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Abstract

The “ion-beam shepherd” (IBS) is a contactless active space debris removal

technique, also applicable to asteroid deflection. In the design of an IBS mis-

sion many constraints need to be considered, which involve multiple trade-offs.

These constraints can be expressed analytically as a function of certain design

parameters, and conveniently displayed in a two-dimensional parameter space

or design space. This construction yields a “matching chart”, which effectively

provides a feasible design envelope, and enables to find graphically a suitable

design point that satisfies all applicable operational constraints simultaneously,

thus providing a powerful tool tailored for the preliminary design of an IBS

mission.

Keywords: Ion-beam shepherd, active space debris removal, preliminary

design, design envelope

1. Introduction

Space Debris is a growing concern for the safe exploitation and utilization of

space, as the population of spaceborn objects in the vicinity of the Earth keeps

steadily increasing [1, 2]. In order to guarantee the sustainability of space as a

resource for humanity, many efforts are being targeted at mitigating the space5

debris problem, which has resulted in an internationally agreed set of regulations
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and guidelines [3, 4]. However, the large number of objects already in orbit and

the predicted growth rate of the space debris population suggests that the latter

measures will need to be complemented with Active Debris Removal (ADR)

initiatives [5, 6, 7, 8, 9]. For the last decade ADR has been actively considered10

and a variety of novel ADR concepts have been devised, many of which are

currently under development; Reference 10 provides a review and comparison

of existing technologies on active space debris capturing and removal, along with

an exhaustive list of relevant bibliographic resources.

Among ADR methods, the Ion Beam Shepherd (IBS) concept has emerged15

as a very promising technique for active space debris removal[11], as well as for

asteroid deflection purposes [12, 13]. The concept relies on exploiting the mo-

mentum transmitted by a collimated beam of quasi-neutral plasma impinging

against a target object, where the beam is generated by an ion thruster. Em-

barking a secondary thruster device onboard the IBS allows to maintain nearly20

constant the separation distance with respect to the target. The key advantages

of this concept are[14]: i) it is a contactless method, so there is no need to dock

or berth with a non-cooperative target, thus increasing the safety of operations;

ii) the concept works independently of the target shape, material or rotation

state; iii) it is reusable up to complete fuel depletion, thus enabling multi-target25

ADR missions; iv) the momentum transfer is very efficient due to the use of high

specific impulse propulsion systems; and v) is based on mature and space-tested

electric propulsion technology, with a high technology readiness level (TRL).

Although in principle conceptually simple, the IBS approach involves many

interesting engineering challenges from the viewpoint of the dynamics and con-30

trol. Additionally, many of the working principles of the concept, such as

plasma-target interaction, the efficient momentum transfer and the controlled

and reliable contactless deorbiting (or reorbiting) of a target object, need to be

thoroughly tested and validated. Although some of these aspects could be ef-

fectively tested on ground, others cannot be properly reproduced and validated35

except in space, such as the dynamical and plasma environment in low-Earth

orbit, or the correct functioning of the close range navigation and control algo-
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rithms in a real scenario. For that purpose, an in-orbit demonstration mission

will eventually be imperative for increasing the TRL of the IBS concept; i.e. a

change in altitude of a spaceborn object has to be clearly demonstrated.40

The conception of such a space mission entails, among other things, the

preliminary design of an IBS spacecraft. The authors have addressed this task in

recent years through various research projects[15], where the difficulties involved

in the design of such a non-conventional and purpose-specific spacecraft became

evident. Hence, the preliminary design methodology presented in this article45

was developed as an answer to this necessity and stems from the experience

earned in so-doing. This methodology exploits the particular needs of an IBS

mission and breaks from other approaches considered in the literature for the

general problem of preliminary spacecraft design[16, 17, 18, 19], by offering a

simpler and specifically tailored preliminary design solution for an IBS mission.50

The design of an IBS mission involves various factors that need to be taken

into account. These include considerations such as the onboard power availabil-

ity, the thrust parameters of both the primary and secondary thrusters (thrust,

divergence angle, specific impulse, ...), collision avoidance concerns, backsput-

tering contamination, mission lifetime, and a long etcetera. A trade-off involving55

all the aforementioned considerations should result in the selection of the design

parameters, the most important of which are possibly the separation distance

between the IBS and the target object, and the preliminary design of the main

parameters of the propulsion and power subsystems.

