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Abstract

Active debris removal techniques enable relocating noncooperative geosynchronous (GEO) debris objects into graveyard orbits. One
proposed method is the electrostatic tractor concept. Here a tug vehicle approaches a target debris object and emits an electron beam
onto the debris. The charging that results yields an attractive electrostatic force that is used to tow the debris object into a new orbit.
In this study, the impacts of relative sizing between tug and debris on the efficacy of this charge transfer process are considered. By apply-
ing a charging model and incorporating nominal, quiet GEO space weather conditions, limitations on the size ratio that preclude charge
transfer are identified for different levels of beam energy. The resulting electrostatic forces and impacts on reorbiting performance are
studied. The results indicate that a larger tug vehicle will enable the tugging of a broader range of debris sizes, and that the tug size should

be roughly as large as the expected debris size.

© 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

For GEO satellites, international guidelines for end-of-
life operations call for removal of the spacecraft from the
GEO region. With a goal of preventing reentry into GEO
within 25 years, a minimum increase in altitude of 200-
300 km is typically expected, though certain spacecraft
may be raised higher (IADC, 2007; NASA, 1995). For
the case of defunct satellites and other debris objects, a
method is needed for achieving this transition into a grave-
yard orbit. To that end, the use of an electrostatic tractor,
illustrated in Fig. 1, has been proposed (Schaub and
Moorer, 2012). A tug vehicle approaches a target object
and emits an electron beam onto the debris, charging it
negatively. With the beam emission resulting in a positive
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charge on the tug, an attractive electrostatic force between
the tug and debris results, which is then used in conjunction
with low thrust to tow the debris object into a disposal
orbit (Hogan and Schaub, 2013). The charging that results
is dependent on several current sources, and is impacted by
the variations in the space weather environment at GEO
(Denton et al.,, 2005; Schaub and Sternovsky, 2013;
Hogan and Schaub, 2014).

Due to the potential impacts of spacecraft charging on
operations and spacecraft lifetime, much work has been
performed in this area (Garrett, 1981; DeForest, 1972;
Mullen et al., 1986; Katz et al., 1998; Cho et al., 2012;
Anderson, 2012). Typically, these studies focus on a single
satellite in orbit and investigate natural charging events
that occur as a result of the space weather environment.
A serious concern for spacecraft that experience differential
charging across their outer surface is electrostatic discharge
(ESD) events, where arcing occurs between different
substructures possessing a significant surface potential
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Fig. 1. Electrostatic tractor concept.

difference (Katz et al., 1998). These ESD events can be
destructive to electronic hardware. Recent studies indicate
that large satellites in GEO may experience many thou-
sands of discharges over their lifetimes (Cho et al., 2012).
With the electrostatic tug concept, the electron beam is
used to raise the absolute potential of the vehicle, and thus
avoids the differential charging issues. Current GEO space-
craft construction practice ensures that all outer surfaces
are interconnected, thus minimizing differential charging
issues. For electrostatic tugging, potential levels on the
order of tens of kiloVolts are required (Schaub and
Jasper, 2013). While certainly the near proximity of highly
charged spacecraft raises a concern of potential arcing
between tug and debris, in GEO arcing occurs over dis-
tances of a few centimeters for kiloVolt levels of potential
difference (Cho et al., 2003). This is many times smaller
than the separation distances considered, so arcing between
tug and debris is not a concern.

Due to the recent nature of the electrostatic tractor con-
cept, limited work has been performed in modeling the
charge transfer process. In Schaub and Sternovsky
(2013), a charging model is developed to predict the poten-
tials on tug and debris as a function of electron beam emis-
sion, spacecraft properties, and the space environment. A
similarly sized tug and debris object are considered, and
the charges are computed for a single space weather condi-
tion. Hogan and Schaub (2014) investigates the charge
transfer process further, considering the impacts that fluc-
tuations in the GEO plasma conditions over a typical
day have on tractor performance. Modifying the beam cur-
rent to counter varying conditions is contrasted with sim-
ply maintaining a constant current, and a simulation is
used to illustrate a reorbiting maneuver. Once again, a sin-
gle size is chosen for the debris object and tug, with the
debris object roughly half the size of the tug. Thus far,
the question of whether or not a tug could successfully
tow a much larger object has not been investigated.

