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Impacts of Hot Space Plasma and Ion Beam
Emission on Electrostatic Tractor Performance

Erik A. Hogan and Hanspeter Schaub

Abstract— A recent proposed technique for geostationary
debris mitigation is the electrostatic tractor. The tug vehicle
approaches a debris object to within 20 m and emits a focused
electron beam onto it. This results in a negative charge on
the debris and a positive charge on the tug vehicle. Used in
conjunction with low thrust, the electrostatic force is used to tow
a debris object into a disposal orbit. In this paper, the impacts of
geomagnetic storm activity on the charging of tug and debris are
considered. The influence of electrons emitted from the debris
(photoelectrons and secondary electrons) on tug charging is also
considered. Both of these phenomena yield improved electrostatic
tractor performance. The simultaneous emission of an electron
and ion beam by the tug is also considered to improve tractor
performance and enable charge transfer for scenarios where
it fails when only an electron beam is used. The theoretical
maximum electrostatic force that is possible with simultaneous
emission is computed, and the results indicate that emitting both
an electron and ion beam enables smaller tug vehicles to tow
larger objects that could not otherwise be towed with only an
electron beam.

Index Terms— Electrostatic tractor, geomagnetic storm impacts
on charging, spacecraft charge control.

I. INTRODUCTION

THE high value of the geostationary (GEO) ring, coupled
with the increasing number of orbital debris, highlights

the need for active debris removal methods [1]–[3]. When
spacecraft reach end of life in GEO, international guidelines
call for reorbiting into a disposal orbit typically 200–300 km
above GEO [4], [5]. For debris objects that do not possess the
ability for reorbiting, an external method is needed to reach
the disposal orbit. Originally proposed as a means for asteroid
deflection [6], the electrostatic tractor has been suggested as
a means for GEO debris remediation [7]. The concept relies
on a combination of an attractive electrostatic force between
two craft and low thrusting capability on one of the craft,
as shown in Fig. 1. The attractive force acts as a virtual
tether between the two objects, and a low thrust maneuver is
used to tow the noncooperative, possibly tumbling large debris
object into a new orbit [8]. GEO debris can be tumbling up to
tens of degrees per second [9], making any physical docking
methods particularly challenging [10]. The electrostatic tractor
method allows the tumbling object to be reorbited without first
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Fig. 1. Illustration of electrostatic tractor concept.

having to despin it. Considering nonsymmetrical spacecraft
geometries, the charging also gives rise to torques on the
craft [11]–[13]. Through careful manipulation of the charging
histories, these torques can be applied in a manner sufficient
to despin a noncooperative object remotely [12]. This latter
ability greatly simplifies any orbital servicing mission where
great efforts are required to first despin objects spinning
at 1°/s or greater [10], [14].

For the electrostatic tractor application, a method of active
charge control is needed. Charged particle beams are the most
ideal candidates for this purpose. Emitting a high-energy beam
(tens of kiloelectronvolts) at sufficient current levels enables
the tug to reach high potentials. Either an ion or electron
beam may be used though an electron beam is preferred
due to its simpler implementation and reduced momentum
transfer [12]. Directing the beam onto the debris provides
a current that will affect the debris charging, much like the
natural charging that occurs due to the plasma environment.
The vast majority of prior work with Coulomb formations
merely assume either a charge or a potential on the different
spacecraft in the formation, without actually modeling the
mechanism for and environmental influences on achieving
the charging [8], [12], [15]–[20]. The electrostatic tractor
performance is dependent on the charging that is achieved
with electron or ion beam emission, and it is important
to characterize the charge transfer process. Reference [12]
presents a first-order charging model to compute potentials on
tug and debris as a function of various environmental current
sources applied to the electrostatic tractor problem. Assuming
an electron beam is used for charge control, one particular
tug and debris configuration is considered, and the resulting
electrostatic forces are computed for specific space weather
conditions. The work does not consider the impact of solar
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Fig. 2. Percent of days in an 11-year solar cycle for which various
geomagnetic storm levels occur (data adapted from [26]).

storm events on tractor performance or the simultaneous use
of electron and ion beam emissions for improved performance.
This first-order charging model provides the tools needed to
analyze general charging trends that may be encountered for
the electrostatic tractor application, and is extensively used in
the current study.

The charging of a spacecraft is dependent on the space
plasma environment [21], [22]. Because of the potential threats
to mission viability caused by charging events, much work has
been done to characterize the space weather environment both
in low earth orbit (LEO) and GEO [23], [24]. The plasma
environment is typically characterized by two parameters: 1)
density and 2) temperature. The LEO plasma environment
is much colder and denser than in GEO, with typical LEO
densities ranging from 104 to 106 particles/cm−3 and cor-
responding temperatures below 1 eV. In GEO, the plasma
densities are orders of magnitude smaller, ranging from 0.1–10
particles/cm−3. Depending on geomagnetic storm activity, ion
temperatures may range from below 100 to 20 keV or more.
Electron temperatures are typically above 1 keV and may reach
tens of kiloelectronvolts depending on storm activity.

The severity of geomagnetic storms is classified using the
K p index, which is based on the observed variation in the
degree of irregular magnetic activity throughout each day,
observed at various ground stations [25]. The K p index utilizes
an integer scale ranging from 0 to 9, and values of 5 and up
indicate that a geomagnetic storm is occurring. The National
Oceanic and Atmospheric Administration (NOAA) has also
developed a scale for classifying the severity of geomagnetic
storms [26]. The scale ranges from G-1 minor storms (K p = 5)
to G-5 extreme storms (K p = 9). The NOAA scale provides
information about expected impacts to spacecraft for different
storm levels. In a minor storm (G-1, K p = 5), minimal
impacts to spacecraft operations can be expected. At the other
end of the spectrum, an extreme storm (G-5, K p = 9) may
cause extensive surface charging, loss of attitude, and problems
with communications and satellite tracking [27]. Fortunately,
stronger storms only occur a few times per 11-year solar cycle.
The frequency of occurrence for the various storm conditions
in a typical solar cycle is shown in Fig. 2. The vast majority of
the time (>85%), there is either no storm activity or a minor
storm occurrence. In addition to solar storms, more frequent
geomagnetic substorms provide additional local sources of hot
plasma to the GEO environment [28].

