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Spacecraft charge naturally in orbit due to the plasma environment and the electromagnetic radiation from the sun.
By emitting an electron beam, a servicer spacecraft can control its electric potential and also the potential of a
neighboring target if the electron beam is aimed at the target spacecraft. In addition, the impacting electron beam
excites secondary electrons and x-rays, providing a way to touchlessly sense the potential of the target. Because of the
electron beam, the charging dynamics of the two spacecraft are coupled. This paper studies the effects of the beam on
the electric potentials using a numerical charging model. It is found that multiple equilibria may exist due to the
electron beam. Jumps between equilibrium configurations are possible when the electron beam energy is quickly
reduced or when current fluctuations are present. Being aware of multiple equilibrium configurations is important
for feedback-based charge control but also enables a new open-loop charge control around one of the equilibria. The
effect of the electron beam on the spacecraft potentials is studied for geostationary Earth orbit and cislunar space. It is
found that the current applied by the beam to the target may influence remote electric potential sensing methods.

I. Introduction

PACECRAFT build up electrostatic charge in the space environ-

ment, which affects spaceflight in various ways. Arcing can
occur between spacecraft components if the spacecraft is not fully
conducting and some parts are charged to significantly different
electric potentials, referred to as differential charging. This can
reduce the lifetime of a solar panel if arcing occurs on the panel
[1,2]. Two nearby spacecraft can also be subject to electrostatic
discharges if they are charged to different potentials and are very
close to each other, for example, during docking. Additionally, two
charged spacecraft in close proximity exert electrostatic forces on
each other if the electric potentials are high enough. These forces can
affect rendezvous and proximity operations [3] but can also be used
for active debris removal [4,5]. Natural charging events were
recorded by the Applied Technology Satellite 6 (ATS-6), with poten-
tials reaching—19 kV during eclipse in geostationary Earth orbit
(GEO) [6].

Spacecraft charging has been extensively reviewed in Ref. [7] and
studied with emphasis on, among other topics, mitigation of charging
[8], modeling of spacecraft charging [9], detection of discharging
events [10], and characterization of the secondary electron yield [11]
that plays an important role in spacecraft charging. Charging levels in
various orbital regions have been investigated, such as low Earth orbit
(LEO) [12], GEO [13], and cislunar space [14]. However, most
research on spacecraft charging focuses on the effects of only the
space environment, that is, how much a spacecraft charges naturally
due to the ambient plasma environment. Charging induced by elec-
tron beam impact, electron beam emission, and ion beam emission is
discussed relatively briefly in Chapters 9-12 of Ref. [7]. The coupled
charging behavior of two spacecraft in close proximity, where
one spacecraft emits an electron beam that hits the other spacecraft,
has been studied for the application of the electrostatic tractor
active debris removal method [15-18]. These papers specifically
study the effect of the charging levels on the electrostatic force
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magnitude between the two spacecraft, with the goal of improving
the performance of the electrostatic tractor, as a higher force magni-
tude leads to a reduction of the time required to reorbit retired
satellites from GEO to a graveyard orbit. The motivation of this
paper, however, is to study the coupled effect of electron emission
and impact on the transients of the servicer and target spacecraft
potentials, as well as the influence of the beam on remote sensing
methods that estimate the electric potential of another spacecraft.
Remotely sensing the electric potential of a nearby spacecraft is
valuable for spaceflight as it provides a warning for probable electric
discharges during docking, reduces the control effort during rendez-
vous and proximity operations for charged spacecraft [3,19], and
increases the safety of the electrostatic tractor debris removal process
[20]. Two promising remote electric potential sensing methods have
been proposed: the electron method [21] and the x-ray method [22].
Both methods use an electron gun that is attached to a servicing
satellite. The electron gun is aimed at a target object and excites
secondary electrons and x-rays from the target, as illustrated in Fig. 1.
The secondary electrons are released from the surface of the target with
negligible kinetic energy. If the target is charged negatively and the
serviceris charged positively, the secondary electrons are repelled from
the target and accelerated toward the servicer. This is generally the case
as spacecraft naturally charge to negative potentials in eclipse, while
the servicing satellite is charged positively due to the electron beam
emission. The increase in kinetic energy of the secondary electrons as
they travel from the target to the servicer equals the electric potential
difference between the target and the servicer. Thus, by determining
the potential of the servicer with a Langmuir probe [23] and measuring
the kinetic energy of the secondary electrons with a retarding potential
analyzer (RPA), one can estimate the electric potential of the target
object [21]. This is referred to as the electron method. Note that the
potential of the servicer can also be measured with a RPA [24]. The x-
rays that are excited by the electron beam are emitted with an energy up
to the kinetic energy of the beam electrons as they impact the target
object (called the effective energy or landing energy). If the two
spacecraft are charged, the electron beam is accelerated or decelerated
as it travels from the servicer to the target, depending on the relative
potential between the two craft. The difference between the initial
kinetic energy of the beam and the landing energy corresponds to the
electric potential difference between the two spacecraft. The initial
energy of the electron beam is known as it corresponds to the operating
energy of the electron gun. By using an x-ray detector on the servicing
craft and finding the maximum x-ray energy in the recorded x-ray
spectrum, one can infer the electric potential of the target object if the
potential of the servicer is known. This is the x-ray method. Both
methods have been validated experimentally [25,26] for terrestrial
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Fig.1 Illustration of spacecraft charging and electric potential sensing.

conditions in the Electrostatic Charging Laboratory for Interactions
Between Plasma and Spacecraft (ECLIPS) vacuum chamber [27].

One key aspect of these remote sensing methods that has been
ignored in prior theoretical and experimental work is the effect of the
electron beam on the electric potential of the target. The electrons
from the beam impose a negative current on the target object, which
changes the equilibrium potential within a second, depending on the
capacitance of the spacecraft. One might be interested in the natural
potential of the object, that is, the potential resulting from the space
environment without the influence of the electron beam. Therefore,
any impact of the electron beam on the potential must be minimized;
otherwise, the potential being measured does not correspond to the
natural potential. To what extent the electric potential is affected by
the electron beam depends on the conditions of the space environ-
ment and the electron beam parameters, i.e., the beam current and
beam energy. The electron beam current and energy can be chosen
such that the electron beam does not change the target potential
significantly; however, the remote sensing methods impose restric-
tions on the beam parameters in order to generate a sufficient amount
of secondary electrons and x-rays. For example, both methods benefit
from a high electron beam current as this increases the emission of
secondary electrons and x-rays. A low beam energy is preferred for
the electron method because the secondary electron yield (the num-
ber of secondaries generated per incident electron), although rela-
tively uncertain and dependent on many factors [11], is generally the
highest for landing energies less than 2-3 keV. For the x-ray method,
a high landing energy is favorable. The energy-dependent efficiency
curve? of the x-ray detector used in prior work [26—28] is the highest
for landing energies between 5 and 10 keV. X-rays also allow for
material determination [22], as characteristic x-rays are emitted with
an energy specific to an element [29]. If the x-rays are simultaneously
used for material identification, even higher landing energies are
preferred such that characteristic x-ray peaks beyond 5-10 keV are
visible in the recorded x-ray spectrum. In prior experimental work on
the two sensing methods [25,26,28,30], the potential of the target
object was held constant during the experiments using high-voltage
power supplies, so the effect of the negative current due to the
electron beam on the electric potential of the target was eliminated.
It should be noted that a passive x-ray method for electric potential
estimation has been investigated [31] and employs the x-rays gen-
erated by the ambient plasma electrons, without using an active
electron beam. Thus, there is no external current due to the electron
beam that disturbs the equilibrium potential of the target object. The
drawback of the passive x-ray method is that it requires knowledge of
the energy distribution of the local electron population and is based
on theoretical x-ray models that are material dependent and only
approximate.

