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This paper presents a study of the interaction between a spacecraft, a plasma thruster plume and a free floating
object, in the context of an active space debris removal mission based on the ion beam shepherd concept. The
analysis is performed with the EP2PLUS hybrid code and includes the evaluation of the transferred force and
torque to the target debris, its surface sputtering due to the impinging hypersonic ions, and the equivalent electric
circuit of the spacecraft-plasma-debris interaction. The electric potential difference that builds up between the
spacecraft and the debris, the ion backscattering and the backsputtering contamination of the shepherd satellite
are evaluated for a nominal scenario. A sensitivity analysis is carried out to evaluate quantitatively the effects of

electron thermodynamics, ambient plasma, heavy species collisions, and debris position.

1. Introduction

The space debris problem is becoming a serious threat for the future
exploitation of low Earth orbits [1-4], in particular the sunsynchronous
and the polar ones. If the number of orbital objects continued to increase
without control, the space debris density would reach a critical point,
beyond which cascading collisions would cause an uncontrolled popu-
lation growth, thus endangering space exploitation for generations
(Kessler syndrome [1]). In any case, the actual space debris population is
already having a non-negligible impact on operational mission costs, as
frequent collision avoidance maneuvers are necessary to reduce the
collision risks to acceptable levels. In order to tackle this serious issue,
two remediation strategies can be followed: (I) common disposal stra-
tegies (e.g. internationally accepted laws that regulate the end of life of
satellites) and (II) active debris removal (ADR) strategies, in which space
debris objects are actively deorbited or repositioned. While being strictly
necessary, the first approach is not enough to prevent the debris popu-
lation from growing indefinitely, as suggested by recent research [2], so
that the international community interest in ADR techniques is rapidly
growing.

The ion beam shepherd (IBS) concept [5-9] is one such technique, in
which the space debris object (or an asteroid in a deflection mission) is
gradually relocated by the slowly pushing action of a hypersonic plasma
plume, generated by a plasma thruster onboard a shepherd spacecraft.
The IBS requires two thrusters: an impulse transfer thruster (ITT) to
generate this plume, and an impulse compensation thruster (ICT),
located on the other side of the spacecraft, to maintain formation flight
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with the target debris. This technique is contactless (a fixed security
distance is maintained from the debris), and uses electric propulsion, thus
being very efficient from the point of view of propellant consumption,
especially in multi-target missions. This makes the IBS particularly
appealing, when compared with other ADR techniques that involve
capturing physically or docking with the uncooperative debris object
and/or using chemical propulsion (e.g. the technique known as space
tug).

Recent studies [5,7-13] have focussed on assessing the efficiency and
the feasibility of the IBS technique. By assuming a simplified plume and
target interaction model, the fraction of ITT thrust transferred to the
debris has been found to depend on different factors: the operational
shepherding distance, the initial plume divergence angle at the thruster
exit, and the ratio between the ion kinetic energy and the plume electrons
thermal energy. In particular, the higher this ratio and the lower the
initial plume divergence angle, the larger the transferred thrust.

Although the IBS is a relatively simple concept, the evaluation of
some operational issues requires an advanced study of the plasma plume
interaction between the IBS and the debris object. In particular, the
following phenomena are critical, especially for long duration IBS mis-
sions (e.g. for multi-target missions):

e The ion backscattering flow: charge-exchange collisions, occurring
near the thruster exit, produce a low energy ion population that is
deflected back towards the satellite by the local electric field. This ion
backscattering affects all electric propulsion missions and can pro-
duce erosion and/or contaminate sensitive spacecraft surfaces, such
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as the solar arrays or some optical sensors, whose performance would
degrade.

The sputtered atom backflow from the target debris: the hypersonic
plume ions are energetic enough to knock out atoms of the space
debris object, which can then flow towards the spacecraft and
represent an additional source of contamination.

Electric charging effects: the emitted plasma plume connects electri-
cally the spacecraft and the debris object (plasma bridge), and dom-
inates the relative charging of the two objects. Other sources of
electric charging are the backscattered ions (from CEX), the photo-
emission due to the incident light on the objects, the secondary
electron emission, the ion bombardment emission, and the ambient
plasma (both ions and electrons).

This study aims at evaluating quantitatively the above described
phenomena, for the baseline IBS mission scenario of LEOSWEEP [14], a
European Commission funded project aiming at designing and studying
the feasibility of a demonstration IBS mission. Moreover, the force and
torque transferred to the target debris are evaluated and compared with
those obtained with simplified plume models, considered in previous
studies. In order to perform such analyses, the simulation code EP2PLUS
of Refs. [15] and [16] is used. This hybrid PIC-DSMC/fluid code treats
ions and neutrals as macro-particles and electrons as a fluid, thus over-
coming the computational disadvantages of full-PIC or fully-kinetic
codes.

The rest of the paper is structured as follows. Sec. 2 introduces the
simulation scenario and setup, the code capabilities, and the main
modeling issues. Then, Sec. 3 describes and discusses the corresponding
results, while Sec. 4 presents a sensitivity analysis. Finally, conclusions
and future work are summarized in Sec. 5. A preliminary version of this
work has been presented in Ref. [17].

ICT

1z ITT <
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2. Nominal IBS-plasma-debris scenario and model
2.1. IBS mission geometry and specifications

The nominal scenario considered for this study is the same as in
Ref. [13], and features a 500 kg IBS spacecraft, a cubic target debris of 1.5
tons mass and 1.25 m spherical envelope radius, an overall de-orbiting
maneuver of 300km in 170 days (with 67% of daylight fraction).
These specifications put a constraint on the minimum transferred force to
the debris: Firr > 30 mN. This force requirement has to be fulfilled for an
operational distance between the ITT thruster and the target center of
mass of 7 m.

