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Abstract 

The electrostatic tractor is a concept for debris removal and detumbling in geosynchronous Earth orbit (GEO), where a servicer 
spacecraft directs an electron beam (e-beam) at a debris target. The servicer becomes positively charged through electron emission, while 
the target charges negatively upon impact, generating an attractive electrostatic force. This force enables the servicer to gradually re-orbit 
the debris into a graveyard orbit. Previous studies using continuous e-beams show that this force is on the order of milli-Newtons or less, 
requiring several months to achieve the necessary change in velocity. This paper investigates how a pulsed e-beam, at the same average 
power, can significantly enhance the electrostatic force if sufficient current is delivered. High-energy electrons are emitted for a short
pulse such that, over the duty cycle, the same mean power is consumed as a lower energy beam that is continuously on. High electrostatic
potentials can result in field emission, but these are shown to be manageable. Additionally, a space-weather-dependent optimal duty cycle
that maximizes the electrostatic force is presented. By increasing the achievable force, the required re-orbit time can be reduced by one to
two orders of magnitude, with even greater reductions possible under stronger e-beam parameters. Pulsed e-beam performance is eval-
uated across a range of representative GEO space weather conditions.
© 2026 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar
technologies.
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1. Intr oduction

Spacecraft in high Earth orbit are known to charge nat-
urally to kilovolt levels due to currents from the local 
plasma, such as ambient electron and ion currents or the
photoelectron current when in sunlight (Lai, 2011, 
Chapter 1). Because of the sparse and energetic nature of 
the plasma environment at high altitudes, such as in 
geosynchronous Earth orbit (GEO), spacecraft may charge
to severe negative potentials on the order of thousands to
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tens of thousands of volts while in eclipse (DeForest, 
1972). The ATS-6 satellite, for example, experienced record 
charging up to kV in GEO (Olsen, 1987). Although 
spacecraft charging is often regarded as a risk due to deep 
dielectric discharge and differential charging concerns, pre-
vious studies demonstrate the promise of active spacecraft
charging at high altitudes as a means to re-orbit defunct
satellites (Schaub and Moorer, 201 2; Hughes and
Schaub, 2015a; Schaub and Sternovs ky, 2014; Aslanov,
2020; Aslanov and Yudintsev, 2018) or detumble space-
craft prior to servicing them (Trevor Bennett et al., 2015;
Bennett and Schaub, 2015; Benne tt and Schaub, 2018;
Stevenson, 2016; Aslanov, 2019; Aslan ov and Schaub,
2018). Active spacecraft charging refers to the deliberate
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2 https://thinkorbital.com
use of a non-natural currents, commonly from an electron 
gun on a servicer spacecraft, to charge a nearby target. This 
generates controlled potentials on both spacecraft and
results in attractive and repulsive forces between them
(Ting et al., 2016; Tahir and Narang-Siddarth, 2018;
Yamamoto and Yamakawa, 2008). GEO is a particularly 
suitable environment for active charging because the 
Debye length, a measure of how far a charged object’s elec-
trostatic effect persists, is on the order of hundreds of
meters, compared to centimeters in low Earth orbit
(LEO) (Champion and Schaub, 2023; Lea hy, 2021;
Guillemant et al., 2012; Anderson, 2012).

The proposed method for contactless space debris re-
orbiting is the Electrostatic Tractor (ET) (Schaub and 
Moorer, 20 12). Here, a servicer spacecraft equipped with 
an ancillary propulsion system uses an electron beam (e-
beam) to make the potential of a target object negative 
while its own potential becomes increasingly positive. 
Eventually, the servicer’s positive potential grows large 
enough such that some emitted electrons are attracted back 
to the servicer and the net currents on both the servicer and 
target due to the e-beam and space environment reach a net 
zero current steady state equilibrium condition. The elec-
tric potential of a spacecraft when the net current is zero
is the equilibrium potential. The resulting attractive force
allows the servicer to re-orbit the target. The servicer’s
propulsion system must then provide the inertial force to
achieve the necessary change in velocity to put both
spacecraft onto a transfer orbit and then into the final
graveyard orbit.

VD 

To maintain the electrostatic force between spacecraft, 
the thrust force provided by the propulsion system cannot
be significantly larger than the electrostatic force (Hogan 
and Schaub, 2013). Thus, maximizing the electrostatic 
force improves mission efficiency. Previous research pri-
marily used a continuous e-beam to calculate the elect ro-
static force, and found results on the order of a few milli-
Newtons or less (Hammerl and Schaub, 2024b; Haft and
Schaub, 2024). In some studies, the e-beam parameters 
were varied for a range of plasma conditions to find the 
optimal combination of beam energy and current to maxi-
mize the e-tractor force (Hughes and Schaub, 2015b). In 
contrast, Refs. Hughes and Schaub (2017b) and Hughes 
and Schaub (2017a ) investigated if a pulsed e-beam can 
result in an increase in force. The theory predicted that, 
for a given mean power consumption, it is possible to 
achieve much higher averaged e-tractor forces by using a 
high-voltage, high-current e-beam for a fraction of the time 
in cycles on–off pulses. This is compared to the original e-
tractor concept where a lower current, lower voltage e-
beam is on for the duration and uses the same mean power.
Because the force increases roughly quadratically as a func-
tion of spacecraft potential, the pulsed beam theoretically
can result in a higher electrostatic force than a continuous
beam. A challenge identified in the earlier work is the time
it takes for a pulse to reach an equilibrium charging
condition.
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The studies conducted in Refs. Hughes and Schau b
(2017b) and Hughes and Schaub (2017a) present an inter-
esting baseline for the pulsed beam e-tractor concept. 
While results show that the pulsed beam can increase the 
force, the effect is not optimized as a function of the duty
cycle, which is the ratio of time that the e-beam is turned
on to the total period of the pulse. Instead, Ref. (Hughes 
and Schaub, 2017b) focuses on optimizing the electrostatic 
force by varying the tuning parameter, which determines 
the ratio of e-beam current to e-beam voltage. The effect 
of local time during quiet conditions is also observed, 
and storm conditions are looked at for specific parameters. 
The e-beam is simulated only at duty cycles of 10 %, 25 %, 
50 %, and 100 % (continuous case). As a result, the full 
effect of the power-limited pulsed e-beam is not explore d.
The study also does not account for multiple populations
of plasma particles in the GEO environment, instead only
using a single-Maxwellian distribution of particles. The
GEO environment plays a significant role in the effective-
ness of the ET, so it is necessary to build upon this work
with an increasingly realistic model.

