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Executive Summary
This document collects the work carried out under the research project “Call for Ideas on
Active Removal of Space Debris: Ion Beam Shepherd for Active Debris Removal”
under the ESA Ariadna program of the advanced concepts team (ACT). The research work was
conducted by a multidisciplinary team of the Technical University of Madrid (UPM).
The group proposed a novel use of space electric propulsion in which the plasma accelerated
by an ion thruster (or similar plasma propulsion device) is here directed against the surface of a
target object to exert a force (and a torque) upon the target from a distance of a few times the
size of the latter. The force transmitted comes from the variation of momentum of the plasma
ions (typically xenon) impacting against the surface of the object and penetrating its outermost
layers before being stopped.
This simple idea, in which the accelerated plasma is used to produce an ’action’ rather
than a ’reaction’, can be used to remotely maneuver objects in space without physical contact
(docking). A promising application is found in the area of active removal of space debris, which
are non-cooperating targets that can be extremely difficult to dock to as they can exhibit chaotic
attitude motion.

Figure 1: Artistic impression of the ion beam shepherd (IBS) concept
The IBS idea is depicted in Figure 1, which underlines a key feature of the IBS concept: a
secondary propulsion system mounted on the shepherd satellite is necessary in order to counteract the reaction of the first ion thruster, so that the shepherd and target can be kept in close
proximity throughout the maneouvre. The consequent loss of efficiency resulting from the use
of two propulsion systems thrusting in opposite directions is, in a way, the price to pay in order
to achieve a contactless maneouvring capability.
In chapter 1 we have conducted a preliminary analysis of the ion beam shepherd (IBS)
concept in order to assess its capability as a space debris removal system in low Earth orbit
3

4

(LEO). We focus our analysis on large (m> 1 ton) space debris as they provide, once removed,
the highest benefit in terms of reduced collision risk. After a brief overview of the mass and
orbital characteristics of large LEO debris we provide simple analytical expressions to quickly
estimate the deorbit (or reorbit) time and the minimum required mass of the shepherd spacecraft.
We conclude that even the largest (~10 ton) debris in LEO can be deorbited in less than a year
with an IBS of a few hundred kilograms.
Chapter 2 is entirely devoted to the analysis and characterization of a quasi-neutral plasma
beam generated by state of the art electric propulsion systems employed in space technology.
After addressing the key physical aspects of the plasma plume dynamics in view of the IBS
application, we select selfsimilar fluid models as the most appropriate to describe the plume
expansion. Three different models present in the literature are reviewed and compared. Environmental effects (collisonal effects with the ambient plasma and magnetic interactions) are also
analized. The conclusions point out the suitability of selfsimilar fluid model in order to capture
the bulk of the plasma dynamics of interest for a preliminary, yet quite detailed, analysis of the
IBS concept. In order to reduce far-field divergence, the use of small divergence ion thrusters
and a design which minimises electron pressure effects are recommended. At first sight, magnetic effects are not critical for the IBS concept although more work will be needed in the future
to confirm it.
Chapter 3 examines the key aspects of the physical interaction between a target solid body
and a collimated ion beam fully or partially reaching the body surface. Transmitted forces,
torques and force gradients are numerically computed as a function of the position and attitude of the solid body (of spherical and cylindrical shape) with respect the shepherd satellites,
which defines the ion beam source and axis. Key dimensionless quantities and parameters are
introduced in order to understand the complex beam-body interaction. Other aspects of the
beam-plasma interaction, such as charging effects sputtering and backflow contamination are
also addressed. Among the results obtained, which will be used to characterize the relative
orbit dynamics in the following chapters, we find the exitence of stable attitude configurations
of beam-propelled cylindrical bodies.
Chapter 4 deals with the study of the dynamics and control of an Earth-orbiting rigid
body under the action of a collimated ion beam emitted from a nearby shepherd satellite.
The aim of the analysis is to understand the dynamical phenomena arising when an ion-beam
dynamical interaction is added to the problem of relative motion and control between two
coorbiting bodies. Numerical and simplified analytical models are proposed, exploiting the
results of previous chapters. Relative position control for the system center of mass seems to be
feasible as long as proper relative position estimation is available (a matter for future studies).
The existence of stable attitude configurations in line with the results of the previous chapter is
suggested numerically, although more work is needed to assess the influence of external orbital
perturbation on such equilibrium positions.
Chapter 5 explores the possibility of using passive electrodynamic tethers in combination
with the IBS concept. The deorbiting performance of an EDT alone is evaluated with a simplified analytical model which clarifies the influence of the orbit inclination on the EDT performance. Next an EDT system coupled to an IBS system is investigated showing that internal
EDT libration modes, excited by the time-varying Lorentz drag are detrimental for the syatem
stability within the IBS control requirements. The conclusion is that EDTs can be considered
as complementary to the IBS but may be problematic if used simultaneously with the latter.
A recommendation chapter is added to the end of the report in order to suggest future
studies.
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Chapter 1

The Ion Beam Shepherd Concept
This chapter is devoted to a preliminary analysis of the ion beam shepherd (IBS) concept as a
possible solution for the problem of active space debris removal (ADR). After introducing the
ADR problem and its fundamental challenges the IBS concept will be described starting from
basic physics and underlining the most important design aspects and the main technological
challenges. The expected performance of an optimally designed IBS in terms of space debris
deorbiting capability will also be analysed.

1.1

Background and Motivations

The steady increase of the space debris population is threatening the future of space utilization
for both commercial and scientific purposes. It is widely agreed that, in order to reduce this
threat, not only newly launched spacecraft and upper stages will need to be deorbited but also a
fraction of the existing ones, calling for active debris removal operations. Studies predict ([40])
that if these operations do not start soon, “snowball effects” can take place in which collisiongenerated objects will generate new collisions leading to an escalation of the number of debris
in orbit.
The work by Liou and Johnson [40] is significant not only because it analyses the beneficial
effects of a planned debris removal campaign but also because it suggests what debris should be
targeted first. The preference is put on objects that are more likely to experience collision and
to leave a large amount of potential debris mass in orbit: the conclusion is that active debris
removal, in order to be effective, should target large space debris in crowded orbits.
With the help of the ESA DISCOS space debris database [16] we have made a preliminary
analysis to study the "taxonomy" of large space debris in low Earth orbit. After limiting our
search to objects larger than 1 ton and with perigee altitude lower than 2000 km we have found
a population of more than 700 upper stages reaching a total mass of almost 1500 ton and more
than 300 satellites reaching more than 800 ton of total mass 1 .
The mass distribution of these objects is plotted in Fig 1.1. Using the same data we have also
computed a mass density of space debris in spherical shells of different altitudes, plotted in Fig.
1.2 , which shows that the region between 800 and 1000 km altitude is the most crowded. Finally,
the inclination and eccentricity distribution of Figs. 1.31.4 highlight the fact that the majority of
large-size LEO debris tend to cluster around circular or almost circular sun-synchronous orbits.
This preliminary analysis can be used to estimate the difficulty and cost of a planned active
removal campaign. For instance, if we focus on upper stages only and estimate the fuel cost
for removing all of them using chemical rockets we end up with a required mass of 79 tons
of hydrazine in orbit (assuming a specific impulse of 260 s) only to carry out the deorbiting
1 (All

active satellites were included except the International Space Station)
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Figure 1.1: Mass distribution of current large objects population in LEO. Active satellites are
included.
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Figure 1.3: Distribution of orbital inclination for large objects (m>1 tonne) in LEO.
manoeuvre burn [9] (i.e. without taking into account launch costs and orbit manoeuvering to
rendezvous with the target).
Having discarded the chemical propulsion option we are left with low-thrust strategies.
Among them we find high-specific-impulse electric propulsion systems and electrodynamic tethers as well as very-low-thrust methods like solar sails, drag augmentation devices (“ballutes”)
and laser ablation systems. Classical metrics (see for instance ref. [1, 67]) used to rate the
July 2011, Ion Beam Shepherd for Contactless Debris Removal. UPM/ACT
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Figure 1.4: Distribution of orbital eccentricity for large objects (m>1 tonne) in LEO.
effectiveness and cost of low-thrust deorbiting devices are the inverse time-area product and the
specific mission-impulse, both of which should be maximised.
The first is defined as:
J1 =

1
,
A × 4t

where A is the overall surface cross section of the space debris and the debris-removing device,
and ∆t is the time needed for deorbiting. The time-area product (A × 4t) is first mentioned in
the 1995 NASA safety standard for debris removal highlighting that deorbiting systems having
large cross-section must offer fast deorbiting capability in order to compensate for the added
collision risk due to the increase in cross sectional area [1]. Ion thrusters providing moderate
thrust level (say 10 to 200 mN) can deorbit large debris in a reasonable time (approximate
figures are provided in the next sections) and, thanks to their small impact on the total system
surface area provide an excellent solution with regard to the above metric.
The specific mission-impulse is defined as the ratio between the deorbiting impulse provided
by the drag system divided by its total mass mtot :
Ft 4t
,
mtot
where Ft can be taken as the average tangential drag force over the whole deorbiting mission.
In addition to the two quantitative metrics presented above, important qualitative selection
criteria have also to be taken into account such as the system reliability and reusability.
The former may be primarily affected by a central issue characterising active debris removal
operations in general: the transmission of momentum from the removal system to the space
debris in order to carry out the deorbiting (or reorbiting) maneuver. The most obvious way to do
that is to dock the removal system with the target before the deorbiting starts. This operation
can, however, be technologically complex and very risky. Space debris are non-cooperative
objects generally characterized by a problematic attitude motion (tumbling motion, flat-spin
rotation, large amplitude oscillations etc.) which are not easy to dock with. Another possible
solution is to perform a capture operation with an appendage released from the spacecraft (e.g.
a net or an harpoon). In this case the major difficulty is perhaps connected with the deployment
and targeting of the capturing device, which, in addition, would be difficult to reuse for multiple
removal operations.
Debris removal concepts based on pulsed-laser ablation systems do offer a key advantage in
this regard as they can be operated far from the orbiting target, possibly even from the ground.
Unfortunately though, the small impulse obtained from material ablation cannot be effective
against targets of size exceeding about 20 centimeters [57].
J2 =

July 2011, Ion Beam Shepherd for Contactless Debris Removal. UPM/ACT
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Figure 1.5: Schematic of ion beam shepherd satellite deorbiting a space debris
The present study investigates the use of a highly collimated, high-velocity ion beam produced on board of an ion beam shepherd spacecraft (IBS) flying in proximity of a target and
directed against the target to modify its orbit and/or attitude with no need for docking. We
will see that the momentum transmitted by the ion beam is orders of magnitude higher than
the one obtained, for equal power cost, using material ablation.

1.2

Concept Description

The IBS concept is schematized in Fig. 1.5. The shepherd satellite is equipped with a primary
propulsion system that emits a beam of accelerated quasi-neutral plasma and points it towards a
target object in order to apply a force on the latter. In addition, a secondary propulsion system
is used to produce an equilibrium force F p2 needed to avoid the IBS from drifting away from
the target.
When a generic solid body is irradiated by a plasma beam it undergoes a force (and a torque),
which comes primarily from the momentum of the plasma ions colliding with the body.
Electric thrusters employ heavy ions (typically xenon) accelerated to energy levels up to
a few keV. According to experimental tests [80] ions of this type penetrate the substrate of a
metal like aluminum by a few nanometers and deposit most of their energy on the target. In
addition, they give rise to backsputtering effects in which the energy of the sputtered material
is typically two orders of magnitudes smaller than the one of the incoming ions, as we will see in
the next chapter. All in all, when evaluating the transmitted force, the effect of the momentum
of the backscattered material can be neglected. By also neglecting the force due to the electron
pressure, typically many orders of magnitude smaller when compared to the one transmitted by
the impinging ions, the momentum transfer on a differential surface element dS of the target is
ultimately computed through the conservation of linear momentum:
dF ' −mi nui (−ν · ui ) dS,

(1.1)

where ν is the outward-pointing normal unit vector of the surface element, ui the average
velocity vector of the incoming ions and n their average local density. The corresponding force
F and torque N exerted by the plume on a space debris can then be calculated by integrating
over the surface Sb exposed to the beam:
ˆ
ˆ
F =
dF ;
NG =
(r − r G ) × dF ,
(1.2)
Sb

Sb

where r − r G is the relative position of the integrating point with respect to the center of mass
of the debris.
In the general case, the computation of the above integrals is complicated by the fact that
the density and velocity of the ions is not constant across the surface Sb but varies according to
the characteristics of the ion beam and its geometric relation with the surface Sb . In order to
July 2011, Ion Beam Shepherd for Contactless Debris Removal. UPM/ACT
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address this case it is necessary to establish a model for the ion beam dynamics, which will be
dealt with in the next chapter.
Nevertheless, for the particular case in which the target is fully contained inside the beam
envelope 2 , that is when the quasi totality of the ions intercept the target the force Ft on the
target will be equal and opposite to the force F p1 that the primary propulsion system exerts on
the shepherd satellite:
(1.3)

F t ≈ −F p1 .

Note that a misalignment between the beam center of pressure and the target center of mass
does not affect the net momentum transmitted to the target by the colliding ions as long as the
latter continue to fully intercept the target. This is a consequence of the conservation of linear
momentum of the system (target + ion beam) before and after the collision. On the other hand,
angular velocity variations do occur in this circumstance and will be dealt with in the following
chapters.
The magnitude of F p1 can be related to the thrust efficiency η1 of the primary propulsion
system, the power P1 and the ion exhaust velocity c1 as:
Fp1 = 2η1

P1
.
c1

(1.4)

The same quantity can also be related to the mass flow rate ṁ1 of the primary propulsion
system as:
Fp1 = ṁ1 c1

(1.5)

In the hypothesis that the IBS and the target debris are in circular orbit, the magnitude
of the secondary propulsion force F p2 needed to cancel out the IBS-target drift motion can
be computed by setting to zero the second derivative of the distance joining the two objects
according to:
d̈ =

Fp1 − Fp2
Fp1
+
= 0,
mIBS
md

(1.6)

where mIBS , md are, respectively, the mass of the debris shepherd and the mass of the space
debris. From the previous equation one obtains:
Fp2 = Fp1



mIBS
1+
md


.

(1.7)

The maximum distance d at which the debris shepherd can be held while the beam fully
intercepts the target depends on the size s of the latter and on the ion-beam divergence angle
ϕ as:
dmax w

s
.
2 tan ϕ

(1.8)

where s can be thought as the diameter of the largest spherical envelope contained in the
space debris volume. Note that we have here assumed thel beam enevelope is conical which
corresponds to neglect electron pressure effects. These effects will be evaluated in details in the
next chapter.
A simple formula to quantify the smallest divergence angle theoretically achievable by an
ion thruster can be derived from [62]:
2 As it will be explained in the next chapter, throughout this report we will consider the beam envelope as the
surface containing 95% of the total beam current.
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10

1.3. IBS MASS OPTIMIZATION FOR CONSTANT THRUST

ϕmin ≈ tan

−1



v⊥
vk



= tan

−1

!
p
2qe TeV /mi
,
c

(1.9)

where vk = c is the exhaust (longitudinal) velocity of the ions after the acceleration process,
v⊥ is the rms of the transverse velocity of the (maxwellian) ions before being accelerated, mi
their mass, TeV the thermodynamic temperature (measured in electronvolt) of the ions before
being accelerated (typically 1-5 eV) and qe is the electron charge. The formula highlights the
importance of having high ion ejection velocity (hence high specific impulse) in order to reduce
the beam divergence as much as possible. The real divergence will be higher due to the complex
mutual and external interaction of the ions, including thermal fluctuations in the plasma source,
non-linear forces due to space-charge fields and possible plasma instabilities [62], so that in the
end laboratory experiments are required to estimate the real behavior. These topics will be
discussed in more details in the following chapters.

1.3

IBS Mass Optimization for Constant Thrust

A design optimization of the IBS will now be performed, in which the optimum value of
the propellant exhaust velocity is derived in order to minimize the total IBS mass for a debris
deorbiting or reorbiting mission. The optimization process is carried out under the following
assumptions:
1. The mission begins with the IBS coorbiting with the debris on an initial generic orbit and
ends when the two satellites have reached a common target orbit.
2. The thrust provided to the space debris, assumed equal and opposite to the one provided
by the primary propulsion system (Eq. (4.1)), is constant throughout the mission.
3. The primary and secondary propulsion systems employ ion thrusters with the same efficiency (η1 = η2 = η) and exhaust velocity (c1 = c2 = c).
In addition, the notation is simplified by setting:
ṁ1 = ṁ;

P1 = P ;

Fp1 = Fp .

Following the above equalities and using Eqs. (1.4,1.5) the propulsion force Fp can be written,
for later use as:
Fp = ṁc = 2η

P
,
c

(1.10)

from which one deduces that the power P provided to each thruster is also constant.
The mass flow rate and power associated with the secondary propulsion system is computed
from the equilibrium condition (Eq. (1.7)) as:
ṁ2
P2
Fp2
mIBS
=
=
=1+
.
ṁ
P
Fp1
md
The hypothesis that mIBS  md is now introduced, which is usually reasonable for the case
of low-thrust large space debris deorbiting/reorbiting as it will be confirmed later. Following
the above hypothesis one obtains:
ṁ2 ≈ ṁ;

P2 ≈ P ;

Fp2 ≈ Fp .
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The total mass of the IBS is made up by the total propellant mass (mf uel ) spent throughout
the mission duration ∆t, the power system mass (mp ) and the structural mass (mstr ). Since c
and Fp are constant the former can be easily computed, with the help of Eq1.10 as:
ˆ
ˆ
2Fp
2Fp
mf uel = 2ṁdt =
dt =
∆t.
(1.11)
c
c
∆t

∆t

Similarly, the power system mass can be computed as:
mp = 2αP =

αFp c
.
η

(1.12)

where α denotes the inverse of the specific power (kg/W), sometimes called “specific mass”,
of the power generation system.
After summing up the three terms and setting to zero the derivative with respect to c one
obtains the optimum exhaust velocity that minimizes the total IBS mass:
r
2η∆t
,
(1.13)
copt =
α
which is the Irving-Stuhlinger3 characteristic velocity[70]. The corresponding optimum speopt
= g0 copt with g0 indicating the sea level surface gravity of 9.8m/s2 .
cific impulse is simply Isp
Finally the optimized total mass of the IBS becomes:
s
2α∆t
mopt
+ mstr ,
(1.14)
IBS = 2Fp
η
while the spent propellant mass yields:
s
mopt
f uel = Fp

1.4

2α∆t
.
η

(1.15)

Deorbit Performance

A preliminary assessment of the IBS deorbit performance can be done analytically given the
following assumptions:
1. The target debris is in a circular orbit
2. The applied deorbit force is constant, fixed by the mission designer, and always directed
along the tangent to the orbit
3. During the spiral-transfer the orbit evolves in a quasi-circular manner
The assumptions are reasonable given the fact that the great majority of space debris are in
almost circular orbits and that the thrust magnitude achievable with high-performance ion
thrusters, typically less than 200 mN, will produce a negligible variation of eccentricity when
large debris pieces (md & 1000 kg) are considered.
For a generic orbit, the time evolution of the orbit semimajor axis a under the tangential
perturbing force Fp obeys the Gauss’ equation:
2a2 v Fp
da
=±
,
dt
µ md

(1.16)

3 Note that in Stuhlinger book the thruster efficiency is not accounted for in the formula and that the specific
power, rather than the inverse of the specific power, is employed
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where µ is the earth gravitational constant, v the space debris velocity and the upper (lower)
sign indicates reorbitp(deorbit). Under the hypothesis that the orbit evolves while remaining
almost circular (v = µ/a ), the above equation can be replaced by:
da
2a3/2 Fp
= 1/2
.
(1.17)
dt
md
µ
Since Fp is constant, Eq. 5.19 can be integrated to provide the orbit radius evolution in time
to yield:
µR

(1.18)
2
Fp √
µ∓
t R
md
where R and r indicate, respectively, the radius at the beginning of the deorbit and reorbit
maneuver.
The time duration of the maneuver is obtained by solving Eq. (5.20) for t after setting
a(t = 0) = r and a(t = 0) = R for deorbit and reorbit operation, respectively. In both cases the
time span obeys:
√
√
√
µ
R− r
∆t = md
.
(1.19)
× √
Fp
rR
After substituting Eq. (1.19) into Eq. (1.22) one finally obtains the total mass of the
optimized IBS system for maneuvering a space debris of mass md between circular orbits of
radii r and R with constant tangential low thrust of magnitude Fp :
s
 µ 1/4 2αm F √
√ 
d p
R
−
r + mstr
(1.20)
mopt
(m
,
r,
R,
F
)
=
2
d
p
IBS
Rr
η
a(t) = 

√

The propellant mass spent throughout the deorbiting maneuver is computed by substituting
Eq.(1.19) into Eq.(1.15) to yield:
s
 µ 1/4 2αm F √
√ 
d p
opt
mf uel (md , r, R, Fp ) =
R− r .
(1.21)
Rr
η
Finally, the total power needed by the optimized system can be derived from Eq. (1.10) and
taking into account Eqs. (1.13,1.19):
s
 µ 1/4 2m F √
√ 
d p
P opt (md , r, R, Fp ) =
R− r .
(1.22)
Rr
ηα
Figures 1.6 and 1.7 plot the deorbit time (Eq.(1.19)) and the optimized IBS mass (Eq. (1.20))
required to transfer space debris of different sizes from a circular orbit of 1000 km altitude (a
high-density debris orbit) to a lower 300-km-altitude circular orbit (below the International
Space Station). It can be seen that, for instance, a 100 mN thrust ion thrust with 70% thrust
efficiency and employing a power plant with α = 5 kg/kW is capable of deorbiting a 5-ton debris
in less than one year with less than 300 kg total spacecraft mass by employing ion thrusters with
an optimized specific impulse Isp ∼ 2500s. Note, however, that in order to reduce the beam
divergence, allowing a higher control distance between the shepherd and the target debris, a
higher specific impulse compared with the mass-optimum value may be desirable resulting in
a small increase in total system mass. This kind of design and optimization trade-off, which
requires experimental data on thruster plume divergence for different values of the specific
impulse, is beyond the scope of the present study.
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Figure 1.6: Time required for transferring space debris of different masses md from a 1000-kmto a 300-km-altitude circular orbit with an IBS providing constant tangential thrust Fp .

