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A novel concept for active space debris removal known as Ion Beam Shepherd (IBS)
which has been recently presented by our group is investigated. The concept makes use
of a highly collimated ion beam to exert the necessary force on a generic debris to modify
its orbit and/or attitude from a safe distance in a controlled manner, without the need
of docking. After describing the main characteristics of the IBS system, some of the key
aspects of thruster plasma and its interaction with the debris are studied, namely, (1) the
modeling of the expansion of an plasma beam, based on the quasi-selfsimilarity exhibited
by hypersonic plumes, (2) the characterization of the force and torque exerted upon the
target debris, and (3) a preliminary evaluation of other plasma-body interactions.

I. Introduction

Space debris are becoming a serious threat for the continued exploitation of space at Low Earth and
Geostationary Orbits (LEO and GEO) altitudes. Debris impacts occur at an average relative velocity of
10 km/s, meaning that a regular 1 cm object can pierce any vehicle but the most highly shielded. Current
studies1 predict that the number of debris in the orbits of interest will continue to increase unavoidably
during the next years even in the absence of future launches as the consequence of collisions and explosions.
Although catastrophic collision probabilities are currently low, there is fear for a plausible chain-reaction of
collisions between debris, which could result in hundreds of thousands of pieces that would render such orbits
unusable in practice for decades or centuries (scenario known as Kessler Syndrome2). These catastrophic
possibilities underline the need for Active Debris Removal (ADR) actions, i.e., displacing space debris from
crowded orbits using a dedicated orbiting and/or ground based facility.

ADR is, however, an expensive and risky task. Typically, a target space debris has to be docked by
another spacecraft before a deorbiting maneuver takes place. Docking with a non-cooperative target, which,
in addition, may exhibit a chaotic attitude motion, poses a great technology problem. Recently, our research
team has proposed a novel contactless debris removal strategy,3,4 which can greatly reduce the complexity,
costs and risks of an active removal campaign. The idea is based on an Ion Beam Shepherd (IBS) spacecraft,
which employs a high-speci�c-impulse ion beam to transmit su�cient momentum to the debris to deorbit it,
avoiding the docking problem. Concurrently, similar concepts have been independently proposed by JAXA5

and CNES.6

The IBS concept consists of three critical aspects, namely: (1) the generation and evolution of an adequate
ion beam, (2) the plasma-body interactions that take place at the surface of the target debris and in the
neighboring plasma due to the presence of the immersed body, and (3) the relative orbital dynamics of the
system. This paper contains a preliminary analysis of the ion beam physics and the di�erent aspects of the
ion beam-body interactions of the proposed ADR system. This is the �rst of a set of two companion articles
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Figure 1. Schematic of ion beam shepherd satellite deorbiting a space debris

describing the IBS concept, the second one (Ref. 7) covering the relative orbit dynamics of the system, the
attitude dynamics of the debris under the action of the ion beam, and the control strategies of the IBS.

After describing the IBS concept in section II, the main requirements for the ion beam are discussed in
section III. Identifying the key parameters that govern the divergence of the ion beam is paramount for this
application, since low divergence increases the fraction of ion ux reaching the body, and/or permits to act
on the debris from a larger distance. Then, in section IV, di�erent types of beam models are examined, and
after comparing their qualities, a quasi-selfsimilar plasma plume model is used to characterize the plasma
expansion. Section V covers the calculation of the delivered force and torque on the body, based on the ion
beam model and a few simplifying, conservative assumptions. In section VI, a �rst evaluation of secondary
plasma-body interactions is performed, discussing (1) relative charging of the IBS satellite and the debris,
(2) plasma plume modi�cation by the immersed body, (3) backscattering and sputtering from the material
surface, and (4) backow contamination of the shepherd satellite. Finally, the most salient conclusions are
gathered in section VII.

II. The Ion Beam Shepherd

The proposed ADR idea consists in bringing into orbit the IBS spacecraft, which will chase and rendezvous
with a preselected set of target debris. Once positioned adjacent to its target|and while maintaining a close
formation ying,|a low-divergence, high-speci�c-impulse ion beam will be directed towards the body to exert
a decelerating force on it, in order to deorbit the debris (or rise it up to a disposal orbit), hence avoiding
the technological challenge of physically docking to an uncooperative target. The shepherd spacecraft is
equipped with a main propulsion system to counteract the reaction force of the beam-generator thruster,
allowing to keep a constant distance between the space debris constant throughout the deorbit (or reorbit)
process. The IBS concept is illustrated in �gure 1. An interesting capability of the concept is the possibility
to perform multi-target deorbiting campaigns with a single IBS. After concluding with the �rst deorbiting
maneuver, the IBS would then rendezvous with the next target, and continue its removal mission.

