B

(b)
Observation X-rays CW CW B LOS B P P P P P P
Observation SIMION B CW B LOS P P P P B/P B B

CW...chamber wall, B...bus, P...panel, B/P...both bus and panel, LOS...loss of signal
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the bus or both the bus and the panel according to SIMION. In addition to a possibly inaccurate SIMION model, this
is explained by the following phenomenon. If the electron beam impacts on two components charged to different
potentials, then the electron landing energy is different for each component. However, only the higher landing energy is
measured by the x-ray spectroscopy method explained in Sec. II.C. Thus, if the electron beam hits two components with
dissimilar electric potentials, only the higher potential is measured. That is, either the potential that is less negative or
more positive. Because only negative potentials are used in the experiments within this work, only the potential that is
smaller in magnitude is measured. For electrode configuration (b), this corresponds to the panel at Φ% = −500 V.

C. Measuring Multiple Potentials Simultaneously
The analysis of target observability shows that, if the electron beam hits two components with different electric

potentials, only the higher potential is detected when measuring the maximum photon energy to infer the electric
potential per the Duane-Hunt law. This raises the question as to whether it is possible to measure multiple potentials
simultaneously using a single x-ray spectrum. To investigate this, theoretical x-ray spectra are created for two different
landing energies, representing two different potentials. Reference [26] is used to approximate the characteristic radiation
of the theoretical spectrum. The Bremsstrahlung spectrum is approximated using the shape functions from Ref. [27]
and the photon energy spectra from Ref. [28], assuming a photon emission angle of 0◦. Figure 8 shows the individual
spectra for a 10 keV and 7 keV landing energy. For an electron beam energy of 10 keV, this corresponds to electric
potentials of 0 V and −3 kV, respectively. If an electron beam hits two components charged to different potentials at the
same time, then the resulting total spectrum is obtained by superimposing the individual spectra of each landing energy.
This is illustrated in Fig. 8c for potentials of 0 V and −3 kV, assuming that the same number of electrons impact both
components. A bump is visible in the total spectrum at an energy of 7 keV, which corresponds to the landing energy of
the lower-energy individual spectrum. Thus, the lower potential can be estimated by locating this bump in the total
spectrum, while the higher potential is estimated from the maximum photon energy of the spectrum (Sec. II.C).

In a real x-ray spectrum, however, this bump is not easily identified due to the noise in the spectrum. Instead,
the higher potential is estimated from the maximum photon energy of the total spectrum, and a theoretical spectrum
is computed using the corresponding estimated landing energy. Subtracting the theoretical spectrum from the total
spectrum yields a residual spectrum that approximates the individual spectrum of the lower potential component. The
lower potential is then estimated by finding the maximum photon energy of the residual spectrum. For example, in Fig.
8, one would estimate the maximum photon energy from the total spectrum (Fig. 8c) and compute the corresponding
higher landing energy spectrum (Fig. 8a). The residual spectrum (Fig. 8b) then provides an estimation of the lower
landing energy. The two potentials are inferred from the two estimated landing energies.

To investigate the proposed method experimentally, a wide electron beam spot with a half-cone angle of about 2◦ is
centered on the phosphor screen for a spacecraft angle of −30◦ and grounded components, as shown in Fig. 9. An
electron beam current of ��� = 1 `A and a beam energy of ��� = 10 keV are used. For the experiments, the angle of
the target object is changed between −20◦ and 80◦ in 10◦ steps. The x-ray spectra are taken for a static target object
orientation and using an x-ray accumulation time of 20 seconds. Each experiment run is repeated five times.

For this experiment, a target object orientation must be found where the electron beam impacts on both the bus
and the panel. SIMION shows that, for electrode potentials of Φ� = 0 V and Φ% = −3000 V, the beam hits both
components if the angle is 30◦ and only the bus if the angle is 80◦, as shown in Fig. 10.
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Fig. 8 Theoretical superposition of X-ray spectra
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Fig. 9 Wide Electron Beam for measuring multiple potentials simultaneously

A spectrum for 80◦ is presented in Fig. 11. The higher landing energy is estimated from the total spectrum in
Fig. 11a and the corresponding theoretical spectrum is computed. However, the theoretical x-ray model given by Refs.
[26–28] only provides the approximate shape of the theoretical x-ray spectrum, but not the right intensity. The intensity
depends on the distance of the x-ray detector from the x-ray source, the solid angle field of view of the detector, and the
number of electrons impacting on the target, among other factors. Thus, the intensity is not straightforward to compute,
especially if the x-rays are emitted from multiple sources with different potentials. To find the right intensity, the
theoretical spectrum is scaled by a factor V that is determined by minimizing the j2 error between the actual spectrum
and theoretical spectrum for the last 1.5 keV of the spectrum. Essentially, the theoretical spectrum is fitted to the actual
spectrum in the higher energy part of the spectrum, which prevents the detection of potential differences of the two
components that are less than 1.5 kV.