The simulation geometry is described in Fig. 1 (a) and (b) and features
an IBS with both thrusters and corresponding neutralizers. The solar
panels are oriented with their normal at 90 deg with respect to the orbital
plane (x — z plane), a typical operational condition in sun-synchronous
orbits with a local solar time at the ascending node equal to either
6a.m. or 6p.m.

2.2. Simulation setup

The above defined IBS scenario is simulated with EP2PLUS, whose
architecture and models are described in detail in Refs. [15,16]; the
following only presents an overview of the code main features and
capabilities.

EP2PLUS is a 3D hybrid PIC-DSMC/fluid code, based on a structured
mesh (either Cartesian or deformed non-uniform), in which ions and
neutrals are treated as macro-particles of a PIC sub-model, and electrons
as a fluid. The electron fluid model features weak collisionality and a
fluid closure based on a polytropic equation of state, an assumption that
has proven to retain the essential plume expansion physics, as

Fig. 1. Simulation geometry for the IBS-plasma
plume-debris interaction: (a) 3D rendering showing
two important cross sections through the satellite
center, y = 0 (in red) and x = 0 (in blue). (b) Sche-
matic view of the y = 0 cross section showing the
simulation objects size and the ambient ions injection
direction. The thickness of the solar arrays along the y
direction (towards the reader) is 4 cm, while the Sun
is along the +y direction. The cell size of the struc-
tured mesh is 2 cm along x and y, and 4 cm along z.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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demonstrated by comparison with both experiments [18-26], and kinetic
simulations [27-31]. The code is capable of simulating (I) heavy particle
collisions, such as charge-exchange (CEX) or single and multiple ioni-
zation collisions, (II) macro-particles interaction with either dielectric
and conductive walls, (III) electric currents within the plasma and to-
wards the objects walls, (IV) quasineutral and non-neutral regions
(automatic subdivision of the simulation domain, with a non-linear
Poisson solver for the latter non-neutral regions), and (V) correct ion
flux conditions at quasineutral material boundaries (with a Bohm con-
dition forcing algorithm). A dedicated plasma sheath model and an
equivalent circuit, which models the interaction of the simulation objects
with the plasma, finally provide the correct boundary conditions for the
electric potential and electron current density solvers.

The simulation parameters are summarized in Table 1. Four different
heavy particle species are considered: the emitted ions Xe" and Xe**, the
emitted neutrals Xe, and the ambient ions O*.

The operational conditions of both thrusters are those minimizing the
total electric propulsion subsystem power, as shown in the optimization
study of Ref. [13]. The ITT and ICT feature respectively a total mass flow
of 0.566 and 1.293 mg/s, with a mass utilization efficiency (ratio be-
tween ion and total mass flow) of respectively 75 and 85%. Both neu-
tralizers feature a total mass flow of 0.0566 mg/s, and emit 95% of this
mass flow as neutrals and the remaining 5% as either singly or
doubly-charged ions. For both thrusters and neutralizers, 9.1% of the
total emitted ion current is constituted by doubly-charged ions.

Xe neutrals are emitted by the thrusters and neutralizers at sonic
conditions (M = 1), and they expand adiabatically with y =5/3 and a
reference temperature of 0.05eV. Regarding the thruster ions, both
singly and doubly-charged ions are emitted, with a kinetic energy pro-
vided by their corresponding beam voltage (respectively 3500 and 1000
eV for the singly-charged ions emitted by the ITT and ICT). The injection

Table 1
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profiles are nearly-Gaussian in density and conical in velocity (the
divergence angle tangent increases linearly with the radius from the
thruster axis), following the Ashkenazy-Fruchtman initial profile [11],
with values for the outermost ion streamline radius Ry and divergence
angle ap shown in the table. The neutralizer ions, on the other hand, are
emitted thermally with temperatures of 0.2 and 0.4 eV for, respectively,
the singly and doubly-charged ions.

Finally, the background population of O ions is assumed to be
moving along the positive z direction, with a velocity comparable to the
LEO orbital velocity (7.5 km/s), a temperature of 0.15 eV, and a density
of 5-101° m~3, which corresponds to an average plasma density at an
altitude of 600 km. The flow direction of the injected ions is typical of a
de-orbiting scenario, in which the shepherd spacecraft is ahead of the
space debris along the orbit direction.

Regarding the heavy particle collisions, the considered model in-
cludes (I) resonant symmetric CEX collisions between the emitted Xe ions
and neutrals (both Xe™ + Xe and Xe™ + Xe), and (II) ionization colli-
sions of different degrees, again only for the Xe species (Xe—~Xe", Xe—
Xett and Xe"—Xe'™). Collisions within the oxygen ambient ions pop-
ulation, the sputtered Al atoms population, and the cross-species colli-
sions between these two species and the emitted Xe species, are neglected
due to their mean free paths: (I) Xe-O collisions have a mean free path
Ae ~ 10° km, and (II) Xe-Al collisions, at the very surface of the target
debris (where Al density is highest), have a mean free path 4. ~ 10 km,
both much larger than the simulation domain (~ 10 m).

The electron temperature (3 eV) is fixed at a reference node located
8 cm downstream of the ITT thruster exit. The simulation duration is
5.6 ms with a time step of 0.28 s, ensuring that the injected doubly-
charged ions of the ITT (fastest particle species) cross less than 1 cell.
As explained in Ref. [16], the code features both a quasineutral and a
non-neutral solver. To speed up the simulation, thus quickly filling the

IBS simulation parameters for the nominal scenario. Applied voltages refer to the IBS ground. The thruster injection surfaces are circular with radius Ry = 8 cm. The
thruster ion velocity profiles are conical, with a cone vertex located inside the thruster.