In prior work, considering environmental impacts on
electrostatic tractor performance, quiet storm conditions are
used [29]. Further, only electron beam emission is considered
as a means for charge control [12], [29]. Reference [30]
illustrates that when the debris sizes are roughly the same as or
larger than the tug, it becomes very difficult for charge transfer
to occur when only an electron beam is used. As the debris
object becomes larger, more incoming electron beam current
is needed to offset the higher amounts of photoelectrons
emitted from the debris. If the tug vehicle is smaller than
the debris, it will maximally charge itself to the point that
emitted beam electrons are recaptured before it can deliver
enough current to the debris to initiate debris charging. In this
paper, several novel results are presented. First, the impacts of
geomagnetic storm and substorm events on the charge transfer
process are considered. These storm events lead to changes
in the plasma environment in GEO, and change the charging
behavior of the tug and debris. While there is a large variability
in GEO plasma conditions, the purpose of this paper is to
identify a few representative conditions typical of solar storm
and substorm events and identify how the resulting hot plasma
affects the charge transfer process between tug and debris.
To mitigate some of the relative sizing issues, simultaneous
emission of an electron beam (onto the debris) and an ion beam
(into space) is considered as a means to improve charge trans-
fer performance by providing an additional control variable
for charge control. It is shown that there are potentials on tug
and debris that yield the maximum possible electrostatic force
and different environmental currents throw off this balance.
Ion beam emission is explored as a means to offset these
effects and move the potentials toward the optimal values.
During charging, electrons are emitted from the debris surface.
In the vicinity of the positively charged tug, some of these
electrons will be recaptured. This back flux has thus far not
been investigated. In this paper, the impacts of this electron
back flux onto the tug on tractor performance are investigated
as well.

This paper is structured as follows. First, an overview of
the charging and electrostatic force models is presented. Next,
the influence of geomagnetic storm conditions on charging is
presented and compared with quiet storm conditions. Then,
the effects of the electron back flux from debris to tug on
tractor performance are investigated. Finally, the simultaneous
emission of an electron and ion beam is considered, and the
performance benefits that result are characterized.

II. BACKGROUND

A. Charge Transfer Model
The electrostatic tugging force used for towing is dependent

on the charging that occurs on both the tug and debris.
Several factors influence this charging process. Naturally
occurring ion and electron plasma currents are collected by
the spacecraft, and photoelectrons may be emitted depending
on the spacecraft potential and presence of sunlight. Focused
electron beam emission by the tug is used for charge control.
When the electron beam is absorbed by the debris, secondary
electron emission occurs as the incoming beam electrons
excite and release electrons from the debris surface material.
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Fig. 3. Illustration of various current sources that affect spacecraft charging.

The potential levels achieved by the tug and debris result from
a balance of these various current sources, which are shown
in Fig. 3. To compute these potentials, the charging model
developed in [31] is applied. The model is repeated below to
aid the reader.

A photoelectron current occurs whenever the spacecraft are
in sunlight. This current is modeled as [21]

Iph(φ) = jph,0 A⊥e−qφ/kB Tph , φ > 0 (1a)

= jph,0 A⊥, φ ≤ 0 (1b)

where φ is the spacecraft potential, Tph = 2 eV is the temper-
ature of the emitted photoelectrons, jph,0 = 20 μA/m2 is the
photoelectron current density, kB is the Boltzmann constant,
and A⊥ is the cross-sectional area exposed to sunlight. For
the spherical geometries assumed here, A⊥ = πr2. For high
positive potentials, the photoelectron current is effectively
zero because all of the emitted electrons are recaptured.

The plasma electron current is modeled as [32]

Ie(φ) = − Aqnewe

4
eqφ/kB Te , φ < 0 (2a)

= − Aqnewe

4

(
1 + qφ

kB Te

)
, φ ≥ 0 (2b)

where A is the surface area exposed to the plasma environ-
ment, Te is the plasma electron temperature, ne is the plasma
electron density, q is the unsigned elementary charge, and
we = (8kB Te/πme)

1/2 is the thermal velocity of the electrons.
The electron mass is represented by me. Note that for large
negative potentials, Ie is very small. This is due to the fact that
electrons are repelled by the negatively charged spacecraft.
Similarly, the plasma ion current is computed using [32]

Ii (φ) = Aqniwi

4
e−qφ/kB Ti , φ > 0 (3a)

= Aqniwi

4

(
1 − qφ

kB Ti

)
, φ ≤ 0 (3b)

where wi = (8kB Ti/πmi )
1/2. Note that the variable quan-

tities represent the same parameters as before, except the
subscript i is used to denote they represent ions. In the space
weather model for the GEO environment utilized here, the ion
species consists solely of protons. For high positive potentials,

the ion current is very small because the ions are repelled by
the positively charged spacecraft.

Charge control is achieved using an electron beam emitted
from the tug onto the debris. A portion of the beam current
will be absorbed by the debris, depending on tug pointing
accuracy and the charge levels of both tug and debris. This
current is modeled as

ID(φD, φT ) = −α It qφT − q, φD < EEB (4a)

= 0qφT − q, φD ≥ EEB (4b)

where It is the beam current emitted by the tug, EEB is the
electron beam energy, and the subscripts T and D represent
the tug and debris, respectively. The parameter α represents
the efficiency of the charge transfer process; it is the fraction
of the beam current emitted by the tug that reaches the debris.
In general, this is a function of beam pointing accuracy and
any spreading of the beam that results from the tug and debris
potentials relative to the beam energy level. In this paper,
a value of α = 1 is used, which maintains the value established
in [31]. This assumes a well focused and accurately pointed
beam. Better quantification of the α parameter is beyond the
scope of this paper and is left for future work. While beam
electrons are unable to reach the deputy once the tug–deputy
potential difference reaches the beam energy, in general, the
potential difference between tug and debris will not approach
the beam energy due to losses that result from environmental
current sources and secondary electron emission. It is not clear
whether or not this potential difference is high enough to cause
sufficient beam spreading to affect the charging performance.
Investigation of this phenomenon is suggested as an avenue
for future research.

When the electron beam impacts the debris object, the
incoming electrons result in the emission of secondary
electrons. Because of the large negative potential of the
debris object (kilovolt level), these electrons will escape. This
represents a significant current source that must be accounted
for. Secondary electron emission is modeled as [33]

ISEE(φD, φT ) = −4YM ID(φD, φT )κ, φD < 0 (5a)

= 0, φD ≥ 0 (5b)

where

κ = Eeff/Emax

(1 + Eeff/Emax)2 (6)

and Eeff = EEB − qφT + qφD . YM is the maximum yield of
secondary electron production and Emax is the impact energy
at which this maximum occurs. In this paper, the values
of YM = 2 and Emax = 300 eV are used.

The tug settles to a potential that satisfies the current balance

Ie(φT ) + It + Ii (φT ) + ISEE(φD, φT ) + Iph(φT ) = 0.