The theoretical spectrum in Fig. 11a agrees remarkably well with the actual spectrum. As expected, no significant
residual spectrum is obtained for 80◦, because the electron beam only hits the bus and consequently only one potential is
detected. No theoretical spectrum is shown in Fig. 11b due to the lack of a notable residual spectrum. A low-pass
filtered curve of the data is plotted to illustrate the trend of the data.

Figure 12 shows a spectrum for 30◦, where the electron beam impacts on both the bus and the panel. Here, the
measured spectrum deviates from the theoretical spectrum, which results in a residual spectrum that approximately
resembles an individual x-ray spectrum including both characteristic radiation and a Bremsstrahlung spectrum. The
estimated landing energy for the residual spectrum is approximately 7 keV, which yields an estimated potential of about
−3000 V. Using the estimated landing energy, another theoretical spectrum is computed.

The estimated potential as a function of the target object orientation for the given electrode configuration (Φ� = 0 V,
Φ% = −3000 V) is presented in Fig. 13. Estimation 1 is obtained from the total spectrum while Estimation 2 is obtained
from the residual spectrum. A low number of photons in the residual spectrum indicates that no second potential is
detected, and consequently no second estimation is attempted. The first estimation always measures the higher potential,

(a) 30◦ (b) 80◦

Fig. 10 Wide Beam trajectories from SIMION simulation. Φ� = 0 V, Φ% = −3000 V
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Fig. 11 Sample Spectrum for 80◦. Φ� = 0 V, Φ% = −3000 V
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Fig. 12 Sample Spectrum for 30◦. Φ� = 0 V, Φ% = −3000 V
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which is equal to 0 V. When the beam impacts on both target object components (30◦ - 60◦), the second estimation
measures the lower potential of −3000 V.

The results suggest that it is in fact possible to measure two potentials simultaneously with a single x-ray spectrum,
using a theoretical bremsstrahlung model. The theoretical model depends on the atomic number of the target element,
so the material of the target must either be known or identified by the characteristic peaks of the measured spectrum.
The same analysis method could be used for a tumbling object: if the electron beam hits different components during
the 20 second time frame, then the total recorded x-ray spectrum is a superposition of multiple individual spectra by
each component, and the potential of each component could be estimated.

IV. Conclusions
This work investigates the estimation of electric potentials of complex-shaped differentially charged objects using

x-ray spectroscopy. The test object is a spacecraft shape primitive with two components that are charged to different
potentials. The particle tracing software SIMION is used to support the analysis of the experiments by verifying the
electron beam landing spot.

The experiments show that the deflection of the electron beam and the corresponding landing location strongly
depend on the orientation of the target object. This is also confirmed by numerical simulations with SIMION. Thus, the
orientation of the object affects which component’s potential is measured. Using a focused electron beam with a small
landing spot size helps to excite x-rays from only one component at a time. For such an electron beam configuration and
a non-rotating object, several x-ray spectra taken from different angles are required to measure the potential of multiple
components.

To estimate multiple potentials simultaneously from a single x-ray spectrum, the beam must hit multiple components
at the same time. However, with the conventional x-ray spectroscopic method that was proposed in prior work and used
in this work (see Sec. II.C), only the higher potential of the two components can be measured. That is, only the potential
that is either less negative or more positive is detected. A new method is proposed that uses theoretical x-ray models and
the principle of superposition of individual x-ray spectra to measure multiple potentials using a single recorded x-ray
spectrum. Experiments are conducted with a large beam landing spot size to excite x-rays from multiple components at
a time, demonstrating that this new method can be used for simultaneous measurements. This method could potentially
be used for tumbling objects where the landing location of the electron beam changes during the recording time frame,
resulting in superimposed spectra from different components.
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