The ion beam acts basically as a physical link between the two bodies, and when properly controlled, it
works as a stable, spring-like mechanism to convey the required forces to the debris. The two-body system
as a whole is then propelled by the main propulsion system. Using this ion physical link to act upon the
target entails an additional propellant consumption, needed to produce the mediating ion beam. This is
the necessary price to avoid the need of docking with the debris. The employment of high-speci�c impulse
thrusters allows to keep propellant usage low.

In order to maintain a constant distance, the thrust produced by the main propulsion system, FM , must
be related to the force of the beam-generator thruster, FB , through

FM = FB

�
1 + �B

mIBS

mD

�
; (1)

where mIBS , mD are the mass of the IBS satellite and the debris, respectively, and �B is the momentum
transfer e�ciency achieved with the primary beam, de�ned as the ratio between the force exerted on the
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Figure 2. Deorbiting time for di�erent values of the space debris mass and the (tangential) force FD exerted
on the debris, for a low-thrust transfer from 1000 km to 500 km altitude circular orbit.

debris FD and the thrust FB :

�B =
FD
FB

: (2)

Momentum losses are due to part of the plasma beam not being intercepted by the target debris. In order
to obtain an e�ciency �B ’ 1, the separation between shepherd and debris must be low enough, and
low-divergence beams need to be employed.

Most of LEO debris occupy the altitudes between 800 and 1000 km, have near-circular orbits, and large
inclinations (’ 80 deg). A preliminary performance study conducted in Ref. 3 has shown that a typical
2-ton LEO debris can be deorbited in a 3{4 months with an ion beam with FB ’ 100 mN, on board of
a shepherd satellite of a few hundred kilograms. Figure 2 displays information on the deorbiting time for
di�erent debris masses and forces.

III. Propulsion requirements

The whole IBS concept relies on the ability to transmit a su�cient deorbiting force to a distant body
with an ion beam. It is therefore critical to analyze the main requeriments for the propulsion system, and
discuss the di�erent alternatives that can be used to generate the beam. As highlighted in the previous
section, to achieve this in a highly e�cient manner, we require a plasma source able to generate (1) a high
speci�c impulse, Isp, while having a high thrust e�ciency, �T = IspFB= (2PaB), PaB being the available
power for the ion beam source, and (2) a low divergence plasma jet.

The speci�c impulse (or e�ective beam velocity) of the source is a measure of propellant utilization, a
larger value meaning lower consumption for a same mission �V . The available power onboard, Pa, and the
deorbiting design time, �t, set nevertheless a constrain to the maximum Isp. Assuming constant FB and �B ;
and that both the main propulsion system and the ion beam source have the same Isp and thrust e�ciency
�T , this constrain renders

Isp =
2�T �BPa�t

�V (mD + �BmIBS)
: (3)

This expression manifests the importance of the total embarked power Pa and a large thrust e�ciency �T
for a swift and e�cient deorbiting campaign.

The ability to control thrust produced by the device is also a desired feature to allow controlling the
distance between the two orbiting bodies.

The other main factor paramount for this application is the divergence angle of the beam. Given a
working distance from the shepherd satellite to a certain target debris, the divergence angle de�nes the
amount of plasma intercepted by the object, thereby determining the beam momentum transfer e�ciency
�B . The smaller the divergence angle, the higher �B for a given separation distance, or, equivalently, the
longer the IBS separation distance can be for a �xed value of �B .

Finally, the characteristics of existing plasma thrusters and the their technological maturity have also
to be taken into account. The two most trusted and successful types of advanced electric propulsion are
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ion engines and Hall e�ect thrusters, which are nowadays fully-developed, space-tested, and commercially
available in the power range 500{5000 W.

The practical di�erences between both types of thruster are:8

� The larger divergence angle of the plasma plume of Hall thrusters (� 40 deg) compared with that of
ion engines (typically < 20 deg).

� The higher overall e�ciency of ion engines (� 65� 80%), compared with Hall thrusters (� 50%).

� The larger speci�c impulse of ion engines (� 3000 s), with respect to Hall thrusters (1500{2500 s,
normally).

� Hall thrusters are more compact and lighter for the same thrust than ion engines.

� Ion engines rely on more complex power processing units, and the thrust they produce is limited by
space charge e�ects between grids, where electrons are absent.