This paper numerically investigates the coupled charging behavior
of a servicing and target spacecraft due to the emission of an electron

*Data available online at https://www.amptek.com/products/x-ray-detectors/
sipin-x-ray-detectors/sipin-x-ray-detectors [retrieved 25 June 2024].

beam from the servicer and the impact of the beam on the target.
Analytical spacecraft charging models are employed that assume a
Maxwellian plasma distribution and spherical spacecraft. Multiple
equilibria are found to exist due to the electron-beam-induced current
and due to secondary electron emission from the target. The require-
ments for the existence of multiple equilibria are presented, and the
regions of convergence for these equilibria are studied. The goal of
this paper is to investigate what can cause a jump from one equilib-
rium configuration to another as well as to investigate potential
applications that use the existence of multiple equilibria. In addition,
this paper aims at studying the effect of the electron beam current on
remote electric potential sensing methods. An overview of the space-
craft charging model used in this work is provided in Sec. IL.B. The
possibility and significance of multiple equilibria as well as space-
craft charging transients are discussed in Sec. III. Section IV inves-
tigates the effects of the electron beam on remote electric potential
sensing methods for the GEO regime as well as lunar orbit.

II. Background

Spacecraft charge due to various electric currents in the space
environment. The ambient plasma in space contains charged par-
ticles such as energetic electrons and ions. When these particles
impact on the surface of a spacecraft, they transfer their charge to the
spacecraft, resulting in what is referred to as the electron and ion
plasma currents (see Ref. [7] chap. 1). When electrons and ions
impact on a surface, they transfer their energy to neighboring
electrons in the material. If enough energy is transferred, one or
more secondary electrons leave the surface material with low
energies of a few electron volts. This is referred to as secondary
electron emission (see Ref. [7] chap. 3, and Ref. [32] chap. 8). Itis
also possible that an incident electron is backscattered and leaves
the surface material again, resulting in backscattered electron emis-
sion (see Ref. [7] chap. 3). In contrast to the secondary electron
emission, the emitted electron is the same as the incident electron,
so the probability of generating a backscattered electron cannot
exceed unity. In sunlight, the incoming electromagnetic radiation
from the sun excites photoelectrons from the surface of a spacecraft.
These electrons are repelled if the spacecraft is charged negatively,
leading to a positive photoelectric current (see Ref. [7] chap. 7). In
addition to these naturally occurring currents, the electron beam
that is used for the electric potential sensing methods described
previously imposes an artificial current. This current is negative for
the target object due to the collection of negative charge (see
Ref. [7] chap. 9) and positive for the servicing satellite due to the
emission of electrons (see Ref. [7] chap. 10). The electron beam
impacting on the target also generates secondary and backscattered
electrons.

A. Spacecraft Charging Model

A similar charging model as in Ref. [15] is applied. This model
assumes spherical, fully conducting spacecraft. Thus, all charging
occurs on the surface, and the spacecraft has only one electric
potential ¢. A single-Maxwellian plasma distribution is assumed.
The radii of the spherical servicer and target spacecraft are set to
Ry = Ry = 1 m. The plasma electron current is modeled as (see
Ref. [33] chap. 4)

_wezﬁﬂy ifp<0

1(¢) = ey

A e e .
A (1 2 it g0

where A, is the surface area of the spacecraft exposed to the plasma,
q is the elementary charge, and n, and T, are the electron density in
units of m™3 and electron temperature in units of electron volts of the
plasma, respectively. The (three-dimensional) thermal electron veloc-

ity is equal to w, = /8T, /(m,x), with electron mass m,. For a
spherical spacecraft with radius R, the plasma exposed area equals


https://www.amptek.com/products/x-ray-detectors/sipin-x-ray-detectors/sipin-x-ray-detectors
https://www.amptek.com/products/x-ray-detectors/sipin-x-ray-detectors/sipin-x-ray-detectors

Downloaded by Univ of Colorado Libraries - Boulder on October 8, 2024 | http://arc.aiaa.org | DOI: 10.2514/1.A36010

1260 HAMMERL AND SCHAUB

A, = 47zR?. The plasma electron current is negative due to the
negative charge of electrons. A negatively charged (¢ < 0) spacecraft
repels electrons, resulting in a low current, while a positively charged
spacecraft results in a high electron current due to the attraction of
electrons.

Similarly to the electron current, the plasma ion current is approxi-
mated by (see Ref. [33] chap. 4):

A, gn;w; ¢ .

% (1 - Fz) if w; > v puiks $<0
L) =1 A anw 2
@ %lwle_wr' if w; 2 v, pui, ¢>0 @

Aram @1 V; bulk if w; < puk

The variables are similar as what was previously mentioned, but the
subscript i (ions) replaces the subscript e (electrons). Additionally, the
mesothermal case is considered when the bulk velocity v,y of
the ions (the average, directional velocity of the ion flow) with respect
to the spacecraft is greater than the thermal velocity w; of the ions. In
this case, the ions only impact on the ram side of the spacecraft with
area A, and the resulting current does not depend on the spacecraft
potential. For the spherical spacecraft that is assumed in this work,
Apm = R?z. In LEO, the mesothermal case (w; < V; puik) applies due
to the low ion energies (less than 1 eV) and high orbital velocities. In
GEO, ions are more energetic (order of kilo-electron-volts), so the
thermal ion velocity dominates (w; > v; ). In cislunar space, it
depends on the location of the Moon, as the Moon can be inside or
outside of Earth’s magnetosphere and in the solar wind (Sec. IV.B).
The charging code implemented for this work automatically compares
the ion thermal velocity w; to a specified ion bulk velocity v; p. It is
assumed that the ion species consists of solely hydrogen ions (H™).

Thus, for the thermal ion velocity w; = /8T;/(m;x), it is assumed
that the ion mass m; equals the mass of a proton m,,. This is a valid
assumption for geostationary orbit, as hydrogen is the dominant ion
species in the magnetosphere with relative abundances of about 80% in
GEO during low geomagnetic activity [34]. During high solar activity
(planetary index K, > 4), ionospheric outflow is enhanced, which
delivers additional plasma [especially oxygen ions (O1)] to higher
altitudes, resulting in relative H and O* abundances in GEO of about
50% each [34]. Depending on the location of the Moon with respect to
Earth, the Moon is either inside Earth’s magnetosphere (H* domi-
nated) or outside in the solar wind. The solar wind primarily consists of
about 95% electrons and protons and 4% helium nuclei (see Ref. [32]
chap. 3). Thus, the assumption that the ion species consists of solely
protons is also justified for cislunar space.

The secondary electron and backscattered electron emission cur-
rent due to plasma electron impact is calculated by

— <Ysgepe > 1.($) ifp=<0

I = :
SEE.B.c(®) {_ < Yspppe > (e /s if >0 ®

and the secondary electron emission due to plasma ion impact is
computed as

<Ysggi > 1i($) ifp=<0

seE.i (@) {< Yspr: > Li(@)e®Tss if ¢ >0 @

The two cases are needed due to the fact that secondary electrons
are emitted with very low energy, so the resulting current drops off
quickly with increasing positive spacecraft potential (T'sgg = 5 eV
in this work) as the negatively charged secondary electrons are
attracted back to a positively charged spacecraft. The mean yield
over all particle energies < Y > is computed by

ey — IDYENE/E = P)F(E + $)dE )

JP(E/(E £ $))F(E + ¢)dE

where Y(E) is a placeholder for the corresponding yield: secondary
electron yield due to electron impact Ysgg, backscattered electron
yield Y, combined electron yield Ysgg p = Ysgg + Yp, or secon-
dary electron yield due to ion impact Yggg;. The energy of the
incoming particle is denoted by E, and the particle flux distribution
F(E) (for electrons or ions) is given by [35]

_ 9 E _E
FE =\ ourm 7" CXP( T) ©

for a Maxwellian plasma with plasma temperature 7' (measured in
electron volts) and plasma density n. In Eq. (5), the positive sign of +
applies to ions and the negative sign to electrons. The lower bound L
of the integral is O for the repelled particles (e.g., for electrons if
¢ < 0) and || for the attracted particles, and the upper bound is set as
1 MeV in this work. In the mesothermal case of Eq. (2), the mean ion-
induced secondary electron yield is simply < Ysgg; >= Ygsgg ;(E),
with E = (1/ 2)miv§_bulk in units of electron volts.