Simulation parameter Units Values

Neutralizers keeper voltage A 10

ITT/ICT last grid voltages \ — 100

ITT/ICT beam voltage \% 3500/1000

Doubly-charged to total ion current ratio for thrusters and neutralizers % 9.1

ITT/ICT thruster mass flow rate mg/s 0.566/1.293

ITT/ICT mass utilization efficiency % 75/85

ITT injected Xe" profile n/a conical velocity (Ry = 8 cm, ap = 7 deg)
ICT injected Xe" profile n/a conical velocity (Ro = 8 cm, ap = 35 deg)
ITT injected Xe " profile n/a conical velocity (Ry = 8 cm, ap = 15 deg)
ICT injected Xe™* profile n/a conical velocity (Ro = 8 cm, ag = 40 deg)
ITT/ICT injected Xe* temperature eV 0.1

ITT/ICT injected Xe"" temperature eV 0.2

ITT/ICT injected neutrals profile n/a flat

ITT/ICT inj. neutrals axial velocity m/s 247

ITT/ICT injected neutrals temperature eV 0.05

ITT/ICT neutralizers mass flow rate mg/s 0.0566/0.0566

Neutralizer ion mass flow percentage % 5.0

Neutralizer injected neutrals profile n/a flat

Neutralizer injected neutrals axial velocity m/s 247

Neutralizer injected neutrals temperature eV 0.05

Neutralizer injected Xe™, Xe™" profile n/a thermal, Gaussian (Ry = 2 cm)
Neutralizer injected Xe™ temperature eV 0.2

Neutralizer injected Xe™" temperature eV 0.4

Electron temperature at ITT thruster exit eV 3.0

Electron polytropic cooling coefficient n/a 1.15

Background plasma density (O ions) m3 5.101°

Background plasma temperature (O ions) eV 0.15

Background O™ ions velocity km/s 7.5

Target debris material n/a Al

Material walls accommodation coefficient n/a 0.98

Material walls temperature K 400.0

Simulation duration s 5.577-1073

PIC time step s 2.788:1077
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simulation domain with particles, the first 15000 steps (t < 4.18 ms) are
run with the quasineutral solver alone, while the non-neutral solver is
activated afterwards.

2.3. Modeling the plasma-surface interaction

When a heavy particle hits a material surface, it can undergo two
different processes: (I) a quick reflection (nearly specular) within the first
atomic layers, with a backscattering probability p,, or (II) a partial/
complete accommodation within the wall, in which the particle gradually
loses memory of its impact direction and approaches a thermodynamic
equilibrium with the lattice atoms, being finally re-emitted diffusely
[32-35]. Additionally, if the impacting particle kinetic energy is large
enough to overcome the binding energy of the constituent atoms of the
material lattice, it can also cause sputtering, which means that it knocks
out a certain number of material atoms from its surface.

Both the sputtered particle distribution and the backscattering
probability p;, of the incident particles generally depend on the impacting
particle species, the surface material (e.g. its binding energy), the impact
kinetic energy E; (per elementary particle), and the impact angle ; (angle
between the impacting particle direction and the surface normal) [36,
37]. In the present study, the sputtered particle distribution has been
modeled by defining: (I) the sputtering yield Y (number of sputtered
atoms per impacting particle), (II) the emission mean energy Es of the
sputtered atoms, and (III) their angular distribution.

For a given impacting species and target material, Y, E; and py, are 2D
functions of the impact energy and angle, and have been evaluated with
the software SRIM/TRIM [38] for a target debris made of aluminium and
a plasma plume made of xenon ions (alternatively, simplified empirical
models, like those of Refs. [36] and [37] can be used). As shown in Fig. 2
(a), the yield presents a maximum value at oblique incidence angles
(around 75 deg) and grows with the impact energy. The sputtered atoms
energy shown in Fig. 2 (b), on the other hand, grows monotonically with
both the particle energy and impact angle. Finally, the backscattering
probability, Fig. 2 (c), is practically independent of the impact energy and
grows with the impact angle, being maximum at grazing incidence and
zero for a; < 45 deg. For instance, the values of yield and mean sputtered
atoms energy for the ITT singly-charged ions at 3500 eV of energy (refer
to Table 1) and impacting at normal incidence, are respectively 2 and 14
eV, while the backscattering probability is almost zero.

The models for both the generation of sputtered atoms and the
backscattering or accomodation processes of incident particles are
described in detail in the Appendix. In particular, all impacting particles
that are not backscattered, are re-emitted diffusely as neutrals, with a
lower energy, that depends on their impacting kinetic energy, the wall
temperature and an energy accommodation coefficient aw [33-35].

In the simulations, the detailed sputtering and backscattering pa-
rameters have been computed only for the plasma plume-target inter-
action. For the IBS surfaces, subject to the impact of particles with much
lower energies, both the sputtering yield and the backscattering proba-
bility are zero. Finally, the sputtering effects of the ambient ions on the
target debris are also neglec ted with respect to those of the impinging Xe
ions, because (I) their density is 3 — 4 orders of magnitude lower (at the

30 100
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20 o0
10 40
120
0
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(C) D (%) Fig. 2. Sputtering properties for a hyper-
0 sonic flow of Xe ions/atoms on an Al target,
R showing (a) the particle yield (i.e. the
60 average number of sputtered atoms per
incident particle), (b) the mean sputtered
40 atoms emission energy, and (c) the incident
2 particle backscattering probability.
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target debris surface), and (II) the corresponding yield at their low energy
(tens of eVs at most) is almost negligible.

2.4. Sheath solver and equivalent circuit of the shepherd spacecraft-debris
system

Two types of material objects are considered: dielectric and conduc-
tive. The former are characterized by a local wall potential, resulting
from the zero net current condition. The conductive objects, on the other
hand, are iso-potential and can be represented as a single node in the
equivalent electric circuit. A sheath model computes the boundary
electric current density at the walls of conductive objects, as a function of
their potential.

The equivalent circuit is shown in Fig. 3 for an IBS scenario, which
features two sub-circuits: the spacecraft and the space debris.