1.5

Conclusions

A preliminary analysis of the IBS concept has been conducted highlighting the key aspects
of the system design and its performance. Ion thrusters with low beam divergence (<15 deg),
available from current space hardware, are key to allow contactless maneuvering at safe distance
from the debris. A design optimization has been conducted in order to minimize the required
total mass of the debris shepherd showing that, in the hypothesis that the former is much smaller
than the debris mass, optimum specific impulse corresponds to thrust exhaust velocity equal to
the Irving–Stuhlinger characteristic velocity. The deorbiting performance for large size (>1 ton)
debris has been evaluated analytically in the hypothesis of quasi-circular orbit evolution. As a
numerical example, a very large (5 tons) space debris can be deorbited in about 7 months with
a total IBS mass of less than 300 kg assuming, as a very preliminary value, a structural mass of
150 kg.
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Figure 1.7: Total optimized IBS mass (top), specific impulse (middle) and power (bottom)
required for transferring space debris of different mass md from a 1000-km- to a 300-km-altitude
circular orbit with an IBS providing constant tangential thrust Fp . Two equal ion engines with
η = 70% and optimum ejection veleocity (Eq.(1.13)) are employed as primary and secondary
propulsion system. The common power plant feeding the two ion engines has specific mass
α = 5kg/kW. A total structure mass of 150 kg is assumed. The ion beam is assuemd to fully
intercept the target throughout the maneuver. Note that both the power system mass and the
propellant mass spent can be obtained by subtracting the structure mass to the total spacecraft
mass and dividing by two.
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Chapter 2

Ion Beam Modeling
This chapter is focused on the characterization of a quasi-neutral plasma beam generated by
state of the art or future electric propulsion systems employed in space technology. By use of
existing fluid models of different degree of complexity proposed in the literature and of published
experimental results we characterize the evolution of a plasma beam along its axis in terms of
velocity and density of the plasma ions. The more relevant aspects and issues related to a
potential application of these results to the ion beam shepherd concept are discussed.

2.1

Plasma plume characterization

The expansion of a plasma jet from an electric thruster into vacuum has been abundantly studied
in the literature, mainly in relation with its effect on the propulsive performances of the electric
thruster, and also for the undesired interactions between the plasma and the solar panels, or
other spacecraft surfaces, close to the plume of GEO satellites (e. g. [35, 34]).
A plasma jet can be divided into a near-field jet, up to a few thruster diameters (i.e. typically less than a metre), in which the influence of thruster electromagnetic field, hollow cathod
emision, and plasma inhomogeneities are potentially large, and a far-field plume proper, where
these effects gradually become negligible and the evolution of the beam depends mainly on the
plasma properties.
The theoretical study of the near-field problem is complex due to the coexistence of a number
of different physical phenomena (e.g. ion-grids interactions, charge-exchange (CEX) collisions)
which are difficult to model. Because of this, most of the existing literature concerned with
the near-field expansion uses an empirical approach or employs advanced numerical models.
The near-field problem appears in the evaluation of the propulsive performance as well as in
the study of the interaction with sensitive equipment of the spacecraft. On the other hand,
far-field plume can in principle be appropriately described with simple mathematical models,
and studies about it range from analytical descriptions of the principal plasma properties and
beam characteristics, to complete numerical simulations of more complex aspects of the plume.
Experimental data of the far-field is however almost nonexistent, due to the limited dimensions
of vacuum chambers in the laboratories and the difficulties to conduct tests of the far-field plume
in space.
For the ion beam shepherd concept discussed here, we are mainly concerned with the far-field
plume, where the plasma interaction with the space debris will take place. Nevertheless, nearfield expansion has a certain importance on the overall system, mainly due to the build-up of
beam divergence angle that can take place in this region, and the set-up of the initial conditions
for the far-field.
The main objective of this chapter is to characterize the plasma properties of different
thruster plumes that can be potentially applied to this concept. In section 2.1.1, the main
15
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characteristics of various ion and Hall effect thrusters are compared, and the applicability of
current and future thruster designs for the primary propulsion of an ion beam shepherd are
discussed. Section 2.1.2 reviews relevant results of beam divergence generation in the near-field
expansion of an ion beam. Finally, section 2.1.3 assesses different models of the far-field plume,
discussing their main features, and section 2.1.4 provides a detailed explanation of self-similar
models, that have been chosen for this project.

2.1.1

Characteristics of Ion Engines and Hall Effect Thrusters

The two most successful and tested types of advanced electric propulsion are ion engines and Hall
effect thrusters, which are nowadays fully-developed, space-tested, and available. In the first
ones, ions are extracted from a quasineutral plasma by means of a set of electrically biased grids
and forming an ion beam, that is later neutralized with the electrons from a hollow cathode (the
neutralizer). Hall thrusters possess an annular geometry and accelerate the ions of a quasineutral
plasma through an electric potential difference between the inner anode and the outer cathode,
while hindering electron motion to the anode with a radial magnetic field that traps them into
an azimuthal (Hall) current.
The practical differences between both types of thruster at the current level of technology
are:
♦ The larger divergence angle of the plasma plume of Hall thrusters (∼ 40 deg, [44, 76]; 42
deg for the PPS-1350 flown in SMART-1 [71]) compared with that of ion engines (typically
< 20 deg, [44]).
♦ The higher overall efficiency of ion engines (∼ 65 − 80%), compared with Hall thrusters
(∼ 50%).
♦ The larger specific impulse of ion engines (> 3000 s), with respect to Hall thrusters (1500–
2500 s, usually).
♦ 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 effects between grids, where electrons are absent.
A characteristic of paramount importance for this application, as will be elaborated later, is
the divergence angle of the beam. The smaller this angle the higher the momentum transfer
efficiency for a given separation distance, or, equivalently, the longer the IBS separation distance
can be for the same momentum transfer efficiency. All these differences, especially the smaller
divergence angle, suggest that ion engines are more appropriate for the IBS, although both
types of thrusters have been considered for this concept. And, nonetheless, the characteristics
of Hall thrusters or even arcjets, which are another commercialized device, might present some
advantages in certain aspects such as the interaction of the plume with the ambient magnetic
field, to be discussed in section 2.2.2. This gives an option to this types of thrusters, which
could also be considered for these applications.
Tables 2.1 and 2.2 present some characteristics of existing and under-development ion engines
for comparison. As it can be seen, there is considerable variability of the relevant parameters
within this family. NSTAR and NEXT thrusters by NASA have a larger divergence angle than
other thrusters, the DS4G prototype being the one with smallest divergence ([12, 14, 13, 75]).
The NEXIS and HiPEP thrusters were the NASA response to the need of Electric Propulsion
systems for missions reaching the outer planets [8, 22, 58], similar to the Jupiter Icy Moons Orbiter mission (JIMO), which was canceled in 2005. Primarily, NEXIS is based on the technology
and know-how derived from the NSTAR and NEXT thrusters. The HiPEP project, however,
incorporates more innovative elements like a rectangular discharge chamber and grids, and new
long-life materials.
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Experimental

2–5

5–11

0.34
4.6
Xenon
0.01 - 0.05

10–20
31
Alphabus, Bepi Colombo

22
Xenon

QuinetiQ T6b
Kaufman
3000–4700
30–230
~6.5
> 107

Table 2.1: Ion thruster data.

< 12
27
GOCE

10
Xenon

QuinetiQ T5a
Kaufman
3500
1–20
~1
> 3 · 106

26 [69, 23]
48 [59]
Deep Space One

NSTAR [15, 69, 59]
cusped Kaufman
3100
20–90
0.5–2.5
> 107
> 30000
0.62
30
Xenon
1–3
1.76

d Half-cone

efficiency is defined as η = F 2 / (2ṁPd ), where F is the produced thrust, ṁ is the total mass flow, and Pd is the total available power.
angle containing 95% of the measured ion current.
e Acceleration system, power supply and control unit and propellant flow control unit mass

c Thrust

b www.qinetiq.com

a www.qinetiq.com

Type
Specific Impulse (s)
Thrust (mN)
Power (kW)
Total impulse (Ns)
Thruster Life (h)
Thrust efficiencyc
Exit diameter (cm)
Propellant
Mass flow (mg/s)
Ion current (A)
Density (m−3 )
Electron temperature (eV)
Beam Mach number (−)
Beam divergence angled (deg)
Approximate total masse (kg)
Comments

Experimental DS4G[76]
RF, 4 grids
15000
2.85
0.4
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Type
Specific Impulse (s)
Thrust (mN)
Power (kW)
Total impulse (Ns)
Thruster Life (h)
Thrust efficiency
Exit diameter (cm)
Propellant
Mass flow (mg/s)
Ion current (A)
Density (m−3 )
Electron temperature (eV)
Beam Mach number (−)
Beam divergence anglea (deg)
Approximate total massb (Kg)
Comments

NEXT [31, 30, 55, 54]
cusped Kaufman
4100
233
0.5–6.8
0.67
40
Xenon
2.2–5.2
3.97[31]
~1 [21]
30
52
based on NSTAR

XIPS-25 [79]
3800

25
Xenon

93000
0.78 (reached 0.8 in tests)
57
Xenon

NEXIS [58]
nuclear, DC
7500 (tested at 8570)
420
20 (tested at 27.5)

(design: 14 years @ 100 Kg/KW)
0.75–0.80
rectangular, 41×91
Xenon
5.6–7
3.52

HiPEP [22, 8, 18]
rectangular, nuclear
7500–9600
410–670
20–40

(design values)
Table 2.2: Ion thruster data (continued).

angle containing 95% of the measured ion current.
system, power supply and control unit and propellant flow control unit mass

b Acceleration

a Half-cone
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Thruster
Thrust, mN
Discharge Voltage, V
Discharge Current, A
Power, W
Anode Flow Rate, mg/s
Cathode Flow Rate, mg/s
Specific Impulse, s
Specific Impulse∗ , s
Thrust efficiency, %
Thrust efficiency∗ , %

19

SPT100
84.9
300
4.5
1350
4.99
0.38
1610
1735
49.7
53.5

D55
82.0
300
4.2
1300
4.52
2.10
1266
1850
39.3
57.2

T100
82.4
300
4.5
1390
4.93
0.41
1570
1705
47.1
49.5

Table 2.3: Hall Effect thruster data from [42] (∗ Excluding cathode flow).
Finally, table 2.3 displays the nominal values of the main characteristics of different existing
Hall effect thrusters.
After analyzing the different existing thrusters that could be taken as candidates for the
IBS, a representative list of reference values for the relevant plasma plume properties has been
compiled, and is shown in table 2.4. This defines a “nominal” or “reference” thruster, that has
been used as the baseline for IBS simulations in the next sections.
initial radius (R0 )
Propellant
electron temperature(Te )
initial mean plasma density (n0 )
initial ion axial velocity (uz0 )
Ion kinetic energy
mass flow rate (ṁ)
ion current (Iion )
initial plasma Mach number (M0 )
initial beam divergence parameter (δ0 )
thrust force (F0 )

0.1m
Xenon (mi ' 2.2 · 10−25 Kg)
5 eV
2.6 · 1016 m−3
38000 m/s
1 keV
6.85 mg/s
5A
20
0.2
100 mN

Table 2.4: Reference thruster plasma values. Values have been chosen to be representative of
current ion thruster designs from table 2.1.

2.1.2

Near-field beam divergence angle

The complex phenomena taking place in the near-field of the plasma plume are responsible for
the initial divergence angle of the beam. The different characteristics of ion and Hall effect
thrusters account for the differences in the typical divergence angle of these two devices.
In this section we will focus our attention mainly on the different aspects that influence the
initial divergence angle of the ion engine plume, as their characteristics are more promising for
the IBS concept.
It is customary to assume a conical expansion for the plasma, and to define the beam
divergence angle as the half-cone angle of the 95% flux streamtube of the beam. Nevertheless,
divergence angle measurements increase when the distance from the measurement plane to the
thruster is increased [72], which points out that the plasma jet does not follow exactly a conical
expansion, as will be shown in section 2.1.3.
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Ion Thrusters
Beam divergence in an ion engine is the result of multiple phenomena which take place in the
ion acceleration process. Two separate regions of the accelerator system need to be distinguished: between the screen and the accelerator grids, each beamlet is correctly focused if (1)
the geometry, (2) the ion current of the beamlet, and (3) the total accelerating voltage, are
chosen appropriately; after the accelerator grid, ions are slightly decelerated as they overcome
the retarding electric field of the neutralizing region, up to an equipotential surface formed
downstream by the injected electrons. In this second region, and due to the decelerating field,
ions might suffer significant defocusing [6].
The ratio of the net-to-total accelerating voltage, R, is key for this defocusing: the closer
to unity this ratio is, the smaller the defocusing that is caused, and hence the smaller the
initial divergence angle; however, in practice this ratio must be kept smaller than one to avoid
electron backstreaming to the ionization chamber. Additionally, it is important to notice that
a single and a multiaperture accelerator systems possesses different divergence characteristics,
since beamlets interact with each other as they combine to form a single plume, which further
complicates the evolution of the ion beam in this region. Experimental results [78] point single
beamlets with divergences as small as 6 deg.
The experimental parametric study of an ion beam thruster of the Kaufman type with a
two-grid accelerator system, performed by G. Aston, H.R. Kaufman and P.J. Wilbur [6] shows
the influence on beam divergence angle of the total ion flow, perveance per hole, the net-tototal accelerating voltage ratio, the separation between grids, accelerator hole diameter, and
thickness of the grids, for ion beam energies of the order of 1 keV. Analysis of the results
shows that a correlating function closely fits the experimental results of the divergence angle.
This angle depends most strongly on (1) grid separation distance, (2) net-to-total accelerating
voltage ratio, (3) discharge-to-total voltage ratio, and (4) the normalized perveance per hole
(presented on fig. 11a of [6]). There is clearly an optimal value of the perveance per hole, which
accounts for the amount of ion current being extracted. These results point out an average beam
divergence angle in the range 7–20 deg at a distance of two thruster diameters downstream of
the acceleration system.
Other sources claim higher average values for typical 3-grid thruster, of about 15 deg [76, 72].
Experimental results by Takegahara et al. [72] point out 10–16 deg at 60 cm from a 6 cm radius
ETS-VI Xenon thruster. This is also in agreement with Kitamura [32].
Larger divergences have been measured in thrusters such as the NASA Solar Electric Propulsion Technology Application Readiness (NSTAR) [23], or the NASA Evolutionary Xenon Thruster
(NEXT), both of which display divergence angles larger than 26 deg in the near field (see table
2.1).
It is important to note that the experimental facilities, instrumentation, background pressure,
CEX, etc can have a large influence on the measured divergence angle.
Newly developed ion thruster concepts, which employ a fourth grid to further focus the ion
beam and separate the ion extraction process from the ion acceleration, can potentially have a
much lower beam divergence angle. Recently, 30 keV beams with divergences as low as 2 deg
at 1.5 m from the device (25 cm in diameter) were measured in ESTEC for a prototype of the
already mentioned DS4G thruster [12, 14, 13, 75]. Previous studies of 4-gridded ion sources,
carried out with industrial applications in mind [74, 73], claim < 2 deg and even negative (−0.6
deg) angles at 25 cm from the system. Due to its low divergence angle, this new type of thruster
could be of high interest for our ion beam shepherd concept.
Hall Thrusters
Although some experimental data from the SPT-100 and the TAL D-55 Hall thrusters show an
initial divergence angle of about 11 deg [39] Hall thrusters develop a large divergence angle a
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few diameters away from the thruster exit. The final divergence angles are typically larger than
in ion engines, in the range of 30–40 deg [44].
The large increase in the near-field plume is due to a number of reasons, not yet well understood, which are related to
1. The fact that part of the acceleration takes place externally,
2. The lower discharge voltage Vd ,
3. Ion flow towards chamber walls due to the sheath structure there,
4. The annular shape of the thruster chamber,
5. The presence of the strong radial magnetic field,
6. The existence of undergoing ionization processes,
7. 3D effects induced in the electron population by the presence of the hollow cathode (when
not at thruster axis) [56].
It has been suggested that one cause for this might be that the magnitude of the magnetic field
of the thruster influences its mode of operation, and the potential profile in the near-field of the
plume (see, for example, fig. 6 on [11]). Similarly to what was explained above for ion engines,
the appearance of a retarding electric potential for high magnetic strengths favors an increase
in the plume divergence angle. Currently, there is an ongoing design effort to reduce plume
divergence angle, as it diminishes the overall thruster efficiency due to undesired radial losses.
Some attempts to model and simulate the complex, 3D near-field region have been performed
[56, 7, 52]. The evolution of the annular plume into a one-peak plume occurs rapidly, in a small
number of thruster radii, about 2–3 diameters [33]. Both simulations and experiments [50] show
that already 30 cm away from the exit plane of a BHT-200 (having a nozzle radius of 20 cm), a
single-peaked plume profile is well developed.
Experimental studies with other Hall thruster plumes [49, 25] also reveal that a similar
structure to ion thruster plumes is established in the far field. For example, the annular shape
of the initial density profile in a SPT-100 [49] disappears after a few thruster radii from the exit.
Density falls three orders of magnitude in 4 m. Electron temperature is in the range 1–4 eV.
Cathode and anode flow rates, magnetic field strength and background pressure of the testing
facilities are found to influence the properties of the plume.
All this suggests that both ion engine and Hall thruster plumes in the far field can be
described under very similar models, such as those described in the next section. Differences
in current density profiles among existing Hall effect thrusters are also small (see fig. 3a from
[42]).

2.1.3

Far-field plume modeling

In order to reduce collision risks the IBS has to operate at sufficient distance (typically 5 to
10 meters at least) from the debris to be removed. At these distances the plasma plume has a
typically far-field behavior which needs to be properly modeled in order to estimate the force
and torque transmitted to the debris.
There are a considerable number of different models for the far field plasma plume, each of
them having different levels of complexity and accuracy. As an overview, they can be classified
in increasing level of complexity as:
1. Point-source approximations: They are useful for coarse estimations only; the plume is
modeled analytically as a conical expansion from a point source, neglecting thermal expansion downstream [39, 51, 63]. Models which fall in this category provide a rough
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approximation of the plasma properties; Narashimha’s model [51] can be used to describe
the density in rarefied flows,


Ṅ ν
M 2γ
3
2
cos
θ
exp
−
sin
θ
, u = u0 cos2 θ,
nu =
πρ2
2
where ρ, θ are spherical coordinates from the point source about the beam axis, Ṅ is the
total particle flow, and p
ν, γ are dimensionless parameters used to fit the experimental
data. n, u and M = ui / Te /mi are the density, velocity and Mach number of the flow,
respectively. Similarly, the approximation by Roberts et al [63],
n=

Ṅ ν
cosm θ,
πρ2 u0

can be employed to study denser flows, vaying the data-fitting exponent m. Nevertheless,
these basic models yield only coarse estimates of the plasma properties, and existing
experimental results show considerable disagreement with them, specially at large angles
θ from the centerline of the beam [39, 38].
As some experimentalists already noticed, beam divergence angle increases downstream,
reflecting the fact that the plume is not exactly conical. Apart from the suspected influence
of instrumentation and facilities on the beam [72, 37] (studies point that background
pressures below 1.3 · 10−5 torr and attention to avoid the return of sputtered material
from the chamber are required for adequate measurements of the plume within 1.2 m of
the thruster, [60]), the main cause for this is due to the residual pressure of the plasma
itself.
2. Self-similar expansion models: The flow is assumed self-similar, and plasma profiles are
assumed from a set of initial hypotheses. In this way semi-analytical models are obtained.
They capture the expansion due to thermal effects and the influence of the relevant thruster
parameters [39, 27, 5]. The self-similar assumption is only an approximation, since the
full fluid 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 flows,
i.e., for initial Mach numbers verifying M02  1.
3. Full numerical models: This group encompasses everything from the integration of simplified fluid equations to hybrid Particle-in-Cell simulations [11, 65, 46, 47]. The complexity
is higher, but they can reflect the influence of secondary effects like ambient plasma effects, charge-exchange (CEX) ions, and even background pressure in test chambers [27, 53].
They are currently being used to study in detail the plasma-surface interactions with solar
panels and other spacecraft parts. Notwithstanding, their accuracy in the basic variables
such as ion momentum that these models provide in the far field is similar to that of
self-similar models, and actually many of them resort to self-similar or simpler models to
obtain the basic plasma beam, and incorporate secondary effects like charge exchange ions
on top of them [65].
Arguably, the models belonging to the first group are comparable in computational cost with
those of the second group, although the latter provide much better accuracy. The third group,
however, necessarily requires much larger computational resources. Hence, for this preliminary
stage of analysis of the possibilities of the IBS concept, self-similar models were chosen as the
best compromise solution between complexity and difficulty, meaning that secondary effects will
be neglected in the simulations.
Self-similar ones show great agreement with experimental data (see fig. 2 from [38] or fig.
6 from [37]), specially about the centerline of the beam. Most of the minor disagreements
with experimental data, however, occur at larger angles (> 50 deg) from the centerline, where
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the neglected secondary effects play a more important role. The region of the plume we are
interested in is its core region, so therefore these errors for large angles are of little importance
for us. Apart from the influence of background pressure in experimental test facilities on the
plume outer regions (an effect obviously not present in space conditions), one expected reason
for this are charge-exchange collisions that can take place in the beam, which produces
slow ions that are pushed out of the beam under the action of the radial electric field, slightly
increasing the density at larger angles from the centerline [11]. We will go back to these effects
in a later chapter when discussing plume contamination on sensitive spacecraft parts.