Current thrusters of both types with 2{3 kW provide around 100 mN thrust. All these di�erences, remarkably
the smaller divergence angle, suggest that ion engines are more appropriate for the IBS. Nevertheless, both
types of engines, as well as other well-established devices such as arcjets, can be potentially employed in
the IBS. Idem can be said of new and under-development electric propulsion technologies, such as helicon
thrusters with tunable magnetic nozzles9 or magnetoplasmadynamic thrusters,10 whose performances and
characteristics might prove to be competitive for this application.

IV. Plasma beam characterization

The hypersonic beam used to exert the deorbiting force on the debris is a central part of the IBS concept.
An accurate model of the plasma expansion is required to (1) understand the plume physics, (2) identify the
key parameters that control the evolution of the beam and its divergence angle, and (3) calculate the IBS
performances (force, torque and e�ciencies).

The plume of ion and Hall e�ect thrusters can be described as composed of two di�erent regions. Firstly,
there is the near-�eld region, reaching a few thruster radii out of the engine exit, in which plasma inhomo-
geneities and thruster electromagnetic �elds dictate the initial formation of the plasma plume. Secondly,
there is the far-�eld plume, where the plasma inhomogeneities have died out, the plasma pro�le is single-
peaked (in Hall thrusters, the density pro�le is already single-peaked after only 2 radii11), and inuence from
the thruster electromagnetic �elds is negligible. In this region, plume evolution is predominantly governed
by the residual internal pressure of the plasma.

Modeling of the near-�eld is highly complex, due to all the intertwined processes taking place. The
phenomena in this region determine the initial divergence angle of the ion beam in the far-�eld, and in the
case of Hall e�ect thrusters in this zone also the �nal stages of ion acceleration take place. For the IBS
application, where the target object is going to be located well into the far-�eld region, our interest in the
near-�eld is limited to the establishment of the initial divergence angle, and attention will be focused on the
far-�eld.

There are a number of di�erent models for the far �eld plasma plume, each of them having di�erent levels
of complexity and accuracy. As an overview, they can be classi�ed in increasing level of complexity as:

1. Point-source approximations: the plume is modeled analytically as a conical expansion from a point
source, neglecting thermal expansion downstream.12,13 Models which fall in this category provide a
coarse approximation of the plasma properties.

2. Quasi-selfsimilar expansion models: The hypersonic ow is assumed self-similar, and plasma pro�les are
derived from a set of initial hypotheses. In this way semi-analytical models are obtained. They capture
the expansion due to thermal e�ects and the inuence of the relevant thruster parameters.14{16 We
have found out that the self-similar assumption is only an approximation, since the full uid equations
do not admit, in general, such a solution without the addition of a simplifying hypothesis, but the error
incurred by it is small for highly supersonic ows, i.e., for initial Mach numbers verifying M0 � 1.

3. Full numerical models: This group encompasses everything from the integration of simpli�ed uid
equations to Particle-in-Cell simulations and other advanced models.17{19 The complexity is higher,
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but they take into account the inuence of secondary e�ects like ambient plasma e�ects, charge-
exchange (CEX) ions, and background pressure for tests in vacuum chambers.15,20 A current �eld of
application of these models is the study of details of the plasma-surface interactions with solar panels
and other spacecraft parts.

Arguably, the models belonging to the �rst group are comparable in computational cost with those of the
second group, although the latter provide much better accuracy. The third group, however, necessarily re-
quires much larger computational resources. Hence, for this preliminary stage of analysis of the IBS concept,
quasi-selfsimilar models (QSSM) have been chosen as the best compromise solution between complexity and
di�culty, meaning that secondary e�ects will be neglected in the simulations.

In the following, a slightly modi�ed version of the Ashkenazy and Fruchtman model16 is briey described
and used. A detailed discussion and generalization of di�erent hypersonic plasma plume QSSM, including
the study of the inuence of the environment in the development of the plume, will be soon released (Ref.
21).