The specific optimization of IBS subsystems has already been looked at, as60

by Cichocki et al. [20] who studied the optimization of the electric propulsion

subsystem for an IBS mission. The latter study aimed at finding the optimal

design points of both involved thrusters, whose design was not fixed a priori; in

contrast, this article aims at the system-wide design of an IBS mission, assuming

both thrusters are already selected (yet allowing to iterate for different choices65

of thrusters). However, Ref. [20] does not consider the interaction with non-

propulsive mission constraints. In fact, the system-level optimization of an IBS

mission has not yet been addressed in the literature. A fundamental first step
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towards that goal is to have a reasonable initial guess to start the optimization

process, i.e. an initial or preliminary design, for which approximate but quick70

techniques may be useful.

In the field of preliminary aircraft design, the thrust-to-weight ratio versus

wing loading diagram is a paradigmatic example of the matching chart concept.1

This diagram provides a convenient graphical representation of the operational

limitations of the aircraft within the design space, shows the feasible design con-75

figurations and enables the selection of a suitable design point, and has become

a standard tool for aircraft preliminary design[21]. Interestingly, this design en-

velope or matching chart concept can be conveniently extended to be applicable

for the preliminary design of an IBS mission. For this end, graphical methods

prove to be a powerful and intuitive tool to highlight the functional dependen-80

cies between various operational constraints, make a quick assessment of the

current design, and if needed, provide guidelines to refine the design through

successive iterations. At the preliminary design phase, the nominal operation

point of the IBS mission must be wisely selected to comply with the various oper-

ational constraints and technological limitations that may apply, many of which85

are typically competing factors that require well-balanced trade-offs. These re-

lationships between the many design parameters can be graphically displayed

in an appropriate parameter domain that results in a low-dimensional design

space, where system-level inter-dependencies can be easy interpreted and un-

derstood at a glance. Setting a nominal operation point in the design space is90

therefore equivalent to characterizing an IBS mission by fixing the main design

parameters such that all relevant mission constraints are fulfilled; then, an it-

erative optimization process can follow to refine the preliminary design until a

frozen configuration is reached, ultimately leading to the low-level design of the

various subsystems.95

The remainder of this article is organized as follows: In Section 2 the IBS

1The flight envelope, i.e. airspeed versus load factor diagram, is another archetypal example

of a matching chart in aerospace engineering.
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concept is briefly explained, the fundamental working principles are detailed

and the basic equations are stated. In Section 3 the matching chart or design

envelope of an IBS is introduced and a set of constraints is presented, which cor-

respond to the limitations and boundaries imposed by individual subsystems or100

operational restraints. Section 4 presents an application example where the de-

sign envelope methodology is used for the preliminary design of an IBS mission.

Finally, Section 5 covers further discussion on the use of the design envelope,

and Section 6 summarizes the main conclusions.

A companion software application is provided along with this article, which105

implements the design procedure and algorithms presented herein in a Math-

ematica interactive Computatable Document Format under the GNU GPL v3

license. This code is available at http://sdg.aero.upm.es/ONLINEAPPS/IBS_

Design.