In this study, the impacts of relative size between the tug
vehicle and debris object are considered. Because several of
the currents impacting charging are dependent on space-
craft surface area, it is possible that sufficient charging
may not occur if there is a significant size difference
between tug vehicle and debris object. In order to charge

a debris object to the kiloVolt levels considered for tugging,
a large enough portion of the electron beam current must
reach it in order to overcome the various currents it is sub-
jected to. If the tug vehicle emitting the electron beam is
small enough relative to the debris object, it will charge
completely (referred to here as supercharging) and prevent
sufficient beam current from reaching the debris. The
amount of current that can be emitted by the tug is limited
by the beam energy. Once the tug potential reaches the
level of the beam energy, any additional beam current will
be recollected by the tug (Lai, 2012). The impacts of size
differences on the resulting charging are studied, with
hopes of identifying a threshold for the onset of charging.
The electrostatic forces and reorbiting performance for dif-
ferent sizing configurations are also considered.

The paper is structured as follows. First, an overview of
the charging process and the model used to compute the
potentials on tug and debris objects is presented. This is
followed by a brief explanation of the method used to com-
pute the electrostatic forces between tug and debris. Next, a
threshold for the onset of charge transfer is defined, and
the impacts of relative sizing on meeting this threshold
are investigated. Then, the electrostatic forces acting
between tug and debris are studied for a range of sizes
and charging conditions. Lastly, the impacts of relative siz-
ing on the debris reorbiting performance are considered for
a range of tugging configurations, and power requirements
are determined.

2. Background

In this paper, it is assumed that the tug vehicle is
equipped with an electron gun that is used to remotely
charge a neighboring deputy (or debris) object up to 10s
of meters away. The charge transfer, in combination with
the near proximity of tug and deputy, results in an attrac-
tive electrostatic force used for tugging, as illustrated in
Fig. 1. Here, the problem of reorbiting a GEO debris object
into a graveyard orbit is considered. A semi-major axis
change is required and the tug and deputy maintain a con-
stant leader—follower position throughout the duration of
the maneuver (Hogan and Schaub, 2013; Schaub and
Jasper, 2013). The study utilizes a charging model that
accounts for the numerous current sources experienced
by a satellite in the space environment. It is assumed that
both the tug and deputy are conductive, with spherical
geometries. While typical spacecraft do not necessarily sat-
isfy these assumptions, the following analysis is used to
provide first-order insight into the limitations of relative
sizing between tug and deputy, and identify trends that
would extend to more general spacecraft models.

2.1. Spacecraft charging model
The electrostatic tugging force used for towing is a func-

tion of the charging that results from the charge transfer
between tug and deputy. Several factors influence this
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charging process. In the space environment the tug and
deputy collect plasma electron and ion currents, and pho-
toelectrons may be emitted depending on the spacecraft
potential and presence of sunlight. Charge control is
achieved through focused electron beam emission by the
tug. When the electron beam is absorbed by the deputy,
secondary electron emission occurs as the incoming beam
electrons excite and release electrons from the deputy sur-
face material. The potential levels achieved by the tug
and deputy result from a balance of these various current
sources. To compute these potentials, the charging model
developed in Schaub and Sternovsky (2013) is applied.
When either spacecraft is in the sunlight, a photoelec-
tron current occurs. This current is modeled by (Lai, 2012)

L(§) = juodre ™ ¢ >0 (1a)

:jph«,OAJ- d) <0 (1b>

where ¢ is the spacecraft potential, T,, = 2 eV is the tem-
perature of the emitted photoelectrons, j,, , = 20 uA /m?
is the photoelectron flux, and 4, is the cross-sectional area
exposed to sunlight. For the spherical geometries assumed
here, 4, = nr?. For high positive potentials, the photoelec-
tron current is effectively zero because all of the emitted
electrons are recaptured.