Because the tug achieves a high positive potential, the majority
of its emitted secondary electrons and photoelectrons are
recaptured. Furthermore, the plasma ion current is minimal,
because the ions are repelled by the tug. Thus, the current
balance on the tug is approximated by

Ie(φT ) + It = 0. (7)
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Fig. 4. Currents acting on the debris for a range of debris potentials, generated
from (9). Debris achieves a potential that results in ITot = 0.

This is solved analytically as

φT =
(

4It

Aqnewe
− 1

)
kB Te

q
(8)

which assumes a positive tug potential. This will be the case
provided the beam current is sufficient. The current balance
on the debris object contains a few more contributions, and
an analytical solution does not exist. The debris will achieve
a potential that satisfies

ITot = Ie(φD) + Ii (φD) + ISEE(φD, φT )

+ Iph(φD) + ID(φD, φT ) = 0. (9)

The presence of the photoelectron current implies the debris is
in the sunlight. When in the earth’s shadow, the current balance
contains all of the same terms except for Iph. A numerical root
finder is used to solve for φD in (9).

An example charging scenario is presented in Fig. 4. Shown
are the various currents impacting debris charging for space
weather conditions of ne = 0.6 cm−3, ni = 9.5 cm−3,
Ti = 50 eV, and Te = 1250 eV. The results assume a beam
energy of EEB = 40 keV and a beam current emitted from
the tug of It = 520 μA. The tug and debris are treated as
spheres, with radii of rT = 2 m and rD = 0.935 m. With these
conditions, the tug achieves a potential of φT = 21.5 kV and
the debris reaches a potential of φD = −15.3 kV. As observed
in Fig. 4, the debris potential results in a net zero current
balance, i.e., ITot = 0. While the plasma electron current is
included in the current balance, for the debris, it provides
an insignificant contribution to charging at the high potential
levels achieved. The tug and debris potentials as a function of
beam current are shown in Fig. 5. The tug potential linearly
increases with beam current, while the debris potential has its
largest value around It = 350 μA.

There are two electron beam parameters that may be
used to influence charging: 1) the beam energy and
2) potential. In general, a higher beam energy will result in
higher debris charging. This is due to the reduced secondary

Fig. 5. Tug and debris potentials as a function of beam current, generated
using (7) and (9).

electron emission that stems from the higher energy of the
incoming beam electrons. As the energy of an absorbed elec-
tron increases, fewer secondary electrons are emitted. Because
the secondary electrons essentially result in the loss of some
fraction of the incoming beam current, reducing the number
of secondary electrons emitted will improve debris charging.
Depending on the space weather conditions, increasing or
decreasing the beam current can improve or worsen debris
charging, as shown in Fig. 5. However, the tug will always
charge to higher positive potentials as the beam current is
increased, up to the level of the beam energy (qφT ≤ EEB).

B. Electrostatic Force Model

The performance of the electrostatic tug is dependent on
the electrostatic force in place between the tug and debris.
To allow for analytic expressions, the tug and debris object
are geometrically treated as spheres and are assumed to be
perfectly conducting. The potential on the tug object is a result
of its own charge and the potential due to the charged debris
object as [18]

φT = kc
qT

rT
+ kc

qD

ρ
(10)

where kc = 8.99 ×109 Nm2/C2 is the Coulomb constant, ρ is
the distance between tug and debris, qT is the charge on the
tug, qD is the charge on the debris, and rT is the radius of
the tug craft. Similarly, the potential on the debris object is
computed as

φD = kc
qD

rD
+ kc

qT

ρ
(11)

where rD is the radius of the debris object.
If the potentials on the tug and debris are controlled, then the

above relationships may be rearranged to solve for charge [18][
qT

qD

]
= ρ

kc(ρ2 − rT rD)

[
rT ρ −rT rD

−rT rD rDρ

] [
φT

φD

]
. (12)
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After computing the charges, the electrostatic force between
tug and debris is computed using

Fc = kc
qT qD

ρ2 . (13)

Due to the space plasma environment, some shielding of this
electrostatic force will occur. The distance over which this
shielding is prevalent is described by the Debye length of the
local plasma [34]. The space weather conditions considered in
this study yield Debye lengths that are on the order of tens
of meters. Reference [6] introduces the effective Debye length
formalism to approximate the electrostatic force with partial
plasma shielding when the object’s potential is large compared
with the plasma’s energy level. This effective Debye length is
similar to the true plasma-sheath distance.

Looking specifically at this phenomenon as it pertains to
charging of meter sized objects in quiet GEO space weather
conditions, the effective Debye lengths are predicted to be
roughly five times larger than the classic Debye shielding
model predicts (α ≈ 5) [35]. The shortest Debye lengths
considered here are on the order of 15 m or more, leading to
effective Debye lengths over 75 m. This implies that Debye
shielding will not have a significant effect on the electrostatic
force below distances of 75 m. Because the separation dis-
tances considered here are less than 20 m, the impacts of
Debye shielding are insignificant and will not be included in
the force model. Thus, (13) is used to compute the electrostatic
forces presented in this paper.

The ultimate goal of the electrostatic tractor is to raise the
debris orbit enough to reach a disposal orbit. The size of
the debris orbit is characterized by its semimajor axis, and
reaching a disposal orbit requires an increase in the debris
semimajor axis of 200–300 km. Assuming a circular debris
orbit, the semimajor axis increase in the debris orbit over
one day is [7]

�a ≈ 4π

n2

Fc

m D
(14)

where n is the mean motion of the debris orbit and m D the
debris mass. A GEO orbit radius of 42 164 km is assumed
for this analysis. The debris mass is required to compute the
semimajor axis change. Considering publicly available data on
GEO satellites, [18] provides a relationship between spacecraft
mass and an approximate sphere radius. The simple linear
expression

rD(m D) = 1.152 m + 0.00066350
m

kg
m D (15)

provides a debris radius for use in the charging model. While
certainly not perfect, this linear relationship does capture the
general trend of increased mass for larger objects and is based
on actual data for GEO objects.

As an example of expected tractor performance, consider a
scenario where a 2000 kg object is to be reorbited. The radius
of the tug vehicle is assumed to be 2 m at a separation distance
of 15 m from the debris object, with the tug at +20 kV and
the debris at −15 kV. Equation (14) predicts that under these
conditions, a debris semimajor axis increase of 1.2 km/day is
expected.