2. The Ion-Beam Shepherd Concept110

An IBS satellite makes use of an onboard electric thruster to direct a plasma

beam against a target object, typically a piece of space debris. As illustrated in

Figure 1, the ion beam interacts with the target exerting a net surface force upon

it, and thus transmitting a momentum to it. Consequently, the target object

experiences an acceleration, which can be used to remotely displace the target,115

and potentially deorbit or reorbit it. In the general case, the target does not

capture the totality of the plasma emanated from the thruster, since the plasma

plume expands downstream and the target eventually receives only a fraction

of the total momentum. Thus, the momentum transfer efficiency, ηB , is defined

as the fraction of momentum captured by the target, or equivalently the ratio120

between the net force acting upon the target and the net force produced by the

thruster. The thruster used to transmit momentum to the target is hereafter

referred to as primary thruster or momentum transfer thruster. Thus, if F1 is

the force transmitted by the primary thruster, then ηB F1 is the actual force

exerted upon the target.125
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Figure 1: Illustration of an ion-beam shepherd deorbiting an upper stage.

The force F1 also reacts upon the IBS satellite repelling it away from the tar-

get. Hence, if the IBS-target separation is to be maintained bound, a secondary

thruster, a.k.a. thrust compensation thruster, will be needed to counteract this

drift. This thruster exerts a force F2 upon the IBS, which opposes that of the

primary thruster, such that the net force upon the IBS is F2−F1. It is assumed130

that both the IBS and the target nominally follow the same quasi-circular orbit,

and thus under the Clohessy-Wiltshire approximation their relative motion is

rectilinear and these net forces always act tangentially to the orbital velocity.

2.1. Relative Orbital Dynamics

In a deorbiting mission the IBS must be ahead of the target object, so135

the momentum received by the latter decelerates it and moves it into a lower

altitude orbit following a quasi-circular trajectory. If all external perturbations

are neglected, the relative acceleration upon the target, aT , is solely due to the

ion-beam interaction, and satisfies

aT = ηB
F1

mT

where mT is the mass of the target object. Equivalently, the relative acceleration140

upon the IBS produced by the difference in thrust between the primary and

secondary thrusters is

aS =
F2 − F1

mS
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where mS is the mass of the IBS spacecraft.

Nominally the IBS needs to follow the target object maintaining a constant

separation distance, therefore both accelerations must coincide, aT = aS . This145

yields a relation between the momentum transfer efficiency, ηB , and the thrust

values of both thrusters. Isolating F2, this relation may be written as

F2 = F1

(
1 + ηB

mS

mT

)
(1)

and it becomes evident that F2 > F1 during the deorbiting operation. Also,

both thrusters are assumed to provide a constant thrust, whereas the momen-

tum transfer efficiency depends mainly on the debris center of mass location150

relative to the shepherd.

2.2. Plasma Plume and Momentum Transfer

The far-field expansion of the plasma plume of a thruster has been exten-

sively studied (see Ref. 22 and references therein). An element of vital impor-155

tance is the interaction of the ion beam with the target object and the quantifi-

cation of the momentum transferred to the target. This interaction is extremely

complex to model accurately [23, §3], but approximate expressions will do for

the purpose of preliminary design. Under the simplifying assumptions of a con-

ical plasma plume (i.e. neglecting electron pressure effects) and a spherical160

target body placed along the centerline of the plasma plume, Bombardelli et al.

[24, 14] proposed the following exact analytical solution (cannonball model) for

the momentum transfer efficiency:

ηB (ρ) ' 1− exp

(
−3R2

T

(ρ2 −R2
T ) tan2 ϕ

)
(2)

where ρ is the nominal separation distance of the target relative to the shepherd,

ϕ is the divergence of the plasma plume, and RT is the radius of the spherical165

target body (or the radius of an equivalent sphere in the case of non-spherical

objects). Note that this equation assumes isothermal electrons, which is a con-

servative assumption, since it yields a higher divergenge increase than for a more

realistic polytropic electron fluid.
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The angle ϕ is not constant as the plume tends to deviate from a cone owing170

to thermal effects that translate into electron pressure effects; this can be taken

into account by the relation

tanϕ ≈
√

tan2 ϕ0 + ε2 ln
(
ε
ρ

R

)
where ϕ0 is the initial divergence at the exit of the thruster and

ε =
12 qe Te
I2sp g

2mi

quantifies the influence of the temperature Te (eV) of the beam neutralizing

electrons, measured at a reference beam cross-section of radius R, on the far-175

field beam divergence. In the above equation Isp is the thruster specific impulse

(measured in seconds), qe is the electron charge, g = 9.81 m s−2 is the sea level

gravity and mi the ion mass of the propellant.