A steady-state, non-rotating plasma, formed by single-charged cold ions and hot electrons (pi � pe, with
pi and pe the ion and electron pressure, respectively), in the absence of collisional or magnetic e�ects will be
modeled. Local current ambipolarity, j = 0, will be assumed in the axysimmetric plume. The uid equations
of such a plasma comprise the ion (i) and electron (e) continuity and momentum equations. Expressed in
cylindrical coordinates (z; r; �), with z along the plume axis and the origin at an arbitrary initial plane inside
the far �eld plume, ion equations read:

uzi
@ lnn

@z
+ uri

@ lnn

@r
+
@uzi
@z

+
1

r

@ (ruri)

@r
= 0; (4)

uzi
@uzi
@z

+ uri
@uzi
@r

+
e

mi

@�

@z
= 0; (5)

uzi
@uri
@z

+ uri
@uri
@r

+
e

mi

@�

@r
= 0; (6)

where uzi, uri are the ion velocity components in the z, r direction. The electron (e) momentum equation
is:

1

n
rpe � er� = 0; (7)

where electron inertia has been neglected. Finally, an equation of state, such as pe = nTe for an ideal gas
(electron temperature expressed in energy units), and a barotropy relation, i.e., one allowing to express pe
as a function of n, are also needed:

pe = pe (n) : (8)

For our purposes, it su�ces to consider that the electrons evolve isothermally along the plume, Te = const.
Experimental measurements of the electron temperature reveal that variations in the far �eld plume are
small.22

These equations can be normalized using Te, mi (ion mass), e (elementary electric charge), n0 (particle
density at the chosen origin), and the characteristic length R0 that can be de�ned as the radius of the
plasma tube at z = 0 containing a speci�ed fraction of the total ion ux of the plume (e.g., the tube
containing 95% of the ow, since this tube is used conventionally to de�ne the plume divergence angle). In
the following, dimensionless variables will be denoted with a tilde, e.g., ~� = e�=Te or ~uzi = uzi=

p
Te=mi,

where cs =
p
Te=mi is the ion sound velocity.

QSSM are based in the assumption that all ion streamlines, (zi; ri), expand likewise, i.e., their expansion
can be expressed through a dimensionless self-similarity function h (~z),

~ri (~zi) = ~ri0h (~zi) ; (9)

where ri0 is their initial radial position in the chosen reference plane ~z = 0, where h (0) = 1. It will be useful
in the following to de�ne a new coordinate system, �; �, with

� = ~z; � =
~r

h
: (10)

The set of equations 4{8 is in general incompatible with the self-similarity assumption, Eq. 9. To
proceed, it is necessary to substitute one of these equations with an adequate assumption. When the ow is
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highly hypersonic in the axial direction, with the axial Mach number Mz = ~uzi � 1, Eq. 5 shows that axial
velocity variations along streamlines are small compared to velocity itself: �Mz=M0 � � lnn=M2

0 � 1, where
M0 = u0=

p
Te=mi is the Mach number at the origin. Equation 5 is therefore substituted by ~uzi = const along

ion streamlines (� = const). Assuming an initial conical velocity pro�le at the � = 0 plane, the expressions
for the velocity components, plasma density and h function become:

~uzi =
M0q

1 + �2= ~d2
; ~uri = �h0~uzi; (11)

~n =
1

h2
�

1 + �2= ~d2
� ~d2=�2+1=2

; (12)

h0 =

q
C2 lnh+ ~d�2; i.e.

� h

1

dh1p
C2 lnh1 + ~d�2

= �; (13)

with ~d the dimensionless distance of this plane to the cone vertex used to de�ne the ow (notice that ~d�1

coincides with the ow tangent at � = 0; � = 1), and C2 =
�

4 + 2�2 ~d�2
�
=
�
�2M2

0

�
. The parameter � allows

to adjust the ow so that 95% of the total ion ux is contained in the � � 1 streamtube (i.e., the tube inside
r = R0 at z = 0). Note that in Ref. 16 a di�erent de�nition of R0 is used that does not coincide with the
initial radius of the 95%-ux streamtube. The value of � can be obtained integrating the ow and imposing
the 95%-ux condition,

1�
�

1 +
1
~d2

�� ~d2=�2

= 0:95: (14)

The model therefore depends on the centerline Mach number M0 and the initial divergence parameter ~d.
The value of these two parameters de�nes the divergence of the plasma beam, as shown in �gure 3, where
a reference streamline has been plotted for di�erent values of these two parameters. These two parameters
govern the self-similarity function h (see Eq. 13). The large inuence of the Mach number stems from the
role of the residual electron pressure, which tends to continue opening the beam downstream, making the
plume non-conical: the larger the Mach number, the smaller thermal energy (and pressure) becomes when
compared to kinetic energy, since

M2
0 =

miu
2
0

Te
; (15)

and hence the less the divergence increase rate is. This suggests that the IBS concept would bene�t from
highly hypersonic beams. This can be further expressed as ion beams having a large axial velocity u0 and
heavier ions (mi), plus a low electron temperature Te. Naturally, the lower the initial divergence angle, the
lower the divergence is globally. Initial divergences as low as 10 deg or smaller are attainable with SoA
ion thrusters,23,24 and it is expected that this value could be further decreased if this criterion became the
central one in the design of thruster ion optics.5