The plasma electron current is modeled by Pfau and
Tichy (2001)

1(¢) = ~ M e < (2a)
 dgnwe (&
_ _4an (1+E) ¢ >0 (2b)

where 4 = 4n7? is the surface area exposed to the plasma
environment, ¢ is the elementary charge, n, is the plasma
electron density, 7, is the plasma electron temperature,
and w, = /8T, /nm, is the thermal velocity of the elec-
trons. The electron mass is represented by m,. Note that
for large negative potentials, /, is very small. This is due
to the fact that electrons are repelled by the negatively
charged spacecraft.

The plasma ion current is modeled as (Pfau and Tichy,
2001)

1(9) =20 o g 50 (3a)
_ Agnw; ¢
- (1—7) ¢ <0 (3b)

which is very similar in form to the plasma electron current.
Here, w; = \/8T;/mm; is the thermal velocity of the ions.
Additional variable quantities are defined 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.
Control of the tug and deputy potentials is achieved
through electron beam emission from the tug onto the

deputy. Depending on the charge levels of tug and deputy,
as well as beam pointing accuracy, some fraction of the
beam current will be absorbed by the deputy. This current
is modeled as

Ip(pp) = —od; qpr — qdp < Egp (4a)
=0 qqu - q(,bD = EEBa (4b)

where /; is the beam current emitted by the tug, Egp is the
electron beam energy, and the subscripts 7"and D represent
the tug and deputy, respectively. The parameter o is the
fraction of the beam current emitted by the tug that is
absorbed by the deputy and is analogous to the efficiency
of the charge transfer process. In the current paper a value
of o = 1 is used, which maintains the standard established
in Schaub and Sternovsky (2013). This assumes a well
focused and accurately pointed beam, and better quantifi-
cation of o is beyond the scope of this paper. Once
q¢r — qdpp = Egp, it is impossible for additional beam cur-
rent to make it to the deputy. The emitted beam electrons
do not have enough energy to cross the potential difference
between tug and deputy.

The incoming beam electrons absorbed by the deputy
give rise to emitted secondary electrons. These eclectrons
will be lost, owing to the large negative potential on the
deputy. This current source is significant and must be
included in the computation of the deputy potential. Sec-
ondary electron emission is modeled by Draine and
Salpeter (1979)

Isge(pp) = —4Yulp(Pp)k  ¢p <0 (5a)
=0 ¢, >0, (5b)

where

Eeff/Emax
(1 + Eeff/Emax)2

and Egr = Egg — qbr + qdp. Yy is the maximum yield of
secondary electron production, and E. is the impact
energy at which this maximum occurs. In this paper, the
values of Y, = 2 and E.x = 300 eV are used, maintaining
the values established in Reference Schaub and Sternovsky
(2013). While metallic materials typically have a yield in the
neighborhood of 1, the maximum yield of secondary elec-
tron production may differ by a factor of 2 for spherical
objects due to isotropic incidence (Draine and Salpeter,
1979). This is the reason why a value of Y,, = 2 is chosen.
Because the tug will be charged to high positive poten-
tials, the tug charging is dominated by the electron beam
emission and plasma electron currents. The tug settles to
a potential that satisfies the simplified current balance
I.(¢y) + 1, =0, which is analytically solved as follows:

br = ( g _ I)Te. (6)

Agn,w,

The current balance on the deputy object contains a few
more contributions, and typically a numerical root finder
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must be used to obtain a solution. The deputy potential
must satisfy

[e(d)D) +1i(¢D) +[SEE(¢D) +1[7h(¢D) +[D(¢D) =0. (7)

The presence of the photoelectron current implies the dep-
uty is in the sunlight. If this is not the case, the current bal-
ance is modified so that it no longer contains 7.

It is assumed that the potentials ¢, and ¢, that result
from this charging model are absolute potentials
(Sickafoose et al., 2002), and that the plasma electron
and ion currents are functions of the background plasma
densities. However, the plasma distribution in the presence
of a highly charged object is perturbed. For example, in the
vicinity of the positively charged tug, the electron density
will be higher than background, and the ion density will
be lower. Even though the deputy is located within this
region, the background densities are used in the electron
and ion current expressions. The strength of this assump-
tion is not clear at this time, and future work is needed
to investigate and possibly modify the charging model. If
it is found that the redistribution of electron and ions
affects the charging currents significantly, the charging
model used here would not be valid. This could result in
significant changes to the results presented in this paper.