2.1.4

Self-similar expansion of the plasma plume

A simple model, capable of capturing the relevant physics of (a) the expansion of a thruster
axisymmetric plasma plume in vacuum, which accounts for the influence of the thruster main
parameters and the residual plasma pressure, and (b) momentum transmission by the plasma
beam to a body, is required to adequately describe the evolution of the IBS-debris system.
The starting point of the derivation of these models consists of the steady-state fluid equations
of a 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
effects (these effects will be discused later on). These equations comprise the ion (i) continuity
and momentum equations, which expressed in cylindrical coordinates (z, r, θ), with z along the
plume centerline, and using conventional notation, yield :
uzi

∂ ln n ∂uzi
1 ∂ (ruri )
∂ ln n
+ uri
+
+
= 0,
∂z
∂r
∂z
r ∂r

(2.1)

uzi

e ∂φ
∂uzi
∂uzi
+ uri
+
= 0,
∂z
∂r
mi ∂z

(2.2)

uzi

∂uri
e ∂φ
∂uri
+ uri
+
= 0,
∂z
∂r
mi ∂r

(2.3)

where uzi , uri are the ion velocity components in the z, r direction. These equations need to be
accompanied with the electron (e) momentum equation:
1
∇pe − e∇φ = 0,
(2.4)
n
where electron inertia is neglected. Finally, an equation of state such as pe = nTe for an ideal
gas and a barotropy relation, i.e., one allowing to express pe as a function of n, is also needed:
pe = pe (n) .

(2.5)

Self-similar models are based on the assumption that all ion streamlines expand likewise,
i.e., their expansion can be expressed through a dimensionless self-similarity function h (z/R0 ),
 
zi
ri (zi ) = ri0 h
,
(2.6)
R0
where zi , ri are the cylindrical coordinates about the centerline of the plume of each ion streamline, R0 is a characteristic length of the initial plume to be defined later, and ri0 is their initial
radial position in a reference plane z = 0 at the beginning of the far-field region (i.e., where the
self-similar plume profile has already developed), where h (0) = 1. The function h (ζ) = h (z/R0 )
describes the geometry of the ion streamlines, with ζ = z/R0 the dimensionless axial coordinate. Expression 2.6 establishes a relationship between both ion velocity components (the prime
symbol indicates derivative with respect to z):
uri = ηh0 uzi ,
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where η is the (dimensionless) streamfunction of ions,
η=

r
.
R0 h

(2.8)

Hence, the plasma expansion can be conveniently studied in the ζ, η plane.
Each specific self-similar model is based on the addition of different hypotheses to this framework. For the purposes of this project, the models by Parks and Katz [27] (hereafter denoted
as P-K model), Ashkenazy and Fruchtman [5] (A-F) and Korsun and Tverdokhlebova (K-T)
[38, 39] have been considered and compared. The three models are derived and described below.
The models can be made dimensionless using Te0 (electron temperature at the origin, expressed in energy units—i.e., absorbing the Boltzmann constant kB as it is customary in plasma
physics), mi (ion mass), e (elementary electric charge), n0 (particle density at origin), and the
characteristic length R0 that can be defined as the radius of the plasma tube at z = 0 containing
a specified fraction of the total ion flux of the plume (e.g., the tube containing 95% of the flow,
since this tube is used conventionally to define the plume divergence angle). With the exception
of ζ and η, non-dimensional variables
will be denoted with a hat, e.g., φ̂ = eφ/Te . Finally, the
p
local ion sound velocity cs = γe Te /mi is defined, where γe is the polytropic exponent of the
electron species (γe = 1 for isothermal electrons).
2.1.4.1

P-K and A-F models

Let us consider the steady expansion of a fully-ionized, quasineutral, collisionless, non rotating
plasma, consisting of singly-charged, cold ions and hot, isothermal electrons, so that
pe = Te0 n ⇒

1
∇pe = Te0 ∇ ln n.
n

Electron momentum equation 2.4 can be employed to substitute the ambipolar electric potential φ in the ion momentum equations 2.2,2.3, i.e., e∇φ = Te0 ∇ ln n.
In the following, we will model the plasma expansion far away from the thruster, when
local, near-field effects such as beam non-uniformities and residual thruster magnetic fields can
be neglected. The origin of coordinates, z = 0 and r = 0, is taken on the centerline, at a
section where these local effects are negligible and the expansion develops freely in the vacuum.
Self-similar solutions of the plume expansion, characterized by a self-similar relation for ion
streamlines (zi , ri ) given by eq. 2.6, are then sought. The function h (ζ) that describes the
expansion is to be obtained as part of the solution.
An additional simplification—e.g. one regarding the shape uzi —needs to be made in order
to arrive at a semi-analytical model. P-K model simply takes
uzi = u0 = const

(2.9)

everywhere. This effectively substitutes equation 2.2.This is an adequate approximation about
the centerline of the jet, when the electron temperature Te is much lower than the ion axial
kinetic energy, mi u2zi /2, so that the variations of uzi in z can be neglected with respect to its
initial magnitude, i.e., ∆uzi /u0  1. Hence, for the radial component of the velocity,
uri = ηh0 u0
Notice that this condition is equivalent
to considering the plasma plume as a completely
p
developed supersonic jet, M = ui / Te /mi  1, where M is the ion Mach number. Indeed, this
assumption substitutes Eq. 2.2, or provides its zeroth-order solution. This model is specially
accurate for modeling ion thrusters [27]. After introducing the above assumptions into Eqs. (2.42.3) an analytical expression for the density profile is found. The density profile is Gaussian,
with an increasing spread as h increases:
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n0
n = 2 exp
h



−η 2
σ2


,

where n0 is the particle density at the origin, and σ 2 the dimensionless variance of the density
distribution, that characterizes the plume spread at ζ = z/R0 = 0. It follows that the flux
fraction contained in the streamtube of initial radius R0 (i.e., for η ≤ 1) is
2
Gi (η = 1)
= 1 − e−1/σ ,
Gi (∞)

´ η∗
where the ion flux of the tube η ≤ η ∗ is defined as Gi (η ∗ ) = 2πu0 n0 R02 0 ηnuzi dη. A variance
σ 2 = 1 means that 63% of the beam flux is contained in r ≤ R0 ; when σ 2 = 1/3, the flux
Gi (η = 1) increases to ' 95% of the total. Since the line 95% flux is used to define the plume
divergence, σ 2 = 1/3 is a convenient choice. The integration constants have been chosen so that
the total flux of the plume is Gi (∞) = πσ 2 R02 n0 u0 , which coincides with the flux of a uniform
plasma cylinder of radius σR0 with u0 and n0 .
The A-F model, on the other hand, takes a given profile uzi at a given initial plane ζ = 0,
u0
,
uzi (ζ = 0) = p
1 + r2 /d2
where d is the distance of this plane to the cone vertex used to define the flow. The approximation
made by the model
then is to assume that this velocity is frozen along ion streamlines, so
p
that uzi = u0 / 1 + r2 / (h2 d2 ), which again replaces Eq. 2.2. As with the P-K model, this
approximation is acceptable as long as M  1, which assures that axial ion velocity variations
are negligible. Ashkenazy and Fruchtman argue that this approximation yields better results
for larger angles from the centerline, and, as such, that it is more appropriate for Hall Effect
Thruster modeling [11], since these thrusters have a significant plume divergence. In this case,
the expression for the particle density n is:
n=

n0
h2 [1 +

d2 / R2 σ 2 +1/2
η 2 R02 /d2 ] ( 0 )

,

where n0 , σ and R0 are defined in the same manner as before. Note that in [5] a different
definition of R0 is used. The fraction of flux for η ≤ 1 is:

−d2 /(σ2 R02 )
Gi (η = 1)
R02
=1− 1+ 2
,
Gi (∞)
d
which shows that the value of σ 2 that makes the η = 1 streamtube to contain 95% of the flux is
dependent on the value of d2 . Again, the condition Gi (∞) = πσ 2 R02 n0 u0 was imposed to chose
integration constants.
Manipulation of Eqs. 2.1 and 2.3 yields, for both models:
d (h00 h)
=0
(2.10)
dζ
More generally, the above equation describes all isothermal models which take uzi = const
along ion streamlines (and thus ignore Eq. 2.2). Integration of this differential equation results
in the following expression,
h =

q

ˆ
C2

ln h +

h

dω

= ζ,
(2.11)
ln ω + δ02



where C 2 = 4/ σ 2 M02 in the P-K model, and C 2 = 4 + 2σ 2 δ02 / σ 2 M02 in the A-F one, with
M0 = u0 /cs the Mach number at the origin and the tangent δ0 = h0 (0) describes the divergence
0

δ02

⇒

1

p

C2
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angle at the initial plane. This last parameter, which in the A-F model is δ0 ≡ R0 /d, is the
tangent of the flow at z = 0, r = R0 . The expression for h, eq. 2.11, can be expressed in terms
of error functions (erf ) using a variable change.
The error related to these models stems from substituting the ion axial momentum equation
2.2 with a fixed expression for the axial ion velocity along streamlines. This error can be
quantified by introducing the obtained solution into this equation. An appropriate relative error
ε can be defined as follows,
mi uzi ∂uzi /∂z + mi uri ∂uzi /∂r + Te ∂ ln n/∂z
= ε (ζ, η) ,
mi u2zi /R0

(2.12)

The P-K error is, therefore:
ε=

2 h0
M02 h




η2
−
1
.
σ2

On the other hand, the error of the A-F model yields:



2 h0
δ02
1
2
ε= 2
−
η −1
M0 h
σ2
2

(2.13)

(2.14)

Both errors exhibit a similar mathematical structure, and decrease downstream, since h0 /h
decreases as ζ increases. In the P-K model, there is one streamline (η = σ) for which the axial
momentum equation is identically satisfied and the error ε cancels out; for any other value of
η, error is not null, but decreases fast as M0 increases (i.e., for hypersonic flows). The error
increases indefinitely for η → ∞. A similar behavior occurs in the A-F model, with the zero√
−1
error streamline being η 2 = 1/σ 2 − δ02 /2
. This occurs unless 2/δ0 = σ; in this case, the
error becomes independent of η, as in the K-T model described below.
To conclude this
p section, the resulting models depend only on the Mach number at the
origin, M0 = u0 / Te /mi , and the initial jet divergence parameter, δ0 .
2.1.4.2

K-T model

The model by Korsun and Tverdokhlebova [39, 38] follows a different derivation from the other
two models above, in order to obtain more general results. A central difference is that electron
thermodynamic behavior can be assumed isothermal, adiabatic or polytropic, i.e.,
Te
nγ−1
= γ−1 ,
Te0
n0

(2.15)

where γ is the adiabatic (or polytropic) exponent, with γ = 1 for the isothermal case. For
γ 6= 1, the gradient potential φ in ion equations can be expressed in terms of ∇Te through the
Boltzmann relation2.4, i.e., e∇φ = α∇Te , with α = γ/ (γ − 1).
Self-similarity is assumed in the same way as before (ur = uz ηh0 , with h (0) = 1), and
solutions are sought whose variables can be separated in the following way:
uzi (ζ, η) = uc (ζ) ut (η) ,

(2.16)

Te (ζ, η) = Tc (ζ) Tt (η) ,

(2.17)

gz (ζ, η) = nuzi =

n0 u0
gt (η)
h2 (ζ)

(2.18)

with the “c” and “t” functions being respectively (1) the longitudinal variation along the axis
and (2) the dimensionless transversal profile of the variable, with ut (0) = Tt (0) = gt (0) = 1.
Notice that expression 2.18 makes ion continuity equation 2.1, i.e.,
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∂(nuz ) 1 ∂(rnur )
+
=0
∂z
r ∂r
to be automatically satisfied, and also makes the total ion flux in the streamtube delimited by
´ η∗
η = η ∗ , i.e., Gi (η ∗ ) = 0 2πηh2 nuzi dη a function of η ∗ only.
Inserting the variable separation of expressions 2.16, 2.17 and 2.18 into equations 2.2 and
2.3 yields, respectively:


h0
= 0,
(2.19)
mi uc u2t u0c + α Tc0 Tt − Tc Tt0 η
h
mi ηhh0 uc u2t u0c + mi u2c u2t ηhh00 + αTc Tt0 = 0,

(2.20)

where the prime notation (0) denotes derivation with respect to ζ or η. The first of these
equations cannot in general be separated in terms of functions of ζ and η. To overcome this
situation, Korsun et al. [39] substitute 2.19 with its derivative with respect to η,


0
0
0h
0 0
0 0
00 h
= 0,
(2.21)
mi uc 2ut ut uc + α Tc Tt − Tc Tt η − Tc Tt
h
h
which can be separated after some manipulation. Notice that, by exchanging 2.19 with 2.21, the
solution will in general not satisfy the ion momentum equation in the axial direction (eq. 2.19),
since an arbitrary function of ζ can be added to this equation without altering its derivative
with respect to η. The corresponding relative error ε is calculated later on.
Separation of eq. 2.20 and 2.21 lead to:
0

mi huc

(uc h0 )
= C1 = 2γpq,
Tc

(2.22)

α

Tt0
= −C1 = −2γpq.
ηu2t

(2.23)

α

Tc0 h
= −C2 = −2γp,
Tc h0

(2.24)

Tt
C1 2
=1+
η = 1 + qη 2 ,
u2t
C2

(2.25)

where C1 and C2 (or, alternatively p and q, to simplify expressions later on) are separation
constants.
The adiabatic or polytropic relationship 2.15 can be broken in
Tc h2(γ−1) ucγ−1 = Te0 uγ−1
,
0

(2.26)

gtγ−1 = uγ−1
Tt .
t

(2.27)

Combining equations 2.23, 2.25 and 2.27, the following resulting expressions for ut , Tt and
gt can be obtained:
ut = 1 + qη 2

−[p(γ−1)+1]/2

Tt = 1 + qη 2

−p(γ−1)

ut gt = 1 + qη 2

,

(2.29)

,

−(1+pγ)

(2.28)

.
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These expressions set a constrain on which initial radial profiles do actually lead to a selfsimilar solution of the fluid equations. Constants p and q are related to each other by the
condition that the total flux Gi (∞) equals that of a uniform cylinder of radius R0 σ, which
yields:
σ2
1
=
[p (γ + 1) − 1] ,
q
2
where it is seen that it has to be p (γ + 1) > 1, q > 0 necessarily.
For the variations along the axis, uc and Tc , we have:
uc = u0 h2p−2 .

(2.31)

Tc = Te0 h−2p(γ−1) ,

(2.32)


−p
n = n0 h2 1 + qη 2
.

(2.33)

So the particle density is:

Finally, combining 2.22, 2.31 and 2.32, an evolution equation for h can be derived,
h2γp−1 h2p−2 h0

0

=

2γqp
,
M02

where M0 = u0 /cs . Alternatively, integrating this equation once,


2
2γq
−2p(γ−1)
h2p−2 h0 = δ02 −
h
−
1
.
(γ − 1) M02

(2.34)

(2.35)

For the isothermal case, taking the limit for γ → 1 provides:
h2p−2 h0

2

= δ02 +

4qp
ln h.
M02

(2.36)

Coming back to the error ε caused by substituting the axial momentum equation with its
derivative, introduction of the obtained solution into eq. 2.12 leads to:
mi uc u2t u0c + α (Tc0 Tt − Tc Tt0 ηh0 /h)
= ε.
mi u2c u2t
i
2 h0 h 2
ε (ζ) = 2
M0 (p − 1) − γph−2p(γ+1)+4 .
M0 h

(2.37)
(2.38)

Interestingly, this error does not depend on η, as opposed to previous models. For hypersonic
flows with M0  1, the only choice of the parameter p that makes the first term in the brackets
2
to cancel out,
 so that the remaining error is of the order ε ∼ 1/M0 , is p = 1 (and hence
2
q = 2/ σ γ ). This choice means that uc = u0 is constant everywhere. The second term
decreases with h, as long as p > 2/ (γ + 1). The factor h0 /h also decreases with h for both the
polytropic and isothermal cases, which means that the overall error due to this approximation
decreases as the plasma expands, as occurred with the other models:
ε (ζ) =


2 h0 
−γh−2γ+2 .
M02 h

(2.39)

For this value of p, the solution of K-T model renders:
h02 = δ02 −



8
4
−2(γ−1)
h
−
1
(polytropic); h02 = δ02 + 2 2 ln h (isothermal),
2
(γ − 1) σ 2 M0
σ M0
(2.40)

July 2011, Ion Beam Shepherd for Contactless Debris Removal. UPM/ACT

CHAPTER 2. ION BEAM MODELING

29


−γ/2
2
uz = u0 1 + 2 η 2
,
σ γ

1−γ
2
,
T = Te0 h−2(γ−1) 1 + 2 η 2
σ γ
n=

n0
.
h2 (1 + 2η 2 /σ 2 γ)

(2.41)
(2.42)
(2.43)

Finally, like in the other models above, σ 2 defines the variance of the initial radial spread of
the plume. The fraction of flux for η ≤ 1 is related to the value of q through:

−γ/2
Gi (η = 1)
2
=1− 1+ 2
Gi (∞)
σ γ
To sum up, the parameters governing this model are the specific heat ratio γ, and analogously to the other models the Mach number M0 , the initial divergence tangent δ0 = h0 (0)
at ζ = 0, η = 1.
2.1.4.3

Comparison of the different self-similar models

The three models developed, P-K, A-F, and K-T, present some similarities and differences among
themselves, which are worth commenting.
Firstly, a key aspect is that all three analyzed self-similar models do not fulfill the axial
momentum equation for ions. It is apparent that the introduction of this equation destroys
the self-similar solutions that can be obtained otherwise. Each model circumvents this problem
differently: P-K model assumes uz = const everywhere, and ignores the troublesome equation;
A-F choose a conical profile for uz initially, and then freeze its value along streamlines. Finally,
K-T model substitutes this equation by its derivative with respect to η.
It is important to understand however that the error caused by these approximations is in
all cases of the order ∼ 1/M02 , meaning that the models can be applied to accurately describe
the high-Mach number, hypersonic plasma plumes, characteristic of ion and Hall thrusters. As
mentioned in previous section, the error for each model is:


2 h0 η 2
εP K = 2
−
1
.
(2.44)
M0 h σ 2



1
δ02
2 h0
2
εAF = 2
−
η
−
1
(2.45)
M0 h
σ2
2
εKT =


2 h0 
2 h0
−γh−2γ+2 = −γ 2 .
2
M0 h
Mc h

(2.46)

These expressions serve to compare the accuracy of the different models. Mc is the local
Mach number at the centerline. P-K, the simplest approximation, always yields an error which
increases indefinitely with η → ∞. The slightly more advanced A-F model displays a different
error behavior with η, depending on the value of the parameter d. A remarkable fact is that
A-F and K-T models coincide if A-F parameter d2 /R02 is chosen to be equal to σ 2 /2, for an
isothermal plasma. For this value of the parameter, the error dependence on η is avoided. K-T
model, however, never depends on η.
The differences in error are, nevertheless, always very small for the main region of the plume,
since M0  1, and only become noticeable for large angles from the centerline, where the plasma
density is low enough to make these errors negligible for our applications.
The errors for the three models are plotted and compared on figure 2.3. The radial dependence of the first two models is apparent. In P-K and A-F models there is a streamline where
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the local error is 0, and a surrounding region where this error decreases rapidly to 0. K-T model,
on the other hand, shows a uniform behavior with η, and better represents the plasma for higher
angles from the centerline. In all three models, the relative error in the region < 45 deg from
the centerline is below 10−3 for the representative case of the figure.