III. IMPACT OF GEOMAGNETIC STORM EVENTS

ON TRACTOR PERFORMANCE

In [29], electrostatic tractor performance is analyzed for
quiet (K p = 1.5) geomagnetic storm conditions. Here, the
effects of geomagnetic storm events are considered. When a
geomagnetic storm occurs, the population of lower energy
ions (1–100 eV) in the period following local midnight is
lost, with a higher energy population of slightly lower density
(1 cm−3) remaining [24], [36]. Solar storm events also provide
a higher energy population of electrons, with energies as
high as a few tens of kiloelectron-volt. This phenomenon was
experienced by the ATS-5 satellite and recorded in GEO space
weather measurements taken by the magnetospheric plasma
analyzer instruments flown by Los Alamos National Labora-
tory [37]. When a spacecraft enters into eclipse during a storm
event, it may naturally charge to potential levels in excess
of −10 kV, depending on the severity of the geomagnetic
storm. During storm events experienced by ATS-5, typical
potentials achieved in shadow were 3–4 kV (negative polarity),
with lows of 70–100 V and highs in above 10 kV [36].
Note that a spacecraft experiences eclipse for under an hour
each day in the 3–4 weeks before and after an equinox.
Over an electrostatic tractor reorbiting scenario with a total
transfer time of several months, this represents a very small
portion of the total operating time. When a spacecraft is
in the sunlight, the resulting photoelectron current helps to
limit the natural charging somewhat, though relatively high
potentials have been observed. ATS-5 observed a maximum
potential of −300 V in the sunlight, and reached potentials
of between −50 and −300 V several times. All of these
charging events occurred during periods of very high solar
activity and occurred between local midnight and dawn. The
SCATHA satellite was also used to study natural charging
in sunlight and recorded potentials as high as −740 V [38].
Charging events in excess of −100 V occurred only for
K p indices of 2 or greater.

The NOAA space weather scale classifies the severity and
frequency of geomagnetic storms, with a scale ranging from
G-1 (minor, K p = 5) to G-5 (extreme, K p = 9) [26].
In an 11-year solar cycle, minor storm activity is expected
for roughly 900 days, with extreme storm events occurring
much less frequently, only about four times. For the analysis
of storm activity, two storm conditions are considered:
1) a moderate geomagnetic storm, G-2 on the NOAA scale,
with K p = 6 and 2) a worst-case severe storm event. Only the
effects on the charge transfer process are considered. Severe
solar activity can be harmful to spacecraft subsystems, causing
electrical failures and differential charge driven arcing events,
but consideration of these phenomena is beyond the scope of
this paper [27]. For the moderate storm condition (K p = 6),
data from [24] are used to determine plasma temperatures and
densities. The data are taken at a local time of 3:00, which
corresponds to the postmidnight period where high natural
charging is observed. For the severe storm condition, the
plasma parameters corresponding to a severe storm in [39] are
used. The ion and electron densities for both storm conditions
are presented in Table I, along with the quiet (K p = 1.5)
conditions computed for 3:00 local time using the data in [24].



3120 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 43, NO. 9, SEPTEMBER 2015

TABLE I

PLASMA PARAMETERS USED FOR GEOMAGNETIC STORM ANALYSIS

As Fig. 2 shows, storm events in GEO are relatively
infrequent. In addition to solar storms, hot plasma may present
in GEO during local substorms, which occur more frequently
than solar storms [28]. During these substorms, electrons
with energy levels below a few hundred kiloelectron-volts are
injected into the inner magnetosphere, which can cause space-
craft charging. For the purposes of the analysis performed
here, the distinction between solar storms and geomagnetic
substorms is not of critical importance. Our goal is to identify
the trends that result from hot plasma in the GEO envi-
ronment. While there is certainly a significant amount of
variability in GEO plasma conditions, the parameters in Table I
are indicative of the conditions that may be present during
storm/substorm events.

To determine the effects of storm conditions, the tug
and debris potentials are computed as a function of elec-
tron beam current, for EEB = 40 keV, rT = 2 m, and
rD = 0.935 m. The potentials are computed using the
charge model presented in Section II-A, with the tug potential
determined by (8) and the debris potential determined by
the solution to (9). The electrostatic force is also computed,
assuming a separation distance of 12.5 m. The potentials
and forces are also computed for the quiet solar conditions
(K p = 1.5) to serve as a baseline for comparison. For the
moderate solar storm event (K p = 6), the results are shown
in Fig. 6. Also shown are potentials computed using the quiet
conditions. The storm conditions result in the tug charging to
higher positive potentials for a given emitted electron beam
current. For the debris, the maximum potential occurs at a
lower beam current level, and the potential decreases at a
faster rate as the beam current is increased. The tug reaches
its maximum potential (qφT = EEB) at a lower current
level than for quiet space weather conditions. Considering the
electrostatic forces that result, a slightly higher maximum force
occurs for the storm condition and it occurs at a lower beam
current level. The potentials and forces are also computed for
the severe storm conditions and are shown in Fig. 7. The
same effects are observed that are seen for moderate storm
conditions, but to a higher degree. The tug potential increases
more rapidly than during quiet conditions as beam current
is increased, and the debris potential decreases in a similar
fashion. For the severe storm condition, the tug reaches its
maximum potential for a beam current of about 575 μA, while
in the moderate storm condition, the tug potential is at its
maximum for a beam current of almost 900 μA. As the storm
severity increases, less current is required to maximally charge
the tug (positive). Looking at the electrostatic forces for the
severe storm condition, the maximum is once again slightly
above that of the quiet condition, but occurs at much less
current.

Fig. 6. (a) Potentials and (b) electrostatic force as a function of electron
beam current for moderate solar storm event (solid lines and solid curves) and
quiet solar conditions (dashed lines and dashed curves). The results assume
rT = 2 m, rD = 0.935 m, and EEB = 40 keV.

Clearly, geomagnetic storm events do not prevent charge
transfer for the electrostatic tractor. In fact, they are actually
somewhat helpful. The increased electron temperature result-
ing from a storm event results in higher electron temperatures
and thus higher momentum, making it more difficult for the
positively charged tug to collect them. This reduces the plasma
electron current collected by the tug for a given positive
potential, driving the tug equilibrium potential in (7) to a
higher value. A slightly higher electrostatic force is possible,
and less current is required to achieve it. Current modification
is required to compensate for the onset of these storm events,
however. When considering the nominal GEO space weather
conditions for quiet periods of activity, the maximum elec-
trostatic force occurs for a beam current of nearly 600 μA.
If a severe solar storm event occurs and the beam current is
not modified to compensate for, Fig. 7 shows that the tug
will reach its maximum potential (qφT = EEB), preventing
charge transfer and significantly impacting performance. Thus,
to account for solar storm events, the beam current should
be controllable, which is likely to be the case anyway. The
analysis of solar storm events on tractor performance reveals
that the worst case scenario from a performance perspec-
tive is actually the nominal quiet space weather conditions.
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Fig. 7. (a) Potentials and (b) electrostatic force as a function of electron beam
current for severe solar storm event (solid lines and solid curves) and quiet
solar conditions (dashed lines and dashed curves). Results assume rT = 2 m,
rD = 0.935 m, and EEB = 40 keV.