Alpatov et al. [25] proposed a more sophisticated model capable of esti-

mating the force transmitted to a body of arbitrary shape, which needs to be180

evaluated numerically and depends on the attitude of the target object. Also,

Cichocki et al. [26] have recently proposed a fully numerical model, where both

the plume simulation and the interaction with the target debris is numerical and

attitude/shape dependent. In practice, however, Eq.(2) proves both convenient

and sufficient for the purpose of preliminary design.185

2.3. Power and Propulsion System

The overal performance of an electric space propulsion device (typically an

ion thruster or Hall effect thruster) can be characterized from its thrust, F ,

and flow rate, ṁ. Throtability is a common feature of modern thrusters, so

these propulsive magnitudes can vary with the regime of operation, which is

ultimately controlled by the electrical power supplied to the thruster, P . The

selection of the thrust and flow rate as control parameters proves convenient

since theoretically both vary linearly with the electrical input power (assuming

grid voltage and other parameters remain constant), as illustrated in Figs. 2a
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and 2b. Indeed, experience shows that thrust can be reliably modeled with a

linear law of the power, whereas there is a benefit in adjusting the mass flow with

a quadratic fit instead, as this yields a better correlation with experimental data,

despite the quadratic term being typically very small. Hence, in the following

we shall assume that the thrust and flow rate of each thruster can be modeled

as

F (P ) = α+ β P (3)

ṁ(P ) = α′ + β′ P + γ′ P 2 (4)

where the polynomial coefficients are fit parameters that can be estimated from

mathematical models or measured experimentally. In particular, α and β can

be inferred from the lower and upper working limits of the thruster; i.e. if

the thrust F ∈ [Fmin, Fmax] and the power P ∈ [Pmin, Pmax] supplied to each

individual thruster are known, then

α = Fmin

(
1− Fmax/Fmin − 1

Pmax/Pmin − 1

)
, β =

Fmax − Fmin

Pmax − Pmin

If the flow rate is assumed linear, then γ′ = 0 and coefficients α′ and β′ can

be obtained analogously. In most cases, such simplification yields fairly small

errors (see Fig. 2b) and might therefore be a reasonable hypothesis for pre-190

liminary design purposes while also simplifying the forthcoming mathematical

derivations.

Another meaningful parameter related to the propulsive performance of a

thruster is the specific impulse, Isp, which is related to both the thrust and the

flow rate by means of195

F = ṁ Isp g (5)

From Eqs. (3-4), the specific impulse can be expressed as a function of the power

supply as

Isp(P ) =
α+ β P

g (α′ + β′ P + γ′ P 2)
. (6)

Note that Isp is a non-linear function of the input power (see Fig. 2c). Inter-

estingly, since Eq. (3) is linear, it can be easily inverted to provide the input
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(b) Flow rate: ṁ(P ).
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(c) Specific impulse: Isp(P ).
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(d) Thruster efficiency: ηT (P ).

Figure 2: Performance curves for NSTAR thruster at standard temperature and pressure [27].