Figure 2.1: Logarithm of the relative error log10 ε as defined in equations 2.44–2.46 for the models
of (a) Parks and Katz, (b) Ashkenazy and Fruchtman, and (c) Korsun and Tverdokhlebova.
Parameters for the three simulations are δ0 = 0.2; M0 = 20; γ = 1. The value of σ has been
chosen so that η = 1 represents the streamtube of 95% flux. The white line denotes such
streamtube.
P-K and A-F models are able to substantially reduce the local error in the region of interest
(tube ≤ 95% of the flow and well beyond), by sacrificing the quality of the solution for very
large angles from the centerline. Notice however that the flow in this region is not independent
of the flow outside from it, and as such, errors from elsewhere will affect this region to some
extent (nevertheless, as the plasma is highly hypersonic, the region of influence of a point in
the plasma is reduced to a narrow Mach cone downstream from it). Furthermore, in the region
where relative errors are large, density (and momentum carried by the plasma) are very low,
and the contribution of this plasma for thrust and torque transfer to an object is negligible.

Figure 2.2: Profiles of the ion axial momentum plotted against η = r/ (R0 h). P-K: black; A-F:
blue; K-T: red.
Another advantage of these models is that they concentrate more ion momentum around the
centerline than K-T model (i.e., for σ = 1, nuz decreases much faster with η), and as a consequence, the σ required to make η = 1 the streamtube containing 95% flux is greater than for K-T
(P-K: σ = 0.58; A-F: σ = 0.55; K-T: σ = 0.07). This causes the η = 1 streamline to diverge much
faster in the K-T model, and the momentum profile to become very sharp around the centerline
(see fig. 2.2). This suggests that P-K and A-F models are better indicated for the simulation of usual plasma profiles
[11].
√
It is worth remarking again that A-F and K-T models do coincide for δ0 = 2/σ, and that
their solutions have the same mathematical structure. Also, the A-F model resembles better
the P-K model for lower values of δ0 , and for low values of η.
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Figures 2.3, 2.4 and 2.5 compare respectively the density, axial velocity and axial momentum
produced by each model. As it can be seen, P-K and A-F results show deep similarities in n
and nuz . The largest difference between the two models is the non-uniform uz from A-F model,
which however is almost constant for the region of interest. K-T model shows larger diferences
with respect to the other two, for the reason explained above.

Figure 2.3: Logarithm of the plasma density, log10 n, for the models of (a) Parks and Katz,
(b) Ashkenazy and Fruchtman, and (c) Korsun and Tverdokhlebova. Parameters for the three
simulations are δ0 = 0.2; M0 = 20; γ = 1.

Figure 2.4: Axial velocity of the plasma, uz , for the models of (a) Parks and Katz, (b) Ashkenazy
and Fruchtman, and (c) Korsun and Tverdokhlebova. Parameters for the three simulations are
δ0 = 0.2; M0 = 20; γ = 1.
In regard to the thermodynamic modeling of electrons, it has been seen experimentally that
Te decreases slowly along the plume [11, 28], which can be modeled with a polytropic cooling
law. In a collisional plasma, this would be justified by the adiabatic expansion cooling, which
2/3
would have a thermodynamic behavior of Te ∝ ne (for a specific heat ratio of γe = 5/3). In a
collisionless plasma, however, there can exist also an adiabatic cooling due to potential barriers in
the electron energy distribution function, that can void certain regions of the velocity space [3, 4].
This can be modeled by an adequate polytropic law, with an exponent fitted to experimental
data. In the absence of collisions and potential barriers, the plasma evolves isothermally [43].
The slow cooling rate of the plasma in the plume also supports this treatment of the electron
thermodynamics, so that electrons are seen as isothermal. This shows great agreement with
experimental results, specially as the plasma moves away a few radii from the thruster exit
[39, 28]. Precise modeling of the heat fluxes involved in the problem would require a kinetic
approach, which is beyond the scope of this project.
Notice that in the K-T model with polytropic electron thermodynamics, γ > 1, and the
error decreases faster than in the isothermal case, as the local Mach number further increases.
Additionally, in the polytropic case, h0 tends asymptotically to
h0 →

4
δ02
+
2
σ
(γ − 1) σ 2 M02
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Figure 2.5: Logarithm of the plasma flux, log10 (nuz ), for the models of (a) Parks and Katz,
(b) Ashkenazy and Fruchtman, and (c) Korsun and Tverdokhlebova. Parameters for the three
simulations are δ0 = 0.2; M0 = 20; γ = 1.
The thermodynamic behavior of the plasma in the near field of the plume shows larger
temperature variations which can be non-negligible [28], and as such, a model accounting for
these variations would be more indicated [11].
The lack of experimental data on the far-field of the plume however difficults the choice
of a value of γ, and therefore, the isothermal assumption has been preferred. This choice is
supported by the very low collision frequency in the plume, calculated in section 2.2.1. As an
approximation, the region in which collisions can be neglected is of the order of ∼ ce /νei , where
νei is the ion-electron collision frequency, and ce is the electron thermal velocity. With the
results of section 2.2.1, this means that the plasma behaves mostly isothermally in distances of
∼ 10 m, which is the order of magnitude of the distances under consideration.
To conclude, the three self-similar models depart from the same initial formulation in that
they utilize different approximations of the axial momentum equation, which is not possible to
include in a self-similar model of this type. All three yield very similar results, with different
degrees of accuracy for the different regions of the plume. As a result of this analysis, A-F
model has been chosen for the computations, and will be used unless indicated otherwise. The
reasons for this have been its small local error in the region of interest, and the smoother, more
“rectangular” momentum profile up to η = 1. Electron thermodynamics have been modeled as
isothermal due to the low collision rate in the far field plume.
2.1.4.4

Discussion about the plume divergence angle

A first observation about the plume expansion in the self-similar models is that the jet divergence
angle is not constant, as it depends on (a) the initial divergence parameter h00 = δ0 and increases
slowly but indefinitely due to (b) the residual pressure contained in the plasma (see fig. 2.6).
This pressure causes a thermal expansion as the plasma travels downstream; the rate at which
the jet diverges is proportional to the ratio between the ion thermal speed and jet velocity, i.e.,
proportional to the quotient
1
cs
=
.
u0
M0
Note that ∼ 1/M0 is also a minimum order of magnitude for δ0 , since thermal spread will
always cause some initial divergence angle. This angle will not be constant, as the residual
pressure continues to accelerate the plasma radial expansion. The magnitude of this acceleration,
however, decreases fast as the plasma expands and the density drops, fig. 2.6.
According to the results of section 2.1.4 for an isothermal plasma, the tangent of the divergence angle is given by the equation:
q
h0 = C 2 ln h + δ02 ,
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Figure 2.6: Map of the plasma particle density (log10 n) on the plume (A-F model) for the design
thruster of table 2.4. White lines are streamlines (given by function h (z)). The straight red line
shows the hypothetical conical expansion the 95% flux streamtube would have if the divergence
angle were constant and equal to the identical initial divergence angle, given by δ0 = 0.2 (' 11.3
deg), and no pressure effects (M0 → ∞).
where C 2 depends
model
used, but is C 2 ∼ 1/M02 . For the A-F model, it was shown that
 on the

2
2 2
2
2
C = 4 + 2σ δ0 / σ M0 .
The initial expansion of the plume can be approximated with a cone: as long as ln h  δ02 /C 2 ,
plasma pressure effects can be neglected and a conical expansion, h = 1 + δ0 ζ, can be used as
a good approximation. A conical assumption is adequate until both terms become comparable,
that is, until the dimensionless axial distance ζ becomes of the order:

exp δ02 /C 2 − 1
.
ζ ∼ ζcrit =
δ0

Figure 2.7: Critical ζ for which the conical assumption stops being valid, for different values of
the Mach number M0 and the initial divergence tangent, δ0 . A-F model.
The function ζcrit is plotted in fig. 2.7 for the A-F model. This graph shows the large
influence of the Mach number in the shape of the expansion.
Naturally, the higher the Mach number is, the more conical the beam is, since the residual
thermal energy compared to the kinetic energy of the plasma decreases, and the longer this
critical distance becomes. For instance, for M ' 30, pressure effects for h00 ' 0.2 (11.3 deg)
can be neglected up to ẑ ' 100 (z = 10 m for the reference thruster of table 2.4); for M ' 20,
however, this only holds up to ẑ ' 15 (z = 1.5 m).
Because the IBS-debris separation distance is expected to be greater than 10 meters, due
to collision avoidance constraints, it is clear that employing a conical profile with a divergence
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tangent equal to δ0 is not adequate for our application, and the shape of the function h (ζ) needs
to be taken into account. Hence, h function is integrated from its definition (Eq. 2.10).
Another interesting aspect of the self-similar models is that any plane ζ = ζ ∗ can be potentially chosen as the reference plane ζ = 0, re-defining h as hold = h∗ hnew which would render
the h equation as:
h∗ h0new =

q

C 2 ln hnew + C 2 ln h∗ + δ02 =

p
C 2 ln hnew + h∗02 ,

meaning that this analysis can be repeated in any section. This shows that, considering large
values ζ ∗ (i.e., for h∗0 large enough), the ζnew,crit necessary for pressure effects to substantially
change the h0new
√ increases. Hence, as ζ increases, the “divergence angle rate” increases ever
slowlier, as ∼ ln h. This can also be seen in equation 2.10, from where h00 = C 2 / (2h).
To conclude this analysis, figure 2.8 displays the streamlines (h function) for different values
of Mach number and δ0 . In agreement to the discussion above, after an initial fast growth in
certain cases, the lines are indistinguishable from a conical expansion. This figure also shows
that the lower the Mach, the lower the sensitivity to h00 .

Figure 2.8: Influence of the Mach number M0 (fig. a) and the initial divergence tangent δ0 (fig.
b) on the h function, for the A-F model. In fig. a, δ0 = 0.2, and in fig. b, M0 = 20.

2.2

Plume-environment interaction

We have obtained so far a set of models that serve to characterize the plume expansion in
vacuum, neglecting the influence of the environment on the plume. The environment however
will act on the plume, modifying to some extent its expansion. The purpose of this section is to
discuss this influence, and assess its extent.
Modification of the properties of the plasma beam expansion into vacuum can be caused by:
1. Collisionality with the ambient plasma.
2. The ambient magnetic field,
Both effects are discussed below.
As mentioned before, when testing thrusters in a vacuum chamber there is also a nonnegligible influence of the ambient pressure, testing equipment, and the vacuum chamber walls
themselves. The general trend of In-flight experimental data is to show larger divergence angles,
less thrust, higher Te and less ion energy spread than laboratory tests [37].
The nominal beam we consider in the computations below is the reference plasma from table
2.4.
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Collisional effects

The reduction of the average ion axial velocity of the plasma beam due to its own Coulomb
resistivity satisfies:
duzi
= −νie (z),
(2.47)
dz
where, since ui  ce (the sonic velocity of electrons), the ion-electron collision frequency is
νie =

me
me
21/2 e4 ln Λ
νei =
n
3/2 e
mi
mi 12π 3/2 2 m1/2
0 e Te

(2.48)

with ln Λ denoting the Coulomb logarithm (typically ln Λ ∼ 15). The collisionality is maximum at the thruster exit where the plasma density is maximum and is higher for low temperatures. Taking ne = 1016 m−3 and Te = 1eV, one has νie = 3.4s−1 and a mean-free path of
`ie = ui /νie ≈ 11 km, what confirms that beam resistivity can be fully ignored.
The ambient plasma at a LEO of about 800km is composed mainly of H+ of a density
na ∼ 1010 m−3 , which is several orders below the beam density. This indicates that the ambient
plasma has a much weaker effect on the thruster beam than the, already negligible, beam selfresistivity.
As a conclusion, collisional effects on the plume expansion can be neglected.

2.2.2

Ambient magnetic field

The presence of a background magnetic field can affect the development of the plume expansion,
both by changing its geometry, and by altering its property profiles. The main mechanism for
this, is that as the plasma plume moves across the magnetic field, (1) the latter will induce
electric currents in the plasma, that (2) will in turn interact with the magnetic field and give
rise to a net force that will modify the plasma dynamics.
The problem further complicates as (3) these currents cause an induced magnetic field to
appear, that opposes the background field. These diamagnetic currents compete with the external field, and are a mechanism that allows the plasma to (partially) cancel external magnetic
perturbations.
When a B field is imposed, movement of charged particles in the directions perpendicular
to the B field will be hindered. In first approximation, articles describe helical trajectories with
their gyrocenter fixed on a magnetic line, and a gyroradius `p = mp vp⊥ / (qp B) (for p =ions,
electrons, vp⊥ the component of the velocity perpendicular to the field, and qp the electric charge
of the particle). Due to their much lower mass, electron motion is more easily impeded by the
field. Diffusion across the field is permitted basically thank to collisions; this means that albeit
infrequent, collisions can play their role when magnetic effects are concerned, forcing us to take
them into account (the models above have neglected resistivity so far). The Hall parameter
χH = eB/ (me νei ) measures the importance of collisions in this sense. Cross-field forces, such
as electrostatic forces, generate particle drifts in the direction perpendicular both to the force
and the B field, e.g. the E × B/B 2 drift.
Due to all these intertwined effects, reproducing the behavior of a plasma jet in which all
effects can be non-negligible with a simple yet accurate model is an arduous task. In the
following, two limit cases are chosen in order to discuss qualitatively the importance of the
magnetic effects: when the geomagnetic field in the direction of the axis of the plume, and the
case of B field perpendicular to the plume axis.
In the case of a coaxial magnetic field, a simplified analysis can be performed from the
starting point of the field-free solution of section 2.1.4. The induced magnetic field that the
plasma can create will be neglected (the implications of this assumption are discussed below).
Electron-ion resistivity, although small, will be considered zeroth order. When the external
magnetic field is zero (that is, in the zeroth order assumption) the plasma expansion can be
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assumed current-free locally everywhere, i.e., ue = ui . If a small magnetic field coaxial with
the plume is included, so that plasma velocity forms a local angle α with it at a given point,
and assuming axisymmetry is preserved, the equation of motion of electrons in the θ direction
yields:
− eue B sin α + νei me uθe = 0.

(2.49)

This can be interpreted as follows: as the plasma tries to traverse across the field lines, a
density current of electrons jθe = enuθe perpendicular to the field and the plasma velocity arises
(n = ne ' ni , since quasineutrality is assumed).
Cross-field diffusion of electrons is permitted thanks to collisional processes. Equivalently:
uθe = χH ue sin α,
where the already mentioned Hall parameter of the plasma, χH , relates the cross-field and
azimuthal velocities.
The plasma momentum equation in the r direction, neglecting collisions in the longitudinal
plane, can then be written as:


∂uri
∂ ln n
∂uri
+ uri
= −Te
− eBχH ue sin α,
mi uzi
∂z
∂r
∂r
showing that a Lorentz force has appeared that tries to to align the plasma with the field. This
force tends to confine beam radial expansion.
Assuming ure ' uri = ui sin α from the unperturbed solution, and taking sin α ' δ0 as
a representative value of the local angle, a simple measure of the relative importance of the
external magnetic field effects can be estimated with the non-dimensional number that compares
the magnetic to the pressure terms:
Sm =

χH
M0 δ0 h,
`ˆi

√
where `ˆi = Te mi / (eBR0 ) is the non-dimensional ion Larmor radius based on ion sonic velocity
p
Te /mi . Magnetic effects on the plume can be neglected as long as Sm  1.
The geomagnetic field in LEO (800 Km) is typically less than 0.5 G, which means ωci '
36.6s−1 and ωce ' 8.8 · 106 s−1 as ion and electron gyrofrequencies, respectively. A xenon plasma
with Te = 2 eV, n0 = 2.6·1016 m−3 , M0 = 20, R0 = 0.1 m has an ion-electron collision frequency
νei ' 3.17 · 105 s−1 , `ˆi ' 330, and a Hall parameter χH ' 27.74. This large value of the Hall
parameter does not account for turbulence effects, which might increase νei .
For this plasma, Sm evaluates to
Sm ' 1.7δ0 h,
where it has been assumed that the characteristic length is Rh.
Hence, this analysis suggests that magnetic effects in LEO readily become important compared to thermal effects for the considered plasma (typically, δ0 ' 0.2, and h ' 1 + δ0 z) and are
not just a perturbation, when B field is coaxial with the plume axis.
According to this result, plasma beam would be affected by the magnetic in less than 5 m
from the source, as this field tries to align the jet with it. The effect, however, is seen as positive
for our purposes, as the field reduces the divergence angle of the beam, which would translate
in a smaller fraction of the beam lost radially and not reaching the target. This is shown in
fig. 2.9 which shows the evolution of the plasma dictated by equations 2.1–2.4 when electron
pressure is neglected.
It is important to understand that this analysis relies on the axisymmetry of the plume, and
assumes that this axisymmetry endures the perturbation. If B is not coaxial with the plume
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Figure 2.9: Deflection of ion streamlines (red) due to external magnetic field effects only, for
the reference case of table 2.4, neglecting electron pressure effects and induced magnetic field.
Magnitude of the external magnetic field is 0.5 G, and it is coaxial with the plume. Reference,
conical expansion is depicted in blue.
axis, a more detailed analysis is required. The effect of the applied magnetic field in that case
would be to deflect the initial direction of the beam, making it parallel to the field. In that case it
would be more convenient to study the expansion in cartesian coordinates since an extra electric
force term in the out-of-plane direction would appear in this equation, which could radically
change the interaction of the plasma with the field.
Beam deflection is an undesired effect, as it difficults the operation of the IBS. The distance
at which the geomagnetic field effects on the plasma plume become important can be increased
if electron temperature is decreased and plasma density increased, as this would increase the
number of collisions, and lower the Hall parameter of the plasma. Other effects can further
reduce the effects of the geomagnetic field, as described below.
When the plasma is subject to an external magnetic field, the electric currents that can
appear in the plasma will give rise to an induced magnetic field, which has been neglected
up to this point. The induced plasma currents—diamagnetic in character, as they oppose
the external perturbation—produce a magnetic field that competes with the external one. If
this induced field is strong enough, it could effectively cancel out the external field in most of
the plume, allowing it to expand practically unaffected, in a similar fashion to the expansion
described in section 2.1.4.
The magnitude of this induced magnetic field B ind can be obtained from Ampï¿œre’s law,
∇ × B ind = µ0 j.
An estimate of this field can be made using the solution of the analysis above: uθe ' χH ui δ0 ⇒
jθ ' jθe ' −enχH ui δ0 . Making use of this approximation, a maximum to the relative magnitude
of induced field effects is obtained,
Sind =

Bind
∼ Rem δ0 h ' 11δ0 h,
B

with Rem = µ0 e2 nui R/ (me νei ) is the magnetic Reynolds number of the flow, that characterizes
the relative importance of magnetic advection to magnetic diffusion. For the evaluation, the
same plasma as before has been assumed, and u0 = 38000 m/s was used.
This indicates that induced field effects are noticeable in a large part of the plume, and that
they can dominate the evolution of the flow.
Another estimation of the relative magnitude of the induced field that the plasma can develop
with respect to the geomagnetic field can be obtained from the plasma beta parameter, β. This
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parameter is the ratio between the thermal pressure and the magnetic pressure, so that β  1
would assure that the induced field the plasma might create can be neglected with respect to
the external field.
This is however not the case for the considered plasma plume (table 2.4). In an ion beam the
thermal pressure of electrons is the “driving force” for the plasma to expand radially, and when
a magnetic field is present, electric currents will develop to impede this expansion. A large beta
means large current density, which translates in large induced fields compared to the external
one[2],
2µ0 nTe
= 8.4n̂,
β=
B2
for the same plasma as above, and n̂ = n/n0 (n̂ ∼ 1 initially). This points out that induced
magnetic fields cannot be neglected at least until density has decreased at least an order of
magnitude. For δ0 = 0.2 and h ' 1 + δ0 z, this means that most of the plasma is able to continue
its natural expansion in spite of the external field, up to approximately z ' 11 m at least, and
presumably further beyond, since the plasma currents in the initial plume also induce a magnetic
field downstream that tends to cancel the external one. Notwithstanding, magnetic effects will
eventually alter the development of the plasma beam, although further downstream than in the
no-induced-field scenario.
The geometry of the problem changes substantially when B field is perpendicular to
the plasma plume axis. This gives rise to a second effect that counteracts external magnetic
effects, related to the electric current limitation that takes place in the beam when the 3D
geometry of the problem is taken into account.
When the plasma beam encounters a magnetic field, currents perpendicular to both the
field and the plasma velocity will develop, which produce a Lorentz force. This force tries
to align the beam with the field.
For this alignment to occur the intensity of these currents needs to be relatively large since
typically the energy of the beam to deflect exceeds 1 keV. These perpendicular currents need to
traverse the beam; however, the finite width of the beam and the current continuity equation
mean that these currents need to “jump” outside of the beam, where the plasma density is
negligible (background plasma density). Because of this, outside of the beam, the electron velocities required to sustain these currents inside the beam are extremely high. As a consequence,
electron inertia effects (and also resistivity) will become first order in the outer region in the
electron momentum equation, i.e., ue ∼ je / (en) will become of the order of ωce R as n drops
outside of the core beam, so that inertial effects will drastically limit the value these currents
can reach. This limitation to the outer currents affects, in virtue of the current continuity, the
whole beam. Hence, j is limited to an upper value due to the Hall effect. This value will be
much smaller than the currents necessary to deflect the plasma jet (indeed, this value is zero in
the limit where the beam edge is neatly defined and there is no possibility for currents to leave
the beam), and therefore, the deflection suffered by the plasma will be much lower.
In order to simplify the study of the plasma with a perpendicular magnetic field, a cartesian
coordinate system is preferred. To simplify the analysis, the plasma beam will be assumed to
be a rectangular prism (i.e., the plasma is perfectly bounded by a clean edge, and the beam has
no divergence), as shown in fig. 2.10. The magnetic field is assumed uniform and coming out of
plane, Bx > 0. Modeling the plasma as before, and neglecting electron inertia, thermal pressure,
and collisions in the z direction, the electron momentum equations in the y and z directions are:
0=e