The secondary electron and backscattered electron yield Yggg 5 . 18
the average number of secondary and backscattered electrons gen-
erated per incident electron and is approximated using the analytical
model from Ref. [36],

E/Emax

T E e "

YSEE,B(E) =4.

where E is the landing (effective) energy of the incident electron
when it impacts on the surface, Y, is the maximum electron yield,
and E,,, is the landing energy at which this maximum occurs. If the
electron comes from an electron beam emitted from a servicer, rather
than from the ambient plasma environment, the landing energy is
computed as

E = Egg — s + ¢r ®)

Note that the electron yield is relatively uncertain as it depends on
many factors such as surface material, roughness, and level of
oxidation, and it changes after prolonged exposure to the space
environment [11]. The yield for isotropic flux is assumed to be double
the yield for normal incidence [35,36]. Assuming a spacecraft made
of aluminum, values of Y, = 0.97 and E,,,,;, = 300 eV for normal
incidence are used in this work (see Ref. [7] chap. 3).

Secondary electrons can also be excited by incoming ions. The
corresponding yield is modeled by [35]

ﬁEl/z
Yseei(E) = T E/Ep, ©)

where E is the energy of the incidentioninkeV, E,, ; is the energy of
the maximum yield, § is a scaling parameter. Similarly to the
electron-induced secondary electron emission, the parameters for
the electron yield due to incident ions are not well known, and the
yield for isotropic flux is assumed to be double the yield for normal
incidence [35,36]. For aluminum, the energy that produces the
maximum electron yield is assumed to be E,, ; = 230 keV, and a
yield of f = 0.244 for 1 keV normally incident protons as extrapo-
lated from data taken at energies greater than 10 keV is used.

The photoelectric current from solar radiation for normal photon
incidence is (see Ref. [7] chap. 7)

) = { 0 b= (10)
T pnoApe T if ¢ >0

where A, = R?r is the cross-section of the spherical spacecraft that
is in sunlight and j,;, o and T, are the flux and temperature of the
emitted photoelectrons, respectively. The flux jy, o is in the order of
10 #A/m? but depends on the surface material and can vary with
solar activity by a factor of up to 8 [37]. Similarly as with the
secondary electron emission, photoelectrons are released with very
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low energy, requiring an equation with exponential dropoff for
positive potentials. In this work, values of j,, o = 20 uA/m? and
T, = 2 eV are used [L5]. The electron beam current is modeled as

_alEB(l — e_(EEB_(/)s+l/'T)/TEB) if EEB > ¢S _¢T

Ieg 1 (Pr. bs) = { .
0 if Egg <¢ps—or
(11

for the target spacecraft, where Ixg and Egg are the electron gun
current and operating energy (i.e., the kinetic energy of the electrons
as they exit the electron gun) and ¢y and ¢ denote the electric
potential of the target and the servicer, respectively. Because of the
deflection and expansion of the electron beam [38], only a fraction
of the electrons emitted from the gun might reach the target. For
simplicity, however, a = 1 is assumed in this work. The electron
beam electrons can only reach the target if the beam energy Egg is
greater than the electric potential difference between the two craft,
¢s — ¢dr. Otherwise, the electrons do not reach the target, and the net
current due to the electron beam is approximately zero. In contrast to
prior work [15,17,39], where the beam current is modeled as being
equal to —algg if Egg > ¢ — ¢ and zero if Egg < ¢pg — ¢p7, an
exponential dropoff is used here with Tgg = 20 eV. This removes
the discontinuity at Egg = ¢pg — ¢7, which benefits numerical root
finding of the equilibrium potential and the propagation of the
charging dynamics with numerical methods.

The combined secondary and backscattered electron current emit-
ted from the target object due to the electron beam impact is equal to

~Ysees(E) - Igpr if g7 <0

(12)
~Ysge p(E) - Ipp re~/Tsee if pp >0

Isgg e (1. bs) = {

Similarly to the electron beam current on the target, the electron
beam current on the servicer is modeled as

Igp s(Pr. ds) =

{IEB(I _ e—(EEB—¢s+¢T)/TEB) if EEB > ¢S — ¢T
if Egg < s — o7

(13)
Using all the mentioned currents, the total current is
Lious (@7, ds) = L. (¢s) + 1i(ds) + Ipn(ds) + Isgg.5.c(ds)
+ Isge.i(¢s) + Iep s(dr. ds) (14

for the servicing satellite and

Lot 7 (@7, §s) = L. (¢r) + 1;(¢r) + Ipn(dr) + Ispe 5. (¢71)

+ Isge,i(@7) + I 1 (@1, ds) + Isge.s.ev(@r: Ps)
(15)

for the target spacecraft.

To achieve an equilibrium potential, the total current on each
spacecraft must be zero. Thus, the equilibrium potential of the space-
craftis found by setting Eqs. (14) and (15) equal to zero. No analytical
solution exists, so this is solved numerically. In this work, the
potential of the servicer is computed first. Knowing the servicer
potential, the potential of the target is then determined by finding
the root of Eq. (15). The natural potential of a spacecraft is found by
setting the electron beam current equal to zero, Igg = 0 pA.

Note that the electron beam current depends on the potential of
both the target and the servicer. As mentioned previously, for two-
craft formations, the servicer potential is computed before the target
potential within this work. When the servicer potential is computed,
knowledge of the target potential is required to determine whether or
not the beam is coming back to the servicer, resulting in a net zero
electron beam current on the servicer. However, because the target

potential is unknown at this point, the assumption is made that only
the servicer potential determines whether or not the beam is coming
back to the servicer. That is, it is assumed that ¢ = 0 when comput-
ing the servicer equilibrium potential. This assumption is discussed
and justified in the next subsection.

It is assumed that the only coupling between the servicer and the
target is due to the electron beam. A highly charged spacecraft
perturbs the plasma distribution in its vicinity, which affects the
plasma electron and ion current collected by a neighboring space-
craft. Additionally, secondary electrons and photoelectrons emitted
from the negatively charged target may be accelerated to the pos-
itively charged servicer. Such interactions and effects of the electric
fields of the satellites on each other are neglected in this work, but
recommended for future studies.

The electric potential is propagated over time using the differential
equations

1

5}55 = C_ : Itol,S(¢T’ bs) (16a)
s

. 1

or = C_ ' Itol,T(¢T9 Ps) (16b)
T

where C is the capacitance of the spacecraft and is equal to C =
4regR for a spherical spacecraft with radius R, with ¢ being the
vacuum permittivity. For propagations over time, the potential of the
target is known from the previous time step, so the ¢7 =0
assumption is not used when computing the servicer currents. That
is, the total current on the servicer and target are computed simulta-
neously for dynamic simulations, as opposed to sequentially (first for
the servicer and then for the target) for the determination of equilib-
rium potentials.

B. Justification of Electron Beam Assumptions

In Eq. (13), it is assumed that the presence of a charged target
spacecraft does not affect whether or not the electron beam comes
back to the servicing spacecraft. The benefit of this assumption is that
the equilibrium electric potentials of the servicer and target can be
computed sequentially by finding the root of Eq. (14) and then the
root of Eq. (15). Alternatively, without this assumption, the equilib-
rium potentials could be computed either simultaneously by solving a
bivariate root-finding problem for ¢ and ¢h; or by repeatedly finding
the equilibrium potentials sequentially in a loop and using the knowl-
edge of one potential to find the other until both solutions have
converged. Both of these approaches come with increased complex-
ity and computational effort. Because the charging model discussed
in Sec. II.A is approximate and to be used for the rapid computation of
electric potentials, forces, and torques, it is desired to keep computa-
tional effort low, as long as the assumptions are valid.

To validate the assumption, several simulations are performed with
the particle tracing simulation framework SIMION.§ SIMION com-
putes the electrostatic field by solving Laplace’s equation and then
propagates the particle trajectories using Newton’s second law. The
SIMION model does not account for space-charge effects, so the
expansion of the electron beam and the effect of the electron beam on
the electric field are neglected. Reference [38] shows that the trajec-
tory of the beam center depends only very weakly on beam expan-
sion. Because the main purpose of the SIMION model in this work is
to simulate the beam landing area, the implemented model is con-
sidered sufficiently accurate, and computationally more expensive
models such as particle in cell are not considered.