In the event that the tug cannot deliver electron beam
current to the deputy, the charging model will yield a dep-
uty potential that is a function of the plasma ion and elec-
tron currents and the photoelectron current. The charging
is dominated in large part by the photoelectron current,
which is of higher magnitude than the plasma currents.
Because of this, the charging model will result in a deputy
potential of a few volts positive due to emission of photo-
electrons. When the deputy reaches this slightly positive
potential, photoelectrons are recaptured and the deputy
reaches equilibrium potential.

The highly charged nearby tug, however, changes this
dynamic somewhat. In isolation, the deputy begins recol-
lecting photoelectrons at only a few volts positive. This is
reflected in Eq. (1a) where the net photoelectron current
decays to zero as the deputy is charged to higher potentials.
Essentially, the reason why the deputy settles to a few volts
positive is because this is the potential at which a large por-
tion of the emitted photoelectrons are recaptured. With the
tug nearby at a high positive potential, emitted photoelec-
trons will be collected by the tug because the electric field in
the vicinity of the deputy will point away from it, even if
the deputy is at a few volts positive. At low positive poten-
tials, the photoelectrons will not be recaptured by the dep-
uty. This loss of negative charge (outgoing electrons) will
raise the deputy potential until the deputy begins recaptur-
ing enough photoelectrons to result in a net zero current.
This phenomenon is not captured by the charging model
here, and so the charging model cannot be applied to the
case when charge transfer does not occur. When charge
transfer occurs, driving the deputy to a negative potential,
there is enough electron beam current to offset the loss of
photoelectrons and this issue is not a problem. Modifying

the charging model for applicability to the non-charge
transfer scenario would be a good area for future work.

2.2. Electrostatic force modeling

The electrostatic tractor takes advantage of the attrac-
tive electrostatic force generated between the tug and dep-
uty. Due to the various current sources detailed previously,
the tug and deputy will achieve voltages of ¢, and ¢,
respectively. These are absolute potentials, as opposed to
a potential relative to the plasma environment
(Sickafoose et al., 2002). In order to compute the resulting
electrostatic force, a relationship is needed between the
potentials and charges for the spacecraft. Here, a position
dependent capacitance model is used (Schaub and Jasper,
2013; Static, 1968; Slisko and Brito-Orta, 2007). The volt-
age and charges on the tug and deputy are related through

L1
[fm} :kclrlr ﬂ {q] -
b I L4
where L is the separation distance between tug and deputy,
k., = 8.99 x 10° Nm?/C? is Coulomb’s constant, r; and rp
are the radii of tug and debris, respectively, and ¢, and
qp are the charges on tug and deputy, respectively.

Once ¢, and ¢, are computed using the current bal-
ances detailed above, Eq. (8) is inverted to solve for the
charges. The electrostatic force is then computed using

F, =k, qZZD . 9)
This force acts equally and opposite on the tug and deputy,
and its direction is dependent on the relative position
between the two objects. A positive value signifies a repulsive
force, while a negative value represents an attractive force.

The space plasma environment will partially shield the
electrostatic force. The distance over which this shielding
occurs is characterized by the plasma Debye Ilength
(Bittencourt, 2004). The nominal GEO space weather con-
ditions considered here have Debye lengths of a few tens of
meters, which is on the order of the electrostatic tractor
separation distances. This is characteristic of quiet solar
activity conditions, where there is an upflow of colder ions
from the ionosphere (Denton et al., 2005). This actually
provides the worst-case charging performance, because
these colder ions mitigate the charging on the deputy to a
certain degree. Because of the high potential levels
obtained by tug and deputy, the Debye shielding effect will
be several times smaller than predicted by the standard
Debye length calculation. As discussed in Murdoch et al.
(2008) and Stiles et al. (2012), objects charged to high
enough potentials in the space environment experience
effective Debye lengths several times larger. In the quiet
GEO space weather conditions used in this study, only sev-
eral tens of Volts are required to yield larger effective
Debye lengths than predicted with classical Debye—Hiickel
theory (Stiles et al., 2012). Thus, the space weather condi-
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tions are not expected to provide any significant shielding
for the separation distances considered (15m or less).
For this reason, the Debye shielding terms are not included
in the electrostatic force model.