Fig. 8. Electron back flux from the debris to the tug.

For this reason, quiet storm conditions are assumed for further
studies.

IV. TUG ELECTRON BACK FLUX

Two debris current sources are due to emission of electrons
from the debris surface: 1) photoelectron and 2) secondary
electron emission. Because the debris is charged negatively,
these electrons are lost. The nearby tug, however, recaptures
a portion of these emitted electrons, as shown in Fig. 8,

owing to high positive potential. This serves as an additional
current source on the debris object which will impact its
charging. Thus, it is important to study this effect and obtain
a rough estimate for how significantly these current sources
affect tug charging. The scope of this analysis is not meant
to be comprehensive, but rather to provide some insight into
how much this back flux might affect electrostatic tractor
performance. A 2-m radius is assumed for both tug and debris
and the quiet space weather conditions at 17:30 local time
are used, corresponding to ne = 0.47 cm−3, Te = 1180 eV,
ni = 11 cm−3, and Ti = 50 eV [24]. These values are
chosen to represent the worst case charge transfer performance
conditions, as observed in [29].

To identify the angle of the recapture region, θ (see Fig. 8),
the Nascap-2k spacecraft charging analysis software is
used [40]. Developed by NASA and the Air Force Research
Laboratory, Nascap-2k is capable of simulating charging
behavior of 3-D spacecraft models, computing potentials
in space and tracking particle trajectories. To identify the
region of recapture, potentials are prescribed onto two spher-
ical objects (each with 2-m radius) separated by a distance
of 12 m. Nascap-2k is then used to compute the potentials
in space around the objects. Following this computation,
electrons are distributed around the debris object with
a temperature of 2 eV. These electrons may represent
either secondary or photoelectrons, as both are emitted at
low energy. The electron trajectories are then computed
to determine if they are recaptured by the tug vehicle.
Two particular cases are considered: 1) φT = −φD = 20 kV
and 2) φT = −φD = 10 kV.

The resulting electron trajectories are shown in Fig. 9. The
region of recapture for the 10 and 20 kV equal potential
cases is nearly identical, with θ = 20°. Any electrons emitted
within this region will be recollected by the tug, constituting
an additional current source that will affect tug charging. If the
electron beam is directed along the line of sight from tug to
debris and is sufficiently narrow when it reaches the debris, a
very large portion of the resulting secondary electrons may be
recaptured by the tug. Depending on the potential levels of tug
and debris, the secondary electron current can be a significant
fraction of the beam current. To avoid the recapture of these
electrons, a very narrow electron beam may not be the best
choice. Alternately, the electron beam could be focused onto
an area outside the region of recapture. It should be noted
that the electron beam itself is not included in the Nascap
simulation, and the beam electrons will have some effect on
the recapture of the backscattered electrons. Here, a worst case
scenario is considered where there is no interference from the
electron beam, and a majority of the electrons in the recapture
region are collected by the tug.

The back flux of photoelectrons is an additional current
source onto the tug. Assuming a worst case scenario where
the sun shines directly onto the region of recapture, the max-
imum cross-sectional area for which emitted photoelectrons
are recaptured is

A⊥ = πr2
D sin2

(
θ

2

)
. (16)
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Fig. 9. Electron back flux trajectories computed by Nascap-2k for
(a) φT = −φD = 10 kV and (b) φT = −φD = 20 kV. The results assume
spheres of 2-m radius separated by a distance of 12 m.

For a physical description of the angle of recapture θ , the
reviewer should consult Figs. 8 and 9. While potential is not
contained explicitly in (16), it is implicit in θ because the tug
and debris potentials do affect the region of recapture, which is
characterized by θ . This is a higher area than could physically
be exposed to sunlight because the tug would shadow at least
some portion of the debris. Assuming the tug is at potential
levels of at least a few kilovolts, the magnitude of this recap-
tured photoelectron current is insensitive to further increases
in electron beam current. The recaptured photoelectron current
is expressed as

Iph,r = −π jphr2
D sin2

(
θ

2

)
. (17)

To provide insight into how significant this current is on
the tug, it is compared with the collected plasma electron
current (Ie). Using the value of θ = 20° determined from the
Nascap-2k simulations, the ratio of recaptured photoelectron
current to plasma electron current is shown in Fig. 10. For
the tug potentials considered for the electrostatic tractor appli-
cation, the recaptured photoelectron current is a very small
fraction (5% or less) of the incoming plasma electron current.

Fig. 10. Ratio of recaptured photoelectron current and tug plasma electron
current for 2-m tug and debris radii.

Thus, this effect will not significantly impact the charging of
the tug. The tug vehicle can simply emit slightly more current
to offset these recaptured photoelectrons.

Assessing the impacts of recaptured secondary electrons
is somewhat more complicated, because the recaptured
secondary electron emission (SEE) current depends on how
well focused the beam is and how much beam current is
absorbed by the debris. Assuming a worst case scenario where
all secondary electrons are recaptured by the tug, the potentials
φT and φD are found by solving

It + Ie(φT ) − ISEE(φT , φD) + Iph,r = 0 (18a)

ID(φT , φD) + Ie(φD) + Ii (φD) + ISEE(φT , φD) + Iph = 0.

(18b)

In the absence of back flux, the tug potential is not a function
of the debris potential and can be solved directly. With back
flux, however, the tug potential is a function of the debris
potential due to the recaptured secondary electrons and these
two current balance equations must be solved simultaneously
for φT and φD . Considering the same 2-m radius tug and
debris objects, at a separation distance of 12 m, the potentials
as a function of electron beam current are computed and shown
in Fig. 11. Also shown for comparison are the charging results
if back flux is neglected (or nonexistent). With back flux, the
tug and debris potentials both increase as the electron beam
is increased. Without back flux, the tug potential increases
linearly; the debris potential increases up to a certain point
and then begins to decrease. The presence of back flux results
in potential changes of several kilovolts. The tug potential
is lower than without back flux, while the debris potential
is higher. The resulting electrostatic forces are also shown
in Fig. 11. For lower current values, the electrostatic force is
reduced by the back flux. However, there is a certain current
level beyond which the electrostatic force is higher with back
flux than without it.