The purpose of this research is to employ the coupled 
spacecraft effects to determine if there exists an optimal 
duty cycle such that the electrostatic force is maximized. 
Of interest is investigating if new emerging electron guns 
with high currents and rapid response times could lead to
a better power constrained e-tractor performance. For
example, the company Think Orbital is developing a novel
space-based welding system that can sustain high currents
and has a fast response time.2 While Think Orbital uses 
very short separation distances for the welding, our appli-
cation would spread out the beam over a larger distance
such that the target receives the high current without melt-
ing issues.

A key concern of the power-constrained pulsed e-tractor 
concept is that it takes a finite time for space objects to 
charge to their equilibrium state. This is a function of the 
e-beam properties and the local space environment. If the 
charging time is too long compared to the pulsed beam 
on-time, then the resulting electrostatic force would be 
small. This paper first studies how the duty cycle can be 
used to optimize the electrostatic force in eclipse. Because 
the electron gun pulsing cycles are result in higher currents 
and energies being considered, significant charging occurs 
and field emission must be considered. This paper investi-
gates if field emission is a significant concern for the poten-
tials being considered. The research study is compared to
the continuous electron beam. The effect the photoelectron
current has on optimal pulsed beam charging is then deter-
mined. Next, the changing GEO plasma environment is
taken into account, and the pulsed beam is simulated at
various geomagnetic storm strengths and times compared
to local midnight. The charging simulations are conducted
using a bi-Maxwellian flux distribution of hot and colder
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plasma to emulate a more complex and realistic space envi-
ronment than what was considered in prior work. Finally, 
a brief study on how the electron beam power can be mod-
ified to overcome limiting environmental effects is
conducted.

2. Electrostatic re-orbiting background

2.1. Electrostatic tractor force modeling

To quantify the electrostatic force in such a way that the 
effects on the GEO debris re-orbiting mission can be fully 
understood, it is useful to approximate the re-orbit time

to go from the GEO altitude to the GEO disposal
orbit. Fig. 1 illustrates the electrostatic force acting on 
the servicer and the target object. The servicer is assum ed
to have an inertial thruster generating the rce
(Hogan and Schaub, 2013; Schaub and Moorer, 2012)  to
maintain a constant separation distance between vehicles. 
While the time-varying e-tractor has been considered to 
detumble a large debris object prior to docking, without 
loss of generality this paper focuses on the tugging applica-
tion where a sustained net electrostatic force is the goal.

n

F T

tbur 

fo 

F EThe electrostatic force acts between the servicer and 
the target. This force is calculated by first using the rela-
tionship between electric potential (servicer ) an
(target) and charges an between two spacecraft
modeled here as charged spheres: (Smythe, 19 68;
Stevenson and Schaub, 2013) 
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The variables and are the radii of each sphere, is 
the separation distance between them, d is the 
Coloumb constant equal to (N 2 )/C2. Then,

can be found using the Coloumb equation
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Fig. 1. Electrostatic tractor con
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The radii and are approximated using Eq. (3), which 
provides a first-order relationship between the mass of the
spacecraft and their radii (Schaub and Jasper, 2013). In this 
study the servicer mass is kg, which allows it to 
fall into the category of medium sized GEO satellite. The 
resulting equivalent sphere radius is m. The equiv-
alent sphere maps the actual capacitance of a complex
spacecraft shape to a representative sphere with the same
capacitance (Schaub and Jasper, 2013). Additionally, the 
target space object mass is kg, which is the aver-
age mass of a newly launched GEO satellite as of 2014
(Ostrove, 2015). The resulting equivalent sphere radius is 

m. The radii of the spherical spacecraft are calcu-
lated from the following trend equation developed in
Schaub and Jasper (2013)

500 
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The capacitance of each satellite is estimated from its shape 
and size and then represented with a sphere of equivalent
capacitance.

Previous continuous e-beam research shows electrostatic 
forces between spacecraft on the order of mN or less
(Hammerl and Schaub, 2024b; Haft and Schaub, 2024). 
This poses an interesting challenge for the ET concept. 
To achieve a net system to re-orbit the servicer-debris 
system, must be greater than Th required to
keep the tug ahead of the debris by a fixed separation dis-
tance is(Hogan and Schaub, 2013; Schaub and Moorer,
2012) 
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This condition results in both servicer and debris to accel-
erating by the same amount. He m a m are the
masses of the servicer and target respectively (Schaub and 
Moorer, 2012). The sma required to maint 
means that will be sizable. However, a larger would 
allow for a larger an d thus a larger

S T

F T F E

n F
, t.

re nd 

ll ain 
tbur E 

F T F ne
cept with forces visualized.

move_f0005


A. Haft, H. Schaub Advances in Space Research 77 (2026) 7168–7182
F TTo further quantify results in this research, can also 
be written in terms of n:tbur 

F T 
mpropI spg0 

t burn
5

where is the standard gravity m/s2 ) is the 
specific impulse of the propulsion system, and is the 
mass of the burned propellant equal to

80665 p

rop

g0 (9 , I s
mp 

mprop mS 1 exp 
DV 
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6

2.2. E-Beam Power

Assuming that the ET is equipped with an e-beam with 
some fixed power specification it is of interest to deter-
mine if it is optimal to use this power continuously at some 
given e-beam current nd e-beam volta ge or if pulsing
the e-beam such that nd are increased during a short
time period will maximize the electrostatic force for the
same The fixed electric power s given by