The functions ~uzi, ~uri and ~n are displayed in �gure 4, together with the h function that de�nes ion
streamlines. The relative local error " committed by not ful�lling Eq. 5 can be de�ned as:

" =
~uzi@~uzi=@~z + ~uri@~uzi=@~r + @ lnn=@~z

~u2zi
=

2

M2
0

h0

h

" 
1

�2
�

~d�2

2

!
�2 � 1

#
; (16)

where it is clear that the error is " / 1=M2
0 so that it decreases fast as M0 increases (i.e., for hypersonic

ows). " also decreases downstream, as h0=h is a monotonic decreasing function. Except when ~d = �=
p

2,
there is one streamline

� =
�

1=�2 � ~d�2=2
��1=2

for which the axial momentum equation is identically satis�ed and the local error " cancels out; for any
other value of �, error is not null. The error increases inde�nitely for � ! 1 except again for ~d = �=

p
2.

Nevertheless, the large error committed for large � is irrelevant for the application at hand, since we are
interested in the core of the plume, � . 2, where the practical totality of momentum ux is concentrated. The
plasma at large angles from the centerline is so rare�ed that its momentum can be conservatively neglected.
The error has been plotted in �gure 5 for two values of ~d.
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Figure 3. Inuence of the Mach number M0 (�gure a) and the initial divergence tangent ~d (�gure b) on the h
function, which de�nes the ion streamlines of the ow. In �gure a, ~d�1 = 0:2, and in �gure b, M0 = 20.

Figure 4. Dimensionless axial and radial velocities, ~uzi and ~uri, and the decimal logarithm of the plasma
density log10 ~n. These plots represent the R0 = 0:1 m, �0 = 0:2, and M0 = 20 (representative of uz0 = 38000
m/s and Te = 5 eV for Xenon) case. The value of � has been chosen so that � = 1 (in white) represents the
streamtube of 95% ux. Notice that such line is not straight due to the residual pressure continuing to expand
the plasma.

V. Momentum transmission to the target body

The model described in section IV can be used to evaluate the momentum delivered to a target debris
by the plasma beam. This momentum has two basic contributions, due to (1) high energy ions impacting
directly upon the debris, and (2) the electron pressure, which for an hypersonic beam is negligible (see Eq.
15). As ions reach the surface of the debris, they briey penetrate the material lattice for a few nanometers,
neutralize, and then after an accommodation time are rejected by the material binding forces back into space.
Debris material sputtering can occur. The contribution to transferred momentum of the rejected propellant
atoms and the sputtered materials is negligible, as will be shown in section VI. Hence, the delivered force
F and torque N can be conveniently modeled assuming a perfectly inelastic collision of the incoming ions
against the surface of the debris,

F =

�
Sb

minui(�� � ui) dS; (17)

N =

�
Sb

(r � rG)�minui(�� � ui) dS; (18)

where Sb is the surface of the debris illuminated by the ion beam, � is the outward-pointing unit vector
perpendicular to the area element, ui is the velocity vector of the incoming ions, n their local density, and
r� rG the position vector with respect to the center of mass of the debris. Figure 6 presents a sketch of the
axial and a radial forces and the torque created by the ion beam.

These actions and the momentum transfer e�ciency depend strongly on the size of the debris, its position
within the plume, and in general also its attitude. Keeping a su�ciently small distance to the debris is
paramount to maintain a momentum transfer e�ciency near unity, �B ’ 1, so close formation ying (within
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Figure 5. Logarithm of the relative error log10 j"j as de�ned in equation 16. The represented simulations use
R0 = 0:1 m, u0 = 38000 m/s at the origin and Te = 5 eV, which for Xenon mean a Mach number at the origin
M0 = 20. Figure (a) is calculated for an initial divergence tangent ~d�1 = 0:2, while (b) employs the unrealistic
case ~d�1 =

p
2=� = 19:97 to show the case with �-independent error. The value of � has been chosen so that � = 1

(in white) represents the streamtube of 95% ux, showing that case (b) does not represent a feasible/useful
scenario for the IBS application.

Figure 6. Schematic showing the axial force Fz, radial force Fr and torque N transmitted to a spherical debris
by the IBS beam.

10{15 m of the object for medium-sized debris) is a requirement of the IBS concept. Characterization of
momentum transfer e�ciency for a spherical debris is illustrated in �gure 7.