The recaptured electrons reduce the tug potential for a given
electron beam current. This allows for more current to be sent
to the debris at a higher energy level. The beam electrons
lose less energy because the potential difference between tug
and debris is reduced by the back flux. Because they arrive
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Fig. 11. (a) Tug and debris potentials with and without electron back flux
onto the tug and (b) resulting electrostatic forces.

with more energy, the beam electrons induce fewer secondary
electrons. This allows for the debris to reach a higher potential,
which can improve tractor performance at the cost of higher
electron beam current. This phenomenon is driven primarily by
the recaptured secondary electrons, because this current source
is significantly larger than the small portion of photoelectrons
that are recaptured. Of course, this analysis assumes a worst
case scenario where all secondary electrons emitted by the
debris are recaptured by the tug, which depends on how well-
focused the beam is and where it is absorbed on the debris.
As a smaller portion of electrons are recaptured, the charging
results approach those with no back flux.

V. SIMULTANEOUS ELECTRON/ION BEAM EMISSION

Debris charging is limited by the amount of current that can
be delivered to it by the tug. As the tug emits more electron
beam current, it will charge itself to higher potentials. This
results in the beam electrons having lower energy when they
reach the debris, generally causing a higher secondary electron
yield. Thus, the debris charging can actually decrease even
for higher beam currents, as shown in Fig. 5. Furthermore,
the plasma electron conditions can cause the tug to
charge up to relatively high (positive) values and limit the

debris potential. This can cause significant deviations from
the ideal potential split, leading to reduced performance. These
performance losses are encountered in the analysis of space
weather variations on tugging performance studied in [29].
A dip in electron density after local noon results in a higher
tug potential for a given beam current, which in turn results
in a lower debris potential.

It would be very beneficial if the tug could change the
amount of current delivered to the debris without affecting its
own potential. If a tug vehicle could maintain, for example,
a 20 kV potential while emitting a broad range of electron
beam currents, debris charging could be improved and the tug
vehicle would be able to perform charge transfer onto a wider
variety of debris sizes. With only electron beam emission, of
course, this is impossible. However, consider a scenario where
the tug is equipped with not only an electron gun but also an
ion beam. Assuming the ion beam is directed away from the
debris object in a manner that does not result in an additional
current source on the debris, the debris charging dynamics
would be the same as in (9). Assuming there is sufficiently
more electron beam current than ion beam current so that the
tug charges to a high positive potential, the tug current balance
takes on the slightly modified form

It − Ib + Ie(φT ) = 0 (19)

where Ib is the ion beam current. Note that electron back flux
is ignored here. This may be accomplished with a defocused
electron beam or by focusing the electron beam away from
the region of recapture. The tug potential, then, is a function
of the net emitted current �IB = It − Ib

φT =
(

4�IB

Aqnewe
− 1

)
kB Te

q
. (20)

The tug vehicle, being charged positive, will not recapture the
beam ions in any significant capacity.

With the ion beam, a tug vehicle can theoretically emit any
amount of electron beam current while maintaining a specific
potential. For example, if the tug is desired to maintain a
potential of 20 kV with a �IB of 500 μA, any amount of
electron beam current above 500 μA may be delivered to the
debris. If 1000 μA of electron beam current is emitted, then
500 μA of ion beam current must also be emitted to maintain
the necessary �IB .

The ion beam emission allows for performance improve-
ment in a variety of ways. Revisiting the issue of tug/debris
size limitations, a tug would be able to achieve charge transfer
onto objects larger than itself. With only an electron beam, the
amount of beam current that the tug can emit is limited by the
tug size. As the tug emits more current, it charges to a higher
potential. The beam electrons that reach the debris have a
lower effective energy when they arrive, resulting in further
performance losses due to higher secondary electron emission.
With an ion beam included, however, the tug can now deliver
the necessary amount of electron beam current for debris
charging. Emitting higher levels of electron beam current
does not necessarily result in higher tug potentials, because
ion beam current can be increased to maintain a constant
tug potential. More current can be delivered to the debris at
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Fig. 12. (a) Maximum possible electrostatic force and (b) �IB required to
obtain the maximum force for simultaneous electron and ion beam emission.
The dashed lines are the limiting values for the case of very large current
emission. The results are computed with rT = rD = 2 m and EEB = 40 keV.

higher energies, inhibiting losses due to secondary electron
emission. Considering the space weather driven performance
losses encountered in [29], the increase in tug potential in
the afternoon period can be eliminated by compensation with
the ion beam. Keeping the tug potential from increasing also
prevents the debris potential from decreasing. The end result
is that both potentials remain close to the ideal split, where
best performance occurs.

Naturally, simultaneous beam emission raises the question
of what current emission strategy will yield the best perfor-
mance for the electrostatic tractor. To provide insight into the
effects of increasing electron and ion beam currents on the
resulting electrostatic force, a numerical optimization is used.
Considering a range of emitted ion beam currents, the max-
imum possible electrostatic force and its associated electron
beam current are computed. The quiet GEO space weather
conditions at 17:30 are again used. Both tug and debris are
assumed to have radii of 2 m, and the electron beam energy is
assumed to be 40 keV. The ion beam current is swept across
a range of values, and the maximum possible electrostatic
force is computed, along with the �IB need to achieve the
maximum force. The results are shown in Fig. 12. As the

ion and, correspondingly, electron beam currents are increased,
the maximum electrostatic force increases. However, there is
a limit on the increase, regardless of how much current is
emitted. This reflects the fact that for a given beam energy,
the maximum potential difference between tug and debris is
finite. Furthermore, as the current is increased, the ideal �IB

also converges toward a distinct value. Here, the inclusion of
an ion beam allows for a significant boost in the electrostatic
force magnitude. With only electron beam emission (Ib = 0),
the maximum electrostatic force that can be generated is
just under 0.8 mN. As the ion and, correspondingly, electron
beam currents are increased, the maximum electrostatic force
increases toward a limit of slightly less than 1.5 mN. This
is an increase of 87%, which would nearly cut the reorbiting
time required in half. It must be pointed out, however, that
achieving this improved performance does require a significant
increase in electron beam current. Increasing ever higher
amounts current, especially at levels of tens of kilovolts, is
difficult and will eventually be affected by the space charge
limit. Thus, no assertion is made that the current levels
considered here are necessarily possible; rather, we have
identified that the ability to increase the electron beam current,
even somewhat, with ion beam emission will improve tractor
performance.