3. Relative sizing considerations

The maximum allowable electron beam current is driven
by the energy of the beam. If enough current is emitted, the
tug will achieve a potential equal to the beam energy.
Beyond this limit, any emitted beam electrons will be cap-
tured by the tug because they do not have enough energy to
escape the tug potential well. This has important implica-
tions regarding the relative sizing between tug and deputy
that will still permit charge transfer. If the tug vehicle is
much smaller than the deputy, the tug will reach its poten-
tial limit before it has emitted enough current to charge the
deputy. This will significantly hinder performance if the siz-
ing difference is large enough. Thus, it is of interest to iden-
tify how large a tug vehicle must be to tow a deputy object
of a given size.

3.1. From a deputy potential perspective

To identify the conditions under which charge transfer is
no longer possible, a threshold condition must be defined.
Here, ¢, is used to represent a cutoff deputy potential. Any
scenario that yields a deputy potential below ¢, is no
longer considered as a case of successful charge transfer.
Note that a failure to achieve charge transfer will result
in drastically reduced performance. Without a sufficient
absorbed beam electron current, the deputy will result in
a high positive potential due to the loss of photoelectrons.
Because the charging model is not applicable to this sce-
nario, however, performance results for this condition are
ignored. It should be noted that selection of ¢, is somewhat
arbitrary. Here, it is desired to identify a cutoff potential
that constitutes significant charging. To do so, natural
charging events are used as a guideline. In GEO, spacecraft
spend a majority of their time in sunlight, with brief eclipse
periods occurring for no more than an hour each day a few
weeks before and after an equinox. The ATS-5 mission
observed a maximum potential in the sunlight of —300 V,
with potentials between —50 and —300 V occurring several
times (DeForest, 1972). 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 (Mullen et al.,
1986). Considering these natural charging levels, the value
of ¢, is chosen as —1 kV.

The severity of geomagnetic storms is classified using the
k, index, which is based on the observed variation in the
degree of irregular magnetic activity throughout each day,
observed at various ground stations (Bartels et al., 1939).
The k, index utilizes an integer scale ranging from 0 to 9,
and values of 5 and up indicate that a geomagnetic storm

is occurring. For the following analysis quiet (k, = 1.5)
space weather conditions at a local time of 17:30 are used,
with values of n, = 0.47cm™3,7, = 1180 eV, n, = 11 cm™3,
T; =50eV (Denton et al, 2005). Note that stronger
geomagnetic storm activity results in a population of
higher energy particles, and more severe natural charging.
However, severe storm conditions are not prevalent in
GEO, and over the long electrostatic tractor reorbiting
times of several months, more quiet conditions prevail.

First, a relationship between emitted beam current and
beam energy required to achieve charge transfer is consid-
ered for a range of tug and deputy sizes. That is, given a
particular ratio of tug and deputy sizes and an emitted
beam current, what beam energy E. would be required to
yield ¢,.? If the actual beam energy is below E., then charge
transfer is not possible. If the beam energy is above E., then
charge transfer is possible and deputy potentials above ¢,
are achievable. Using a numerical root finder, the critical
values of E. are computed for tug sizes of 1 and 2 m as a
function of emitted current and the ratio of deputy and
tug radii, rp/rr. The charging threshold is defined as ¢,
= —1 kV. The results are shown in Fig. 2, and several inter-
esting conclusions can be drawn. First, for any given beam
energy E., there is an upper limit on the deputy size for
which charge transfer is possible. For example, considering
the E. = 40 keV contour has its outermost edge at roughly
rp/rr = 1.2 (see Fig. 2), any deputy size beyond 1.2 times
that of the tug would preclude charge transfer. From a
vehicle design perspective, this implies that for better per-
formance a larger tug vehicle should be used. If the tug
vehicle is as large or larger than the biggest expected deputy
object, then charge transfer will be possible. However, a
smaller tug vehicle is limited in the variety of potential dep-
uty candidates that may be towed. There is a tradeoff that
must be considered, however, because a larger tug vehicle
requires more current to reach the same potential levels.
More current requires more power. Thus, while a larger
vehicle can potentially tow a wider range of deputy objects,
it will require more power to do so.