P , 

aI V , 
aI V 

P . iP 
P IV 7

where s the current and s the potential. If the e-beam 
is pulsed, then the power equation become 
where s the duty cycle. To maintain the power specifica-
tion, nd must be

D IpV p
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which can be substantially larger than the nd for the 
continuous beam depending on A tuning parameter 
included in these equations, where indicates that cur-
rent increase more than volta ge an suggests the
opposite. In this study, a value is used because this
was found to be optimal in Hughes and Schaub (2017b), 
which found that a maximum force was produced when 

at both high and low duty cycles. Using this approx-
imation allows the current study to focus on maximizing 
the electrostatic force with respect to the duty cycle alone. 
These augmented e-beam properties can cause the magni-
tude of the potential of both the target and servicer space-
craft to be amplified. This means that the resulting 
electrostatic force may be increased by using a pulsed beam
that uses the same mean power as the continuous e-beam
solution. The pulsing mechanism used in this study is
”on–off” pulsing, meaning that the e-beam will be switched
entirely off and back on during one pulsing cycle.
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2.3. Charging model

The charging model employed here is ba sed on the one
developed in Hammerl and Schaub (2024a). This ch arging
7171
model assumes fully-conducting spherical spacecraft. It 
also assumes that the only coupled charging effect is due 
to the e-beam. Accounting for the secondary and back-
scattered electrons from the negatively charged target being 
attracted to the positively charges servicer is left for future 
work. Moreover, attraction of the plasma particles uses an
orbit-limited approximation, which means the flux is calcu-
lated as that incident on a sphere of the same potential and
depends only on the surface potential (Davis et al., 2016). 
The net current on the servicer and the target are each

Inet Ie I i Ibeam IBSe IBSbeam ISEe ISE p

ISEbeam
IPE 10

where is the ambient electron current, is the ambient 
ion current (assumed to be Hydrogen nuclei) is the 
e-beam current, is the back-scattered electron current 
due to ambient electrons, is the back-scattered elec-
tron current due to the e-beam, is the secondary elec-
tron current due to ambient electron impac is the 
secondary electron current due to ambient ion impact,

is the secondary electron current due to e-beam
impact, and is the photoelectron current. The equations
for these currents are dependent on the servicer potential

and the target potent and can be found in
Hammerl and Schaub (2024a). The time varying potential 
of both the servicer and target spacecraft is found by 
numerically solving the differential equation
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where s the distance between the spacecraft.id 

2.4. Bi-Maxwellian plasma environment

Prior research on optimizing the electrostatic tractor in 
different GEO environments use s a single-Maxwellian flux
distribution function (FDF)(Hammerl and Sch aub, 2024a;
Hughes and Schaub, 2015b) or accounts for only one pop-
ulation of particles (Hughes and Schaub, 2017b). However, 
the plasma environment at GEO can be composed of two 
or more particle popula tions. This study uses the Denton
bulk GEO plasma properties (Denton et al., 2005) where 
a cold and dense population of plasmasphere particles is 
used, as well as a hotter, more tenuous population of par-
ticles injected from the magnetotail. Both populations vary 
depending on solar storm activity and the local tim 
The colder plasma component will impact the charging 
and discharging response times in this pulsed charging sce-
nario. One way of measuring solar storm activity is by 
using the planetary index, o index. Higher values
of index correspond to greater geomagnetic activity,
with values of indicating a solar storm. When the
magnetosphere is compressed as a result of solar activity,
magnetotail particles are accelerated to high energies and
injected into GEO. Magnetotail particles are also acceler-

T .

p

P 5

e L 

K r K 
Kp 
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Table 1 
Plasma parameters.

Particle Parameter 

Type (eV)T 1 (eV)T 2 (cm−3 )n1 (cm−3 )n 2
Electron 1 2400 1 1.25 

Ion 50 8100 0.01 0.95
ated during substorms, and the electron flux is enhanced 
between local midnight and dawn as a result of the east-
ward drift of the injected high energy electrons. The result 
is a plasma environment that is more accurately repre-
sented by a bi-Maxwellian flux distribution function 
(FDF) represented by which accounts for both the
cold plasmasphere particles and the hot injected particles
as a function of energ Each population is modeled
using a Maxwellian FDF, and their sum is the bi-
Maxwellian FDF

E ,

E.

f 

y 

f E f 1 E f 2 E 12a

f 1 2 E n1 2 
q0 

2pmT 1 2 

1 2 E 
T 1 2

exp
E
T 1 2

12b

where s the unsigned elementary charge, n the particle 
density, s the particle temperature, s the mass of the 
particle, and s energy. The subscript dicates the cold
population, and ndicates the hot population.

1

q i0 is 
iT m i 

iE in 
i2 

LAltitude is often denoted in terms of shell, where the 
value of epresents the number of Earth radii above the 
center of the Earth. For example is at the Earth’s 
surface. During quiet times, the plasmapause can extend
out as far as fully encompassing GEO a
but geomagnetic activity causes the plasmasphere to com-
press significantly (Pierrard et al., 2021). Within the plas-
masphere, electron density decreases exponentially with 
altitude until reaching the plasmapau se, where the electron
density is around 100 cm−3 (Laakso et al., 1997). The plas-
masphere electrons have low energies, generally in the
range of 1 to 10 eV (Williams, 1985). Outside of the 
plasmapause, the density of these low-energy electrons
decreases by orders of magnitude (Laakso et al., 1997). 
In this paper, the density of the cold electrons at GEO will 
be modeled as 100 cm−3 for (no solar activity) and 
1  cm− 3 for and This assumption aligns with
the equation for the plasmapause location as a function
of index in Pierrard et al. (2021). This paper neglects 
the effects of day/night variations on the electron density, 
thus, the cold electron density does not vary with local 
time. The energy of the cold electrons used in this paper
is V for all indices.