Clearly, though, there is a limit to how large of an elec-
trostatic force may be generated, even for very high current
levels. The only nonbeam debris current source that directly
increases as a function of the electron beam current is the
secondary electron current. As the beam current is increased
to very high values, the ion and photoelectron currents become
insignificant relative to the secondary electron and beam
absorption currents. Thus, the debris will reach a potential
that satisfies

ID − 4YM IDκ = 0. (21)

Considering the case where the tug–debris potential difference
is below the beam energy, this reduces to

1 − 4YMκ = 0. (22)

Using the definition of κ in (6), the debris potential satisfies
the equation

φD = φT − EEB + Emax(2YM − 1)

+ 2Emax
√

YM (YM − 1). (23)

The maximum secondary electron yield YM must be greater
than one for a real solution to exist. In the case of a material
with a maximum secondary yield below one, (23) is no
longer valid to describe the debris potential and there is a
discontinuity in the debris potential solution. If the secondary
electron yield is always less than one, it is impossible for
the secondary electron current to ever be of the same mag-
nitude as the incoming electron beam current. Under this
scenario, a different phenomenon drives the debris equilib-
rium potential. The debris potential will increase up to the
point that there is no longer sufficient beam energy for the
beam electrons to cross the potential difference between tug
and deputy, resulting in the condition qφT − qφD = EEB.
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The reader should keep in mind that the following results
assume the maximum yield is greater than or equal to one.
With simultaneous electron and ion beam emission, the largest
theoretical difference that is possible between tug and debris is
EEB − Emax (2YM − 1) + 2Emax(YM (YM − 1))1/2. The losses
in efficiency due to secondary electron emission are apparent.

To compute the maximum possible force with electron/ion
beam emission, the charge product qT qD extremum must be
determined. Using (12) this product is simplified into the
following cost function J by removing fixed parameters such
as the sizes or separation distance that does not influence the
extremum evaluation:

J = (rDφD − ρφT )(ρφD − rT φT ). (24)

Here, only the two potentials φD and φT are treated as
unknown. After substituting in (23) for φD , and setting
∂ J/∂φT = 0, the tug potential that will yield that maximum
force is found to be

φ∗
T = EEB − Emax

(
2YM − 1 + 2

√
YM (YM − 1)

)
2

× ρ2 − 2ρrD + rDrT

(ρ − rD)(ρ − rT )
. (25)

Similarly, the debris potential at the maximum force
condition is

φ∗
D = − EEB − Emax

(
2YM − 1 + 2

√
YM (YM − 1)

)
2

× ρ2 − 2ρrT + rDrT

(ρ − rD)(ρ − rT )
. (26)

The �IB required to provide the necessary φ∗
T is

�I ∗
B = Aqnewe

4

(
1 + qφ∗

T

kB Te

)
. (27)

This limit is plotted in Fig. 12 for the scenario consid-
ered therein and reflects the asymptote that the numerically
computed result is approaching. The theoretical maximum
force that can be generated with both ion and electron beam
emission is

Fc = − rDrT

4kc(ρ − rD)(ρ − rT )

× (
EEB + Emax(1 − 2YM ) − 2Emax

√
YM (YM − 1)

)2
.

(28)

This limit is also plotted in Fig. 12, and the numerically
computed maximum forces approach it as the currents are
increased.

Of course, emitting arbitrarily large currents is not
physically possible for a number of reasons. In addition
to very high power requirements, the maximum current is
limited by the space charge effect. If the charge density in a
beam is high enough, the mutual repulsion between similarly
charged particles reduces the beam velocity and limits the
current flow [21]. These results should not be interpreted as
implying that arbitrarily large currents can be emitted for the
electrostatic tractor application. Rather, they serve to provide
an upper limit on the performance improvement that may be

Fig. 13. Theoretical maximum semimajor axis increase per day for a range
of tug and debris masses with simultaneous electron and ion beam emission.
The results assume EEB = 40 keV.

gained by including ion beam emission in addition to electron
beam emission. Further, Fig. 12 shows that for the vehicle
sizes considered here, the achievable electrostatic forces with
milliampere-level currents approach the theoretical maximum
to within 10%. Electron beam currents in excess of 10 mA
have been demonstrated in flight, and the SCATHA mission
is one such example [41]. In the case of SCATHA, however,
there was no need to focus the electron beam on another
neighboring object, so beam expansion was not a concern.
In the case of the electrostatic tractor, however, beam spread-
ing requires more careful consideration because the concept
depends on the ability to deliver the electron beam current
to the debris object. Here, we have identified that ion beam
emission has the potential to improve tractor performance by
enabling the delivery of more beam current to the debris.
However, emitting additional current introduces new chal-
lenges relating to the space charge limit and beam spreading,
which are ripe areas for future work.

The semimajor axis increases per day for a 1-, 2-, and 3-m
radius tug as a function of debris mass are computed using
the ideal electrostatic force expression in (28), assuming an
electron beam energy of 40 keV and quiet space weather
conditions at 17:30. The results are shown in Fig. 13. The
largest 3-m radius tug provides the best performance, towing
objects of 4000 kg with a semimajor axis increase of more
than 3 km/day. For the 1-m tug, even simultaneous electron
and ion beam emission is not enough to tow larger debris
objects at a rate of �a = 1 km/day.

Considering the dual beam scenario, we address the question
of the maximum towable debris mass. To compute the maxi-
mum towable mass, the linear mass-radius relationship in (15)
is employed. Using the best-case electrostatic force predicted
by (28) in conjunction with the approximate semimajor axis
increase per day from (14) allows for a numerical solution
of the debris mass that will yield a desired �a given a
particular tug radius, separation distance, and electron beam
energy. Two performance thresholds are used: �a = 1 km and
�a = 2.5 km. The �a = 1 km performance level is somewhat
lower than typically assumed, and for the debris reorbiting
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Fig. 14. Maximum towable mass using simultaneous electron and ion
beam emission to meet performance criteria of (a) �a = 1 km/day and
(b) �a = 2.5 km/day.

scenario would require a maneuver duration of roughly
7–10 months. The higher performance level of �a = 2.5 km
is more typical of what has been assumed in prior electrostatic
tractor research [7].

The maximum towable masses as a function of electron
beam energy are shown in Fig. 14 for tug sizes of rT = 1, 2,
and 3 m. The improved performance for larger tug vehicles is
apparent. Significantly less beam energy is needed to achieve
the same level of performance for the 3-m tug radius than for
the 1-m tug radius. By incorporating ion beam emission, a
tug with a 1-m radius can tow objects as large as 4000 kg
at a rate of �a = 2.5 km/day with an electron beam energy
of 65 keV. To achieve a �a of 2.5 km/day, the 3-m radius tug
needs only 35 keV.

Ion beam emission, owing to the higher mass of ions
relative to electrons, can impart a significant thrust force
onto the tug vehicle. In fact, low-thrust propulsion systems
have been designed around continuous ion emission [42]–[44].
Further, the ion beam shepherd concept considers the use of
a collimated ion beam to impart a small force onto a debris
object due to the impact of the incoming ions on the debris
object, which is used for deorbiting purposes [45]. For the case
of simultaneous ion and electron beam emission, performance

Fig. 15. Ion beam current for which Fth is equal to the maximum possible
electrostatic force for simultaneous electron and ion beam emission.

improves as more beam current is emitted. Because the ion
thrust force increases as more current is emitted, there will
be a point beyond which the thrust force is higher than the
electrostatic force. Because the tug vehicle is charged to a
high positive potential ions that are emitted will be repelled,
so there is no need for a high energy ion beam. It is assumed
that the ions are emitted in a direction that will not lead to
their capture by the negatively charged debris.