Another interesting result shown in Fig. 2 is the exis-
tence of a hard cutoff in the charging threshold, where
higher beam energies no longer allow for the charging of
larger deputy objects. It would seem that this might be a
function of the size ratio rp/rr. However, this cutoff is
merely a reflection of the fact that there is some minimum
current required to balance the photoelectron and plasma
ion currents and reach ¢,.. An analytic expression for the
cutoff is found by considering the limit of very large beam
energies (Ezz — 00). While perhaps not practically realistic,
computing this limit allows one to identify the minimum
theoretical current that is required to accomplish charge
transfer for a deputy object of a given size. In the limit of
a very large beam energy, the secondary electron emission
current is effectively zero, due to the fact that

Iim k=0.
Epp—00
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Fig. 2. Beam energy (E., in keV) required to reach charging threshold of ¢. = —1 kV for a variety of emitted beam currents and size ratios.

Thus, the current balance on the deputy may be rewritten
as

Ie(¢) +1i(d.) + 1(9.) +In(d.) =0,

which can be solved for 7,. Denoting F, = gn,w,/4 and
Fi=qnw;/4 as the plasma electron and ion fluxes, the
minimum beam current required to achieve ¢, is computed
as

I = <4.7,(1 — %) — 4.7:e€¢"/Te +jph70> 7757‘%.

(10)

(11)
1
A tug vehicle that cannot emit at least this amount of cur-
rent, no matter how high the beam energy, will not be able
to achieve charge transfer. A plot of 7, for ¢, = —1000 V
is shown in Fig. 3. For finite beam energies, secondary elec-
tron emission contributes additional losses to the charge
transfer process. More current than predicted in Eq. (11)
is required to achieve charge transfer, and the beam energy
must be high enough so that the total secondary electron
yield is less than one. That is, the number of secondary
electrons emitted for every incoming beam electron must
be lower than one. If the secondary electron yield is higher
than one, then more electrons will be emitted by the deputy
than are absorbed from the beam. If this occurs, it is

1000 | 1

800 1

Z 600f ]
=

< 400 | 1

200} ]

ok ‘ ‘ ‘ A

1 2 3 4

rp (m)

Fig. 3. Minimum current required for charge transfer in the limit of
Erp — 00, assuming a threshold of ¢, = —1000 V.

impossible to charge the deputy negative because the net
current onto it will be positive due to the net loss of elec-
trons. Depending on the parameters of particular case,
the actual current required to achieve charging could be
much higher than predicted by 7,..

Returning to Fig. 2, the upper limit on the scaling
parameter (rp/rr) for a given beam energy is consistent
between the two plots. For example, for the 40 keV con-
tour the maximum size ratio for which charge transfer
can still be accomplished is roughly 1.2. The primary differ-
ence between the two cases where r; = Il mand r, =2 m is
the amount of current required to reach this peak. The
increased current for the larger object sizes is required to
offset the higher plasma and photoelectron currents that
result from increased surface areas. While it is difficult to
determine an expression for the maximum size ratio that
still permits charge transfer, the peaks can be computed
numerically. To investigate the sensitivity of the upper lim-
its to the tug size, the maximum allowable size ratios are
computed for a range of tug radii. The results for beam
energies of 20, 40, and 60 keV are shown in Fig. 4(a). It
is clear that the upper limits on the relative sizes are not
sensitive to the tug size, but rather to the beam energy. A
higher beam energy allows for charge transfer onto a larger
object. The upper limits on the size ratio for a range of
beam energies is shown in Fig. 4(b). At the lower end of
the spectrum, a tug vehicle equipped with a 20 keV electron
beam would only be capable of achieving charge transfer
onto an object roughly three-quarters of its size or smaller.
To achieve charge transfer onto a similarly sized object
(rr = rp), the tug vehicle would need an electron beam in
excess of 30keV. As the beam energy increases, larger
and larger objects can be charged. This is reflective of the
fact that higher beam energies allow the tug vehicle to emit
more current before it achieves charge saturation
(q¢r = Egp). Larger deputy objects require more current
for charging, as reflected in Fig. 3. Increasing the beam
energy allows the tug to provide these higher currents for
larger deputy objects.
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Fig. 4. (a) Size ratio limits for a variety of tug sizes and (b) size ratio limits
as a function of beam energy for which charge transfer (¢, — 1 kV) is
possible.