The calculation of the forces and torques de�ned in Eqs. 17 and 18 is performed numerically with an in-
house developed general purpose simulation tool named IBIS (from Ion Beam Interaction Simulator). This
program, which integrates the beam pro�le from the QSSM and the attitude and relative orbital dynamics
of the two-body system, has proven to be a useful analysis tool for the study of the IBS concept and its
performances.

The IBIS software employs hybrid-code, and is capable of simulating the interaction of a plasma plume
with a body of arbitrary shape, provided its geometry. The computation of the forces and torques is made
based on FEM algorithms, while a built-in algorithm deals with shadowing e�ects. As mentioned, a study
of the relative orbital dynamics and debris attitude evolution in a model deorbiting mission with the IBIS
software will be soon presented (Ref. 7).

VI. Other plasma-body interactions

Besides transferring the required momentum to the target body, the plasma beam gives rise to a number
of phenomena in its interaction with the debris, whose importance needs to be assessed. In this preliminary
analysis we are chiey concerned with (1) the electrostatic charging and interplay of the shepherd-plasma-
debris system, (2) the modi�cation of the plasma plume by the object, (3) the behavior and e�ects of ions
when impinging on the target surface, and (4) the contamination of the shepherd satellite due to backowing
xenon and sputtered debris material. This section provides qualitative evaluation of all these aspects of the
plasma-debris interaction.
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Figure 7. Momentum transfer e�ciency �B for a spherical debris of radius RS , for di�erent values of the
geometry parameters � = RS=RB and �r = rc=RB, where zc; rc is the position of the center of the sphere, and
RB is the radius of the 95%-ux streamtube of the beam at zc. Except for the small inuence of streamline
curvature, these results are universal.

Figure 8. Momentum delivered by the ion beam upon a Kosmos upper stage (2:4 m radius, 6:5 m high) located
at a distance of 15 m from the IBS, calculated with the IBIS software. An ion beam with M = 20 and an initial

divergence angle of arctan
�

1= ~d
�

= 10 deg was used for the simulation.

A. Relative charging of the IBS-debris system

There are a number of processes that act simultaneously on an orbiting body,25,26 which tend to modify its
electric charge, including (1) the presence of a background plasma, which gives immersed objects a negative
potential relative to plasma potential; (2) electron photoemission of sunlit surfaces; (3) secondary electron
emission from impacting particles27 (mainly energetic electrons); and (4) singular events related to energetic
electron beams such as magnetic substorms.28

All these processes compete with each other, leading to an equilibrium debris potential �D. For a
typical satellite at altitudes below two Earth radii, the e�ect of ambient plasma dominates (Te � 1 eV; n �
1010 m�3) and the satellite potential is slightly negative (oating potential), leaving aside singular events
which may temporarily perturb the nominal situation.

In the case under analysis, �D is set mainly by the plasma beam, which is much denser than background
plasma (n > 1012 m�3). The object interaction with this plasma is similar to the interaction with the
ambient plasma: the body tends to acquire a negative oating potential, in the order of � 5Te=e for a xenon
plasma. The potential fall is located around the body in a thin non-neutral plasma sheath, of a thickness
in the order of the Debye Length of the plasma (�D =

p
"0Te= (e2n) < 1 cm for n = 1012 and Te = 1 eV).

The velocity of the � 1 keV ions is still much smaller than the characteristic velocity of � 1 eV electrons
(ue=ui ’ 15), therefore essentially not a�ecting this charging process nor the equilibrium potential. Since
the conducting plasma beam electrically links the two bodies, they readily reach an equilibrium situation,
where a relative potential between both objects is established. This relative potential results from the fall
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at the plasma sheaths of each object, and the small plasma potential fall that occurs along the beam (of the
order of electron temperature � Te), as the plasma transforms its remaining thermal energy into ion kinetic
energy.

The relative situation is very stable, since the inuence of the ambient plasma and photoemission e�ects
can be neglected due to the large density of the thruster plume. Any perturbation or initial charge will be
damped out by a fast transient current in the plasma bridge that connects both bodies, promoted by the
large mobility of electrons. Moreover, due to the small distances between the objects, any extraneous e�ect
that would tend to modify the potential of one body would similarly a�ect the other one, thus not modifying
much the relative charging.

This qualitative analysis of the charging physics suggests that relative charging e�ects have negligible
inuence on the IBS concept. The quantitative assessment of the relative charging, the equilibrium voltage,
and the study of the transient processes is currently under progress.