A total number of 5292 SIMION simulations are run with electron
beam energies of Egg = 10, 20,30 keV; target potentials ¢
between —30 and 0 kV with steps of 5 kV; servicer potentials ¢g
between 0 and 30 kV with steps of 5 kV; separation distances of 15,
20, and 30 m; and 12 different target orientations. The number of
beam electrons that hit the target and servicer is recorded. The
SIMION simulation setup is shown in Fig. 2. On the left, the entire

$Data available online at https://simion.com [retrieved 25 June 2024].
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+5 kV +30 kV]|

Fig.2 SIMION simulation.

beam hits the target for a beam energy of Egg = 20 keV, target
potential ¢ = —5 kV, servicer potential ¢g = 5 kV, separation
distance of 15 m, and target angle of 120 deg. On the right, the entire
beam comes back to the servicer for a target potential ¢ = —5 kV,
servicer potential ¢ = 30 kV, and the remaining parameters being
the same as on the left.

Figure 3 shows the percentage of the beam electrons that come back
and hit the servicer as a function of target and servicer potential, for a
beam energy of Egg = 20 keV. In the figure, the average percent of
servicer hits across all separation distances and target orientations is
shown. The solid red line represents ¢g = ¢p7 + Egg. For points
below this line, the electron beam is energetic enough to reach the
target; see Eq. (11). Note that, depending on the initial direction of the
beam, the beam can come back to the servicer despite being energetic
enough to reach the target. However, because the beam is aimed at the
target in the simulations, the entire beam should hit the target, and no
beam electrons are expected to hit the servicer. For points above the
solid red line, the beam is not energetic enough to reach the target.
When the potential of the servicer ¢g is computed, the potential of the
target ¢p7 is undetermined, so this line is also unknown.

The dashed red line represents ¢pg = Egg. This line is known when
the potential of the servicer is computed. In Eq. (13), itis assumed that
only the servicer potential influences whether or not the beam comes
back to the servicer. If ¢ < Egg, the entire beam is assumed to leave
the servicer, and if ¢pg > Egg, the entire beam is assumed to come
back to the servicer, resulting in a net zero current due to the electron
beam. For this assumption to hold, the percentage of servicer hits in
Fig. 3 must be 100% above the dashed red line and 0% below this line.
As can be seen in the figure, this is true for most potential combina-
tions. The percentage of servicer hits is close to 0% below the dashed
red line and close to 100% above it. The main discrepancy occurs at
the edge case ¢pg = Egg. Given that the average percentage of
servicer hits is close to the expected value, the assumption in
Eq. (13) is considered justified.
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Fig. 3 Percentage of electron beam that hits the servicer for a beam
energy of 20 keV. Solid red line: ¢5 = ¢y + Egp. Dashed red line:
¢s = Exgp.

C. Beam Parameters: Current and Energy

In Chapter 11 of Ref. [7], spacecraft charging due to electron beam
emission is figuratively compared to digging a hole. To dig a deeper
hole, the amount of dirt thrown out of the hole must exceed the
amount of dirt that falls into the hole. However, once the hole is as
deep as one can throw, all the dirt that is attempted to be thrown out
falls back into the hole. That is, the initial kinetic energy of the dirt is
not high enough to overcome the gravitational potential difference
between the top and bottom of the hole, and the maximum depth of
the hole is reached. Similarly, for a spacecraft that emits an electron
beam, the outgoing electron beam current must be greater than the
incoming currents. Because negatively charged electrons are emitted,
the electron beam current on the servicer is positive and must exceed
the negative currents acting on the servicer in order to charge pos-
itively. The physical limit on how much the servicer can charge
depends on the electron beam energy. Because the servicer charges
positively, the emitted electrons are attracted back to the servicer.
Once the electric potential of the servicer is as high as the beam
energy, the electron beam electrons are unable to escape and come
back to the servicer, resulting in a net zero electron beam current. In
contrast to the simplified analogy of digging a hole with a constant
amount of dirt going in and out of the hole, however, the final electric
potential depends not only on the electron beam energy but also on
the electron beam current. As the servicer charges positively, more
electrons from the ambient plasma environment are attracted to the
servicer. That s, the incoming currents increase, and a higher electron
beam current is required to charge more positively. Without a higher
electron beam current, the servicer cannot charge to the physical limit
determined by the beam energy. The presence of another charged
spacecraft, in this case the target spacecraft, affects the charging
limits. The initial beam energy must be high enough to overcome
the electric potential difference between the servicer and the target to
ensure that the beam can reach the target and is not coming back to the
servicer.

For a spacecraft that is irradiated by an electron beam, the secon-
dary electron yield of the surface material plays an important role. As
electrons impact on the surface, secondary electrons are excited that
leave the material. If the spacecraft is charged negative, these secon-
dary electrons are repelled by the spacecraft, resulting in a positive
current due to the loss of negatively charged electrons. In a similar
fashion, incoming electrons can also be backscattered, when the same
electron enters and exits the surface material. The average number of
secondary electrons generated per incoming electron depends on the
effective energy of the incoming electron and is characterized by the
secondary electron yield. The effective energy, also called landing
energy or impact energy, is the kinetic energy of the incoming
electron as it impacts on the surface. For some materials and effective
energies, the secondary electron yield can exceed unity. This leads to
the interesting charging behavior where an object is charged posi-
tively, despite being irradiated with negatively charged electrons.
Note that secondary electrons and backscattered electrons are differ-
ent and can be modeled with two separate yield curves (the secondary
electron yield and backscattered electron yield). Both are relatively
uncertain and can change after long exposure to the space environ-
ment [11]. In this work, both yield curves are modeled combined with
the model presented in Ref. [36], and the resulting combined yield is
generally referred to here as secondary electron yield.

The photoelectric current and secondary electron currents induced
by the ambient plasma electrons and ions as well as by the incoming
electron beam are all excited from the surface with low kinetic
energies. Thus, all of these currents are strong for a negatively
charged spacecraft that repels the released electrons but quickly drop
to zero if the spacecraft is charged positively. This drop of current at
about 0 V is clearly visible in Fig. 4, in which the various currents
from Sec. II.A are shown as a function of the target potential. For this
figure, an electron beam current of 50 #A and energy of 20 keV are
used, resulting in a servicer potential of about +4.5 kV. Because of
the relatively strong photoelectric current of over 60 pA, the equi-
librium potential of the target is about 0 V (marked by the black
circle).
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Examining the total current (black line in Fig. 4) acting on the target
as a function of the target potential helps to build understanding of
electron-beam-induced spacecraft charging. Starting at the left side of
the figure, the electron beam is not energetic enough to reach the target,
so the net electron beam current is zero, and the photoelectric current
and plasma ion current dominate. Given the servicer equilibrium
potential of about +4.5 kV and the initial beam energy of 20 keV,
the beam is energetic enough to reach the target for target potentials less
negative than —15.5 kV. The total current quickly decreases by the
intensity of the beam current of 50 uA, before increasing again due to
the secondary electron emission induced by the electron beam. Note
that the /y,,,, current in the figure includes both the beam current /gg
and the resulting secondary and backscattered electron emission
Isgg g eb» that is, Iy, = Igp 1 + Isgg g eb- Because of the maximum
secondary electron yield of Y, = 2 - 0.97 used here, the total current
is even more positive than without electron impact. Progressing to the
rightin the figure, the total current is affected by the secondary electron
yield as well as the properties of the ambient plasma electrons and ions.
At about 0 V, the total current drops quickly, because the photoelec-
trons and secondary electrons are attracted back to the positively
charged spacecraft. This drop in current at 0 V explains the threshold
of electron beam current required for the onset of charging. For the
target spacecraft, a higher electron beam current essentially shifts the
total current curve downward. The total current line is nearly vertical at
0V, so if the equilibrium potential is about 0 V, it barely changes with
the increasing or decreasing electron beam current. Once the chosen
electron beam current exceeds a certain threshold (in Fig. 4 about
20 uA more, so atotal of 70 xA), the total current line crosses 0 pA to
the left of the vertical drop at 0 V, and the target charges negatively.
Similar observations can be made for the servicing spacecraft, where a
certain electron beam current is required in order to charge the servicer
positively (for the servicer, the total current curve shifts upward with
increasing electron beam current).