The spacecraft subcircuit is composed of the following conductive
objects: the last grid of both ion thrusters (ITT and ICT), the neutralizer
keepers, and the IBS ground, which consists of a cubic body, the ITT and
ICT cases, and the bottom face of the solar array (e.g. the dark face, the
illuminated face being modeled as a dielectric object, and, hence, not
shown in the figure). The space debris sub-circuit only features the debris
cubic body. As described in Ref. [16], the floating potential with respect
to a plasma reference node of both sub-circuits is obtained as the time
evolution of a capacitor voltage, in which the charging current is given by
the sum of the electric currents Iy reaching the walls of each object. For
the electric scheme of Fig. 3, this means that the IBS and target nodes
potentials, respectively ¢, and ¢, are obtained as:

5
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Finally, the other object potentials and the inter-object currents of
Fig. 3 are computed by solving the system of Kirchhoff laws for both
currents and potentials, as shown in Ref. [16].
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Fig. 3. Equivalent circuit of the IBS spacecraft-target debris system.
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2.5. Computation of the transferred force and torque to the debris

The estimation of the total force and torque transferred to the target
debris is of fundamental importance in the context of an IBS mission.
While the ratio between transferred force and ITT thrust determines
directly the technique efficiency, the transferred torque is necessary to
estimate the angular acceleration of the space debris. The present model
is able to refine former calculations of the thrust and torque [5, 7, 8, 9,
12, 13, 39], considering the contributions from (I) linear momentum of
impacting and emitted macro-particles (the latter contributing with a
recoil effect), (II) electron linear momentum, and (III) electric forces.
Therefore, the transferred force to a space debris surface element of area
dS is given by:

dF!argel = [pin 7pou[ - (pe + meneuiL)IL + gll }ds’ (2)

where p;, and p,, represent the linear momentum vector flux of
respectively the impacting and emitted macro-particles, 1, is the normal
unit vector, oriented towards the plasma, p. = n.T. is the electron
pressure, U, is the electron fluid velocity perpendicular to the wall, and
G is the electrostatic Maxwell stress tensor [40], with components o =

EiEj — éijEz /2. For conductive objects, the tangential electric field is zero,
so that5-1, = (1/2)eoE?1,, and the electrostatic force becomes normal
to the surface and directed towards the plasma.

The total transferred force can be obtained by summing the elemen-
tary contributions of Eq. (2), evaluated either at the material wall or at
the plasma sheath edge, with the same numerical result. In fact, a change
in the electron and ion momentum flux is compensated by an equal and
opposite variation of the electric force. At a negative material wall (with
respect to the plasma), the ion momentum flux (due to the sheath ac-
celeration) and the electric suction force (towards the plasma) are higher
than at the sheath edge, while the electron momentum flux is generally
negligible, as shown in Table 3.

Finally, the elementary torque with respect to the target center of
mass is computed as

Acta Astronautica 146 (2018) 216-227
dTlargel =rx dFlargeh (3)

with r representing the radius from the target center of mass to each cell-
face center.

3. Simulation results for the nominal IBS scenario

This section shows time-averaged values (over 100 time steps) of the
steady-state reached at the end of the simulation, and obtained with the
non-neutral solver. The electric potential ¢ relative to the IBS ground is
shown on three different sections in Fig. 4 (a) to (c).

The effects of CEX ions and emitted plume of the neutralizers are clearly
visiblein Fig. 4 (a) (y =0), whileFig. 4 (b) (x = 0) shows a more symmetric
distribution. The electric potential close to the metallic objects (IBS cubic
body, neutralizer, thruster cases, target debris and back faces of the solar
array) adapts locally to the wall potential, in a plasma sheath whose
thickness depends on the local plasma density and electron temperature. At
the debris surface facing the IBS, the plasma is dense enough to have a Debye
length much smaller than the cell size (2 mm versus 4 cm), so that the po-
tential drop occursin a thin sheath treated outside the PIC model (not shown
in the plot) and is smaller than the typical floating wall potential drop,
because the ions enter it with hypersonic velocities (the local Mach number
isaround 50 at the target debris). The back surface of the debris, on the other
hand, is clearly non-neutral and the sheath thickness is comparable with the
cell size. Fig. 4 (c) shows that the dielectric face of the solar array (y > 0) is
about 5 V positive with respect to the metallic face, which is grounded. Asa
consequence, the plasma sheaths are slightly thicker close the conductive
face, which therefore draws a positive net current (the dielectric face draws
zero net current).

The number density of several particle species of interest are depicted
in Fig. 5 (a) to (f). Fig. 5 (a) shows the singly-charged Xe ion density. This
is slightly above 105> m~ at the ITT exit and nearly 10'6 m~2 at the ICT
exit. A cloud of slow ions is produced by CEX collisions with a density
ranging from 10 m~3at the peripheral plume region to 10! m™3
radially outwards. The emitted Xe ions of the neutralizer finally

Fig. 4. Nominal scenario results: electric
potentials at (a) y = 0, (b) x = 0, and (c)
z = 0. All planes pass through the geometric
center of the satellite cubic body. The po-
tential is relative to the IBS ground. The
horizontal and vertical axes scales are
different.
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Fig. 5. Nominal scenario results: number
densities of (a) Xe" ions, (b) electrons, (c)
Xe" ions produced by CEX and ionization
collisions (zoomed view, close to the IBS),
(d) Xe neutrals produced by CEX collisions,
(e) Xe neutrals, and (f) sputtered aluminium
neutral atoms.