∂φ
− euze Bx − me νei uye ,
∂y

∂φ
+ euye Bx ,
∂z
with φ the electric potential, which can vary in the y direction as well as in the z direction.
Similarly to the analysis for the coaxial B case, one can take uze ' uzi as an approximation.
0=e
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Figure 2.10: Sketch of the simplified plasma beam motion (in the z direction) with a perpendicular magnetic field Bx > 0. The orientation of transient currents jy > 0 and the steady-state
electric fields that result from this motion are indicated in the figure.
As the beam tries to move in the z direction, perpendicular to the Bx field, transient currents
jy > 0 try to develop in the y direction (ions tend to acquire uyi > 0, while electrons uye < 0). If
these currents were not limited in the steady state, the resulting magnetic force density −jy Bx
in the z direction would then deccelerate the plasma beam. However, in this ideal case where
background density is zero, current continuity ∇ · j = 0 forbids these currents to exist except for
a transient phase, as these currents would need to traverse the finite plasma width and continue
into the vacuum (see [41]). Hence, a Ey = −uze B < 0 electric field develops as electrons and
ions are pushed in opposite directions by the magnetic force, that impedes completely the jy
electric currents in the steady state (charge separation effects would be limited to a small region
about the plasma edge, in the order of the Debye length λD ). Then, if j = 0 everywhere, no
magnetic force density j ×B will act upon the plasma, and it will continue its z motion otherwise
unaffected. This can also be explained with the E/B = uze drift velocity, which allows electrons
to move in the beam direction with its velocity.
It is important to notice, however, that if the plasma region were infinite in the y direction, in
the steady state these currents could exist like in the coaxial case, where the azimuthal currents
need not abandon the plasma core. It is the fact that the beam is finite that produces this effect.
Notice that, since the plume is current-free globally it will be not deflected in the y direction
either, since the total magnetic force Fy is:
ˆ

1

Fy = B

(jzi − jze ) dy = 0.
−1

In reality, the plasma beam profile is not perfectly delimited, nor is zero the background
density. However, the qualitative conclusions of this current limitation mechanism will be still
valid when these effects are taken into account: supposing a plasma beam uniform in the x
direction, when a current jy = en (uyi − uye ) tries to jump outside of the beam, where the
density rapidly decays to a very small value, the velocity difference (uyi − uye ) would need to
increase as much as density falls to mantain the product jy constant (due to current continuity
and quasineutrality); the other alternative would be to accumulate space charge, or, analogously,
develop a strong electric field instead of the currents. Hence, the large value of (uyi − uye )
required in near-zero densities would make electron inertia effects first-order, therefore limiting
the value of jy . In summary, the actual value of jy will be much lower than that predicted by
the no-limitations analysis for the coaxial case.
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Apparently, Korsun [36] does not take into account this 3D limitation to currents, nor the induced magnetic field, and because of this his results—albeit qualitatively correct—would largely
overestimate the effects of the geomagnetic field, which will actually require a much larger distance than his claimed 1–2 m to deflect a 1 keV plasma beam.
The precise modeling of the plasma including the induced magnetic field and the boundary
conditions that allow to study this current saturation is however complicated, requiring full
numerical simulation of the plume with the magnetic field, including three-dimensional effects,
electron inertia, and collisions. First estimations of these effects suggest that the plume could
remain unaffected by the geomagnetic field to at least ẑ = 15; however, detailed study and
simulation of the full model is advised.

2.3

Conclusions

The plasma plume from ion and Hall thrusters has been analyzed. We have studied different
existing thrusters and defined a reference thruster for the IBS application, and provided three
self-similar models of the plasma expansion that serve to characterize the plume under the
hypotheses of plasma quasineutrality, low collisionality, and high Mach number of the ion flow.
The differences between the models have been discussed.
A preliminary study of the influence of the environment on the plume expansion has been
performed: the role of the geomagnetic field, and the collisionality of the thruster plasma itself
and with the ambient plasma.
Collisions with the ambient plasma (and collisions in the beam plasma, as well) have been
shown to be negligible. A simplified analysis of the influence of the magnetic field in two specific
cases has been carried out, showing the abundance of first order effects that need to be taken
into account to predict the actual behavior of the plasma plume in an external magnetic field.
First results suggest that magnetic effects will also be negligible up to distances of the order of
∼ 10 m, in the range of the distances considered for this application. However, a more detailed
study of the plasma expansion with full simulation of induced field, electron inertia, 3D effects
and the role of the Hall parameter is advised.
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Chapter 3

Physical Interaction of a Solid
Body with an Ion Beam
This chapter examines the key aspects of the physical interaction between a target solid body and
a collimated ion beam fully or partially reaching the body surface. By “physical interaction” we
mean the transmission of forces and torques to the target debris, the force gradients associated
to small position and attitude variations, as well as the estimation of the amount of sputtered
target material following ions bombardment. Contamination issues of the shepherd satellite
related to thruster plasma backflow are also addressed, although at a preliminary level.
For the computation of ion beam forces, torques and gradients, the self-similar beam expansion model proposed by Askenazy and Fruchtman (chapter 2) will be employed.
Two main debris shapes will be considered for the target body: spherical and cylindrical.
The choice of spherical objects is driven by the need to address the simplest form of dynamic
interaction in which the debris attitude does not influence the transmitted force and torques.
The cylindrical shape was chosen as being representative of most rocket upper stages, currently
the most abundant form of large size debris in LEO, and will allow us to study the central
aspects of attitude dynamics of an object under the action of a plasma beam.
The results of this chapter will be fundamental for addressing the complex relative motion
and attitude dynamics of ion-beam-propelled space debris investigated in chapter4.

3.1

Momentum transfer to a solid body

When a generic solid body is irradiated by a plasma beam it receives a force (and a torque),
which comes primarily from the momentum of the plasma ions colliding with the body.
Electric thrusters employ heavy ions (typically xenon) accelerated to energy levels up to a
few keV. The high-velocity ions of the quasi-neutral plasma emitted by the thruster reach the
debris surface penetrating the debris material while losing their momentum and energy through
ionizing collisions as they follow an intrincated path, until they (suddenly) stop at a distance
of typically a few nanometers from the surface. Most ions are then rejected from the material
lattice, and abandon the surface with velocities in the order of the wall thermal speed, 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.
Sputtering effects do occur in which some target material detaches from the debris surface upon
impact. Yet, as we will see later on in this chapter, these have a negligible influence on the
transmitted momentum.
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Neglecting the momentum of backscattered material as well as the force transmitted due to
electron pressure, the momentum transfer on a differential surface element dS of the target is
ultimately:
dF ' mi nui (−ν · ui ) dS,
(3.1)
where ν is the outward-pointing normal unit vector of the surface element, ui the average
velocity vector of the incoming ions and n their average local density. The corresponding force
F and torque N exerted by the plume on a space debris can then be calculated by integrating
over the surface Sb exposed to the beam:
ˆ
ˆ
F =
dF ;
N=
(r − r G ) × dF ,
(3.2)
Sb

Sb

where r − r G is the relative position of the integrating point with respect to the center of mass
of the debris.

3.1.1

Reference frames

It is convenient for the analysis that will follow to introduce the following reference frames.

Inertial Frame (I)
We use as Inertial Frame OxI yI zI the Geocentric Equatorial Inertial reference system (GEI),
which is centered at the Earth center and has zI along the Earth axis of rotation and xI along
the vernal equinox.

LV-LH Orbital Frame (O)
The “Local Vertical Local Horizontal” Frame SxO yO zO as defined here, is a non-inertial frame
centered at the ion beam shepherd (IBS) center of mass and with xO along the orbit radius and
zO along the orbit angular momentum.

Frenet-Serret Orbital Frame (F)
The Frenet-Serret Orbital Frame SxF yF zF as defined here, is a non-inertial frame centered at
the ion beam shepherd (IBS) center of mass has its yF axis along the tangent to the orbit and
zF along the orbit angular momentum.

Jet Frame (J)
The Jet Frame N xJ yJ zJ is centered at the beam nozzle and has the z axis along the beam
axis. A major simplifying assumption which will be used throughout this whole report is that
the attitude of the IBS satellite is controlled in such a way that the beam axis (zJ ) is always
pointed along the tangent to the IBS osculating orbit and that the two remaining axes lie on
the osculating orbital plane. In addition we will assume the jet origin (N) coincident with the
IBS center of mass (S). Given this assumption one can choose to have one of the two remaining
axes aligned with the normal to the orbit so that in the end the jet frame will coincide with the
Frenet-Serret orbital frame except for a permutation of axes.
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Figure 3.1: Schematic of reference systems: inertial (0), LV-LH (1) and Frenet-Serret (2). In
this particular case the orbit plane coincides with the inertial xy plane, for simplicity.
Target Body Frame (B)
The target body frame BxB yB zB is centered at the debris center of mass and has axes coincident
with the principal inertia axes of the body.

3.1.2

Fundamental Geometrical Parameters

A series of parameters will now be defined in order to simplify the analysis of the ion-beam/debris
interaction.
Nominal relative position ρ̄ During a deorbiting or reorbiting maneuver the position of
the debris center of mass with respect to the shepherd satellite has to be kept as stable as
possible. Ideally, the debris center of mass should be constantly aligned with the ion beam axis.
In addition, its distance from the shepherd spacecraft center of mass should be constant and
equal to a nominal value. We call ρ̄ such nominal relative position and ρ = |ρ̄| the nominal
distance.
Shape Factors χi , χe We define the internal shape factor χi as the ratio between the radius of
the largest sphere centered at the debris center of mass and fully contained inside the external
debris surface, and the radius RB (ρ) of the 95%-current ion beam measured at the nominal
control distance ρ. Similarily the external shape factor χe is the ratio between the radius of the
smallest sphere centered at the debris center of mass and containing the external debris surface
and RB (ρ):
χi =

Ri
;
RB (ρ)

χe =

Re
.
RB (ρ)

Axial and radial offsets δx , δy , δz We define dimensionless axial and radial offsets the three
components of the displacement of the debris center of mass from its nominal position divided
by the local beam width:
δx =

∆x
;
RB (ρ)

δy =

∆y
;
RB (ρ)

δz =

∆z
.
RB (ρ)
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δx =

∆x
R0 h (ρ)
T

δ = (δx , δy , δz ) .

3.1.3

Non-dimensional force and momentum transfer efficiency

The non-dimensional beam force is defined as the ratio between the force transferred to the
target by the beam and the magnitude of the axial force exerted by the beam on the nozzle.
´

dF
Sb
F
fB =
=
,
πRn2 mi nn u2n
F0
where Rn is the nozzle radius, nn , un the average ion density and axial velocity across the nozzle
and mi the mass of a propellant ion.
The axial (z) component of the above defined force has great importance for the IBS concept
and is called beam momentum transfer efficiency:
ηB =

Fz
= fBz .
F0

(3.3)

When ηB = 1 the debris undergoes a force equivalent to having the electric propulsion system
physically mounted on the debris itself.

3.1.4

Non-dimensional torque

The non-dimensional beam torque is here defined as the ratio between the torque transferred
to the target by the beam and the product of the thruster axial force and the target external
envelope radius.
´
(r − r G ) × dF
N
τ B = Sb
=
.
Re F0
Re F0

3.1.5

Generalized beam gradient

The dimensionless beam force gradient matrix is defined as
beam force computed at the nominal relative position ρ̄:

bxx bxy
RB (ρ) ∂F
B̂ =
=  byx byy
F0
∂r ρ=ρ̄
bzx bzy

the dimensionless gradient of the

bxz
byz  .
bzz

(3.4)

As we will see in the next chapter the beam gradient terms are related to the destabilizing
(or stabilizing) effect of the beam upon the IBS-debris relative dynamics.
For a perfectly spherical debris the above defined B̂ matrix is sufficient to fully characterize
the effect of the beam-debris interaction on the debris relative position (linear) stability. On the
other hand, when more complex debris shapes are considered the effect of the debris attitude
can strongly influence the debris stability properties. In this report only cylindrical bodies will
be analyzed.
Because of symmetry reasons a perfectly cylindrical body coorbiting at constant separation
distance with an IBS has two trivial equilibrium configurations characterized by, simultaneously,
zero radial force and zero torque. The two configurations consist of having the cylinder axis
parallel and orthogonal to the beam axis, respectively. In addition, as we will see, a non-trivial
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equilibrium configuration may exist in which the cylinder axis is tilted by a specific angle which
depends mainly on the cylinder aspect ratio and weakly on the shape factor.
Adding the angular offset ∆α as a state variable from the nominal equilibrium attitude we
introduce the generalized beam gradient matrix:


bxx bxy bxz bxα
 byx byy byz byα 

(3.5)
B=
 bzx bzy bzz bzα 
bαx bαy bαz bαα
where the new terms are here defined as:
bxα =

1 ∂Fx
;
F0 ∂ (∆α)

byα =

1 ∂Fy
;
F0 ∂ (∆α)

bzα =

1 ∂Fz
,
F0 ∂ (∆α)

and:
bαx =

3.2

1 ∂N
;
F0 ∂x

bαy =

1 ∂N
;
F0 ∂y

bαz =

1 ∂N
;
F0 ∂z

bαα =

1
∂N
.
Re F0 ∂ (∆α)

The IBIS software

IBIS is the acronym for Ion-Beam Interaction Simulator. It is a powerful simulation tool developed to deal with the specific dynamics arising from the IBS concept, where the interaction
of the thruster ion beam and the debris must be reliably estimated and combined with the
dynamical equations of motion for both the debris and the ion beam shepherd. The necessity of
such a tool became apparent as the physical and engineering complexity of the concept began
to take form, calling for numerical methods as the most convenient way to further develop the
concept.
The IBIS software has become an important working tool for the tuning, testing and validation of physical models, the study, analysis and conceptual design of the IBS concept, as well as
to evaluate and qualify the performance of the overall system, understand the impact of certain
design parameters, and optimise particular features such as control laws, design parameters and
deorbiting strategies.
The variety of features implemented demand for a user friendly working environment, high
computational cost restraints, interoperability issues with previously developed computing libraries and third party visualization software. In addition, the need for making internal subroutines and computational kernel easily available for other scripts outside IBIS, led to the use
of hybrid programming techniques as the most efficient way to achieve all this. Thus, IBIS has
been implemented by using up to three different programming languages:
Matlab: The core of the program has been implemented in Matlab, which allows for fast
prototyping and use of Matlab’s optimised and tested built-in functions, along with the
convenience of an interpreted language. Matlab’s working environment also allows for
the use of object oriented programming and the quick development of a Graphical User
Interface (GUI) for a faster and easier usage of IBIS, both for entering input data and
parameters, and for the analysis and visualization of results.
Fortran: The high computational cost of reliably calculating the forces and torques upon the
debris caused by the interaction with the plasma plume suggested compiling the most costexpensive parts of the IBIS Software’s computing kernel in order to speed up the runtime
performance. For this purpose a code using Fortran 2008 standard was employed, compiled
as a MEX function to assure the compatibility with Matlab. As an additional feature, this
Fortran code was parallelized by using OpenMP 3.0, which enhances the performance of
IBIS when run in Work Stations and computers with multi-threading capabilities.
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ANSI C: IBIS also takes advantage of the home-made “ODE.2” library implemented in C and
compiled as a Matlab MEX function. The library ODE.2 gathers a bunch of fast, reliable
and efficient implementation of 15 different numerical integrators for ordinary differential
equations, most of which can be used by IBIS. This library has been developed by our
research group during past projects and has been fully tested and validated.
The IBIS Software has been structured following the same philosophy as CFD or FEM codes,
i.e. it is divided into three sequential steps: pre-processing, simulation and post-processing.
The pre-processing is fed with user provided data and parameters for the simulation. This
data is read from the GUI and/or external data files and collected for pre-processing. The
pre-processing consists in three aspects:
 Parameters, constants and setups are stored for the simulation, including the parameters
for the ion thruster (user given or selected from IBIS thruster database)
 Initial conditions for the orbital motion of the ion beam shepherd, the relative orbital
motion of the debris and the attitude dynamics of the debris can be provided in coordinates
of different reference frames.
 A mesh of the debris is created from the geometry of the debris (user-given or selected from
an internal IBIS debris database) and meshing options provided by the user. IBIS has automated mesh generators based on triangular (delauney triangularization) or quadrilateral
(meridians & parallels) finite elements, allowing meshes for general geometries. Although
just simple spherical and cylindrical geometries are presented in this report, IBIS can mesh
any geometry based on a user provided set of solid spherical harmonics.
The simulation or core computation is the numerical integration of the governing equations of
the motion. Currently a total amount of 15 equations are integrated altogether, which can be
broken down as follows:
 Debris-Shepherd Relative Orbital Dynamics (6 Eqs.)
 Shepherd Orbital Dynamics, considering the perturbed two-body problem (6 Eqs.)
 Attitude Dynamics of the Debris, handling the rotational state in quaternions to avoid
singularities and provide robustness (7 Eqs.)
These equations need, at each integration step, the values of the force and torque vectors upon
the debris due to the plume-debris interactions, which can be calculated with any of the selfsimilar models of chapter 2. It also requires the values of the control forces acting upon the
shepherd, which are provided by an adequately tunned control strategy, fully customizable
within the IBIS software.
Finally, when the numerical integration is over the post-processing just takes the results
of the simulation and projects the coordinates of the trajectories onto all available reference
frames (Inertial, Frenet-Serret, Local Vertical - Local Horizontal, Jet and Body), and the same
for attitude quaternions and angular velocities. Additionally, derived data are computed from
the solution, such as orbital elements, momentum transfer efficiency, plume-debris interaction
forces and torques, control forces, etc.
After the post-processing is over, the user is able to visualize all the computed data from
within the IBIS graphical interface. The results can be saved for later study or even exported
to plain text files for further post-processing. Additionally, animated video sequences might be
obtained by exporting the results into adequately formatted files.
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Figure 3.2: IBIS graphical user interface

Figure 3.3: IBIS software graphical output.

3.3

Spherical bodies

Spherical bodies are the simplest to study and can be particularly instructive when it comes
to understand the complex dynamic interaction with an ion beam, as they illustrate the main
phenomena without obscuring the physics with geometric or attitude-dependant effects. The
main reason is that, thanks to the spherical symmetry, the force and torque computation is only
a function of the center of mass position (and not the attitude) with respect to the jet reference
frame.

Axial and radial force and torque contours
Fig.3.4 shows the contour plots of the nondimensional axial force, radial force and torque experienced by a spherical target of about 2 m radius as a function of its center of mass displacement
inside the beam. The plots have been computed by IBIS neglecting electron pressure effects
for clarity. As it comes from intuition, the axial force is maximum on the beam axis and it
decreases as the center of mass is offset radially and/or as it moves away from the nozzle. The
radial force contour is less straightforward. It starts from zero on the beam axis and increases
moving radially outwards until reaching a maximum at a specific distance from the axis. The
position of the maximum moves slightly inward as the sphere distance from the nozzle increases
and starts moving outward when the distance is such that the debris size is smaller than the
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beam envelope. Being directed away from the beam axis, the radial force is destabilizing. On
the other hand its magnitude is a small percentage of the axial one. Similarly to the radial force
the torque is zero when the spherical debris lies on the beam axis and increases radially outward
until a maximum is reached. The torque decay in magnitude with the distance from the nozzle
is much more rapid.

Figure 3.4: Contour plots for the nondimensional axial force(left), radial force (middle) and
torque (right) for a sphere of 1.86m radius moving along the radial (r) and longitudinal direction
inside a beam with negligible electron pressure and 10 deg divergence. Note that the radial force
is always directed away from the beam axis. The dotted circle is added to show the sphere size
relative to the beam.

Figure 3.5: Beam momentum transfer efficiency for a sphere as a function of the shape factor
χ and the relative radial offset δr .

Momentum transfer efficiency
A spherical body of radius RS is characterized by only one shape parameter χ = RS /RB ,
which can be used to evaluate the influence of the axial position of the sphere on the momentum
transfer efficiency.
Fig. 3.5 plots the momentum transfer efficiency as a function of χand for different radial
offset values. A beam divergence of 10 degrees has been used. Nevertheless the dependence on
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the initial beam divergence is very small as confirmed by numerical simulations.
Beam gradient
A set of contour plots of the different beam gradient components for a spherical debris is
presented in Fig 3.6 for the most general case in which the nominal equilibrium position of the
sphere is located anywhere in the yz plane of the beam. Note that for symmetry reasons the
x and y coordinates are interchangable so that there are only four independent components in
the beam gradient matrix.