The effect of different beam currents on the equilibrium potential
of the target is shown in Fig. 5. The equilibrium potentials are again
marked with circles. The plasma parameters used here are n, =
0.95 cm™3, T, = 1400 eV, n; = 0.75 cm™>, and T; = 7100 eV. A
beam energy of 20 keV is chosen, and the servicer and target space-
craft radii are Rg = 1 m and Ry = 1, respectively. Two different
cases are considered. In one case, both the servicer and target are in
sunlight (indicated by S). In the other case, the servicer is in sunlight
but eclipses the target (indicated by E). Looking first at the sunlight
cases (solid lines), the equilibrium potential is approximately zero for
most beam currents. Only a beam current of 85 pA is strong enough
to charge the target negatively in sunlight. For an eclipsed target, the
natural potential (zero electron beam current) is also close to zero for
the given plasma properties. Increasing the beam current drastically

100 -

[Sal
(==}
T

Current [uA]
o
I
i
i
i
i

501
OuA, S OuA, E
2100 F 10pA, S 10pA, E
——50puA, S — — 50pA, E
——85uA, S — — 85uA, E
-150 ‘ ‘ ‘ :
-20 -15 -10 -5 0

Target Potential kV]

Fig. 5 Current vs potential of target for various beam parameters.
Egg =20 keV.

affects the potential of the target in eclipse, with equilibria of about
—16 kV for 10 uA, —13 kV for 50 uA, and —10 kV for 85 pA.
Notice that, for the given selection of beam currents, the equilibrium
potential is more negative for a smaller beam current of 10 xA than
for 85 pA. This relatively unintuitive effect is due the charging of the
servicer. For a stronger beam current, the servicer charges more
positively, thus decreasing the energy of the electron beam as it
reaches the target and limiting the most negative possible potential
of the target.

The secondary electron emission plays an important role in space-
craft charging. To generalize the idea of the secondary electron yield,
the charged particle yield (CPY) is introduced, defined as

CPY(¢hy) = 01 ‘“‘*[7;: (B"br) +1 (17

That is, the CPY represents the number of outgoing electrons (and
incoming ions) per incoming beam electron. For CPY = 1, the
system is at equilibrium. Similarly to the secondary electron yield
(SEY), the CPY is shown as a function of the effective energy E.;; =
Egg — ¢pg + ¢y of the beam in Fig. 6a. The SEY used in this work is
represented by the black line. If the system consisted solely of the
electron beam hitting the target and the resulting secondary electron
emission, this would also correspond to the CPY. The CPY for the 50
and 85 pA cases (both in sunlight S and eclipse E) from Fig. 5 are
shown again for a beam energy of 20 keV in red and additionally for
30 keV in blue. As discussed in the Introduction, the x-ray and
secondary electron methods for remotely estimating electric potential
yield more information in certain ranges of effective energies. For the
x-ray method, higher effective energies are preferred because more
elements of the surface can be identified while sensing the potential.
For the secondary electron method, lower effective energies are
preferred due to the higher secondary electron emission in this energy
range, resulting in a better signal. Thus, plotting the CPY as a function
of the effective energy quickly illustrates which sensing method is
better suited for a given charging scenario. In the figure, the CPY = 1
line is represented by the black dash-dotted line, and the effective
energy for the equilibria of the various cases is indicated by the dash-
dotted line in the corresponding color.

Figure 6b shows the dynamic charging behavior for the parameters
from Fig. 6a. Starting at the natural potential of close to 0 V (no
electron beam), the electron beam is turned on to charge both space-
craft. The lines approach the equilibrium effective energy on the
horizontal axis and the equilibrium target potential on the vertical
axis, and markers are placed at time steps of 10 ms to illustrate the
time scale. The shape and orientation of the trajectories indicates
whether or not the servicer is charging. If the line is horizontal, only
the servicer is charging, and the effective energy is decreasing until
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Fig. 6 Charging as function of effective energy.

the servicer has reached its equilibrium. If the line is straight but with
a downward trend, only the target is charging, and a curve indicates
that both spacecraft are charging at that moment. For an electron
beam current of 50 #A in sunlight, only the servicer charges, while
the target remains at approximately O V. In all other cases, both
spacecraft are charging at the beginning, but the servicer reaches its
equilibrium potential first. This plot illustrates nicely the effect of
changing the electron beam energy. Increasing the electron beam
energy by 10 keVessentially shifts the lines 10 keV to the right. If this
barely changes the equilibrium potential of the servicer, then the
charging trajectory intersects the line of the equilibrium effective
energy approximately 10 kV lower than for the less energetic beam,
resulting in a target equilibrium potential that is 10 kV more negative
than before.

III. Multiple Equilibria
A. Overview

Under specific circumstances, the secondary electron emission
due to electron beam impact can cause multiple equilibria to exist.
This is also indirectly shown in Ref. [7] chap. 9, but not in detail, and
any other currents besides electron-beam-induced currents are
neglected. Multiple equilibria for spacecraft charging are known
to exist for double-Maxwellian plasma as discussed in Ref. [7]
chap. 5, but have not been recognized for single-Maxwellian
plasma. For example, multiple equilibria due to electron beam
impact exist for the case of 50 yA in eclipse in Fig. 5 and are
highlighted in Fig. 7. As discussed in Sec. ILLA, the equilibrium
potential corresponds to the potential for which the total current is
equal to zero. This occurs three times in Fig. 7 for the given charging
model. There is a significant jump in current at the potential at which
the electron beam is not energetic enough to reach the target, at
about —15.5 kV in the figure (the servicer potential in this figure
is +4.5 kV, and the beam energy is 20 keV). If the total current
is positive without the electron beam hitting the target, but smaller
in magnitude than the electron beam current, then there is a zero
crossing at this potential, corresponding to an equilibrium (X).
Because of the secondary electron emission, which is especially
high for effective energies below approximately 1-2 keV, the total
current increases again with increasing potential, resulting in
another zero crossing and equilibrium (A). With increasing poten-
tial (increasing effective energy of the electron beam electrons), the
secondary electron emission weakens, resulting in another equilib-
rium potential where the total current is zero (O). The left- and right-
side equilibria are stable, while the center equilibrium is unstable.
For a slight negative deviation of the potential from the center
equilibrium, the current is negative, so the potential drifts farther
away from the equilibrium. Similarly, for a slight deviation of the
potential in the positive direction, the current is positive. Thus, the
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Fig.7 Multiple equilibria: left and right equilibria are stable, and center
equilibrium is unstable.

center equilibrium represents a divergence point. For multiple
equilibria to exist, the conditions

Igg > L7 (91 = s — Egs, ¢s) (18a)

_lor(pr = ¢s — Epp + Ennax- Ps)
Igp

YSEE B.ebmax > 1 (18b)

must be fulfilled. If the first condition is not fulfilled, the beam
current is not strong enough to dominate the natural current from the
space environment, and only the right-side equilibrium exists.
Without the second condition, the secondary electron emission is
not significant enough, and only the left-side equilibrium exists. In
either edge case, the center equilibrium aligns with either the right
or left equilibrium.

Note that Fig. 7 only shows the total current for one specific
servicer potential, i.e., for the servicer equilibrium potential of
+4.5 kV. For a different servicer potential, the total current on the
target shifts, and so do the equilibria of the target. This is due to the
coupling effect of the electron beam, as the potential difference
between the two spacecraft can only be as high as the energy of the
electron gun. For example, the currents in Fig. 4 are computed for a
servicer potential of +4.5 kV. If the servicer potential were
+5.5 kV, the electron-beam-induced currents on the target would
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shift by 1 kV to the right, also affecting the total current. Thus, some
of the equilibria in Fig. 7 may not be achievable unless the servicer
maintains a potential of +4.5 kV.

Figure 8 shows the time responses of the target potential (Fig. 8a)
and servicer potential (Fig. 8b) for the same charging scenario as in
Fig. 7 and for several initial conditions. The initial servicer potentials
are 0, 1.5, 3, 4.5, and 6 kV and are indicated by the color of the lines.
For each initial servicer potential, 50 initial target potentials are
linearly spaced between —25 and —10 kV. As visible in the figures,
both the target and servicer converge to different equilibrium poten-
tials. One set of equilibria corresponds to the right-side target equi-
librium: due to electron beam emission, the servicer charges to
+4.5 kV, while the target charges to about —13.5 kV due to the
electron beam impact and the resulting secondary electron emission.
For the other set of equilibria, the servicer converges to about 0 V, and
the target converges to about —20 kV. This corresponds to the case
where the electron beam is initially unable to reach the target and
comes back to the servicer. This causes the target to charge in the
positive direction and to converge to a left-side equilibrium, i.e., the
most negative potential possible for a given electron beam energy.
The servicer converges to its natural potential, as the returning
electron beam results in a net-zero beam-induced current.