Fig. 6. Nominal scenario results at y = O:
(a) slow Xe™ ion vector flux (including ions
from both CEX and ionization, but not those
injected from the neutralizers), and (b) O™
ion vector flux. The vector flux direction is
shown by the arrows.
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introduce an asymmetry in the near-region plume properties. Fig. 5 (b)
shows the electron density. This presents a similar shape to that of the
singly-charged Xe ions, with a few important differences: (I) it drops
rapidly very close to the non-neutral IBS surfaces, (II) it is non-zero in the
peripheral plume far-region, and (III) it accomodates to the target debris
potential in the plasma wake region behind it. The negative charge of
these peripheral and plasma wake regions (ions are nearly absent there)
is compensated by the positive charge regions that surround the IBS, so
that the total net charge in the whole plasma domain is almost zero. Fig. 5
(c) shows the number density of ions produced by collisions in the plume
(mostly due to CEX, with a minor contribution of ionization). Peak
densities above 10'* m~> are reached close to the ITT and ICT thruster
exits, while the ions emitted by the neutralizers generate a potential
barrier that prevents this ion population from crossing over to the right
solar array, at least in the y = 0 plane. The fast CEX neutral density is
shown in Fig. 5 (d), reaches a peak value slightly downstream of the
thruster exit (nearly 10'3 m~3) and values around 10! m™ at the debris.
The Xe neutral density is shown in Fig. 5 (e) and presents values above
1017 m~3at the thruster exits, and above 104 m~>at the target debris
(due to ion recombination and neutral re-injection).

Fig. 5 (f) shows the sputtered Al atom density, which decreases from
almost 10'® m~3at the debris to much lower values around 103 m~3
close to the IBS surface, where it increases again due to the atoms diffuse
reflection. The corresponding particle flux is between 1 and 4-10'°
m~ 27! at the IBS front surface, and below 10'® m~2s~" at the solar array
faces (because of their orientation), with an average impact energy per
sputtered atom between 10 and 16 eV (refer to Fig. 2 (b)). Assuming that
all Al atoms are adsorbed (worst case for contamination), an average flux
of 2:10'® m~2s~1, and an IBS mission duration of 170 days with a sun-
light orbit fraction of 67%, a contamination layer with a thickness of
3.2 pm would form on all surfaces with a normal along z, enough to affect
their operation. Observe that the ambient O" flux for the considered

(a) j; (mA m™?)

(b) j; (mA m~2)

Acta Astronautica 146 (2018) 216-227

scenario is, at normal incidence, 3.75-10™ m~2s~?, thus negligible with
respect to the backsputtering flux.

The slow Xe™ (due to near-thruster collisions) and ambient O" vector
fluxes are shown respectively in Fig. 6 (a) and (b). The CEX ions tend to
deviate towards the IBS and radially outwards due to the ambipolar electric
field. The emitted ions of the neutralizer prevent these slow ions from
crossing over to the right solar arrays, just as observed in Fig. 5 (c).
Regarding the ambient O™ ions, the emitted plume of the ICT acts as a po-
tential barrier (5-10 V, as shown in Fig. 4 (a) and (b)) that prevents most of
them (which have kinetic energies of about 5 eV) from reaching the IBS
cubic body. Moreover, even if they tend to flow around the thin solar arrays,
the main plasma plume core of the ITT also rejects them. As a consequence,
only a negligible fraction of ambient ions finally hits the target debris.

The total ion current density (due to slow CEX and ambient ions) that
reaches the IBS surfaces is shown in Fig. 7 (a) to (d). The maximum
current density at the IBS front face (Fig. 7 (a)) is around 0.4 mA/m? and
is reached close to the neutralizer right corners (the equivalent CEX ion
flux is around 2-10' m~2s71). A similar shape characterizes the back
face of the IBS (Fig. 7 (b)), which features a generally larger current
density with a peak of more than 1 mA/m?, since the ICT mass flow rate is
larger and the ICT plume features a higher divergence (refer to Table 1).
The current flux to the solar arrays (Fig. 7 (c) and (d)) is 1 or 2 orders of
magnitude lower than on the front and back IBS faces, with peaks of
0.05 mA/m? on the array side close to the ICT. Moreover, the conductive
face of the solar array receives a larger current density, because of its
lower electric potential, which attracts a larger fraction of ambient and
CEX ions (refer to Fig. 4 (c)). Regarding the CEX ion impact energy, on
average, this is between 20 and 30 eV on the front and back IBS faces and
on the dielectric face of the solar arrays and between 25 and 35 eV on the
conductive face.

The electric potentials of the target debris and of the neutralized ITT
plume with respect to the IBS ground and the total ion current to the IBS
are provided in Table 2. In the nominal simulation, the target debris

Fig. 7. Nominal IBS simulation: total ion

0.6 10! 0.6 10! current densities to (a) IBS front face (the
one facing the debris), (b) IBS back face, (c)
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Table 2

Electric potential of target debris and neutralized ITT plasma plume (8 cm
downstream of the ITT thruster exit) relative to the IBS ground, and total
collected ion current by the IBS. Case A: non-nominal simulation with y = 1.25;
case B: non-nominal simulation with no ambient ions; case C: non-nominal
simulation with no collisions; case D: non-nominal simulation with an off-axis
target.

Nominal Case A Case B Case C Case D
Dplume (V) 26.3 22.9 26.3 27.8 26.3
Drarget (V) 9.7 9.9 9.7 11.2 9.5
I s (mA) 1.59 1.31 1.46 0.24 1.58
Table 3
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charges 9.7 V positive relative to the IBS ground, while the neutralized
plume (at the location where the electron temperature is fixed to 3 eV) is
floating at 26.3V (this is also known as the coupling voltage of the
neutralizer common, which is grounded). The total collected ion current
(due to CEX Xe' and ambient O™) is 1.59 mA.

Finally, the transferred force contributions are summarized in
Table 3. The predicted contributions for injected singly charged ions is
compared with the prediction of the self-similar EASYPLUME model,
generalized for non-isothermal electrons (y > 1) [11,12]. A particularly
good match is found, with the SSM underestimating slightly the trans-
ferred force (1 mN less). In the nominal case, the backsputtered atom
contribution is around 3% of the total transferred force, while the effect

The different contributions to the transferred force along z to the target debris, for the considered simulation cases. Case A: non-nominal simulation with y = 1.25; case
B: non-nominal simulation with no ambient ions; case C: non-nominal simulation with no collisions; case D: non-nominal simulation with an off-axis target. The
contribution of the injected Xe" ions for the nominal and off-axis target cases is compared with an SSM plume model prediction (given in parenthesis). All force

contributions are evaluated at the material wall of the target debris.