1
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eAll the positive ions are assumed to b nuclei. The 

densities and energies for the cold ions, hot ions, and hot
electrons are taken from Denton et al. (2005). The energy 
of the cold ions is assumed to b eV, since the study 
measures cold ions as all ions with energies betw 
and eV. The density of the cold ions varies wit
index and The hot particle population’s densities and
energies also vary with both and
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3. Force increases due to duty cycle

The goal of this work is to maximize the electrostatic 
tractor force while holding the mean e-gun power con-
sumption constant. The continuous (nominal) e-beam cur-
rent is A to keep consistent with Hughes and520l 

F E 

I 
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Schaub (2015b ). The continuous beam energy used here 
is keV. Keep in mind that the pulsed beam current 
and energy increase for each duty cycle to maintain a fixed
power setting according to Eqs. 8 and 9. In the following 
simulations, the spacecraft separation distanc 
m, center-to-center. The environment parameters used in
the following discussion are listed in Table 1. These param-
eters correspond to and This environment 
was chosen because previous research had shown that the
ET performed better in an active environment (Hughes 
and Schaub, 2015b; Hughes and Schaub, 2017b). 

40 

12 5 

6 4.

E 

e d is 

Kp LT 

Because the peak electrostatic force – not considering 
charging time – increases roughly linearly as the duty cycle
decreases (per Eqs. 9 and 2), the average force over a puls-
ing period also increases as the duty cycle decreases. Charg-
ing, however, takes a certain amount of time. At some 
point, the duty cycle will become so short that the space-
craft will not have time to reach potentials great er than
those resulting from the next largest duty cycle. Thus, the
hypothesis is formed that there exists an optimal duty cycle
such that the electrostatic force is maximized for a given
space environment.

3.1. Determining an opti mal duty cycle

Fig. 2 illustrates the charging response and the resulting 
force for duty cycles of ranging from 1 % to 10 % to try to
numerically determine the duty cycle that minimizes the
electrostatic force. Fig. 2 shows the simulation repeated 
for 5 linearly spaced duty cycles from 1 % to 10 %, with
the exception of Fig. 2d, which has 50 duty cycle points. 
It is immediately evident in Fig. 2d that the hypothesis that 
there exists a duty cycle such that the electrostatic force is 
maximized is true; the force is maximized at a duty cycle of 
4.489 %. Note that this value is approximate. The non-
smooth behavior of the average force arises from averaging 
over the full duty cycle after solving for the spacecraft 
potentials with a stiff ODE solver. Because the solver adap-
tively adjusts its time steps to improve computational effi-
ciency, it used more time steps in the pulsed portion of
the cycle for some duty cycles than for others. As a result,
the pulsed region was effectively weighted more heavily in
the averaging process, leading to the observed non-
smoothness.

The maximum average force (MAF) as seen in the figure 
is still on the order of mN, so how much of an effect does 
this optimization really have on the time to achiev
The required to successfully re-orbit the spacecraft

DV ?
V

e 
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Fig. 2. Coupled effects of the electrostatic force for duty cycles ranging from 1 % to 10 %.
can be calculated assuming a Hohmann transfer (Vallado, 
2001; Schaub and Junkins, 2018) from GEO to the grave-
yard orbit. GEO is located at approximately 
km from the center of Earth and the graveyard orbit neces-
sitated by laws in place by the Federal Communications
Commission is km (de Selding, 2004). Then, 

is found to b m/s. This estimate agrees with 
other calculations for the to re-orbit GEO spacecraft,
which use m/s (Paganucci et al., 1997). 

42164 1 

r1 300
0 88

r1 

r2 
DV e 1 

DV 
11 

The resulting average electrostatic force at each duty 
cycle is substituted into Eq. (4) to obtain the required 
to maintain a constant separation distance. Then, Eq. (5) 
is rearranged to find The specific impuls of the 
propulsion system i s, which is the s e as
NASA’s NEXT ion thruster (Glenn Research Cent er,
YYYY). Results show that the specific impuls has a 
negligible effect on the burn time with such small forces. 
For a continuous beam, the average electrost atic force is

mN, which results in a burn time days.

T
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190 I sp
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271 93 39
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tbu e I s
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e I s

0 5 of 
7173
Fig. 3 shows how the duty cycle affects the burn time to 
achieve for duty cycles ranging from 1 % to 10 %. 
The pulsed e-tractor maximum force achieved is an order 
of magnitude stronger than the electrostatic force for the 
continuous beam, at mN. This results in a burn time
of only days, a twenty-fold reduction in reorbiting
time compared to the continuous beam case with the same
average power.

12
865

DV 

10 
4 

3.2. Hazard of field emission due to high potentials

When a conducting surface is charged to adequately high 
potentials such that its electric field is sufficiently enhanced, 
it may self-emit electrons in a phenomenon called field emis-
sion. Field emission does not stop electrostatic charging, 
but it becomes an additional current trying to reduce the 
target vehicle’s negative potential that must be accounted 
for. Fiel d emission is modeled using the Fowler–Nordheim
(FN) equation (Fowler and Nordheim, 1 928)
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Fig. 3. Burn time versus duty cycle.
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exp B/3 2
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/ e

where s the emission current density, A and B are con-
stants represented by is the 
work function for the material, and is the electric field 
at the surface. In this study, the material is assumed to
be aluminum, which has a work funct 8 eV
(Michaelson, 197 7). The electric field can be related the 
electric potential of the surface with a simple geometry
using (Forbes, 2001) 
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where s the field enhancement factor, which accounts for 
surface curvature or geometric effects that enhance the 
local electric field, an is the separation in meters 
between the emitter and the counter-electrode. In this 
study, the spacecraft are assumed to be spherical,
can be approximated as the ratio to the sphere’s
radius, in this case. Substituting this into Eq. (14),  we
find that for the spheri cal target:

d

b
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so 
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15