Both linear and quadratic fits are displayed for F and ṁ. For Isp and ηT , the approximations

are not fitted to measurements but instead computed from Eqs. (6) and (8) respectively, and

two approximations are shown: one relying on linear fits of the thrust and mass flow, referred

to as ’Linear-Linear Fit’ (dashed line), and another where a quadratic fit is assumed for the

mass flow (γ′ 6= 0), referred to as ’Linear-Quadratic Fit’ (solid line).

power as a function of thrust, i.e. P = (F −α)/β, which allows to alternatively200

express the specific impulse as a function of thrust:

Isp(F ) =
β2 F

g [β2α′ + β β′ (F − α) + γ′ (F − α)2]
. (7)

Yet another relevant propulsive magnitude is the overal thruster efficiency,

ηT , which measures the fraction of the electrical energy supplied to the thruster

that gets effectively converted into useful kinetic energy imparted to the spacecraft[14],

10



i.e.205

ηT P =
1

2
g Isp F.

Using Eqs. (3-6) the thruster efficiency can be expressed as a function of the

input power:

ηT (P ) =
(α+ β P )2

2P (α′ + β′ P + γ′ P 2)
. (8)

Equally, the thruster efficiency can also be expressed as a function of thrust

by inverting Eq. (3). Note that ηT is also non-linear, yet Eq. (8) yields a fair

approximation throughout the operation domain of the thruster (see Fig. 2d).210

Note that the quadratic fit for the mass flow rate (γ′ 6= 0) provides only a

marginal improvement in Fig. 2b, but this quadratic term enables to capture

higher order non-linearities in derived quantities such as the specific impulse

(Fig. 2c) or the overall thrust efficiency (Fig. 2d), as compared to the linear fit

(γ′ = 0).215

An IBS spacecraft will require that primary and secondary thrusters provide

a different thrust magnitude, as deduced from Eq. (1). In the following, the

study can be conveniently (yet realistically) simplified by assuming that both

thrusters of the IBS are physically equal (i.e. parameters α, β, α′, β′ and γ′

are the same for both thrusters), but operate at different power levels. Thus,220

hereafter we shall assume the primary thruster operates at a power level P1

and the secondary thruster operates at a power level P2, so each thruster will

provide a different thrust, specific impulse and thruster efficiency. Consequently,

Eq. (1) has its counterpart in terms of electrical power, which dictates at what

power level the secondary thruster must operate in order to maintain a constant225

relative distance between the shepherd and the target:

P2 = P1 +

(
α

β
+ P1

)
ηB

mS

mT
. (9)

It is worth noting that assuming physically equal thrusters is, from a sys-

tem level perspective, a reasonable assumption for the purpose of a preliminary

design. However, using equal thrusters for both impulse transmission and com-

pensation is suboptimal from the viewpoint of the Power and Propulsion System,230
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Figure 3: Schematic break-down of the power budget of an IBS spacecraft.

since as shown in Ref. [20] the optimal solution would require a very high Isp

impulse transfer thruster, and a relatively low Isp secondary thruster, in order

to reduce the overal power requirement (and thus the spacecraft mass) for a

given separation distance and mission time.

A particular feature of an IBS spacecraft is that it simultaneously operates235

two main thrusters, which imposes a high demand of power supply onboard the

spacecraft. Hence, the propulsive system will require an overal energy supply,

PPS, which encompasses the energy necessary to operate both, the primary and

secondary thrusters, i.e.

ηPPU PPS = P1 + P2

where ηPPU represents the power and propulsion unit conversion efficiency and240

is typically constant (a value of ∼ 0.9 can be inferred from Ref. [27]). The

former equation can be combined with Eq. (9) to provide the actual electrical

power supplied to the propulsion system as a function of the power supplied to

the primary thruster:

PPS(P1) =
2P1

ηPPU
+

(
α

β
+ P1

)
ηB
ηPPU

mS

mT
. (10)

Alternatively, the power supplied to the propulsion system can be expressed as245

a function of the thrust of the primary thruster:

PPS(F1) =
F1

β ηPPU

(
2 + ηB

mS

mT

)
− 2α

β ηPPU
. (11)

Finally, it has to be taken into account that an IBS spacecraft will need to

supply electrical power to many other onboard systems besides the propulsion

system. Thus, the power budget will need to accomodate a higher energy de-

mand to keep the spacecraft running. For short, the total power supply onboard250
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an IBS needs to be

PTotal = PPS + Pother

where Pother represents the combined actual energy demand of all other subsys-

tems onboard the shepherd satellite. This power budget can be used to size the

solar arrays and estimate the size of the shepherd spacecraft. Figure 3 displays a

schematic break-down of the onboard power budget throughout different levels255

of the subsystems of an IBS spacecraft.