Contributions to the transferred axial force in mN

Nominal Case A Case B Case C Case D
Injected Xe ™" 28.8 (27.7) 29.0 28.8 28.9 22.5(21.2)
Injected Xe™" 1.07 1.11 1.07 1.07 0.904
Recombined Xe 2.67 2.70 2.67 2.66 2.08
Fast CEX Xe 0.170 0.173 0.173 0.0 0.147
Sputtered Al 0.934 0.941 0.933 0.934 0.739
Ambient O* 111078 1.3.10°° 0.0 2.0-107° 6.3-1077
Electrons 7.6:10° 8.1:10°° 7.7-1075 7.7-10% 21104
Electric field -9.9.107% -4.8107% -9.9.1073 -1.0-1072 - 8.41072
Total 33.6 34.0 33.6 33.6 26.3
Fraction of ITT thrust transferred to target 106.7% 107.9% 106.7% 106.7% 83.5%

(a) ¢ (V) , Case A

(b) ¢ (V) , CaseB

Fig. 8. Non-nominal simulation results at
y = 0: electric potential for (a) case A (y =
1.25), (b) case B (no ambient plasma ions),
and (c) case C (no collisions). (d) Back-
sputtering Al atom vector flux for case D
(off-axis target debris), with arrows indi-
cating the direction of the vector flux.
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of recombined Xe neutrals is around 8%. This last contribution is greatly
affected by the accommodation coefficient aw (here 0.98), which is
typically estimated experimentally and affected by large uncertainties
(values between 0.8 and 1 can be found in literature [34,35]). In
particular, the force transferred by recombined neutrals rapidly drops as
this coefficient approaches 1, being aw = 1 the most conservative case
(lowest force transmission). In this case, the neutral re-injection energy
drops from (1 — aW)Emp ~ 70 eV (in the nominal case, where aw = 0.98
and Eimp ~ 3600 eV considers the effect of both singly- and
doubly-charged ions) down to 2Tw = 0.0755 eV (perfect wall accom-
modation). The transferred force scales as the square root of the
re-injection energy (the re-injection flux is constant), so that it drops from
2.67 mN (nominal case) to approx. 0.09 mN (aw = 1). More generally, if
we neglect the wall temperature with respect to the re-injection energy,
the force contribution of recombined neutrals scales as /1 — aw.

The contributions of oxygen ions, surface electric fields and electron
pressure are finally all negligible. The total force transferred to the debris
is above the requirement of 30 mN (it is actually 33.6 mN), which, for a
total ITT simulated thrust of 31.5mN, corresponds to a fraction of ITT
thrust transferred to the target of 107% (above 100% due to the recoil
effect of recombined Xe and sputtered Al atoms). Finally, the torque is
negligible in the nominal case, being (1.51,4.55,0.08) pNm.

4. Sensitivity analysis results

In this section we study the sensitivity of the simulation results on
some of the simulation parameters and settings. To this purpose, the
following set of non-nominal simulations is considered:

e Case A: one simulation with y = 1.25 (versus the nominal y = 1.15)
to study the effects of the electron cooling rate.

e Case B: one simulation without the injection of ambient ions.

e Case C: one simulation without CEX and ionization collisions.

e Case D: one simulation with an off-axis target debris, in which the
target center of mass is displaced by +0.44 m along the x direction,
and —0.44 m along y.

The electric potentials of target debris and neutralized ITT plume and
the transferred force to the target for these 4 non-nominal cases are
shown respectively in Tables 2 and 3. Fig. 8 (a) to (c) then show the
electric potentials at y = O for cases A, B and C, while Fig. 8 (d) shows the
backsputtering particle flux for case D.

4.1. Effects of the electron cooling rate

A parameter of the model which has some uncertainty is the electron
polytropic coefficient y, in Teon 1. Although a more complex functional
dependence of the electron temperature on the electron density can be
considered, both fully-kinetic simulations, like those of Ref. [31], and
experiments suggest that the electron cooling can be reasonably
approximated by a polytropic law, with y € [1.1,1.3].

The comparison of the electric potential of the nominal case (y =
1.15, Fig. 4 (a)) with the non-nominal faster cooling rate case (y =1.25,
Fig. 8 (a)), provides important information on the effects of the electron
cooling in the plume. A faster cooling yields lower electron temperatures
in the expanding plume and consequently lower electric fields. Indeed, as
shown in Table 2, a higher electron cooling rate yields a lower difference
in potential between the emitting IBS and the neutralized plasma plume
(and equivalently, a lower coupling voltage between the neutralizer and
the plume). In particular the plume is 22.9 V positive relative to the IBS
ground, versus the 26.3V of the nominal case. Nevertheless, the IBS-
target debris relative potential does not change significantly (0.2V
variation), with the target remaining approximately 10 V positive.

The lower ambipolar electric field of the y = 1.25 case yields a
smaller fraction of slow ions backscattered towards the IBS, as shown in
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Table 2, where the total ion current collected by the IBS reduces from the
nominal 1.59 mA to 1.31 mA.

For what concerns the electron cooling effects on the transferred force
to the debris, Table 3 shows that a larger polytropic coefficient yields a
slightly larger transferred force to the target (+0.4 mN), because the
divergence angle of the emitted ions increases less along the expansion
than in the nominal case (smaller ambipolar electric fields). Therefore a
slightly larger fraction of emitted ions hits the target debris.

4.2. Effects of the ambient plasma

As shown in Fig. 6 (a) and (b), the IBS emitted plumes act as potential
barriers for the ambient plasma ions, so that a negligible fraction of them
actually reaches the target debris. For this reason, the simulation with no
ambient plasma presents the same transferred force to the debris, as
shown in Table 3. The absence of plasma ions reduces the collected ion
current by approximately 0.13 mA. This small difference in collected ion
current, however, does not affect importantly the neutralized plume
potential (relative to the IBS ground) or the neutralizer common coupling
voltage, which remains close to the nominal case value (+ 26.3 V).