Then, substituting Eq. (15) into Eq. (13) leads to 
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For a highly charged spacecraft with surface imperfections, 
sharp corners, or pointed edges, field emission may inter-
fere with its charging. In addition, the electric field of the 
servicer when in the proximity of these edges would
enhance the total electric field, thus increasing the field
emission from the target. The interaction of the electric
fields can be roughly modeled by

e eT eS 
V T 

Rtip 

V S
d RT

17
7174
where is the radius of the emitting tip.pRti 

between the spacecraft when the electric field at an asperity 

When working with these high electrostatic potentials, a 
concern was that field emission could induce arcing 

on the target became sufficiently high. This hypothesis is 
assessed in the same plasma parameters as before, 
and The target and servicer have the same radii, 
but a very small sphere at the surface of target facing the 
servicer represents an emitting tip. The radius of this third 
sphere is simulated a m m m m,
and m. It is assumed that because the servicer is
charged positively, it will absorb all of the current that
may be emitted from the target. Any secondary or
backscattered electrons that may result from this field emis-
sion current on the servicer are not accounted for in this
study. The electric field is calculated using Eq. (17). This 
result is used to compute the emitted current density using
Eq. (13). Finally, the emitted current is calculated with 
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are shown as colored solid lines and the case where field

Fig. 4 shows the results of the pulsed beam at % duty 
cycle considering the field emission current. The varying 

emission is not considered is shown as a black dashed line.
It can be observed in Fig. 4a that field emission due to 
small asperities results in decreased charging. With the 
tip radius of m, the target charges to on kV. 
On the other hand, the target charges to kV when 
the tip radius is m, whi ch is equivalent to the charging
of the target without accounting for field emission. This
corresponds to the magnitude of emitted current at each
radius, shown in Fig. 4d. As the radius of the tip increases, 
the amount of emitted current decreases. A m, the 
emitted current is near zero. Likewise, the servicer charges
negatively when impacted by the emitted current, as seen in
Fig. 4b. For smaller radii, this effect is more profound since 
there is more current emitted from the tip.

p

l 6 4
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t 

currents for small tip radii, the current density remains 

Notably, these time-varying results show that arcing is 
not a concern. While field emission reaches relatively high 

low. The current density does not exceed A/m2 . This 
maximum current density interestingly occurs for the 

m radius, but all of the radii reach similar maxima. 
Therefore, even though the target charges to extremely 
large potentials, the m radius tip does not pose a risk
of arcing. Moreover, t m radius tip mitigates
decreased charging related to field emission and prevents
the servicer from reaching negative potentials. This indi-
cates that field emission is only a concern for small enough
geometrical features.
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emission. The forces for the pulsed beam, seen in Fig. 5a, 

Fig. 5 compares the resulting forces from pulsed beam 
charging and continuous beam charging considering field 

reflect the decreased charging for small tip radii observed
in Fig. 4. When m, the MAF is onl mN, 
while at 0 lm the MAF 10 5 mN (this value being 
greater than the previously noted peak force is the result

ip 1 l 05Rt y 0 
5 is
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Fig. 4. Coupled charging ults with field emission at duty cycle %.5res 

 

of errors herent to the inte tor, but the interpretation is 
the same). For the continuous beam, shown in Fig. 5b,  field
emission ceases to have an impact for larger tip radii, in 
this case greater than m. The average force levels out 
at around mN, similarly to the previous result that 
did not account for field emission. Despite being severely
depleted at smaller radii, the average force remains greater
for the pulsed beam than that for the continuous beam.
This is illustrated in Fig. 5c, where the average force for 
the pulsed beam for 100 linearly spaced radii fro to 

m is shown in blue and that for the continuous beam 
is colored red. At m the forces are comparable, though 
the pulsed beam is still slightly stronger. As the radius
increases, the pulsed beam quickly becomes substantially
more effective than the continous beam. Due to increased
numerical precision used in Fig. 5c than in Fig. 5b, it can 
be seen that the increased tip size actual ly stops having

in gra

l
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1
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an effect on the MAF for the continuous beam at around
m rather than m.l l8 5 10 

However, recent experimental trials illustrate that 
increasing the e-beam current can offset the limiting effect
of field emission (Walker and Schaub, 2024). This is 
because the e-beam current does not govern the maximum 
charging potential of the target, but instead allows the e-
beam to dominate over other charging sources. Thus, the 
field emission current does not change because the poten-
tial of the target does not change, but the e-beam current 
is now more dominant. Thus , high kilo-volt potential levels
are achievable even with field emission. A detailed study of
this requires account for the spacecraft shape, surface
materials, separation distance and relative orientation
and is beyond the scope of this study.

For the remainder of this study, the pulsed beam is 
investigated without accounting for field emission.
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Fig. 5. Force vs. tip radius for the pulsed beam and continuous beam.
3.3. Effect of the photoe lectron current

The photoelectron current is a positive current on a 
spacecraft that results from the photons from the sun excit-
ing the electrons on the spacecraft surface. In the previous 
section, the target is assumed to be in eclipse, so this cur-
rent was not taken into account. This was in order to pro-
vide an adequate picture of the optimal duty cycle.
However, in the magnetosphere, the photoelectron current
often dominates over the other ambient currents (protons,
electrons, and resulting secondary and back-scattered cur-
rents) (Lai, 2012, Chapter 7). As a result, GEO spacecraft 
in sunlight are usually charged up to a few volts positive. 
GEO spacecraft are rarely in eclipse; the ATS-5 spacecraft, 
which was in an e quatorial geosynchronous orbit, only
entered eclipse for 30 min each night for a period of 3 to
4 weeks on either side of an equinox (DeForest, 1972). 
7176
Thus, the photoelectron current is crucial to include when
discussing GEO spacecraft.