2.4. Spacecraft Mass

The total mass of the shepherd spacecraft, mS , is a key parameter for the

preliminary design of an IBS mission, since it impacts the spacecraft dynamics260

and the relative orbital motion, which consequently imposes requirements upon

the propulsion system, and ultimately affects the power budget, which links

to the shepherd spacecraft sizing and its mass. Hence, it is a parameter whose

influence spans throughout the design at all levels, and is one of the main outputs

of the preliminary design process.265

The power and propulsion system, including the propulsion plant and pro-

pellant tanks, solar arrays, batteries and auxiliary energy conversion and man-

agement systems, will need to be sized according to the total power budget

computed in the preceeding subsection, also accounting for the degradation of

these elements over the mission lifetime. The same is true for other subsys-270

tems (e.g. thermal, attitude & orbit control, structure, ...), which also need to

be sized proportionally to the spacecraft mass, and are thus influenced by the

power demand. Therefore, the mass of the spacecraft bus ultimately correlates

with onboard power requirements, and experience shows that this correlation is

roughly linear with the total power budget. Thus, a simple, yet effective sizing275

law provides the following estimate for the shepherd spacecraft mass[14]

mS ' αP · PTotal,max +m0 +mprop +mprop,RCS (12)
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where αP is the inverse specific power (in kg kW−1) and PTotal,max is the max-

imum total power for which the shepherd needs to be sized. m0 is the constant

term of the linear approximation to the dry mass of the spacecraft, which to

a big extent (but not solely) accounts for the structure mass, so it might be280

conceptually useful to think of it as essentially the platform mass; it is in any

case a known quantity for the designer. mprop is the mass of propellant for the

main thrusters, which needs to be estimated based on the mission duration, and

mprop,RCS is the propellant mass spent by the reaction and control system to

maintain the coorbiting formation throughout the mission, and can be roughly285

estimated as a fraction of the former. More refined sizing guidelines exist for

individual spacecraft subsystems, as shown in Ref. 16, but the simple law of

Eq. (12) suffices for the purpose of this study.

The propellant mass for each thruster can be estimated from integrating

Eq. (5), which yields290

mprop =
F (1− χ) ∆t

Isp g

where ∆t is the mission lifetime and χ is the eclipse fraction, i.e. the fraction

of the orbital period where the spacecraft is in eclipse; this assumes that main

thrusters do not operate during eclipses since the power availability is limited.

When both thrusters are considered, each operating at a different power level,

the total propellant mass yields295

mprop =
F1 (1− χ) ∆t

g Isp,1

[
1 +

Isp,1
Isp,2

(
1 + ηB

mS

mT

)]
. (13)

Thus, by virtue of Eq. (13) and the relations (1-2), the propellant mass is

ultimately a function of F1 and ρ, and therefore, so is the spacecraft mass,

mS . However, electric thrusters have a high specific impulse, and thus in prac-

tice the propellant mass only accounts for a small fraction of the total mass of

the shepherd; consequently, disregarding the aforementioned dependence proves300

advantageous, and one can find an estimate for mprop which remains fixed re-

gardless of the values of F1 and ρ. A fair simplifying assumption is to consider

that the specific impulse is roughly equal for both thrusters. Therefore, in order

to obtain a conservative estimate, we shall assume that both thrusters operate
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at their maximum power level, where the mass flow is maximum, and it can also305

be assumed that ηB ' 1. Yet a final remark is that in Eq. (13) the propellant

mass is expressed as a function of the total shepherd mass, mS , which depends

on mprop through Eq. (12), and thus Eq. (13) is implicit in mprop. Although an

explicit relation can be found for mprop combining Eqs. (12-13), for the sake of

simplicity, one can just disregard the contribution of the propellant mass in the310

right-hand side, which yields the following estimate:

mprop '
Fmax (1− χ) ∆t

g Isp(Pmax)

(
2 +

αP · PTotal,max +m0

mT

)
. (14)

Since this is already a conservative estimate, it might not be necessary to ac-

count for additional margins.