Finally, referring to Fig. 8 (b), the electric potential of the no-ambient
plasma case drops more rapidly on the sides of the ITT plasma plume,
especially on the left side (where the potential is 2V lower approxi-
mately). The ambient ions effects are clearly negligible in the rest of the
domain.

It can be concluded that ambient ions only play a minor role: their
effect is negligible for what concerns the neutralizer coupling voltage and
the transferred force to the target, while their total flow to the IBS is
approximately 10% of that of the CEX ions, and is almost negligible with
respect to the contamination flux of sputtered Al atoms.

4.3. Effects of collisions

The backscattered slow Xe ions, generated by CEX or ionization,
represent the most important contribution to the IBS collected ion cur-
rent. In particular their contribution is one order of magnitude larger
than that of the ambient ions, as shown by the collected current of case C
in Table 2. The collected current, in fact, drops from 1.59 mA down to
0.24 mA.

The ions created by collisions in the plume also affect significantly the
neutralizer coupling voltage (or the neutralized plume potential with
respect to the IBS ground) and the relative target potential. As shown in
Table 2, the plume potential increases to 27.8 V when collisions are
neglected. This is because, in the absence of CEX ions, no active plasma
bridge between neutralized plume and IBS is active, so that the potential
difference is higher. Since the target debris potential with respect to the
plume is not affected significantly by the near-thruster collisions, the
debris potential relative to the IBS also increases up to 11.2'V.

The electric potential in this collisionless scenario (case C) is finally
shown in Fig. 8 (¢). The main differences with respect to the nominal case
(Fig. 4 (a)) are found on the left side of both thrusters, where the absence
of CEX ions is evident. On the neutralizers side, on the other hand, the
emitted ions mitigate the differences.

Regarding the transferred force to the target, collisions finally play a
negligible role, just as expected, given the low collisionality of the plume
plasma.

4.4. Effects of the space debris position

When the target debris is off-axis, the symmetry of the backsputtered
atom flux with respect to the z axis is lost, as shown in Fig. 8 (d).
Nevertheless, this loss of symmetry is almost negligible, at least close to
the IBS surfaces in the y = 0 plane, so that the contamination flux re-
mains almost unaltered.

The transferred force along z to the debris clearly reduces by 7 mN,
from 33.6 to 26.3 mN, since a larger fraction of plume ions misses the
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target. This corresponds to a fraction of ITT thrust transferred to the
target equal to 83.5%. Moreover, the transferred force presents non-
negligible components along x and y, being Fiargerx = 0.358 mN and
Fiargety = —0.362 mN. This lateral force is therefore destabilizing as it
pushes the target radially outwards, so that the relative position GNC
must counteract it.

Finally, the transferred torque to the target debris is no longer
negligible (except around the z axis): ( —2.82,-2.82,-6.73-10~%) mN
m. This produces an angular momentum build-up in 1 day of approx. 250
kgm?s~! per axis, which corresponds, for the considered target debris
mass and shape, to an angular velocity of approx. 0.3 rad/s. A continuous
and constant momentum build-up like this one would induce a rotational
velocity of more than 5Hz at the end of the considered IBS mission
(negligible fragmentation risk). Observe, nonetheless, that the relative
GNC control, which aims at aligning the ITT with the target center of
mass would greatly limit this momentum build up phenomenon.

5. Conclusions

This paper has presented a detailed analysis of a spacecraft-plasma
plume-debris interaction in an IBS active debris removal scenario, which
has been carried out with the EP2PLUS 3D hybrid code and has permitted
evaluating the effects of some of the critical phenomena affecting this IBS
technique. The following conclusions can be drawn.

Firstly, heavy species collisions (occurring mostly close to the thruster
exit) generate the well known cloud of slow charge-exchange ions, which
are backscattered towards to S/C by the local electric fields. The back-
scattered ion flux towards the S/C is highest on the back face of the IBS
(the one not facing the debris) since the impulse compensation thruster
always features a higher mass flow with a higher plume divergence with
respect to the impulse transfer thruster. For the mission geometry and
specifications considered here, the ion flux on the IBS front face is less
than half of the back face flux, while the peak ion current density is 0.4
and 1.0 mA/m? for, respectively, the front and back IBS faces. The ion
flux on the solar arrays depends on their orientation and, for the
considered scenario, is about 2 orders of magnitude smaller than on the
front and back IBS faces, with current density peaks of 0.05mA/m?.
Regarding the mean ion impact energy on the IBS surfaces, this is set by
the potential difference between the neutralized plasma plume and the
IBS ground (coupling voltage) and is between 20 and 35eV, a value
which should produce negligible surface sputtering, although the
confirmation of this statement is left to future studies.

Secondly, the flux of backsputtered aluminium, due to the impinge-
ment of hypersonic ions on the target debris surface, produces a non-
negligible contamination of the IBS front face. This has been evaluated
for an operational shepherding distance of 7 m, a cubic target debris
aligned with the plume axis and featuring no special surface covering or
finishing. Under such assumptions, an almost homogeneous flux above
10" m %! has been found at the S/C front face, which might
dramatically reduce the performance of sensors or solar panels, whose
normal is aligned with the debris direction. For the considered mission, a
contamination layer of up to 3 pm thickness (worst case scenario) could
form during the whole de-orbiting phase (lasting 170 days). Obviously,
this contamination flux can be reduced operating at larger distances, at
the cost of a lower transferred force. As a rule of a thumb, if the ratio
between transferred force and ITT thrust is maintained close to 100%
(e.g. by using a lower divergence thruster), the backsputtering flux
should reduce with the square of the operational distance, given the
nearly spherical expansion of sputtered atoms. Finally, backsputtering
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atoms impinge the IBS with energies between 10 and 16 eV, so that they
should also produce negligible sputtering effects.