B. Alteration of the plasma ow due to an immersed body

The presence of a body in the plasma plume modi�es it with the appearance of the aforementioned sheaths,
which form in the beam-illuminated side of the debris. Ions entering this sheath are accelerated towards the
body, yielding their momentum to it when they reach its surface. Although in this electrostatic acceleration
no extra momentum is gained by the plasma-debris system, the presence of the sheath around the debris has
the bene�cial side e�ect of attracting additional lateral ions that would otherwise not intercept the body, thus
slightly increasing the exerted force. This e�ect can be accounted for by considering the body-plus-sheath
volume as an \e�ective" volume for the force computations. The inuence, however, of a sheath thinner
than 1 cm on a body with a characteristic length larger than 1 m, is negligible.

The immersed object inuences more dramatically the development of the plume downstream from it, by
generating a wake in the ow. Inside the wake, plasma density is much lower than outside from it (typically,
2 orders of magnitude less25,29). Hence, the contribution to the momentum transfer of the debris surface
not directly illuminated by the beam can be neglected in �rst approximation.

C. Backscattering and target material sputtering

When the IBS is correctly pointed towards the target, the majority of high-velocity ions reach the debris
surface, penetrating the material substrate while losing their energy through random-walk collisions. After
traveling a distance of typically a few nanometers below the surface, the normal velocity of these ions reaches
zero, completing the momentum transfer process. Most of these particles are then rejected from the material
lattice, and abandon the surface with velocities in the order of the wall thermal speed, which is orders of
magnitude lower than the velocity of the ion beam, since

Tw ’ 300K ’ 0:02 eV� 1 keV:

Hence, the contribution to momentum transfer of the backscattered particles is negligible.
On the other hand, the process of energy exchange through collisions can cause a number of the material

atoms to leave the debris surface, giving rise to the so-called sputtering phenomenon, whose inuence on
the momentum transfer needs also to be assessed. An atom can leave the lattice when it acquires an energy
greater than the surface binding energy. The sputtering of a surface under the action of a particle beam is
described by the sputtering yield, de�ned as the mean number of sputtered atoms per incident ion. Other
magnitudes of interest are the mean energy of the sputtered particles, and the angular distribution of these.
All these parameters depend on the type of incoming ions and the material of the debris, the ion beam
energy, and the incidence angle.

Figure 9 shows the value of the average sputtering yield and energy computed for xenon ions impacting
against aluminum as a function of the ion energy. The plots have been computed numerically with TRIM.30

Because the average energy of the sputtered particles is more than two order of magnitudes smaller than
the energy of the impinging ions, the e�ect of the momentum of the sputtered material on the momentum
transfer to the debris can be neglected like backscattered xenon.

D. Backow contamination

The intrusion of a debris body in the plasma plume may complicate the satellite environment, as a result
of the interaction of the incoming beam with the outgoing ions and neutrals from the debris (backscattered
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Figure 9. Average sputtering yield (left) and energy per sputtered particle (right) for xenon ions impacting
against an aluminum substrate at di�erent energies.

and sputtered material).
This environment can a�ect negatively the performance of the IBS subsystems through various interac-

tions, namely18 (1) the appearance of parasitic currents to biased surfaces, (2) degradation of solar array
panels, thermal control and other surfaces, or (3) attenuation and refraction of electromagnetic wave trans-
mission and reception due to the enhanced plasma density.

The use of plasma thrusters involves backow contamination risks by itself. The two most relevant
processes are (1) charge-exchange collisions (CEX) between ions and not-ionized propellant, which produce
slow ions that might return onto the spacecraft if the radial electric �eld pushes them towards e.g. solar
panels, and (2) deposition of thruster material particles sputtered from thruster walls that can become
charged.15,17,18,31

These hazards are normally accounted for in satellite design, mainly by skewing beam axes away from solar
panels and other sensitive equipment at a certain angle, so that satellite life is not substantially a�ected.15

However, for the IBS concept, it is important also to assess the formation of CEX ions due to collisions with
the neutral xenon atoms returning from the debris, and the e�ect of incoming sputtered material.

Xenon ions do not pose a serious contamination hazard for exposed satellite surfaces such as solar panels,
although they might give rise to parasitic current ows between biased surfaces. A low-pressure cloud of
neutral xenon gas and particles is expected to occur naturally around the debris surface irradiated by the
beam. As they expand into vacuum, these neutrals may give rise to CEX ions close to the debris surface.