The thrust force on the tug due to the ion beam emission is

Fth = Ib

q
mbv∞(φT ) (29)

where mb is the mass of the ions and

v∞(φT ) =
√

2qφT

mb
(30)

is the velocity of the ions at infinity, after they have been
accelerated out of the tug potential well. This formulation
assumes that the ions are emitted with low energy, and that
all of their v∞ is due to acceleration by the tug’s electric
field. The ion species is assumed to be argon (Ar+), with an
associated mass of mb = 6.63 × 10−26 kg. The thrust force
matches the performance limit for dual beam emission when

Ib

q
mbv∞(φ∗

T ) = − rDrT

4kc(ρ − rD)(ρ − rT )

× (
EEB + Emax(1 − 2YM ) − 2Emax

√
YM (YM − 1)

)2
.

(31)

Solving this equation for Ib yields the critical beam current Icr
for which more force is generated by the ion beam emission
than is possible for the electrostatic attraction. Considering the
case of a 2-m tug radius, this critical current level is computed
for electron beam energies of 20, 40, and 60 keV and presented
in Fig. 15. Higher beam energies allow for higher potentials on
tug and debris, resulting in a larger electrostatic force. Thus,
it takes more ion beam current to generate equivalent levels
of thrust. As rD is increased, more charge accumulates on
the debris for the same potential level. This also results in



HOGAN AND SCHAUB: IMPACTS OF HOT SPACE PLASMA AND ION BEAM EMISSION 3127

Fig. 16. Fuel required for continuous ion beam emission over the course of
one year.

a larger electrostatic force and a higher Icr level. Depending
on EEB and the debris size, only a few milliamperes of
current are required for the ion beam thrust to equal the
maximum electrostatic force. As observed in Fig. 12, it may
take several milliamperes of current before the electrostatic
force magnitude begins to closely approach the theoretical
maximum. This implies that actually achieving the potential
increases that are possible with dual beam emission may result
in a scenario where the ion beam thrust is on the same order of
the electrostatic force. Considering again the scenario shown
in Fig. 12, with a 2-m tug and debris radius, the electrostatic
forces begin to closely approach the theoretical maximum
around an ion beam current of 5–6 mA. Considering Fig. 15,
the amount of ion beam current required to reach the level of
these electrostatic forces is 12 mA. For this particular scenario,
where roughly 5–6 mA of ion beam current are required to
achieve maximum performance, the thrust due to the resulting
ion beam emission is roughly half of the electrostatic force
magnitude.

Operating the ion beam requires a consumable source of
fuel for ion generation. The reorbiting times of several months
means that the ion beam will have to be emitted continuously
for a long duration. Thus, it is of interest to investigate roughly
how much fuel is required for ion beam operation. The mass
flow rate of fuel due to the ion beam is computed as

ṁF = Ib

q
mi . (32)

Considering a continuous operating time of one year, the total
fuel consumption for a range of ion beam currents is shown
in Fig. 16. For current levels of several milliamperes, the total
fuel consumption is about 130 g. Considering the sizes of the
tug and debris objects, this is a negligible increase in total
system mass and not a significant hindrance for adding ion
beam emission.

The decision to equip a tug vehicle with both an ion and
electron beam depends on several factors. Really, maximizing
the benefits that are possible with simultaneous emission
requires a large increase in the emitted beam current levels.
This has a direct impact on the resulting power requirements.
For a 2-m tug with only an electron beam, the maximum power

required for beam operation is driving the tug to its maximum
potential (qφT = EEB) and is about 30 W. Maximizing
performance benefits with an ion beam requires at least several
milliamperes of current. Estimating power requirements as
P = It EEB/q , emitting 6 mA of electron beam current with an
energy of 40 keV requires 240 W. This is an increase of 700%,
and does not even include additional power consumption due
to the ion beam emission. Still, power generation in excess
of 10 kW has been achieved in operating GEO satellites [46],
so this issue of increased power consumption is not likely to
pose any significant technical hurdles.

Another practical concern is the additional complexity of
adding a second current source (the ion beam). While it
can greatly improve the performance for smaller tug vehicles
where electron beam only charge transfer onto large debris
objects fails, this must be weighed against the decision to
simply build a larger tug vehicle with only an electron beam.
Increasing the size of the tug does not necessarily necessitate
increased vehicle mass and higher launch costs. There are no
requirements on tug density, so it could be built like a hollow
shell, keeping the mass increases manageable for larger tug
vehicles.

Finally, the ion beam emission introduces a significant thrust
force. While this does not preclude any functionality of the
electrostatic tractor, it is something that the relative motion
control system will have to compensate for, increasing the
required thrust for station keeping. If the ions are emitted
directly away from the debris object, a ion beam thrust on
the same order as the electrostatic will double the station-
keeping thrust requirements. This will, in turn, double fuel
requirements. It may be possible, however, to mitigate these
effects somewhat by emitting the ions such that they provide
some portion of the required station-keeping thrust. Doing
so, however, would require emission in the direction of the
debris object. This could lead to recollection of the ions by the
debris, which would reduce debris charging and hurt tractor
performance. A full analysis of this phenomenon is beyond
the scope of this paper.

VI. CONCLUSION

The impacts of geomagnetic storm activity on charge trans-
fer for the electrostatic tractor application are considered.
While the variations in the plasma environment resulting from
these storm events do affect the charging of tug and debris,
they can actually improve tractor performance. The tug must
be able to compensate, however, by modifying electron beam
current for the onset of such storms or performance will suffer.
Both photoelectrons and secondary electrons are emitted from
the debris in the near vicinity of the positively charged tug.
Some of the electrons are recaptured by the tug, resulting in
an additional current source. This back flux also somewhat
improves tractor performance by allowing the tug to deliver
more current at a slightly higher energy to the debris. Charge
transfer performance can be improved by incorporating an ion
beam onto a tug vehicle equipped with an electron beam.
Simultaneous electron and ion beam emission allows the tug
to deliver more electron current to the debris while keeping its
own potential from increasing. This allows the debris to reach
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a higher potential and the tractor force may be significantly
improved, especially for smaller tug vehicles where charge
transfer fails with only an electron beam. Of course, this
comes at the cost of higher power requirements and the added
complexity of dual-beam emission.
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