For some initial conditions with the target starting between about
—20 and —15 kV, the target initially charges positively but then
charges negatively after some time and ends up at the equilibrium of
—20 kV. This behavior can be explained in the following way. Initially,
the beam is not able to reach the target and comes back to the servicer.
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Consequently, due to the net-zero beam-induced current on both
spacecraft, the target and servicer are slowly decharging to their natural
potential of about 0 V, so the target charges in the positive direction,
while the servicer charges in the negative direction. This decreases the
potential difference between the two spacecraft. After some time, the
potential difference is small enough for the beam to hit the target. Once
the beam hits the target, the target charges negatively and converges to
—20 kV. Asthe beam s just barely able to reach the target and leave the
servicer [modeled with the exponential dropoff in Eq. (13)], the
servicer keeps charging negatively and converges to O V.

B. Change of Equilibrium

As shown previously, which equilibrium the target and servicer
spacecraft settle to depends on the initial potential of both the servicer
and the target and whether or not the beam is initially energetic
enough to reach the target. However, this leaves the questions of
how to get to a state where the beam is unable to reach the targetin the
first place and what could cause a jump from one equilibrium to
another.

One way of changing the type of equilibrium (left side vs right
side) is to simply vary the electron beam energy, as illustrated in Fig. 9
for the same charging environment as in Fig. 7. In this simulation, the
servicer potential is held at 0 V. This makes the illustration simpler by
eliminating the effect of the servicer potential on the charging
response of the target. Figure 9a shows the response of the target
potential over time as the beam energy is changed, while Fig. 9b
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shows the total current on the target for each beam energy as a
function of target potential. The left-side equilibria are indicated by
X, and the right-side equilibria are indicated by O. The target starts at
the natural potential of about 0 V. When hit by a 20 keV electron
beam, the potential quickly changes to about —18 kV, corresponding
to the right-side equilibrium. When the electron beam energy is
changed to 10 keV, the potential converges to —10 kV, correspond-
ing to the left-side equilibrium for this beam energy. That is, the
equilibrium switched from the right side to the left side (although, for
different beam settings) because the electron beam is initially unable
to reach the target once the beam energy is reduced from 20 to 10 ke V.
Similar observations are made when changing the beam energy from
10 to 8 keV. When the electron gun is turned off (0 ke V), there is only
one possible equilibrium, that is, the natural potential of the target.
Now, if the beam energy is increased, the right-side equilibrium is
achieved for every beam energy. To reach a left-side equilibrium
again, the beam energy needs to be reduced such that the beam is
initially unable to reach the target. Figure 9a clearly illustrates that the
same charging environment and beam settings (e.g., 10 keV) can
result in two different final potentials depending on the initial con-
ditions. Note that the time it takes the electron gun to adjust its beam
energy is neglected here. That is, it is assumed that the beam energy
changes faster than the spacecraft charge.

Varying the electron beam energy is a controlled (intentional) way
of switching between left- and right-side equilibria. However, a
switch of equilibria could also occur naturally. For a rotating (non-
spherical) spacecraft, the sunlit area changes over time, and conse-
quently the photoelectric current changes. If the resulting change in
current is significant enough, the requirement for multiple equilibria
in Eq. (18a) may not be fulfilled anymore. As a result, only the right-
side equilibrium exists, causing a jump to that potential. This is
illustrated in Fig. 10. Figure 10a shows the response of the target
potential over time as the sunlit area of the target changes, while
Fig. 10b shows the total current on the target for each fraction of sunlit
area as a function of target potential. The servicer is assumed to be
either fully eclipsed or fully sunlit. Again, the left-side equilibria are
indicated by X, and the right-side equilibria are indicated by O.

Starting at a potential of —22 kV with both spacecraft in eclipse (0%
sunlit area), the target potential converges to the left-side equilibrium of
—20 kV. After 1 s, both spacecraft exit eclipse, with the servicer being
entirely sunlit, while only 12.5% of the nominal photoelectric current
area Ay, o of the target is sunlit. The resulting transients are interesting.
If the entire electron beam escapes the servicer, the servicer charges to
about +4.5 kV; if the entire beam comes back to the servicer, the
servicer remains at about 0 V. Yet, the servicer converges to about
0.7 kV, and the target converges to —19.3 kV. This is one of the cases
from Sec. ILB in which the target potential influences the charging of
the servicer (as the target is highly charged). The increase in photo-
electric current from 0 to 12.5% results in an increase in total current on
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the target that is constant over all negative potentials [Eq. (10)], essen-
tially shifting the total current line in Fig. 10b upward. This upward shift
causes the leftmost zero crossing to shift slightly to the right and
consequently the left-side target equilibrium to shift a few volts in the
positive direction. This allows the servicer to charge a bit more pos-
itively, as the potential difference between the two spacecraft can only
be as high as the electron beam energy (without the presence of a
charged target spacecraft, the servicer would charge to +4.5 kV). In
turn, due to the limitation on the potential difference, the increased
positive potential of the servicer causes the target potential to shift in the
positive direction. This continues until the servicer and target potentials
converge to 0.7 and —19.3 kV, respectively. This highlights one of the
limitations of the assumption that the target potential does not influence
whether or not the beam is able to leave the servicer as discussed in
Sec. ILB. With the root-finding procedure highlighted in Sec. IL.A,
these (left-side) equilibrium potentials cannot be found. A more com-
plex, bivariate root-finding algorithm is needed. Instead of solving for
the equilibrium potential of the servicer and target sequentially, both
equilibria must be computed simultaneously. At equilibrium, the cur-
rent on both spacecraft must be zero, so the one-dimensional function

Loum (@7, §s) = \/Irot,T(lﬁT»(ﬁs)z + Lo s(r.ds)*  (19)

is used to represent the sum of both currents. This current sum is shown
in Fig. 11 as a function of the two spacecraft potentials, with the
corresponding right-side and left-side equilibria highlighted. Using this
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Fig. 11 Current sum for bivariate root-finding. Iyg = 50 pA,
EEB = 20 keV.

120 -

100

80

= D
(=T

Total Current [pA]
Do
(=}

-80 I I I I |

-20 -15 -10 -5 0
Target Potential [kV]

b) Total current on target (servicer at 4.5 kV)

Fig. 10 Change of equilibria due to sunlight variation. Irg = 50 pA.



Downloaded by Univ of Colorado Libraries - Boulder on October 8, 2024 | http://arc.aiaa.org | DOI: 10.2514/1.A36010

HAMMERL AND SCHAUB 1267

function, one can use a bivariate root finder to compute the potentials of
both spacecraft simultaneously in a case where the more complex left-
side equilibrium is of interest. For the case where the beam is initially
energetic enough to reach the target, resulting in the right-side equilib-
rium, the root-finding procedure from Sec. II.A can be used.

As the sunlit area of the target increases to 25% of the nominally
sunlit area Ay, o, the target potential jumps from the left-side equi-
librium to the right-side one. In fact, the left-side equilibrium dis-
appears: the increase in photoelectric current shifts the total current
line in Fig. 10b so far upward that the requirement in Eq. (18a) for the
left-side equilibrium is not fulfilled anymore. That is, the electron
beam current is not significant enough for the given space environ-
ment such that the left-side equilibrium can exist. As a result of the
jump to the right-side equilibrium, the servicer converges to the
corresponding equilibrium at +4.5 kV. With an increase to 100%
of the nominally sunlit area Ay, of the target, the target potential
converges to about 0 V; that is, the electron beam current is not strong
enough to charge the target at all for the given space environment.
Any subsequent variations in the sunlit area cause the equilibrium
potential of the target to change, but the potential remains at the right-
side equilibrium, even when both spacecraft are eclipsed again. To
achieve a left-side equilibrium again, another variation needs to be
included, such as a change in the electron beam energy.