From the perspective of achieving charge transfer, the
results thus far suggest that a larger tug is better. A larger
tug achieves charge transfer for a wider range of deputy
object sizes while requiring less beam energy than a smaller
tug. With a 40 keV electron beam, a tug vehicle with a 3 m
radius can perform charge transfer onto a deputy object
with a radius in excess of 3.5 m. A one-meter tug similarly
equipped could only perform charge transfer on an object
with a 1.2 m radius. It is important to note that the results
shown here are computed for the specific space weather
conditions encountered at 17:30 for quiet solar conditions
(k, = 1.5). This particular time of day is chosen because
it represents the lower end of charge transfer performance,
where the electron density is lowest and the ion density is
highest. While different space weather conditions would
certainly lead to different results, in general the perfor-
mance would be better than obtained for these particular
space weather parameter values.

3.2. From a force perspective

The charge transfer analysis for varying sizes has thus
far only been concerned with achieving a potential on the
deputy object. However, this is really only part of the big-
ger picture when it comes to assessing electrostatic tractor
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Fig. 5. Electrostatic force magnitude (in mN) for a range of beam currents
and deputy sizes, assuming a tug radius of 2 m.

performance. The tractor performance is dependent on the
electrostatic force that exists between tug and deputy. To
illustrate the impact of relative sizing on the resulting elec-
trostatic force, a 2 m tug radius is considered with a beam
energy of Ezz = 40 keV. The electrostatic force magnitudes
(in mN) are computed for a range of deputy sizes and beam
currents. The results are shown in Fig. 5. The upper limit
on the current range is chosen as the condition that pro-
vides a tug potential equal to the beam energy
(g = Erp). Additional current emission is not possible,
because the beam electrons would be recaptured by the tug.

There are two distinct regions on the plot: conditions
where charge transfer occurs and a force is computed,
and conditions that prevent charge transfer. Where charge
transfer fails, the charging model is insufficient to provide a
potential on the deputy and a force cannot be computed.
Considering the boundary of the region of charge transfer,
the largest sized object that can be towed is about 1.35
times the size of the tug. The largest objects enable the larg-
est electrostatic forces. This is due to higher capacitance for
larger objects, where more charge exists on the deputy for a
given potential. Note that the size ratio of 1.35 is larger
than the maximum size ratio (1.2) for charge transfer iden-
tified earlier. This is due to the fact that a cutoff potential of
¢. = —1kV is chosen as a threshold for significant charge
transfer. Technically, charge transfer is still occurring when
the deputy reaches a potential smaller than ¢,, and an elec-
trostatic force still exists, even as the deputy potential
approaches zero. This is the reason for the discrepancy
between the maximum sizing ratios identified for towing
and charge transfer.