Fig. 6 shows the MAF as a function of the percent of the 
target spacecraft’s projected area surface that is exposed to 
sunlight. The MAF is found by iterating over the duty
cycle to find the one that produces the minimum force in
the same process that was used in the previous section.
Fig. 6 illustrates how increasing the amount of surface 
exposed to the sun, and thus increasing the photoelectric 
current, reduces the magnitude of the MAF. The projected 
area of the servicer is assumed to remain fully exposed to
sunlight, so it does not charge negatively due to the envi-
ronment while the e-beam is powered off. Fig. 6 essentially 
simulates how the servicer’s shadow on the target affects 
the electrostatic force between them. When the target’s 
projected area is fully exposed to sunlight, the MAF is

mN, compared to mN in eclipse. However,00 2 712 9 1

move_f0030
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Fig. 6. Maximum average force versus percent sun exposure of the
projected area.
the pulsed beam in full sun still performs significantly bet-
ter than the continuous beam in eclipse (MAF =
mN).

52710 

To further emphasize the effectiveness of the pulsed elec-
tron beam, Fig. 7 shows the charging and force responses 
for duty cycles of 10 %, 30 %, 50 %, 70 %, and 90 % in full
sunlight. Fig. 7a shows that the target does not charge ade-
quately negative for the duty cycles greater than 10 %. 
While there is an initial pulse for the 30 % duty cycle, this 
is because the e-beam current acts more quickly on the 
spacecraft than the environment. Thus, after the first pulse, 
the effect of the environment is in full effect. The lack of
charging for higher duty cycles demonstrates the domi-
nance of the photoelectric current compared to the other
currents, including the e-beam current. As a result, the
force is consistently near-zero for the higher duty cycles,
as seen in Fig. 7c. Therefore, in order to even generate an 
electrostatic force with spacecraft of these sizes in this envi-
ronment, the pulsed electron beam must be employed.

4. Effect of the nominal GEO envir onment on peak force

The plasma environment in GEO is constantly changing 
as a result of geomagnetic storms and substorms, which 
accelerate protons and electrons to high energies and inject
them into synchronous altitudes. In the previous sections,
the plasma parameters were those shown in Table 1, which 
correspond to and As the plasma environ-
ment varies, it is of interest to investigate the impact the 
changing environment has on the electrostatic force
enhancement obtained by pulsing the e-beam.

6 4.Kp LT 

ipFig. 8a shows the MAF as a function of the ndex at 
The index varies from 0  t In 

reality, the scale goes up to but less than 5 %
of days per 11-year solar cycle reach values greater than

(Noaa space weather scales, YYYY). In addition, 
we can recognize the pattern and make adequate predic-

K
4. p Kp Kp 6.

p 9,

6

LT K o  
Kp K 

Kp 
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tions about the force enhancement during more severe 
solar storms. The key observation is that the MAF 
increases with index. In other words, the pulsed electron
beam performs better during active periods, which corrob-
orates results from previous research (Hughes and Schaub,
2015b; Hughes and Schaub, 2017b). The data in Fig. 8a 
includes the photoelectron current at full sun exposure. 
At the MAF is near zero, which is likely a result 
of the currents from the cold, dense plasma that is present 
dominating the electron beam current. The duty cycles 
used to find the MAF ranged from 1 % to 10 %. Some duty
cycles smaller than 1 % were simulated, but due to the time
required to charge up the spacecraft, the optimal duty cycle
for these conditions falls in the 1 % to 10 % range. (see
Fig. 9). 

0, 

Kp 

Kp 

Fig. 8b, which shows the minimum average force as a 
function of a follows the expected pattern
based on the results of Fig. 8a. Around local midnight 

the MAF decreases quickly, peaking during the 
early morning hours. Then, the plasmasphere particles 
move back into GEO and the cold, dense particles quickly
dominate over the electron beam current. The near-zero
forces seen in both Fig. 8b  a  nd 10b, which shows the same 
results but in eclipse, indicate that geomagnetic activity is 
essential for ET function at the current and voltage used 
here. However, strong er e-beams may provide the currents
and energies necessary to function in even quiet
environments.

T Kp 6,

( 24)

L t 

LT 

5. Effect of electron beam power on peak force in quiet

environments

To combat the cold plasmasphere particles that mitigate 
active charging during quiet periods in GEO, e-beams with 
greater fixed powers are explored. In the previous scenar-
ios, the continuous beam parameters were fixed at 

A and keV, which is equivalent to a beam 
power of W. At this power setting, the electro-
static force was near-zero during quiet periods. The poten-
tial of the target spacecraft is limited by the pulsed energy 
of the e-beam. For example, at a duty cycle of 1 %, the 
pulsed energy of the e-beam is keV keV.
Thus, the target could charge to a maximum of 400 V.
However, for such small duty cycles, the time it takes for
the spacecraft to charge prevents it from reaching its max-
imum potential in the period that the e-beam is turned on.
The spacecraft can be charged more quickly by increasing
the e-beam current.

520 l 40
20 8

0 01 400
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P 

40 

Fig. 10 shows the effect of increasing the continuous 
beam current in the varying bi-Maxwellian environment 
for duty cycles ranging from 1 % to 10 % and a pulsing fre-
quency of 1 Hz. In Fig. 10a, the local time is fixed at

and in Fig. 10b, the index is fixed a 
The spacecraft are exposed to full sunlight. The results 
show how increasing the e-beam current allows the electro-
static force to grow as a result of the faster charging

4, p p 6.LT K t K
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Fig. 7. Coupled effects of the electrostatic force for duty cycles ranging from 10 % to 90 % in full sunlight.