Note that the two ways of changing the type of equilibrium (left
side vs right side) presented here are fundamentally different. One
way, by changing the electron beam energy, puts the current target
potential into a different region of convergence by essentially shifting
the total current line left or right. In this way, one can change the type
of equilibrium in both directions: from left-side equilibrium to the
right side, and vice versa. This way of changing the type of equilib-
rium can also be achieved by varying the potential of the servicer
using some additional current such as, for example, an extra electron
or ion beam that is uncoupled from the target by facing in the other
direction. The other way, by changing the target spacecraft orienta-
tion and the resulting photoelectric current, removes the left-side
equilibrium and thereby enforces the right-side equilibrium, by
essentially shifting the total current line upward. In this way, how-
ever, one can change the type of equilibrium only in one direction:
from left to right. To go back to the left-side equilibrium, one needs to
change another charging source, such as the electron beam energy.
Any current fluctuations (change in plasma environment, variations
in electron beam current, etc.), if significant enough, can cause the
left-side equilibrium to disappear and consequently a jump to the
right-side equilibrium [Eq. (18a)].

C. Significance and Potential Applications

As shown in this section, changes in the charging environment can
cause a jump from one type of equilibrium to another, such as from
the right-side equilibrium to the left-side one. If the charging envi-
ronment allows for multiple equilibria and the electron beam energy
is reduced by several kilo-electron-volts (corresponding to approx-
imately the difference in kilovolts between the left- and right-side
equilibria), the potential of the target may converge to the left-side
equilibrium. Not only is this an unexpected charging behavior, but it
also affects the remote sensing of the electric potential. For the left-
side equilibrium, the impact energy of the electron beam on the target
is close to zero, and barely any secondary electrons or x-rays are
excited, which is needed for the electric potential sensing methods.

From a charge control perspective, where the potentials of the
servicer and target are controlled by adjusting the electron beam
current and energy, the left-side equilibrium provides a new control
algorithm. Instead of implementing a closed-loop control that uses
feedback of the potential of the servicer and target to control the beam
parameters accordingly, the beam energy is reduced to make sure a
left-side equilibrium is obtained. The value of that equilibrium
potential is approximately ¢p7 =~ ¢pg — Egg, 0 as long as the potential
of the servicer is measured, no estimation of the target potential is
required. One drawback of this open-loop control is that no secon-
dary electrons or x-rays are excited. This results in a similar signal as
if the beam does not hit the target at all, so it cannot be verified if the

electron beam is charging the target at all, unless the x-rays and
secondary electrons excited by the ambient plasma are used to
passively estimate the potential [31]. The other drawback is that the
left-side equilibrium results in a low servicer potential. For the
electrostatic tractor, high-magnitude potentials with opposing signs
are desired for both spacecraft to maximize the attractive electrostatic
force between the two vehicles. To achieve a more positive servicer
potential, an additional electron beam can be used that is uncoupled
from the target by facing in the other direction.

These findings are also important when using numeric root finders
to compute the equilibrium potential. If the rightmost equilibrium is
of interest (as in this work), then the limits for the root-finding
algorithm are set to only accept an equilibrium potential greater than
¢r > s — Egg + Enax, Where E ., is the effective energy where the
maximum secondary electron yield occurs. This limit ensures that the
two equilibria to the left are ignored. However, for a small enough
maximum secondary electron yield, the rightmost equilibrium and
the unstable equilibrium may not exist. Moreover, a more complex
bivariate root-finding algorithm may be required as opposed to the
sequential root-finding approach used in this work.

Future work may look into the dynamic effects of the jump
between equilibria on electric potential sensing and control methods
and how this affects the reorbit process with the electrostatic tractor.
The challenges and benefits of the aforementioned open-loop charge
control approach may also be investigated further. Multiple equilibria
also exist in double-Maxwellian plasma [7], motivating a potential
study about the similarities between electron-beam-induced and
plasma-induced multiple equilibria.

IV. Study of Electron Beam Effects Around Earth and
Moon

Using the charging model from Sec. I.A and the findings from
Sec. III, the equilibrium potentials induced by the electron beam are
studied in GEO and cislunar space. Only right-side equilibria are
considered, so the bounds for the numerical root finder are set
accordingly as described in Sec. IIL.C. The left-side equilibrium is
achieved if the beam is initially not energetic enough to reach the
target, due to a large potential difference between servicer and target
or a reduction in electron beam energy. Thus, the right-side equilib-
rium is generally more likely when starting from natural potentials,
which motivates the focus on it within this study.

A. Geostationary Earth Orbit

The plasma environment data for GEO are taken from Ref. [40],
which provides the electron and ion temperature and density (7', n,,
T;, n;) as a function of local time and Planetary K-index (Kp index).
The data come from averaging in-orbit measurements from satellites
flown by the Los Alamos National Laboratory between 1990 and
2001. Local time represents the location in GEO, where a local time
of 1200 h indicates that the spacecraft is between sun and Earth and a
local time of 0000 h corresponds to the spacecraft being behind Earth.
The Kp index characterizes the intensity of geomagnetic storms.
Thus, the plasma parameters are a function of the local time and
Kp index. While the servicer is assumed to always be in sunlight in
GEO, two cases are considered for the target: either the target is also
in sunlight or it is eclipsed by the servicer (resulting in no photo-
electric current on the target).

Figure 12 shows the equilibrium potential of the servicer and target
as a function of electron beam current, for several Kp indices and a
beam energy of 20 keV. The shaded regions represent the various
local times for each Kp index; that is, these regions are bounded by
the minimum and maximum equilibrium potential across all local
times obtained for a given beam current and Kp index. The solid lines
indicate that the target is in sunlight, while the dashed lines indicate
that the target is eclipsed by the servicer. The servicer equilibrium
potential increases approximately linearly with increasing beam
current. It takes some minimum current for the servicer to charge.
This can be explained with Fig. 4 (note that this figure shows the
currents on the target, but the currents on the servicer are similar
despite the beam currents of the opposite sign). At 0 V, there is a
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Fig. 12 Equilibrium potential vs electron beam current in GEO.
Egp = 20 keV.

significant current dropoff because the secondary electron and photo-
electric currents reduce exponentially with increasing positive poten-
tial. Thus, it requires some minimal current to overcome this dropoft.
This is provided by the electron beam current, which essentially shifts
the total current upward for the servicer. Similarly to the servicer, it
takes some minimal current to charge the target negatively. This can
also be explained using Fig. 4, but in this case, the total current is
shifted downward by the electron beam on the target. For the eclipsed
target, the equilibrium potential is up to a few kilovolts negative even
without the electron beam (0 pA). With increasing beam current, the
equilibrium potential increases quickly in the negative direction
before approaching 0 V again, approximately linearly. This is inter-
esting as one might expect that a higher beam current results in a more
negative target potential. However, the electron beam couples the
charging of the servicer and target. With increasing beam current, the
servicer charges more positively, and less energy of the electron beam
is left to charge the target [15,16]. While a higher Kp index is
associated with more negative charging due to more energetic elec-
trons at increased geomagnetic activity, the Kp indices of 2 and 4
show less negative charging than a Kp index of 0. This is due to a
decreased electron density for Kp indices between 2 and 5 in the data.
Consequently, the servicer charges more positively, and less energy is
left to charge the target.

As asatellite orbits around Earth in GEO, it moves through various
plasma environments throughout the day, specified by the local time.
Figure 13 shows the equilibrium potential of the servicer and target as
a function of local time, for several beam currents. The shaded
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regions represent the various Kp indices; that is, these regions are
bounded by the minimum and maximum equilibrium potential across
all Kp indices obtained for a given local time and beam current. In
Fig. 13a, both spacecraft are in sunlight, and high beam currents
between 60 and 90 uA are used. The natural potential (zero beam
current) of both the servicer and target is a few volts positive across all
local times. In the dawn and dusk hours, the target charges the most
negatively, while the servicer charges the most positively a little after
noon. Most natural charging is negative and occurs in the dawn and
dusk hours (see Ref. [7] chap. 1). The electron-beam-induced poten-
tials follow the same trend. Note that the equilibrium potential of the
servicer varies more than 15 kV throughout the day for the same beam
parameters. These differences in charging during one day affect the
electrostatic force between the two spacecraft and can consequently
impact the performance of the multimonth reorbit process of the
electrostatic tractor debris removal method. With the servicer in
sunlight and the target eclipsed by the servicer, only small beam
currents are needed to significantly charge the target, as the natural
potential of the eclipsed spacecraft can already be a few kilovolts, as
shown in Fig. 13b. The trends throughout the day are similar to when
the target is in sunlight, with small differences due to the weaker
electron beam current.