Figure 3.6: Contour plots for the four independent nondimensional components of the beam
gradient matrix for a sphere of 1.86 m radius moving along the radial (y) and longitudinal
direction (z) inside a beam with negligible electron pressure and 10 deg divergence.
From a practical point of view, because of the cylindrical symmetry of the beam and the
spherical symmetry of the target, the nominal equilibrium position consists of having the sphere
centered on the beam axis. Focusing on this configuration Fig 3.7 show the non-zero beam
gradient components as a function of the shape factor χ. For symmetry reasons the beam
gradient matrix for a sphere is diagonal.
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Figure 3.7: Non-zero components of the beam gradient matrix for a 1.86m sphere lying on the
beam axis as a function of the shape factor χ. The beam has negligible electron pressure and
10 deg divergence.

3.4

Cylindrical bodies

Cylindrical bodies exhibit a more complex behavior when interacting with an ion beam. This
is primarily due to the fact that the transmitted force and torque is a function of the center of
mass position and the attitude of the cylinder axis with respect to the beam axis.

Geometry Parametrization
In order to define the cylinder geometry relative to the beam we employ the external shape
factor (χe ) defined above and the aspect ratio:
ζ=

h
,
2R

where h is the cylinder height and R its radius.
Note that, in order to avoid unnecessary complications we will assume that the cylinder
center of mass coincides with its geometric center.

Position and attitude parametrization
The convention used for the representation of a cylinder position and attitude with respect
to the beam is schematized in Fig. 3.8. The location of the center of mass with respect to
the nominal relative position ρ̄ is given by the previously defined offset vector λ. The cylinder
attitude is represented by two angles (α,β). The first represents the in-plane rotation of the
cylinder axis, initially parallel to the beam axis (zJ ), with respect to the xJ axis. The second
represents the out-of-plane rotation of the cylinder axis around its normal belonging to the yz
plane of the beam.
Force and torque contours
Figs. (3.9-3.11) show the contour plots of the nondimensional axial force, radial force and
torque experienced by a cylinder of aspect ration ζ~1.4 (as for the Kosmos-3M upper stage) as
a function of its center of mass displacement inside the beam. Three different in-plane attitude
angles are considered. Although the plots exhibit a similar structure as in the spherical case the
July 2011, Ion Beam Shepherd for Contactless Debris Removal. UPM/ACT

CHAPTER 3. PHYSICAL INTERACTION OF A SOLID BODY WITH AN ION BEAM

51

zB
xJ

b
a
xJ

r

l

zJ

zJ

yJ

yJ

Figure 3.8: Center of mass position and attitude orientation of a cylinder with respect to the
jet-frame.

cylinder attitude considerably affects the contours suggesting that the attitude-position coupling
could play an important role in the dynamics.

Figure 3.9: Contour plots for the nondimensional axial force for a cylinder of 1.86m radius and
5.2 m height in a negligible-electron-pressure, 10-deg-divergence beam and with three different
in-plane orientations: α = 0 (left)α = 45o (middle) and α = 90o (right).

Influence of the cylinder attitude on transmitted forces , torques and gradients
Motivated by the above results we take a closer look at the influence of the cylinder attitude
upon the force and torque contour. Here we consider a cylinder of aspect ratio ζ ∼ 1.4 having
the center of mass on the beam axis (nominal configuration) at different distances expressed
through the shape factor χe and varying the cylinder in-plane angle α. Interestingly, a critical
value of α exists in which the torque become zero. Very close to this value the radial force
becomes zero too. Such orientation, which for the particular case of ζ ∼ 1.4 is approximately 67
degrees, is weakly dependent of the shape factor, that is, on the position of the cylinder center
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Figure 3.10: Contour plots for the nondimensional radial force for a cylinder of 1.86m radius and
5.2 m height in a negligible-electron-pressure, 10-deg-divergence beam and with three different
in-plane orientations: α = 0 (left)α = 45o (middle) and α = 90o (right). The dotted rectangle
is added to show the cylinder size and attitude relative to the beam.
of mass along the beam axis (Fig. 3.12).
Momentum transfer efficiency
The momentum transfer efficiency as a function of the shape parameter χe and for different
orientation angles α is plotted in Fig.3.15 for a cylinder with aspect ratio ζ~1.4. In agreement
with the graphs presented in the previous section the maximum efficiency is obtained for α
around 60 degrees.
Zero-torque equilibrium configuration
From the above plots it emerges that a non-trivial zero-torque equilibrium configuration exists
in which the cylinder axis is tilted by a critical angle with respect to the ion beam axis. Such
angle is about 67 degrees for a cylinder of aspect ratio of 1.4 and is weakly dependent of the
shape factor χe . The good news is that the generalized gradient component bαα computed at
this equilibrium position is negative, suggesting stable motion. This property will be confirmed
by numerical simulations carried out in the next chapter. Because of the relevance of such
configuration we have evaluated the critical angle for different aspect ratios (Fig 3.16).

3.5
3.5.1

Other aspects of the plasma-body interaction
Relative charging debris-IBS

Up to this point, electric interactions between the plasma of the beam and the two bodies (debris
and IBS) of the system has been neglected. The phenomena associated with these interactions
is analyzed in this section.
First, consider a single isolated body, in absence of any beam. There are a number of
processes that act simultaneously on the body, which tend to modify its electric charge, the
main of which are [64, 20, 26]:
1. Ion and electron fluxes from the ambient plasma: The higher mobility of electrons
with respect to ions mean a larger electron flux to the surface that tends to charge the
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Figure 3.11: Contour plots for the nondimensional torque for a cylinder of 1.86m radius and
5.2 m height in a negligible-electron-pressure, 10-deg-divergence beam and with three different
in-plane orientations: α = 0 (left)α = 45o (middle) and α = 90o (right).
body negatively. An equilibrium is soon reached, in which the negative potential of the
body with respect to the ambient plasma helps balance the ion and electron influxes. This
potential is called the floating potential associated to that background plasma, and is a
function of the electron temperature Te and the plasma density ne .
2. Photoemission of sun illuminated surfaces: Photoelectrons are emitted by surfaces
illuminated by the Sun, which produces an electron current per unit area of typically
I = 5 · 10−5 A/m2 . This modifies the equilibrium potential set by the background plasma,
raising it, although it is negligible at LEO altitudes (it can dominate at GEO, though).
3. Secondary electron emission from impacting particles (energetic electrons,
mainly): Again, this phenomenon can modify the equilibrium potential. The material of the surface and the energy of the incoming particles are the main variables of the
secondary electron emission yield [24].
4. Single events related to energetic electron beams: related to intense geomagnetic
activity (substorms), these electrons are injected at the midnight meridian at high altitudes, and drift between midnight and dawn. They can sometimes charge the satellite to
highly-negative potentials (−10 kV), and are related to satellite malfunctions.
All these processes compete with each other, giving rise to an equilibrium body potential.
Leaving aside singular events which may perturb the normal situation, for altitudes below two
Earth radii, the ambient plasma currents dominate (Te 1 eV; ne ∼ 1010 m−3 ) and the satellite
potential is slightly negative (floating potential).
When the object is immersed in a much denser plasma, such as that from an ion thruster
plume (ne > 1012 m−3 ), the interaction with this plasma dominates over the background one.
The interaction with this plasma is similar to the interaction with the ambient plasma described
above: the body tends to acquiere a negative floating potential, in the order of ∼ 5 times the
electron temperature Te for a xenon plasma.
Most of this potential fall is localized around the body in a non-neutral
p layer, known as Debye
sheath, of a typical thickness in the order of a Debye length, λD = ε0 Te / (e2 n) < 1 cm. The
fact that ions are moving at ∼ 1 keV does not substantially modify the equilibrium potential.
Hence, the presence of a body in the plasma plume does not influence its evolution up to the
object, except at a thin layer around it. Ions entering this sheath are accelerated towards the
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Figure 3.12: Non-dimensional force and torque components for a 1.86m radius and 5.2 m height
cylinder in a negligible-electron-pressure, 10-deg-divergence beam as a function of the in-plane
orientation angle and for different values of the external shape factor χe .
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 beneficial side effect of attracting additional lateral ions that
would otherwise not intercept the body, thus slightly increasing the exerted force. This effect
can be accounted for by considering the body + sheath volume as an “effective” volume for the
force computations. The influence, however, of a sheath thinner than 1 cm on a body with a
characteristic length of 1 m is negligible.
The presence of the object does modify the development of the plume downstream from it, by
generating a wake in the flow. Inside the wake, plasma density is much lower than outside from
it (typically, 2 orders of magnitude less [26, 29]). Hence, the contribution to the momentum
transfer of the debris surface not directly illuminated by the beam can be neglected in first
approximation.
In the IBS scenario, the same sort of plasma sheath mentioned above occurs both around
the IBS, which is naturally in contact with the plasma beam, and in the debris. Hence, the
two bodies, put into electric communication through the conducting plasma, readily reach an
equilibrium situation, where each of them is at a lower potential with respect to the plasma
beam potential. Hence, this equilibrium situation has a defined relative potential between both
objects.
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Figure 3.13: Diagonal components of the generalized beam gradient matrix as a function of the
in-plane orientation angle and for different values of the external shape factor χe . . Cylinder
and beam geometry are the same as in Fig. 3.12

Along the beam, there is also an associated small potential fall, as the plasma expands its
remaining thermal energy into ion kinetic energy. This fall will be seen in the relative potential
between the bodies, too, which will be of the order of the electron temperature.
The relative situation is very stable, since the influence of the ambient plasma and photoemission effects 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 mobility of electrons. Moreover, due to the small distances
between the objects, any extraneous effect that would tend to modify the potential of one body
would similarly affect the other one, thus not modifying much the relative charging.
This qualitative analysis of the charging physics suggests that relative charging effects pose
no threat for the IBS concept. The assessment of the exact behavior of the relative charging,
the equilibrium voltage, and the study of the transcient processes are beyond the scope of this
project. The authors point out that tools such as the SPIS software could become very useful
for the quantitative analysis of these aspects.
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Figure 3.14: Non-zero off-diagonal α-column components of the generalized beam gradient
matrix as a function of the in-plane orientation angle and for different values of the external
shape factor χe . Cylinder and beam geometry are the same as in Fig. 3.12.

3.5.2

Target material sputtering

When the IBS is correctly pointed at the target the majority of high-velocity thruster ions reach
the debris surface, penetrating the material substrate while losing their energy through ionizing
collisions. After travelling a distance of typically a few nanometers below the surface these ions
suddendly stop, completing the momentum transfer process. These particles are later expelled
at velocities near to the material thermal speed back to space due to the restoring forces of the
material lattice. As it was mentioned in the introduction, the contribution of these backscattered
particles to momentum transfer is negligible.
On the other hand, the collisional energy exchange process can cause a number of the material atoms to reach the energy needed to leave the debris surface, giving rise to the so-called
sputtering phenomenon, whose influence on the momentum transfer needs to be assessed. Physically, an atom can leave the lattice whenever the cascade collison process initiated by the ions
gives it 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, defined 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 naturally on the type of incoming ions and the material, the
ion beam energy, and the incidence angle.
Experimental curves for estimating the sputtering yield and sputtering energy of a target
material following the impact of a given material ion are available for different ion and material
combinations. Alternatively, a good approximation of these curves can be obtained by use of
James Ziegler´s TRIM computer program (Transport of Ions in Matter), the core of the widely
used SRIM library (Stopping and Range of Ions in Matter) [80].
Fig. (3.17) 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.
Because the average energy of the sputtered particles is more than two order of magnitudes
smaller than the energy of the impinging ions, the effect of the momentum of the sputtered material on the momentum transfer to the debris can be neglected, together with that of backscattered
particles.
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Figure 3.15: Beam momentum transfer efficiency for a cylinder with aspect ratio ζ~1.4 as a
function of the external shape factor χe and different relative attitudes of the cylinder axis.
80
e = 0.5

60
eq

e = 1
e = 1.5

40

e = 2

20

0
0

1



2

3

Figure 3.16: Zero torque stable attitude as a function of the cylinder aspect ratio and for different
external shape factors χe .

3.5.3

Backflow contamination

In contrast with chemical rockets, the use of electric propulsion on a spacecraft causes the
formation of a unique environment, composed of neutral gases, plasmas and electromagnetic
fields that result from the interaction between the ambient environment, the thruster effluents
and the spacecraft itself. Moreover, the intrusion of a debris body in the plasma plume may
further complicate this set-up, as a result of the interaction of the incoming beam with the
outgoing ions and neutrals from the debris.
This enviroment can affect negatively the performance of the spacecraft subsystems through
various interactions, namely [65]:
1. Parasitic current flows to biased surfaces,
2. Degradation of solar array panels, thermal control surfaces, and optical windows due to
effluent deposition,
3. Attenuation and refraction of electromagnetic wave transmission and reception due to the
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Figure 3.17: Average sputtering yield (left) and energy per sputtered particle (right) for xenon
ions impacting against an aluminum substrate at different energies.
enhanced plasma density,
4. Absolute and differential charging of the spacecraft,
5. Interference due to electromagnetic noise,
6. alteration of electrical and thermal properties of surfaces.
The two most relevant phenomena for backflow contamination in modern ion thrusters are
(a) charge-exchange thermal ions and (b) thruster material particles sputtered from its walls
[27, 65, 77, 11, 71].
Under incomplete ionization of the propellant, thermal velocity ions may form inside the
plume as a result of the collision between a high speed, beam ion and a low-velocity (thermal)
neutral, as the two species exchange the electric charge; the products of a charge-exchange
(CEX) collision are a low velocity ion, and a high-velocity neutral. These thermal ions accelerate
following the mainly-radial electric field, and hence they are pushed out of the beam and may
move back towards the spacecraft. Slow ions can also be formed by electron impact ionization
on the neutrals, if electron temperature is sufficiently high.
These (xenon) ions do not pose a serious contamination hazard, although they might give
rise to parasitic current flows between biased surfaces.
A more serious threat is the sputtered grid material of ion thrusters (typically molybdenum)
due to CEX ion bombardment. A fraction of these sputtered atoms is charged, and flows back
to the spacecraft following the electric field, depositing on sensible surfaces like solar panels, and
optical pieces.
These hazards are normally accounted for in satellite design, mainly by skewing beam axes
away from solar panels at a certain angle, so that satellite life is not substantially affected [27].
However, for the IBS concept, it is important to assess the slow ions that might be formed in the
interaction of the plasma beam with the efflux from the debris and the debris itself. As explained
in section 3.5.2, upon impact on the debris surface, ions slightly penetrate on the surface, travel
a random path as they become neutralized, and give rise to sputtering phenomena characterized
by a much lower energy compared to the impinging ions. Consequently, a low-pressure cloud
of neutral gas is expected to occur naturally around the debris surface irradiated by the beam.
Expectedly, these neutrals may give rise to CEX ions close to the debris surface.
Detailed quantification of the importance of this effect requires knowledge of the neutral
density nn and ion-neutral collision cross-section, which is out of the scope of this preliminary
study of the IBS concept. Information on CEX cross-sections and experimental data can be
July 2011, Ion Beam Shepherd for Contactless Debris Removal. UPM/ACT

CHAPTER 3. PHYSICAL INTERACTION OF A SOLID BODY WITH AN ION BEAM

59

found in [48, 61]; an adequate fitting formula for these cross sections, σCEX , in the case of
Xenon, is
 2
σCEX Å = A − B log (E) ,
where A, B are parameters to be found in table 3.1, and E is the ion energy in eV.

Xe+ + Xe
Xe2+ + Xe

A(Å2 )
87.3 ± 0.9
45.7 ± 1.9

B(Å2 )
13.6 ± 0.6
8.9 ± 1.2

Table 3.1: Fitting parameters for CEX collisions [48].
However, it can be anticipated that for an IBS acting on a debris sufficiently far from the
IBS, neutral 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 (ρ̄ ' 10 m), for
the design thruster of chapter 2 can be performed using the above formula, which yields, for
Ei ' 1000 eV ⇒ σCEX ' 46.5 · 10−20 m−2 .
Assuming that at the surface of the body the flux of neutrals equals that of incoming ions,
nn ' 200 ni ' 2.42 · 1015 m−3 ' nn , the CEX ion source rate is:
SCEX = nn ni vrel σCEX ' 5.2 · 1014 m−3 s−1 ,
which is a particle source rate so low compared to other CEX sources that can be neglected for
most practical purposes.
Moreover, CEX ions occurring far downstream in the plume will 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 beneficial as it pulls those ions and impedes their
backstreaming). Again, these assumptions need to be studied and clarified in more detail in the
future.

3.6

Conclusions

We have investigated some fundamental aspects of the physical interaction of solid body with
an ion beam as relevant for the IBS concept. Basic non-dimensional parameters were introduced which will help gain physical insight when representing the complex interaction of generic
spherical and cylindrical solid bodies with an ion beam in orbit. Among the important results
we find the existence of a non-trivial stable equilibrium configuration providing zero torque on
a cylinder. Clearly, the study of the stability properties in a more complex orbital environment
will need additional effort, to be carried out in the next chapter.
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Chapter 4

Relative Dynamics and Control
of an Ion-beam-propelled Space
Debris
This chapter deals with the study of the dynamics and control of an Earth-orbiting rigid body
under the action of a collimated ion beam arising from a nearby shepherd satellite. Basically,
the analysis is focused on estimating the influence of the ion beam perturbation on the relative
motion and attitude dynamics of a shepherd satellite located in the proximity of a space debris.
In order to gain insight on the complex dynamical interaction at play and to assist in the design
of proper control strategies the problem is dealt with both numerically (for the most general
case) and analytically (including proper simplifications).

4.1

Orbital Dynamics of the Debris Center of Mass

During the deorbiting or reorbiting process a space debris will undergo a force F D originated
by the momentum carried by the plasma ions expelled by an electric thruster finally absorbed
by the surface layer of the target. Such force can be related to the reaction force F 0 that the
electric thruster exerts on the shepherd satellite by the equality:
F D = −ηB F 0 .

(4.1)

where ηB is the beam momentum transfer efficiency to the debris defined in chapter 3.
As explained in chapter 1, in order to avoid the IBS from secularily drifting away from the
target the reaction force F 0 on the shepherd needs to be compensated by a secondary propulsion
system (e.g. another ion thruster) mounted on the sheperd spacecraft. In addition, the secondary
propulsion system can be used for controlling the IBS-debris relative displacement.
Dropping the simplifying hypothesis of circular orbit made in chapter 1 one can more generally say that a zero secular variation of the distance bertween the two bodies is obtained when
the two orbit semimajor axes aD and aS are equal at any instance of time t. This implies that
their derivative must also be equal, which by use of Gauss variational equation for the semimajor
axis yields:
v S FS
vD FD
=
,
mD
mS

(4.2)

where v,F ,m, denote, respectively, the orbit tangential velocity, the resulting tangential force
and the mass, while the subscript ’D’ and ’S’ refer to the target debris and the shepherd space60
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craft, respectively. When the two spacecraft are coorbiting at close distance, as it is generally
the case for our application, we have vD ≈ vS and the last equation reduces to:
FD
FS
=
,
mD
mS

(4.3)

Note that the spacecraft separation distance is constant only for the case of circular orbit
while for elliptic orbits it oscillates with a relative amplitude equal, to first order, to the orbit
eccentricity [45] which makes the IBS concept more suitable for circular or nearly circular orbits.
Fortunately, as seen in chapter1, the great majority of large Low Earth Orbit (LEO) debris is
in quasi-circular orbit.
If we make the assumption that the orbit is initially circular and evolves in a quasi-circular
manner the orbit radius evolution r(τ ) from its initial value r0 can be approximated fairly
accurately as seen in Chapter 1. The orbit radius evolution is here written in non-dimensional
form for later use as:
r'

r0

2,

(1 ± 0 τ0 )

where the + (-) sign indicates a deorbit (reorbit) maneuver, τ0 is the non-dimensional time
related with the time t through the initial orbit mean motion ω0 :
r
µ
τ0 = ω0 t =
t,
r03
and the non-dimensional coefficient 0 is the ratio between the debris tangential acceleration
and the local gravity at the beginning of the deorbit meneuver:
0 =

FD r02
,
mD µ

where µ is the gravitational parameter.
The total maneuver time can also be written in non-dimensional form as:
√
√
r − r0
δh
∆τ0 = ±
=
+ o(δh2 ),
√
0 r0
20
where we have introduced the dimensionless altitude drop (or climb):
δh =

|r − r0 |
,
r0

which can be used to show that, for instance, a 2 ton debris can be deorbited from 1000 to 300
km altitude (δh ~0.095) with 100 mN of continuous thrust ( ∼ 6.8 × 10−6 ) in about 80 days
(∆τ0 ~7000).
With the same 100 mN thrust applied to a 2-tonne debris in GEO ( ∼ 2.24 × 10−4 ) a typical
250 km altitude raising maneuver for disposal purposes (δh ~0.06) can be carried out in about 2
days (∆τ0 ~13.2).