Fig. 8. Effect of a changing environment on minimum average force in sunlight.
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Fig. 9. Effect of a changing environment on minimum average force in eclipse.
induced by higher currents. The maximum charging poten-
tial remains constant for each duty cycle, but the spacecraft 
is able to reach higher potenti als in the period that the e-
beam is turned on because it charges quicker. For example,
in Fig. 10b, even at its minimum at the MAF for 
the mA (continuous current value) e-beam is mN. 
This value is nearly 5 times greater than the result for the
continuous e-beam a A in optimal environmental
conditions and in eclipse. In Fig. 10a, it is seen that at 

charging is still difficult even with higher currents. 
However, the mA e-beams still produces a MAF of 

mN, which is still greater than the optimal continu-
ous case. At higher indexes, each more powerful e-beam 
quickly overcomes the environment and performs better
than the next highest power setting. Thus, using more pow-
erful e-beams, specifically with greater current allowances,
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91
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Fig. 10. Effect of changing e-beam curre

7179
is a promising solution to overcoming environmental
challenges.

Fig. 11 illustrates the charging and force responses of 
the spacecraft at duty cycles ranging from 1 % to 10 % at 
a pulsing frequency of 1 Hz for a continuous beam current
of mA in sunlight. It is immediately evident from
Fig. 11d that the result is not optimized. At a the duty cycle 
of 1 %, the beam energy is eV keV. Thus, 
it is also evident that the spacecraft does not have time to 
charge to its maximum potential kV) in the time that 
the e-beam is powered on. This means that for smaller duty 
cycles, the spacecraft will also not charge to its maximum
possible potential. It was previously concluded that an
optimal duty cycle will exist such that the force is maxi-
mized. However, to decrease the duty cycle would continue
to increase the e-beam power required. Commercially

5

4 01 400

( 0

I 

k0 0 

40
nt for duty cycles from 1 % to 10 %.
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Fig. 11. Coupled effects of the electrostatic force for duty cycles rangin om 1 % to 10 % at mA.I 5g fr 
3available e-beams have powers of up to on keV, 
with those used in space applications at only eV. Thus, 
it is not practical to explore duty cycles that would require 
these exceedingly high energy levels. Likewise, this config-
uration requires a pulsed e-beam c ent of 
mA mA, where commercial e-beams allow 
currents up to mA and ones currently in development
allow currents up tot mA. The e-beam limitations will
be a challenge for overcoming environmental charging
obstacles in application.
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6. Conc lusion

The effects of pulsing an electron beam (e-beam) are 
analyzed in the context of the electrostatic tractor concept 
for GEO space weat her environments. The goal of the
study is to maximize the electrostatic force magnitude to
3 https://www.kimballphysics.com/product/egh-8201-egps-8201/. 
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generate to the greatest attractive force between the ser-
vicer and target spacecraft. Decreasing the duty cycle 
decreases the average electrostatic force until the duty cycle 
becomes small enough such that the target cannot fully 
charge in the time that the e-beam is turned on. As a result, 
the electrostatic force decreases when the duty cycle 
decreases beyond an optimal value. The optimal duty cycle 
results in a force that can be orders of magnitude greater 
than that of a continuous beam for the same mean e-
beam power consumption. The burn time to achieve the

required to transfer to a graveyard orbit is then also
orders of magnitude less than that using a continuous
beam. The optimal duty cycle is dependent on the e-beam
parameters and external factors such as plasma environ-
ment and exposure to sunlight and would need to be deter-
mined on a case-to-case basis.

DV 

Overall, the pulsed electron beam presents a promising 
solution to optimizing debris removal in GEO. However, 
some limitations still exist. While in an eclipse, the target

https://www.kimballphysics.com/product/egh-8201-egps-8201/
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spacecraft may charge to over kV, which could lead 
to field emission that must be compensated for. During 
quiet periods in GEO, the spacecraft are limited in their 
charging by the very cold and more dense plasmasphere 
particles that may extend into the GEO regime. To over 
come this obstacle, more powerful electron beams are
explored. However, commercially available electron beams
that currently exist have maximum beam energies and cur-
rents that may prevent charging to the necessary potentials
to overcome the changing environment.
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Guillemant, S., Génot, V., Matéo-Vélez, J.-C., et al., 2012. Solar wind 
plasma interaction with solar probe plus spacecraft. Ann. Geophys. 30
(7), 1075–1092. https://doi.org/10.5194/angeo-30-1075-2012, URL: 
https://angeo.copernicus.org/art icles/30/1075/2012/.

Haft, A., Schaub, H., 2024. Electrostatic tractor effectiveness in a non-
maxwellian geo plasma environment. In: In AAS Astrodynamics
Specialist Conferenc e. 

Hammerl, J., Schaub, H., 2024a. Coupled spacecraft charging due to
continuous electron beam emission and impact. J. Spacecr. Rock.

Hammerl, J., Schaub, H., 2024b. Reduced order spacecraft charging
models for electrostatic proximity operations. IEEE Trans. Plasma Sci.
52 (11), 5402–5413. 

Hogan, E., Schaub, H., 2013. Relative motion control for two-spacecraft
electrostatic relative motion control for two-spacecraft electrostatic
orbit corrections. J. Guid., Control, Dynam. 36 (1). 

Hogan, E., Schaub, H., 2015a. Impacts of tug and debris sizes on
electrostatic tractor charging performance. Adv. Space Res. 55, 630–
638. 

Hogan, E.A., Schaub, H., 2015b. Impacts of hot space plasma and ion
beam emission on electrostatic tractor performance. IEEE Trans.
Plasma Sci. 43. 

Hughes, J., Schaub, H., 2017a. Orbital and storm time analysis of the
pulsed electrostatic tractor. In: European Conference on Space Debris. 

Hughes, J., Schaub, H., 2017b. Prospects of using a pulsed electrostatic
tractor with nominal geosynchronous conditions. IEEE Trans. Plasma
Sci. 45 (8). 

Laakso, H., Opgenoorth, O., Wygant, J., et al., 1997. Electron density
distribution in the magnetosphere. In: Correlated Phenomena at the
Sun, in the Heliosphere and in Geospace. 31st ESLAB Symposium. 