Typical CEX cross-sections can be approximated with the following �tting formula:32,33

�CEX

�
�A

2
�

= A�B log (E) ; (19)

where A, B are parameters to be found in table 1, and E is the ion energy in eV.

A(�A2) B( �A2)

Xe+ +Xe 87:3� 0:9 13:6� 0:6

Xe2+ +Xe 45:7� 1:9 8:9� 1:2

Table 1. Fitting parameters for CEX collisions.32

Detailed quanti�cation of the importance of this e�ect requires knowledge of the neutral density nn.
However, it can be anticipated that for an IBS acting on a debris su�ciently far from the IBS, ion densities
near the surface are low enough to neglect the formation of CEX ions. A rough estimate of the importance
of the formation of slow ions downstream (z ’ 10 m) for M0 = 20, �0 = 0:2 and n0 = 1016 m�3 may be
performed using formula 19, which for Ei ’ 1000 eV yields �CEX ’ 46:5 � 10�20 m�2.

Assuming that at the surface of the body the ux of neutrals equals that of incoming ions, nn ’ 200ni ’
2:42 � 1015 m�3, and the CEX ion source rate is:

SCEX = nnnivrel�CEX ’ 5:2 � 1014 m�3s�1;

which is a low particle source rate and far away located compared to other CEX sources,15 so that it can be
neglected for most practical purposes.
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Moreover, due to the large distance, most CEX ions occurring far downstream in the plume are expected
to be pushed away radially with an angle large enough from the centerline as to not come back upon the
satellite (additionally, plasma sheath electric potential might be bene�cial as it pulls those ions and hinders
their backstreaming). These assumptions and the exact behavior of neutrals and CEX ions need to be
studied and clari�ed in more detail in the future.

Similar uxes of sputtered material from the debris can be expected, as the sputtering yield is in the
order of unity (see �gure 9). Assuming a spherical expansion from the surface of a sphere of � 1 m radius
(material leaves the debris in every direction as it expands into vacuum), sputtered material ux would be
� 100 times lower when it reaches the IBS (at � 10 m distance from the debris). This means a ux of � 1015

m�2s�1. Assessment of the e�ects of this ux on the IBS lifetime requires improving this coarse estimate
and detailed study of particle-surface interactions at the IBS.

VII. Conclusions

In this paper, two key aspects of a novel active space debris removal concept, the Ion Beam Shepherd,
have been analyzed, namely the requisites and characteristics of the intermediate ion beam for momentum
transfer to a far body, and the di�erent phenomena associated with the plasma-debris interaction.

In the �rst regard, we have identi�ed the importance of a small beam divergence, high speci�c impulse,
and high thrust e�ciency as key performances of the desired plasma source. O�-the-shelf ion thrusters are
suggested as the best option currently available, although other thruster types can be also employed for this
application. Future thruster design with high Isp, high ion Mach number, and low initial beam divergence
angle as main requirements would largely bene�t the performances of the Ion Beam Shepherd concept. The
ion beam characterization has been carried out with the help of a quasi-selfsimilar plasma plume expansion
model, which presents a good accuracy while allowing semi-analytical treatment. Quasi-selfsimilar models
and the e�ects of the environmental plasma and magnetic �eld in the development of the plasma plume will
be investigated in detail in a future publication.21

With respect to the plasma-debris interaction, a procedure to calculate the momentum transferred to
the target body by the plasma has been described, and implemented numerically into the IBIS software.
The momentum transfer e�ciency, or the fraction of momentum ux intercepted by the target, has been
characterized in the simple case of a spherical debris, with respect to the form-factor of the sphere to the
beam radius, and the radial position of the sphere relative to the plume centerline. More debris geometries
are currently being studied.

Electrically-charging phenomena have been studied qualitatively, to the conclusion that the relative charge
between shepherd and debris will be very stable due to the presence of the linking high-density plasma beam
and the small separation between the two bodies. Backscattering and debris sputtering have been assessed,
and a preliminary analysis of backow contamination has been carried out.

This is an ongoing research e�ort, and a considerable amount of work remains to be done. Speci�cally,
�ner modeling of the plasma beam and detailed assessment of these interactions and other advanced top-
ics such as the formation of a low-density, non-neutral plasma wake in the shadow of the debris and the
modi�cation of the plasma beam in the region neighboring the immersed object need to be performed. We
are currently working on the implementation of more advanced numerical models to deal with these points,
which would also allow consideration of the particularities of di�erent thruster types. The relative orbital
dynamics and control of the shepherd-debris system will be addressed in a companion article.7
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