4.2

Relative Dynamics

Let us consider a local Frenet orbiting frame centered at the shepherd spacecraft and having
its y axis along the instantaneous velocity vector, the z axis along the instantaneous angular
momentum and the x axis following the right-hand rule. After linearizing the local gravity field
around the origin the equations of motion of the debris position ρ = (x, y, z)T relative to the
shepherd are:
July 2011, Ion Beam Shepherd for Contactless Debris Removal. UPM/ACT

62

4.3. DEBRIS ATTITUDE DYNAMICS


FD
FS
ρ̈ + ΩΩ + Ω̇ − G ρ + 2Ωρ̇ =
−
,
mD
mS

(4.4)

where Ω, Ω̇ represent the angular velocity matrix in Frenet axes and its time derivative, G is
the gravity gradient matrix in Frenet axes while F D and F S are the net forces on the debris
and the shepherd spacecraft, respectively.
The above equations need to be accompained by the shepherd orbit evolution written in
inertial axes:
r̈ S = −µ

FS
rS
+
,
rS3
mS

where r S is the inertial position of the shepherd spacecraft.

4.3

Debris Attitude Dynamics

The space debris attitude dynamics are described by the Euler´s equations:
Iω̇ + ω ∧ (Iω) = Ntot ,

(4.5)

where I is the debris inertia matrix (in body axes), ω the angular velocity vector (in body axes)
and Ntot the resulting torque around the debris center of mass, including the beam torque, gravity gradient and orbital perturbation torques. The equations are written using Euler parameters
as state variables and implemented into the IBIS simulator.

4.4

Stability and control of spherical debris in quasi-circular
orbits

In order to gain insight into the complex relative dynamics of the IBS-debris system it is convenient to start off with the simplest possible model. To this end we introduce the following
assumptions:
1. The target debris is modeled as a homogeneus sphere.
2. The IBS-debris system orbit is considered quasi-circular.
3. The (axially symmetric) ion beam is constantly pointed along the shepherd instantaneous
velocity vector, is kept contant in time, and transmits to the debris a force which only
depends on the debris center of mass location relative to the shepherd. Additional thrusters
in the three directions can be used to control the position of the IBS but do not affect the
target dynamics (i.e. they are not pointed against the target).
4. All external perturbations are neglected with the exception of the ion beam force.

4.4.1

Open loop stability analysis

If the initial debris orbit is circular and 0  1 the orbit evolves in a quasi-circular manner and
Eqs. (4.4) can be well approximated by the perturbed Clohessy-Wiltshire equations:
ẍ − 2ω ẏ − 3ω 2 x =
ÿ + 2ω ẋ =

FxD
FxS
−
,
mD
mS

FyS
FyD
−
,
mD
mS
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FzD
FzS
−
,
mD
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(4.8)

where ω is the instantaneous mean motion:
3

ω ' (1 ± 0 τ0 ) ω0 ,
ω̇ ≈ 0,
and the dots indicate derivatives with respect to the (dimensional) time t.
Among the possible equilibrium configurations satisfying Eqs.(4.6-4.8) the most effective for
deorbiting and reorbiting operations is the one in which the IBS and the debris are coorbiting
at close distance so that the nominal relative position vector reads:
T

ρ̄ = (0, ȳ, 0) .

(4.9)

Due to the symmetry of the problem (hypotheses 1 and 3) the x and z components of the
debris force are zero whenρ = ρ̄. The “zero-drift” relationship (Eq. 4.3) between the tangential
force components can actually be reobtained from Eq. (4.16) after setting ρ = ρ̄. Ultimately, the
close-distance coorbiting nominal equilibrium configuration is characterized by the two nominal
force vectors:
T

F̄ D = F D (ρ = ρ̄) = (0, FD , 0) ,
F̄ S = F S (ρ = ρ̄) =



T
mS
FD , 0
.
0,
mD

(4.10)
(4.11)

For the purpose of investigating the system open loop stability and implementing a proper
control strategy the control force on the shepherd is kept constant and equal to the nominal
value computed above while the force transmitted by the beam to the debris is linearized along
the nominal value:
F D ≈ F D (ρ = ρ̄) +

dF D
dρ

(ρ − ρ̄).

(4.12)

ρ=ρ̄

Recalling the definition of the beam gradient matrix introduced in chapter 3 Eq.(4.13) yields:
F D ≈ F D (ρ = ρ̄) +

F0
B̂(ρ − ρ̄).
RB

(4.13)

In chapter 3 we have seen that for a sphere inside an axisymmetric beam the gradient matrix
is diagonal. After swapping axes the beam gradient representation with respect to the Frenet
reference system is:


br 0 0
B̂ =  0 by 0  ,
(4.14)
0 0 br
where br and by are the dimensionless radial and axial beam gradient terms defined as:
br =
by =

RB ∂FDr
F0 ∂r

ρ=ρ̄

RB ∂FDy
F0 ∂y

ρ=ρ̄

,

.

July 2011, Ion Beam Shepherd for Contactless Debris Removal. UPM/ACT

64

4.4. STABILITY AND CONTROL OF SPHERICAL DEBRIS IN QUASI-CIRCULAR ORBITS

By substituting Eq (4.14) into Eq. (4.13) the three components of the linearized beam force
on the debris can finally be written as:
FDx ≈

brr F0
x,
RB

byy F0
byr F0
(y − ȳ) +
(x + z),
RB
RB

FDy ≈ FD +

FDz ≈

brr F0
z,
RB

which substituted into Eqs. (4.15-4.17) together with Eq.(4.10) yields:
ẍ − 2ω ẏ − 3ω 2 x =
ÿ + 2ω ẋ =

br F0
x,
mD RB

(4.15)

by F0
(y − ȳ),
m D RB

(4.16)

br F0
z.
mD RB

(4.17)

z̈ + ω 2 z =

After recalling the definition of the dimensionless offset components of chapter 3:
δx =

x
;
RB

δy =

y − ȳ
;
RB

δz =

z
,
RB

and defining the dimensionless time:
τ = ωt.
Eqs.(4.15-4.17) are rewritten as
00

0

δx − 2δy − (3 + γr ) δx = 0,
00

0

δy + 2δx + γy δy = 0,
00

δz + (1 − γr ) δz = 0,

(4.18)
(4.19)
(4.20)

where primes indicate derivatives with respect to the dimensionless time τ and where we have
introduced the two (positive) dimensionless stiffness coefficient of the ion beam:
γr =

br F0
r
=
brr > 0,
mD ω 2 RB
RB

γy = −

by FD
r
=−
byy > 0.
mD ω 2 λ
RB

(4.21)
(4.22)

In the above definitions  is the ratio between the debris tangential acceleration and the
instantaneous local gravity throught the deorbit/reorbit meneuver:
=

FD r 2
0
'
2
mD µ
(1 ± 0 τ0 )

Eqs. (4.18-4.20) can be written in the compact form:
s00 = As,
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where s is the state vector:

T
0
0
0
s = δx , δy , δz , δx , δy , δz
and A the Jacobian matrix:
A=



0
−K

In the above expression 0 and I are the 3x3
K and C matrices read:

−3 − γr
0
K=
0

0
C= 2
0

I
−C


.

zero and identity matrix, respectively while the
0
γy
0
−2
0
0


0
,
0
1 − γr

0
0 ,
0

to which corresponds the characteristic polynomial:
P (λ) = λ2 + 1 − γr

 4

λ + (1 + γy − γr ) λ2 − γy (3 + γr ) .

Due to the problem symmetry the in- a out-of-plane dynamics are decoupled. The latter
remain stable if:
γr < 1,
which means the radial destabilizing effect of the beam should not prevail against the gravity
gradient restoring force in the direction normal to the orbit plane.
On the other hand, as it can be readily verified, given the constraints (4.21-4.22) , the
open-loop dynamics are always unstable.

4.4.2

Control strategies

Simplifying assumptions
For the purpose of the present work we will make the main simplifying assumption that the
relative position between the debris and the shepherd center of mass can be estimated at all
times with no error. While the assumption is clearly not realistic, as the relative position
measurements are a critical aspect of the concept, it allows to focus directly on the control part
of the problem. Future studies will add realistic models of the different sensors employed in the
guidance and navigation part, which is beyond the scope of the present study.
As far as the dynamical model employed we will consider it fully deterministic and obeying
to the previously derived equations.
Simple 3-axis PD feedback controller
The most straightforward way to control the IBS-debris relative motion around the nominal
equilibrium configuration is to employ a three-axis thruster-based feedback control system that
acts on the shepherd according to a measured position and velocity deviation with respect to the
nominal equilibrium configuration. In the following we design a simple proportional-derivative
(PD) feedback control system using a feedback linearization approach (i.e. the nonlinear beam
force is linearized around the equilibrium configuration).
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After adding a PD control part to the linearized system obtained in the previous section the
new K and C matrices become:


−3 − γr + γR
0
0
,
0
γy + γV
0
K=
0
0
1 − γr + γH


σR −2 0
0 ,
C =  2 σV
0
0 σH
where the R-bar (radial direction), V-bar (tangential direction) and H-bar (direction normal to
the orbital plane) dimensionless control gains are defined as:
γR =

Fx
;
mω 2 RB δx

γV =

Fy
;
mω 2 RB δy

γH =

Fz
,
mω 2 RB δz

σR =

Fx
;
2
mω RB δ ẋ

σV =

Fy
;
2
mω RB δ ẏ

σH =

Fz
.
2
mω RB δ ż

The corresponding characteristic polynomial in this case becomes:

P (λ) = λ2 + σH λ + 1 − γr + γH ×
 4
λ + (σV + σR ) λ3 + (1 + γy − γr + γR + γV + σV σR ) λ2
+ [σV (γR − γr − 3) + σR (γy + γV ) + 2γyr ] λ − (γV + γy ) (3 + γr − γR )} .
Again, the in- and out-of-plane parts are decoupled. The stability conditions for the latter
are:
σH ≥ 0 and γH ≥ γr − 1.
The stability conditions for the in-plane dynamics are instead:
γR ≥ 3 + γr and γV + γy ≥ 0 and σV ≥ 0 and σR ≥ 0.
Now that the boundary of the stable region are defined one needs to choose proper values of
the different dimensionless gains based on some optimization criterion. Instead of following the
common procedure of linear quadratic regulator (LQR) control design we can opt for a more
straightforward pole placement approach in which the oscillatory part of the step response is
set to zero. To this end we impose:
P (λ) = λ + m2

4

m ∈ R,

which provides:
γV = −γy + m4
γR = 3 + γr + m4

(4.23)

σV = −2 + 2m

2

σR = 2 + 2m2 .
A similar approach can be used for the out-of-plane part providing:
γH = γr − 1 + m4 ,

(4.24)

σH = 2m .
2

The performance of the proposed control system has been studied numerically using IBIS.
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Feedforward Controller
As it results from numerical simulations, the simple linear PD feedback controller previously
proposed works well when considering spherical objects, circular orbits and when the displacements from the nominal equilibrium position are small. Dealing with spherical objects has the
advantage that the nominal control force acting on the shepherd satellite and the beam gradient matrix coefficients can be estimated based on the shepherd-debris relative position, the
small-displacement hypothesis permits to model the resulting beam force fairly well with a linear
approximation while the circular orbit approximation eliminates possible parametric excitations
which may destabilize the system.
While the circular orbit approximation is quite reasonable (the great majority of space debris has eccentricity less than 0.01 as we have seen in Chapter 1), the remaining two may be
problematic in some circumstances. A cylindrical object with a very low shape factor χe is
characterized by a momentum transfer efficiency and beam gradients terms that are strongly
dependent on the object attitude state, the latter being very difficult to estimate remotely. On
the other hand, when the displacement of the object center of mass is of the same order of the
local beam width the linear approximation may not be acceptable.
A considerable improvement can be obtained by assuming an approximate beam force model
is available to the software control block. That means that the nominal equilibrium force or, most
importantly, its axial component, its estimated not just at the nominal equilibrium configuration
but at any IBS-debris relative position. This will entail a considerable savings in control resources
(fuel, power, etc.) especially when the debris moves away from the beam axis. The control part
of the force added to its nominal value will work as in the previous case.

4.4.3

Assessing the beam dynamical influence on stability

From the above equations we have seen that the beam has a distabilizing effect in the radial
direction. It is important to compare this effect with the gravity gradient one for different orbital
configurations. Ultimately everything comes down to evaluating the coefficient γr for different
deorbiting configurations.
Based on the results of chapter 3 we have seen that a spherical object is characterized by a
maximum value of the beam gradient by of about 0.1 corresponding to a shape factor of about
3/2. That means:
γr,max ≈ 0.15 ×

r
∝ r3 ,
Rs

where Rs and r are, respectively, the sphere radius and the orbit radius.
In order to assess the influence of the orbit altitude on the γr coefficient we consider a 1-ton
spherical debris of 2 m radius under a 50 mN tangential thrust in circular orbit of altitude
varying from LEO (150km) to GEO (~6 Earth radii). Because the destabilizing effect of the
beam increses, relatively to the gravity gradient, as the cube of the orbit radius a GEO IBS is
considerably more difficult to control.

4.4.4

Numerical Simulations

The debris used for the numerical simulations reported here is a spherical aluminum shell of 1 ton
and 2 m radius acted upon by a beam of 100 mN maximum force, 10 degrees initial divergence
and Mach number M=30. The nominal control position is set to 10 m, corresponding to a
nominal shape factor χ~0.65. For all the simulations the J2 perturbation was, together with the
ion beam, the only one acting on the system. We took as baseline a circular orbit of 82 degrees
inclination and 1000 km altitude.The shepherd spacecraft mass was set to 300 kg.
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Figure 4.1: Time required for transferring space debris of different masses md from a 1000-kmto a 300-km-altitude circular orbit with an IBS providing constant tangential thrust Fp .
Fig. 4.2 summarizes the results of the control effort after the sphere is a given initial velocity
and position offset in the xy plane ato bring it away from the nominal equilibrium condition. The
cause of the slight secular increase in angular velocity has been identified as the J2 gravitational
perturbation.

4.5

Cylindrical bodies

Given the complex coupling between orbital-attitude and relative motion the dynamics of cylindrical bodies under the effect of an ion beam flux have been studied here only numerically.
Nevertheless the control strategies employed in the simulations were the same as used for spherical bodies and proved quite effective in stabilizing the relative motion. Attitude stabilization
appears a much harder task although it was seen that a stable attitude configuration related to
the one computed in chapter 3 could be easily maintained if the effect of J2 was suppressed.
All simulations were carried out employing a 300 kg shepherd satellite and considering a
cylindrical debris of 6.5 m height, 2.4 m radius (i.e. ζ ∼ 1.4) and a mass of 1.5 ton, with
reference to the Kosmos-3M Russian upper stage.

4.5.1

Relative Position Control

Fig. 4.3 summarizes the results of the control effort of a cylinder with after an initial velocity
and position offset in the xy plane to bring it away from the nominal equilibrium condition.
The cylinder axis is initially aligned with the local vertical and with zero angular velocity. A
feedforward-feedback control with m=2 was employed to stabilize the debris center of mass
position relative to the shepherd. While the relative position can be stabilized the cylinder soon
enters a state of tumbling motion.

4.5.2

Attitude Stability

Additional simulations have been run in order to explore the possibility of bringing the cylinder
to a stable attitude. Preliminary results presented in chapter 3 have shown the existence of
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Figure 4.2: Spherical debris controlled trajectory with respect to the IBS (top left), debris
angular velocity components (top right), IBS three-axis control forces (lower left) and momentum
transfer efficiency (lower right). The sphere is given an initial perturbing velocity of 5 cm/s and
4 cm/s in the x and y direction, respectively as well as an initial offset of 2m and 5m in the x
and y direction respectively. A feedforward control scheme is used in which the m coefficient
(Eqs.(4.23-4.24)) has been set to 2.
a zero-torque attitude configuration stable in free space. Clearly, the more complex orbital
dynamic environment can strongly modify these results and numerical simulations are needed.
After a few runs with different initial orbital and geometrical conditions we realized that the
J2 perturbation can play a major role in the attitude dynamics.
Figs. 4.4 and 4.5 report the results of two simulations in which the cylinder center of mass
was placed at the nominal position while the attitude of the cylinder axis was initially aligned
with the local vertical. For the simulation of Fig. 4.4 we switched off the J2 perturbing effect and
notice that the cylinder attitude converges towards a stable configuration in which the cylinder
axis is tilted by about 30 degrees with respect to the local vertical. Once the J2 perturbation
was added this stable equilibrium configuration disappeared (Fig. 4.5).

4.6

Conclusions

We have performed a preliminary analyis of the complex proximity formation flying dynamics
and control of spherical and cylindrical bodies under the perturbative effect of a collimated ion
beam. It appears that the center of mass relative dynamics between the shepherd and the debris
can be stabilized with a feedback-feedforward control system provided that sufficiently accurate
relative position and velocity estimation are available. Clearly, the estimation task, which could
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Figure 4.3: Cylindrical debris controlled trajectory with respect to the IBS (top left), debris
angular velocity components (top right), IBS three-axis control forces (lower left) and momentum
transfer efficiency (lower right). The cylinder is given an initial perturbing velocity of 5 cm/s
and 4 cm/s in the x and y direction, respectively as well as an initial offset of 2m and 5m in the
x and y direction respectively. A feedforward control scheme is used in which the m coefficient
(Eqs.(4.23-4.24)) has been set to 2.
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Figure 4.4: Cylindrical debris attitude evoulution starting from a local-vertical-aligned configuration without the effect of the J2 perturbation.
not be formulated within the scope of the present analysis, is a challenging one and must be
addressed in details in future studies.
Attitude stabilization for cylindrical bodies also appears to be an intriguing problem, which
will need to be addressed both analytically and numerically in future work. Nevertheless the
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Figure 4.5: Cylindrical debris attitude evoulution starting from a local-vertical-aligned configuration including the effect of the J2 perturbation.
numerical analysis conducted here shows that stable attitude configurations are possible once
the destabilizing effect of the J2 perturbation has been dealt with.
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Chapter 5

Electrodynamic Tethers
In this chapter we will analyze the deorbiting performance of passive electrodynamic tethers
EDTs and assess the possible advantages arising from coupling the IBS concept with an EDT
system.

5.1

Electrodynamic tethers working in passive mode

Although not yet part of conventional space hardware electrodynamic tethers (EDTs) are
regarded as a very effective tool for future space exploration and utilization and are one of the
candidate solutions for the removal of space debris in LEO.
An Electrodynamic tethers (EDT) is a space apparatus which can supply power and/or
propulsion to a spacecraft by exploiting the electromagnetic interaction of a conducting cable
orbiting around a planet with a magnetic field and reasonable plasma density. As such interaction occurs without the need of expending fuel EDTs can be used as propellantless propulsion
systems of great interest in space technology. Following its first appearance in the literature
[17] the concept of electrodynamic tether has been studied and refined until the introduction of
the higher performance bare electrodynamic tether concept in 1991 by a Sanmartin et al. [66].
After a few initial studies were conducted to assess the performance of bare EDTs in different
scenarios of space science and technology it became clear that these devices could be considered as a candidate solution to the problem of space debris and several articles on the subject
appeared in the literature ([9]).
When working in passive mode a bare electrodynamic tether system requires not more than
an uninsulated conductive wire kept straight mainly by gravity gradient (’hanging tether’) or
by centrifugal forces (’spinning tethers’) and collecting electrons from the surrounding plasmasphere, as well as one (or more) cathodic plasma contactor conveniently placed at the tether
end(s) to expel electrons back to the plasma. For sufficiently long tethers a relatively high
current can be obtained with no need for active onboard power supplies. Power can instead be
generated on board by having a useful load (a battery, a measurement instrument, a transmitter, etc.) interposed between the tether and the cathodic plasma contactor. Proper matching
of the load impedance with the EDT current and voltage characteristics allows to maximize the
generated power.

5.2

Tether Model and Governing Equations

The model considered here consists of a bare electrodynamic tether of length L having
uniform cross section of area A and perimeter p and made up with conductive material of
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Figure 5.1: Schematic of passive bare electrodynamic tether with potential and current profiles.
In this particular example we set ξB = 0.5,  = 1.5 and µ = 1/43
density ρ and conductivity σ. A plasma contactor (e.g. a hollow cathode) is inserted at the
cathodic end1 of the tether together with a load of impedance Z` placed just before the plasma
contactor for power generation purposes (Figure5.1). The tether interacts with the ambient
plasma characterized by electron density Ne measured far enough from the tether line and local
magnetic field intensity B, and moves with relative velocity ∆v with respect to the plasma.
The quantities Ne , B and ∆v are assumed constant along the tether. When electrical contact
with the plasma is established electrons are collected along the (upper, in Figure 5.1) positively
biased segment resulting in a non-uniform current I(x) flowing along the tether towards the
cathodic contactor. In the general case in which the potential drop of the plasma contactor
∆VHC and/or the impedance Z` of the applied load is not zero the lower (in Figure 5.1) portion
of the tether will be negatively biased with respect to the plasma and will, unless insulated,
collect ions. The current collection is here assumed to take place in the orbital motion limited
(OML) regime[68, 67]. For the general case of EDTs working beyond the OML regime the reader
is advised to check references [67, 19, 10].
Once the physical characteristics of the tether and the surrounding plasma environment
are known the current and potential profile can be completely determined by the local bias
equation and the current collection equations with appropriate boundary conditions. The
first describes the potential difference ∆V = Vt − Vp between the tether and the surrounding
plasma along the tether line (0 < x < L) and yields:
d(∆V )
I(x)
=
− Et ,
dx
σA

(5.1)

where Et is the magnitude of the motional electric field projected on the tether line. The
boundary condition needed to solve Eq (5.1) can be enforced using the identity:

∆V (xB ) = 0,
1

(5.2)

The location of the cathodic end can be determined keeping in mind that the vector pointing from the

anodic to the cathodic end of the tether has the same orientation as the local motional electric field projected
along the tether line.