The significant charging levels of the eclipsed target for small
beam currents of only a few microamperes raise the question of how
much this influences the remote sensing methods. For these methods,
it is desired to measure the electric potential without significantly
changing the potential during the estimation process. Figure 14
shows the maximum current that is allowed to not change the
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potential of the target by more than 1 V from its equilibrium, as a
function of GEO local time and for various Kp indices. Fora Kp index
of 0, the maximum allowed current is a few microamperes for all local
times. For higher geomagnetic activity, the maximum allowed cur-
rent drops to only a few nanoamperes for the night-side local times.
Such low currents may not be feasible for the electron gun used by the
servicing satellite. Instead, one could quickly pulse the electron beam
to reduce the average current and let the target object periodically
recharge to its natural potential. Note that such a low current also
affects the signal strength for the sensing methods, as a low current
results in fewer secondary electrons and x-rays to be generated.
However, because the beam is pulsed at a known frequency, one
can strengthen the signal using a bandpass filter. The charging
dynamics of a pulsed beam and the potential benefits of pulsing for
electric potential sensing and control will be investigated in
future work.

B. Lunar Orbit

Another region with high spacecraft charging levels is cislunar
space. As the Moon orbits Earth, it moves through different regions of
Earth’s magnetic field and into the solar wind. Thus, for spacecraft
charging considerations, four regimes are defined for cislunar space
according to the NASA Design Specification For Natural Environ-
ments (DSNE) [41]: the plasma sheet, the magnetotail lobes, the
magnetosheath, and the solar wind. The DSNE provides the electron
and ion temperature and density as well as the ion bulk velocity v; py
for these cislunar environment regimes. In the magnetosheath and
solar wind, a plasma wake with a depletion of plasma density forms
on the downwind side of the Moon because the Moon obstructs the
flowing solar wind [42—44]. Thus, the plasma data for the magneto-
sheath and solar wind regions is given separately for the day side (D)
and wake side (W) of the Moon. In addition, the data are altitude
dependent in the magnetosheath wake-side and solar wind wake-side
regions, with three altitude ranges for the magnetosheath (100-2000,
2000-12,000, and above 12,000 km) and four for the solar wind
(100-500, 500-2000, 2000-12,000, and above 12,000 km). This
results in a total of 11 different cislunar regions for spacecraft
charging. The DSNE provides the mean and maximum for the plasma
data, but only the mean is used here. In this work, it is assumed that
both spacecraft are eclipsed in the magnetosheath and solar wind
wake-side regions. In the day-side regions, the servicer is always
assumed to be in sunlight, and the target is either in sunlight or
eclipsed by the servicer.

Figure 15 shows the equilibrium potential of the servicer and target
as a function of electron beam current for the various cislunar regions
and a beam energy of 20 keV. The shaded regions represent the various
altitudes; that is, these regions are bounded by the minimum and
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Fig. 15 Equilibrium potential vs electron beam current in cislunar
space. Exg = 20 keV.

maximum equilibrium potential across all altitudes obtained for a
given beam current and cislunar region. The charging behavior in
the plasma sheet and magnetotail lobes is similar to GEO, with beam
currents of about 70 A required for the onset of charging if the target
is in sunlight and with a maximum target potential magnitude for a
beam current of about 10 pA if the target is eclipsed. The charging
behavior for a sunlit target is also similar in the magnetosheath and
solar wind day-side regions, although the target is charging to more
negative potentials. This is due to the higher electron density in these
regions, causing the servicer to barely charge positively and leaving
more electron beam energy to charge the target. Another reason for the
higher charging levels of the target is that the bulk velocity v; , of the
ions with respect to the spacecraft is greater than the thermal velocity
w; of the ions in these regions, in which case the third case in Eq. (2) is
applied. Consequently, the ion-induced secondary electron emission is
reduced, allowing for more negative target potentials. Because of the
servicer potential being close to neutral in the magnetosheath and solar
wind day-side regions, the equilibrium potentials for an eclipsed target
are highly negative for beam currents above approximately 5 pA,
without a steady increase in potential with increasing beam current.
In the magnetosheath and solar wind wake-side regions, where both
the servicer and target are eclipsed, the charging levels of the target are
altitude dependent due to the plasma data being provided for different
altitude regions. For lower altitudes, the ion bulk velocity is less than
the ion thermal velocity, and the maximum potential magnitude is
around 10 pA, similar to an eclipsed target in the plasma sheet or
magnetotail lobes. For higher altitudes, the ion bulk velocity is greater
than the ion thermal velocity, and the equilibrium potential is highly
negative for most beam currents, similar to an eclipsed target in the
magnetosheath and solar wind day-side regions.

To highlight the impact of an electron beam on the remote sensing
methods, the maximum current that is allowed to not change the
potential of the target by more than 1 V from its equilibrium is
illustrated in Fig. 16 for the cislunar regions. The figure shows the
four cislunar regimes (plasma sheet, magnetotail lobes, magneto-
sheath, and solar wind) and an indicator of the maximum allowed
current for each of the 11 regions. Green indicates that more than 1 pA
beam current is required to change the potential by more than 1 V from
its equilibrium, yellow corresponds to 0.1 to 1 uA, and red highlights
that a beam current of less than 0.1 A disturbs the potential by more
than 1 V. A white edge of the circle corresponds to the target being in
sunlight, while a gray edge corresponds to an eclipsed target. Addi-
tionally, the regions are highlighted where the bulk velocity v; pyy of
the ions with respect to the spacecraft is greater than the thermal
velocity w; of the ions [in which case the third case in Eq. (2) is applied
for ram-side charging]. In the plasma sheet and magnetotail, the
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Fig. 16 Maximum allowed current in cislunar space.
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maximum allowed current is between 0.1 and 1 pA, regardless of
whether or not the target is eclipsed. In the magnetosheath and solar
wind day-side regions, higher beam currents are allowed when the
target is in sunlight, and only lower beam currents are allowed when the
target is eclipsed. In the magnetosheath and solar wind wake-side
regions, the maximum allowed current is generally low and mostly
less than 0.1 pA. This aligns with the higher charging levels of space-
craftin these regions. It was found that the maximum allowed current is
mostly higher when the natural equilibrium potential is a few volts
positive, or when the electron population is dense and low energy,
causing a larger gradient of the plasma electron current at slightly
negative potentials, which in turn results in a lower sensitivity of the
potential to the total current. High sensitivity of the equilibrium
potential to the beam current is possible when the natural equilibrium
is very close to a turning point of the current (where the charging
equations switch from one case to another, for example, at 0 V).

V. Conclusions

This paper investigates the effect of electron emission and impact
on the spacecraft charging levels of two neighboring spacecraft. For
this analysis, an electron gun is assumed to be mounted on a servicing
satellite and aimed at a target satellite, resulting in electron beam
emission on the servicer and electron beam impact on the target. The
electron beam is only energetic enough to reach the target if the initial
beam energy is greater than the potential difference between the two
spacecraft. Otherwise, the beam is attracted back to the servicer,
resulting in a net zero beam current on both the servicer and target.
This relationship between the beam energy and the electric potentials
of the spacecraft leads to a coupling of charging dynamics between
the servicer and target.

Multiple electric potential equilibria are found to exist for the
servicer and target in a single-Maxwellian plasma. This is due to
the emission of secondary electrons that are excited by the electron
beam impacting on the target and due to the energy-potential relation
of the electron beam. The existence of multiple equilibria depends on
the magnitude of the beam current relative to the currents induced by
the space environment as well as the secondary electron yield of the
surface material of the target. Moving from one stable equilibrium to
another is possible due to a fast decrease in beam energy or increase in
servicer potential; or due to current fluctuations caused by a rotating
spacecraft (resulting in a time-varying photoelectric current),
changes in beam current or the plasma environment. These findings
are important for active charging and remote electric potential sens-
ing methods that use an electron beam. Potential applications that use
the knowledge about multiple equilibria include an open-loop charge
controller that takes advantage of the stability of the most negative
equilibrium potential of the target.

Finally, the spacecraft charging levels due to the electron beam are
studied in geostationary Earth orbit and cislunar space, and the effect
of the electron beam on remote electric potential sensing methods is
investigated. It is found that, especially when the target is eclipsed,
the electron beam may significantly divert the electric potential of the
target from its natural equilibrium while the potential is measured.
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