Thirdly, the plasma plume of the impulse transfer thruster connects
electrically the IBS and the target debris, and determines the stationary
difference of potential between the two bodies. Since the target debris is
directly exposed to a dense plasma plume (contrary to the IBS, exposed to
more rarefied CEX and ambient ions), it generally features a higher po-
tential. For the considered scenario, the target debris charges about 10 V
positive, relative to the IBS.

Fourthly, the main contributors to the transferred force to the debris
are the singly-charged ions, followed by the recombined Xe neutrals, the
emitted doubly-charged ions and the sputtered aluminium atoms. For the
considered scenario, Xe™ accounts for 86% of the total transferred force,
while Xe™" for 3.2%, the sputtered Al for 2.8% and the recombined Xe
for 8.0%. It has also been shown that the recombined Xe contribution
strongly depends on the wall accommodation coefficient, which must be
determined experimentally, and becomes negligible in the conservative
case of perfect accommodation.

A sensitivity analysis has then permitted evaluating the effects of the
electron cooling rate, the ambient plasma ions, the heavy species colli-
sions, and an off-axis target debris position. The following has been
found:

1. The electron cooling rate in the plasma plume affects the electric
potential of the plasma relative to the IBS, but not the relative target
potential. Moreover, a higher polytropic coefficient yields a slightly
larger transferred force to the target, due to a smaller plume diver-
gence growth, and a lower CEX ion current collected by the IBS.

2. Ambient plasma ions present a minor contribution to the total ion
current collected by the IBS (approx. 10%), while the ITT plume
prevents most of them from hitting the debris.

3. CEX ions represent the dominant contribution to the IBS collected ion
current, and are an important factor in determining also the
neutralizer coupling voltage (or the potential of the neutralized
plume relative to the IBS ground).

4. An off-axis target position affects only slightly the backsputtered flux
on the IBS, although it also causes a significant reduction of the
transferred force, the onset of a lateral force, and a non-negligible
torque acting on the debris. Both our results and a recent study [7]
have shown that the lateral forces, originating due to an off-axis target
position, have a destabilizing effect, to be counteracted by the relative
position GNC.

Finally, future work shall focus on addressing the effects of some
phenomena and mission features that have not been included in this
study, such as: (I) non-rectangular and non-aligned space debris objects
(affecting both the transferred force and torque, and the backsputtered
atoms distribution), (II) Earth magnetic field (affecting the plasma plume
expansion), and (III) the sputtering damage on the IBS surfaces.

Acknowledgments

The research leading to the results of this paper was initiated within
the LEOSWEEP project (“Improving Low Earth Orbit Security With
Enhanced Electric Propulsion”) and received funding from the European
Union Seventh Framework Programme (FP7/2007-2013) under grant
agreement N.607457. Additional funding to complete the research has
been received by Spain's R&D National Plan, grant ESP2016-75887.

Appendix. Sputtered atoms generation and incident particles treatment

In the PIC module of EP2PLUS, the sputtering effects are considered to be the same independently of the impacting particle charge (be it singly-
charged, doubly-charged or neutral). Each impacting macro-particle produces a population of sputtered atoms with a total mass Amg; = m;WY,
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where m; is the elementary atomic mass of the target debris material, W is the number weight of the impinging macro-particle (number of elementary
particles), and Y the corresponding sputtering yield. The number of sputtered macro-particles and their weight are given by a population control al-
gorithm, described in Ref. [16], which maintains their number per cell within a desired interval. Regarding the velocity distribution of sputtered atoms,
this is assumed to be given by a semi-Maxwellian injection from a thermal reservoir (of zero fluid velocity and temperature E;/2), so that the probability
of injecting a sputtered macro-particle with a velocity v goes as [33]:

2
fs(v)ochexp( — mEsv ), 4

s

where v, is the emission velocity normal component with respect to the material surface. This is a clearly a simplifying assumption, because the
distribution can be asymmetric with respect to the surface normal, and generally depends on both the impact angle and the principal directions of the
sputtered material lattice [36, 37].

Coming to the impinging particle, of elementary mass m, it can either be quickly backscattered (with probability py,) or suffer a partial/complete
accommodation process. If the macro-particle is backscattered, it is specularly reflected with a reduced energy

E, = (1 - CH)ES +C (Ei - YES), %)
with
5
Q; — Apin
= Lt/Z — ami“} ’ ©)

where f is an empirical coefficient (determined from either SRIM/TRIM simulations or experiments), and i, is the minimum impact angle that yields a
non-zero backscattering probability (in the simulations of Sec. 3, f = 4 and apin ~ 50 deg). Eq. (5) contains the most important dependencies of the
backscattered particle energy. As a;—n/2 (parallel incidence), and hence C—1, the particle tends to conserve most of its kinetic energy E;, since it

barely enters the material lattice. Nevertheless, it loses some energy due to having produced the sputtered atoms, that is YEs. Secondly, as a;— min, the
particle tends to be backscattered with the same energy as the rest of the sputtered atoms. This approach is another simplification of the real physics for
two reasons: (I) the actual backscattering direction does not coincide exactly with the specular reflection direction (but it is narrowly distributed around
it), and (II) the backscattered particles, of a given impact energy and angle, have some energy spread, rather than a single energy, as considered here.

If the macro-particle is not backscattered within the first atomic layers, it enters deeply the material and suffers a large number of collisions with the
lattice atoms. As a result, it gradually reaches a thermodynamic equilibrium with the wall, at temperature Ty, and, if it is an ion, it also recombines with
a wall electron. Once it is finally re-emitted, the particle kinetic energy is, on average:

E, = aw2Tw + (1 — aw)E;, @)

where ay is an energy accommodation coefficient [33-35], controlling the degree of accommodation (1 for a perfect accommodation), and E; is the
mean impact energy of the impacting particle population. Finally, the re-injection probability follows Eq. (4) with the substitutions Es—E; and ms—m.
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