Lai, S.T., 2011. Fundamentals of Spacecraft Chargin g. Princeton Univer-
sity Press. https://doi.org/10.2307/j.ctvcm4j2n. 

Lai, S.T., 2012. Fundamentals of Spacecraft Charging. Princeton Univer-
sity Press. 

Leahy, F., 2021. Sls-spec-159, cross-program design specific ation for
natural environments (dsne).

Michaelson, H.B., 1977. The work function of the elements and its
periodicity. J. Appl. Phys. 48. 

Olsen, R.C., 1987. Record charging events from Applied Technology 
Satellite 6. J. Spacecr. Rock. 24 (4), 362–366. https://doi.org/10.2514/ 
3.25925. 

Ostrove, B., 2015. Average commercial communications satellite launch
mass declines, again. Defense and Security Monitor.

Paganucci, F., Saccoccia, G., Scortecci, F., 1997. Method for re-orbiting a 
dual-mode propulsion geostationary spacecraft. URL: https://web.
archive.org/web/20131110184645/http://www.patentgenius.-
com/patent/5651515.html uS Patent 5651515A.

Pierrard, V., Botek, E., Ripoll, J.-F., et al., 2021. Links of the plasmapause
with other boundary layers of the magnetosphere: Ionospheric
convection, radiation belt boundaries, auroral oval. In: Front. Astron.
Space Sci., p. 8. 

Schaub, H., D. F. Moorer, J., 2012. Geosynchronous large debris 
reorbiter: Challenges and prospects. J. Astronaut. Sci., 59, 161–176.

https://www.swpc.noaa.gov/noaa-scales-explanation
https://www.swpc.noaa.gov/noaa-scales-explanation
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2011JA016875
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2011JA016875
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0015
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0015
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0015
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0020
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0020
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0025
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0025
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0025
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0030
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0030
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0035
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0035
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0040
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0040
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0040
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0045
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0045
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0045
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0055
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0055
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0060
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0060
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0065
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0065
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0070
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0070
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0070
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0070
https://doi.org/10.5194/angeo-30-1075-2012
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0090
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0090
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0090
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0095
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0095
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0100
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0100
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0100
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0105
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0105
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0105
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0110
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0110
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0110
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0115
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0115
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0115
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0120
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0120
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0125
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0125
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0125
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0130
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0130
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0130
https://doi.org/10.2307/j.ctvcm4j2n
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0140
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0140
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0150
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0150
https://doi.org/10.2514/3.25925
https://doi.org/10.2514/3.25925
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0160
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0160
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0170
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0170
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0170
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0170


A. Haft, H. Schaub Advances in Space Research 77 (2026) 7168–7182
Schaub, H., Jasper, L.E.Z., 2013. Orbit boosting maneuvers for two-craft
coulomb formations. J. Guid., Control, Dynam.

Schaub, H., Junkins, J.L., 2018. Analytic al Mechanics of Space Systems,
4th Edition. AIAA Education Series, Reston, VA. 

Schaub, H., Sternovsky, Z., 2014. Active space debris charging for
contactless electrostatic disposal maneuvers. Adv. Space Res. 53, 110–
118. 

Smythe, W.R., 1968. Static & Dynamic Electricity, 3rd Edition. McGraw
Hill. 

Stevenson, D., 2016. Electrostatic spacecraft rate and attitude control—
experimental results and performance considerat ions. Acta Astranau-
tica 119, 22–33. 

Stevenson, D., Schaub, H., 2013. Multi-sphere method for modeling
spacecraft electrostatic forces and torques. Adv. Space Res.

Tahir, A.M., Narang-Siddarth, A., 2018. Constructive nonlinear approach
to coulomb formation control. In: AIAA Guidance Navigation and
Control Conference. 
7182
Ting, W., Guangqing, X., Nan, Z., 2016. Reconfiguration and control of
non-equal mass three-craft coulomb formation. J. Astronaut. Sci.

Trevor Bennett, E.H., Stevenson, Daan, Schaub, H., 2015. Prospects and
challenges of touchless electrostatic detumbling of small bodies. Adv.
Space Res. 56, 557–568. 

Vallado, D.A., 2001. Fundamentals of Astrodynamics and Applications.
Microcosm Press and Kluwer Academic Publishers. 

Walker, J., Schaub, H., 2024. Development of experimental methods for
active charge control using remote sensing methods. In: The 17th
Spacecraft Charging and Technology Conference. Palais des Papes,
Avignon, France. 

Williams, D.J., 1985. Dynamics of the earth’s ring current: theory and
observation. Space Sci. Rev. 42, 375–396. 

and Exhibi t. 

Yamamoto, U., Yamakawa, H., 2008. Two-craft coulomb -force
formation dynamics and stability analysis with debye length
characteristics. In: AIAA/AAS Astrodynamics Specialist Conference

http://refhub.elsevier.com/S0273-1177(26)00075-X/h0180
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0180
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0185
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0185
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0190
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0190
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0190
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0195
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0195
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0200
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0200
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0200
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0205
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0205
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0210
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0210
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0210
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0215
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0215
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0220
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0220
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0220
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0225
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0225
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0230
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0230
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0230
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0230
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0235
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0235
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0240
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0240
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0240
http://refhub.elsevier.com/S0273-1177(26)00075-X/h0240

	Spacecraft electrostatic tractor using a power-constrained pulsed �high-energy high-current electron beam
	1 Introduction
	2 Electrostatic re-orbiting background
	2.1 Electrostatic tractor force modeling
	2.2 E-Beam Power
	2.3 Charging model
	2.4 Bi-Maxwellian plasma environment

	3 Force increases due to duty cycle
	3.1 Determining an optimal duty cycle
	3.2 Hazard of field emission due to high potentials
	3.3 Effect of the photoelectron current

	4 Effect of the nominal GEO environment on peak force
	5 Effect of electron beam power on peak force in quiet environments
	6 Conclusion
	Declaration of competing interest
	Acknowledgment
	References