3.3. From an orbit raising perspective

Computing the electrostatic force magnitudes only tells
half of the story. Larger objects tend to produce larger
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forces for a given potential, because the total charge on the
objects increases linearly with radius. But larger objects
also tend to be heavier, meaning they may be accelerated
more slowly. Ultimately, the most important performance
criteria that may be considered for the electrostatic tractor
is the rate at which the deputy orbit may be changed.
Returning to the debris reorbiting scenario, where the
objective is increasing the deputy radius by approximately
300 km, the semi-major axis increase over one day is used
to quantify the tugging performance. Again, there is a need
to define a lower threshold on performance to characterize
acceptable performance levels. A one kilometer per day
increase in the deputy semi-major axis is used as this lower
bound. Assuming a circular deputy orbit, the semi-major
axis increase in the deputy orbit over one day is (Schaub
and Moorer, 2012)

4n F.
n? mD’

Aa (12)
where 7 is the mean motion of the deputy orbit and mp the
deputy mass. A GEO orbit radius of 42,164 km is assumed
for this analysis. The deputy mass is required to compute
the semi-major axis change. Considering publicly available
data on GEO satellites, Schaub and Jasper (2013) provides
a relationship between spacecraft mass and an approximate
sphere radius. The simple linear expression

rp(mp) = 1.152 m + 0.00066350 kgng (13)
provides a deputy 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.
Considering a tug size of 7 = 3 meters and an electron
beam energy of 40 keV, the semi-major axis increase over
one day for a range of deputy sizes is shown in Fig. 6.
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Fig. 6. Deputy semi-major axis increase per day (in km) for a range of
deputy sizes and electron beam currents. The tug size is 7 = 3 m.

Again, there are two distinct regions of the plot, which cor-
respond to successful charge transfer and no charge trans-
fer. Using charge transfer the 3 m tug can tow objects in
excess of 4000 kg faster than the Aa = 1 km/day threshold.
In fact, the maximum rate of increase in the semi-major
axis for the 4000 kg objects is about 1.6 km/day. Objects
of slightly less than 3000 kg can be towed at Aa =2 km/
day; reaching a 3 km/day performance level is possible
for objects as large as 1700 kg.

4. Power considerations

All of the results regarding limitations on tug and dep-
uty sizing highlight the challenges of tugging a deputy
object larger than the tug. There are no issues achieving
charge transfer when the deputy is much smaller than the
tug (rp/rr < 1). On the contrary, charge transfer and tug-
ging performance in general suffer when the deputy is sig-
nificantly larger than the tug. This implies that the tug
vehicle should be made as large as possible in order to max-
imize the range of objects that can be towed. Of course,
there are tradeoffs to using a larger tug that must be consid-
ered. A larger tug vehicle, owing to its larger surface area,
will require significantly more current to achieve a desired
potential, and this current increases with the square of the
tug radius. This means that doubling the tug radius will
require four times as much power to achieve supercharging
for a given potential. The expression

Pmax = ItAmaxEEB (14)

provides the power required for supercharging a tug vehicle
(q¢pr = Egp). The variable I, is the maximum current
that may be emitted for the given beam energy and is com-
puted as I;mi = —I.(Egp). Note that this serves as an
upper bound on the required power, because the is the
maximum amount of current that the tug can emit. Charge
transfer generally requires a lower amount of current. The
power required to supercharge tug sizes of 1, 2, and 3 m is
presented in Fig. 7. Even for the largest 3 m radius tug con-
sidered here, power levels of no more than 100 W are
required for electron beams of around 50 keV or less.

100 [

Pmax (W)

Beam Energy (keV)

Fig. 7. Power required to supercharge tug vehicle as a function of beam
energy.
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5. Conclusion

In this study, the impacts of relative sizing between a tug
and deputy object on electrostatic tractor performance are
investigated. Assuming nominal, quiet GEO space weather
conditions, an upper limit on the size ratio is determined
that still enables charge transfer between tug and deputy.
In general, a tug vehicle will be unable to achieve charge
transfer onto an object much greater than itself. The elec-
trostatic forces and resulting debris reorbiting performance
are also investigated. The results support the notion that a
larger tug size allows for the towing of a wider range of
deputy sizes, and that charge transfer performance is signif-
icantly hindered if the deputy object is too big relative to
the tug. If the tug vehicle is small relative to the deputy,
it will maximally charge before delivering enough current
to the deputy to initiate charging. Power requirements
are also identified for the charging levels considered here.
For the largest vehicle sizes, no more than 100 W of power
are required to achieve charge transfer.
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