July 2011, Ion Beam Shepherd for Contactless Debris Removal. UPM/ACT

74

5.2. TETHER MODEL AND GOVERNING EQUATIONS

with xB indicating the zero-bias abscissa.
The OML current collection equations[68] yield:

dIa
dx
dIc
dx

r
p
2qe
qe Ne
∆V
π
me
r
p
2qe
= − q e Ne −
∆V ,
π
mi

=

(5.3)
(5.4)

where Ne is the electron plasma density, p is the tether cross-section perimeter, qe and me are
the electron charge and mass while mi can be taken as the mass of the most abundant ion species
. Note that secondary-electron emission in the cathodic part is here assumed negligible. Here,
and from now on, the subscripts ’a’ and ’c’ will refer to the ’anodic’ (0 < x < xB ) and ’cathodic’
(xB < x < 1) section of the tether . Note that in case the cathodic segment is insulated the
right member of Eq. (5.4) becomes zero.
The boundary conditions for the current collection equations yield:

Ia (0) = 0,

(5.5)

Ia (xB ) = Ic (xB ).

(5.6)

Finally, we write the circuit equation at the cathodic end (x = L) as:

∆V (L) = −∆VHC − Z` I(L),

(5.7)

where ∆VHC is the potential difference between the hollow cathode and the surrounding plasma2 .
Eq.(5.7) will be used to relate the load impedance Z` to the zero-bias length xB .
The above equations and boundary conditions constitute a two-point boundary-value problem consisting of two coupled differential equations the latter of which is non-linear. Shooting
methods are the standard way to solve these types of problems but are generally computationally
expensive. An approximate analytical solution recently proposed by our group is summarized
2 as

we are considering a completely passive system this potential difference is obtained at the expense of the
electric-field-induced bias and must appear in the circuit equation
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in the following.
Following the work of Bombardelli et al. [10] the average current flowing through a passive
EDT under orbital motion limited current collection can be written as:
3
ηth Ich .
5
In the above equation Ich is the characteristic tether current:
r
4w
2Et 3 3
Ich =
Ne
q L ,
3π
me e
Iav =

(5.8)

where Ne is the local plasma electron density, qe and me the electron charge and mass,
respectively, and where Et is the projection of the local motional electric field along the tether
line.
The parameter ηth is called thrust ohmic efficiency and reads ([10]):

iav0 + iav1 + 2 iav2
8


0 <  < 3/2



i
av0

5ξB



iL
4
8
iav
av,1
<  < 3/2
ηth =
=
.
(5.9)
iav0 5ξ 3/2

iav ( = 0) 
ξB
B



iL
4

av,2

 > 3/2


iav0
ξ
B

where:
3/2

iav0 =
iav1 =

ξB (5 − 2ξB ) − 2µ(1 − ξB )5/2
,
5

i
 h 4
3/2
3
7ξB − 16ξB
+ 8µξB (1 − ξB )5/2 − µ2 (1 − ξB )4 ,
40

i
2 h 9/2
3
ξB (319 − 130ξB ) − 132µξB
(1 − ξB )5/2 + 2µ3 (1 − ξB )11/2 .
4400
In the above equations the parameter  is the ratio between the conductive tether ohmic
impedance and the contact impedance of the tether with the plasma:
iav2 =

s
2Lqe3
L
Zt
2p
Ne (
)
=
=
,
Zc
3π
σA
me Et

(5.10)

while the coefficient 0 < ξB 6 1 is the dimensionless length of the tether anodic segment and
is to be considered a control parameter. When maximum onboard power generation is desired
an optimum value of ξB can be computed [10] which depends on the tether characteristics and
the local environment. Coversely, setting ξB = 1 provides maximum deorbit capability with no
power generation. In this case we have:

63 2
3

 1− +
 0 <  < 1.6
8
880


(5.11)
ηth (ξB = 1) =
5
1


1−

>
1.6
3
(2)2/3
Note that an upper limit exists for the maximum current (hence also for the maximum
average current) that can flow through a passive EDT. This limit is given by the tether short
circuit current Icc :
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Icc = σAEt .

(5.12)

When, and if, Icc has been reached no further increase in current is possible, according to
Eq. (5.1).
Once the average current has been determined the resulting electrodynamic drag force is
finally:

F = Iav BL(ut ∧ uB )

(5.13)

where B is the magnetic field intensity while ut and uB are, respectively, the tether line unit
vector directed along the current flow and the magnetic field unit vector.

5.3

Deorbiting performance for a hanging EDT in circular
orbit

Before analyzing more complex aspects of the EDTs dynamics it is important to understand their
performance as deorbiting devices and to compare it with other propulsion methods. EDTs are
known to suffer a decrease in deorbiting capability at high inclinations, and that needs to be
precisely quantified.

5.3.1

Ideal EDT

From the EDT literature it is known that in order to maximize the ratio between the deorbiting
force and the total tether mass an EDT should be designed with the largest possible length and
the smallest ratio of cross section area over cross section perimeter. This corresponds to have a
relatively short anodic segment where the short circuit current Icc (Eq.(5.12)) is quickly reached
in such a way that the average current along the tether approaches Icc . That equivalently means
the tether ohmic impedance is much higher than the plasma contact impedance (>>1). Long
and very thin tape tethers have been proposed in order to reach high values of  even when
operating in ionospheric regions with relatively low electron density. We will here refer to an
ideal EDT when Iav → Icc and when the tether, modeled as a rigid dumbbell, is always perfectly
aligned with the orbit local vertical. In addition, we assume that the tether is equipped with
two plasma contactors, one at each tether end, in order to be able to provide maximum current
in both directions3 .
The position and velocity vector of the EDT center of mass with respect to a geocentric
equatorial inertial reference system (GEI) when considering a circular orbit of radius r and
inclination i can be written, respectively, as:
T

r sc = rur = r (cos i cos ωt, cos i sin ωt, sin i sin ωt) ,

(5.14)
T

v sc = ωruv = ωr (− cos i sin ωt, cos i cos ωt, sin i cos ωt) ,
(5.15)
p
where r is the orbit radius and ω = µ/r3 the orbit angular velocity µ being the Earth
gravitational constant. Note the right ascension of the ascending node of the orbit has been set
to zero with no loss of generality.
3 for highly inclined orbits (say i>70 deg) the orientation of the motional electric field along the tether can
swap along the orbit so that a second hollow cathode located at the opposite side of the tether becomes necessary
in order to obtain the maximum deorbit performance.
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For the present analysis a centered tilted dipole model for the Earth magnetic field will
suffice. The latter provide the magnetic field vector component at a generic inertial position as:
B=

3 

Beq rE
um − 3(uTm ur )ur
3
r

(5.16)

where:
T

um = (sin β cos Ωt, sin β sin Ωt, cos β)

(5.17)

is the magnetic dipole unit vector in geocentric equatorial inertial coordinates. In the above
formulas Beq is the average surface magnetic field intensity at the Earth equator (Beq ≈
0.34gauss), rE is the Earth radius, β denotes the dipole tilt angle and Ω the Earth angular
velocity.
By substituting Eqs. (5.14,5.17) into Eq.5.16 we obtain:
B=

3 

Beq rE
um − 3(uTm ur )ur
r3

If we assume that the tether is aligned with the orbit local vertical at all times (ut ≡ ur )
the corresponding motional electric field projected along the tether yields:
T

Et = [(v sc − v pl ) ∧ B] ur = B⊥ vsc + Ωr (Br cos γ − Bz ) .
where B⊥ , Br , Bz are, respectively, the local magnetic field components orthogonal to the
orbital plane, along the orbit radius and along the z axis, while γ is the angle between the S/C
radial position and the z axis.
Because Ωr  vsc in LEO the previous equation simplifies into:
Et ≈ B⊥ vsc ,
where the analytical expression for B⊥ is:
3
3
Beq rE
Beq rE
T
u
(sin i sin β sin Ωt − cos i cos β) .
u
=
r
m
r3
r3
Finally the tangential component of the Lorentz force acting on the tether can be computed

B⊥ =

as:

h
i
T
Ft = Iav BL (ur ∧ uB ) uv = −Iav B⊥ L.
For an ideally designed tether we then have:
2
Ft ≈ −σAvsc B⊥
L.

Because deorbiting a large space debris would normally require several weeks if not months
it is useful to compute the time average of the tangential force:
Ft = −

2 6


σALBeq
rE vsc  2
sin β + 3 cos2 β − 1 cos2 i .
6
2r

After inserting the previous expression in the Gauss planetary equation for the time (t)
evolution of the orbit semimajor axis (a) and neglecting all additional perturbation forces we
finally obtain:
2a2 vsc F t
da
=
,
dt
µ msc
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Figure 5.2: Time required for transferring space debris of different masses from a 1000-km- to a
500-km-altitude circular orbit with an ideal 3-km bare EDT
where msc is the total spacecraft mass. Under the hypothesis that the orbit evolves while
2
), Eq. (5.18) can be replaced by:
remaining almost circular (µ/a = vsc
dr
k
= − 5,
dt
r

(5.19)

where:
k=

2 6 


σALBeq
rE
sin2 β + 3 cos2 β − 1 cos2 i .
msc

which can be solved to provide the deorbit time interval:
R6 − r 6
6k
where R and r are, respectively, the radius of the initial and final orbit.
∆t =

5.3.2

(5.20)

Real EDT

In a more realistic mission scenario the current flowing through an EDT is limited by the tether
contact impedance with the plasma. Under the assumption of orbital motion limited (OML)
current collection the equivalent plasma contact impedance Zc entering equation 5.10 is:
√ r
3π
Et me
Zc = √
.
2qe3
2p L Ne

(5.21)

In order for Zc to be negligible (compared with the tether ohmic impedance) the local
plasma density Ne has to be relatively high and the tether relatively long, as it is evident from
Eq. (5.21). In the general case the average current attainable will be smaller than the short
circuit current Icc hence limiting the EDT deorbiting performance. This fact can be accounted
for by introducing a collection efficiency factor:
ηc =

Iav
.
Icc
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Figure 5.3: Time average collection efficiency for a bare tape EDT in circular orbit at different
altitudes for tethers of 20 km (top) and 10 km (bottom) and under maximum (left)and minimum
(right) solar activity.
Because Zc varies along the orbit according to the local plasma density Ne and electric field
Et , the former of which cannot be accurately modeled in analytical form, the most reasonable
way to proceed is to numerically compute the time average collection efficiency factor η¯c along
circular orbits of different altitudes and inclinations and to repeat the process for different
environmental conditions (i.e. different level of solar activity) and tether geometries (i.e. tape
tether length and thickness). The results obtained can be collected in different plots (Fig.5.3)
and used to adjust the estimated deorbiting time (Eq.(5.20)) taking into account the current
collection loss. Fig. 5.3 highlights the fact that the collection efficiency is modestly affected by
the orbit inclination while orbit altitude and tether length are the most dominant factors. Long
tether are considerably more robust to electronic plasma density variations.

5.4

Combined EDT-IBS system

In a more sophisticared IBS design the secondary propulsion system can be replaced by and electrodynamic tether in order to save power and propellant throughout the orbit change meneuver.
A schematic of the concept is shown in Fig.5.4. Note that the IBS module is constrained to
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Figure 5.4: Schematic of hybrid IBS-EDT system deorbiting a space debris
be located at the system center of mass in order to coorbit at constant distance from a target debris (the end points of a gravity-gradient stabilized tether follow orbits that are strongly
non-keplerian). This forces to deploy two tether arms from each side of the IBS. In addition,
the overall EDT system should be controlled in such a way to provide zero torque around the
system center of mass and minimize librations (uncontrolled gravity-gradient stabilized EDTs
are known to experience libration instabilities along inclined orbits). This can be done by having
two independent tether arms whose currents can be adjusted by acting on a load of controlled
impedance located at each tether cathodic end. Fig. 5.5 illustrates the EDT circuit design. The
circuit current control on one of the two tether arms (the lower in Fig. 5.5) permits to cancel
out the total torque acting on the tether. If the two tether arms were collecting the same current
such torque would be non-zero due to the fact that the current is not constant along each bare
tether arm.
Nevertheless, if the libration instability can be, in principle, eliminated using this design
solution another critical aspect of this design has to be taken into account: the lateral mode
of oscillatorion of the central body (the IBS) with respect to the end masses. This mode of
oscillation, which we call “butterfly mode”, can be excited by the tether electrodynamic force,
which for a generic inclined orbit is not constant. Based on the expected amplitude of the IBS
oscillations with respect to the system center of mass the hybrid EDT-IBS design may or may
not offer a reasonable solution for the active space debris removal problem.

5.4.1

“Butterfly mode” oscillatory dynamics

In order to evaluate the amplitude of the butterfly-mode oscillations we have developed an EDT
numerical model and run several simulations of electrodynamic orbit decay in LEO. Here we
report on the behaviour of a three-body EDT system with a 200 kg central platform (the IBS)
and two 100 kg outer platforms connected by two conductive aluminum tape tether arms.
Figure 5.6 plots the in and out of plane oscillation displacecment of the IBS module with
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Figure 5.5: Time required for transferring space debris of different masses from a 1000-km- to a
500-km-altitude circular orbit with an ideal 3-km bare EDT
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Figure 5.6: Oscillatory motion of the central IBS module with respect to the center of gravity
of a 20-km (left) and 4-km (right) dual EDT.

respect to the EDT center of mass. The IBS module mass is set to 1500 kg, as we are assuming,
for simplicity, that the latter is rigidly linked with a large size debris being deorbited. Conversely
the two outer masses are set to 100 kg each. A long 20 km tether and a shorter 4 km tether
design are considered. The (circular) orbit altitude and inclï¿œination are set to 1000 km and 75
degrees, respectively. For both cases an aluminum tape of 3 cm width and 0.05 mm thickness is
employed. The IBS module oscillates around the EDT center of gravity with an amplitude of up
to 300 meters for the long tether design. The shorter tether design, which produces considerably
lower deorbiting forces, is affected by oscillations up to 30 meters.
This amount of butterfly mode oscillations poses serious collision avoidance risks making the
IBS-EDT design not technically feasible.
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5.5

Other possible synergies between the IBS and EDT
concept

Given the above analysis it appears complicated to join the IBS and EDT concept in a hybrid
configuration for space debris removal. On the other hand the propellantless nature of electrodynamic tethers is a key advantage that can be exploited as part of an IBS-based debris removal
campaign. EDTs can play an important role for multiple debris deorbiting missions in which
propellant consumption becomes a limiting performance factor. Example of EDT-IBS synergies
are the following:
♦ EDTs can be used in active mode to reorbit the IBS system and maneuver it to the next
debris (or to a refueling station) to start another deorbiting maneuver.
♦ If the IBS is found effective as detumbling and attitude stabilizing system, one possibility
is to perform a docking maneuver whenever possible and deorbit the debris using only the
EDT.
These possibilities should be taken into account for future studies.

5.6

Conclusions

In this chapter we have analysed the deorbiting performance of passive bare electrodynamic
tethers (EDT) and explored the possibility of joining the IBS concept with EDTs in order to
boost the space debris removal capability of the concept. A hybrid design in which the EDT
is employed as a secondary propulsion system to compensate the reaction of the primary ion
thruster on the shepherd satellite is seen to yield stability and control problems. Due to the
varying nature of the electrodynamic drag force along inclined orbits a “butterfly oscillation
mode” arises which perturbs the IBS module position by up to a few hundred meters posing
serious collision avoidance issues.
On the other hand possible synergies with EDT exist, that could lead to considerable fuel
savings during multiple debris deorbiting campaigns.
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Concept and Technology
Maturation NeedsRecommendations
Based on the conclusions drawn in the previous chapters the ion beam shepherd approach
appears to be a promising active debris removal concept. It relies on existing and well tested
space hardware (electric propulsion systems) as the core technological mean at the basis of its
operation, does not require docking and allows orbital changes at any orbit.
More research work is therefore recommended to prepare a real implementation of the concept. Additionally, the IBS would benefit from a number of technological advances that can
increase its efficiency and technology readiness. This chapter contains a selection of priority
research and technology topics recommended for follow-up activities.

Thruster plume modelling
The analysis presented in this report has been based on self-similar models of the thruster plume
expansion. These semi-analytical models are sufficiently accurate for a preliminary analysis of
the concept as they capture the main elements of the plume dynamics. There are on the
other hand additional aspects, not reproducible with these simple models, which should be
investigated in more details at a more advanced level of analysis. These aspects include (but are
not limited to) the role of plasma collisions, the detailed thermodynamic behavior of electrons,
plasma-surface interactions, and the influence of the magnetic field on the plasma beam.
The development of a two-fluid plasma model may be sufficient to allow the study of most of
these aspects, although some physics of the almost-collisionless plasma might not be obtainable
or require heavy simplification (e.g. plasma transport coefficients). On the other hand, the use
of a hybrid particle-in-cell (PIC) code, with fluid electrons and macro-particle ions, provides
a better framework to study collisional effects and tracking of different particle species, and
hence it is more versatile to investigate these phenomena for different thrusters’ families. The
development of a hybrid PIC code of this type is advisable, although the adaptation of an
existing one to the IBS concept may also be a reasonable choice. The results provided by these
more sophisticated models will be useful not only to investigate the plasma plume physics in
greater detail but also to validate simpler semi-analytical models.
Additionally, it may be worth exploring possible alternatives to ion and Hall effect thrusters.
For instance, helicon thrusters with magnetic nozzles yield plumes with considerable azimuthal
currents, that can have a stabilizing/destabilizing effect with respect to simpler plumes when
interacting with an external magnetic field.
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Thruster design improvements
A key aspect of electric propulsion systems applied to the IBS concept is the beam divergence
in the far-field region of the plume, which should be reduced as much as possible in order to
allow larger separation distances between the debris and the shepherd spacecraft, or alternatively, larger momentum transfer efficiencies. Although state of the art ion engines offer already
realtively good performance in that regard, a smaller divergence can be theoretically achieved
with ad hoc design modifications (e.g. use of multiple grids). It is important to underline that
while a low-divergence is always considered “nice to have”, it does not usually represent the
single most important performance index in the thruster design process. On the other hand, if
low far field divergence is emphasized as a key design criteria it is likely that new interesting
technological solutions will emerge.

Ion beam interaction with solid bodies
There is a need for a deeper understanding of the complex dynamics of a generic solid body
under the action of an ion beam. In particular the stability analysis of critical “zero-torque”
configurations deserves more work.
It is also important to assess to what extent the presence of the “immersed body” modifies
the solution of the plasma beam in the proximity of its surface, in the so-called plasma sheath.
Additionally, future studies should address the formation of a low-density plasma wake behind
the debris, i.e., the region of the plume intercepted by the body. In this region of rarefied
plasma, non-neutral effects could alter the force transmitted to the target or its electric charge.
Thermal balance following beam irradiation should also be addressed taking into account the
material properties of the debris surface and substrate.
Finally, more complex debris geometries should be studied including more accurate shapes
reflecting real orbiting space debris (e.g. the Envisat spacecraft, the different Ariane upper stage
families, etc.).

Proximity formation flying
It is paramount to design and model a suitable and realistic guidance navigation and control
(GNC) systems in order to achieve stable coorbiting formation flying control as required by
the IBS concept. Different state-of-the-art and recently-proposed postion and attitude sensors
should be considered and integrated into a suitable estimation filter. Realistic GNC models
should then be integrated in a more complex metrology-and-control model to assess the requirements for stable coorbiting motion.

Debris attitude control
The present study has shown that remote attitude control of an orbiting body is, in principle,
possible with an ion beam. Yet, more work is needed in order to demonstrate the engineering
feasibility of such an approach. At first sight, the remote attitude and torque estimation appears
to be the most challenging aspect of the problem.

Laboratory experiments
Several results presented in this preliminary work can be successfully tested in laboratory experiments using a reasonably large vacuum chamber and proper diagnostics. These include far-field
plume expansion measurements in order to confirm the applicability of self-similar models, force
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and torque transmission measurements with probes of different geometries, and possibly the
setup of simple control schemes.
Sputtering, backstreaming, and other plasma-surface phenomena could also be assessed this
way. Beam deflection due to the geomagnetic field could be quantified considering the magnetic
field at the testing chamber and its direction, or employing external field generators for that
purpose.

Technology demonstration mission
Once the IBS concept has been sufficiently well investigated a first orbit demonstration mission
becomes a necessary step before implementing a first debris removal operation. The mission
should demonstrate stable proximity formation flying control and orbit maneuvering with an
impinging ion beam on a selected target debris.

Synergy with ESA R&D activities
Undoubtedly, there are a number of past, present and planned ESA research and development
activities which could help advancing the IBS concept. Two current ESA projects have been
identified, that are particularly relevant to the IBS concept. The first is the activity regarding the
development and distribution of the SPIS software (Spacecraft Plasma Interaction Software).
The SPIS capabilities could be employed to investigate advanced aspects of the IBS plume
dynamics and plasma interaction with the debris and the debris shepherd. A second very
interesting ESA-funded project is the so called AISEPS project, which encompasses the gathering
of a first, open access, European Plume Database, including experimental, flight and model
plume data.
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