2.5. Backsputtering Contamination315

The IBS points a stream of plasma directly towards the target object. The

interaction between the incident particles emanating from the thruster and the

solid surface of the target object can give rise to many different phenomena,

which will be determined by the kinetic energy of the incoming particles; typ-

ically, the sputtering phenomenon will be the predominant outcome of this in-320

teraction.

Physical sputtering is an atomic scale process that can occur if the incident

particle (ion) can transfer sufficient energy to a surface or bulk target atom

to overcome its bulk displacement energy and/or its surface binding energy.

The erosion due to physical sputtering is described by the sputtering yield, a325

statistical variable defined as the mean number of atoms removed from a solid

target per incident ion[30]. The modeling of sputtering yield is very complex and

depends on the incidence angle, energy of incident ions, and properties of both

ion and target materials. Furthermore, the flow of material backsputtered from

a surface has a strong directionality, described by the differential sputtering330

yield[31]. Thus, the calculation of the backsputtering flow between complex

geometries typically needs to be modeled numerically.
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Figure 4: Simulation of backsputtered recoil flux performed with the in-house developed IBIS

software [28, 29]. The strong dependence of the sputtering yield with the ion incidence

angle, combined with the strong directionality of the spatial sputering recoil flux, results in

the displayed backsputtering distribution, with maxima placed at the spacecraft and closely

matching the perpendicular directions to the ion beam axis. The simulation considers an

aluminum sphere of 1.5 m radius and a 30 mN thruster with an Isp of 3400 s.

As illustrated in Figure 4, the backsputtering flow upon the IBS can po-

tentially contaminate sensitive surfaces, like solar arrays or optical sensors, and

thus limit the lifetime of the mission[28]. The backsputtering contamination335

can be assessed by estimating the cumulative backsputtered material flux that

crosses through a prescribed reference surface located on the IBS spacecraft.

Under the assumption of a conical plasma plume and a spherical target body

of radius RT located at a distance ρ along the centerline of the plasma plume

(see Figure 4), the backsputtering flux through the center of the IBS can be340

approximated by

Φ (F1, ρ) ' φ tanhσ(F1)
R2
T

[(
6ρ2 −R2

T

)
tan2 ϕ− 3R2

T

]
ρ6 tan3 ϕ

(15)

This approximation is valid for RT /ρ� 1, where φ and σ are fitting parameters
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Figure 5: Contour lines of constant deposition rate of backsputtered material for a 1.5 m

radius spherical aluminum target. Black solid lines are values simulated with IBIS [28, 29].

Red dashed lines are obtained from the analytical approximation.

that depend on the thruster characteristics, the plasma characteristics and the

target object shape and material. A full derivation of Eq. (15) is presented

in Appendix A . For a typical xenon thruster with ϕ = 15◦, F = 5 mN to345

30 mN, Isp = 2550 s to 3400 s, and an aluminium target surface, these parameters

roughly take the values: φ ≈ 1/145 kg m−2 s−1 and σ ≈ 6/5. Figure 5 illustrates

that the analytical approximation of Eq. (15) performs notably well even at

relatively close distances to the IBS spacecraft.

Dividing Eq.(15) by the density of the target object material, %T , the back-350

sputtering flux can be translated into an equivalent deposition rate of the back-

sputtered material. Thus, the growth rate of the thickness h of the backsput-

tered contaminant layer deposited on a virtual reference surface located at the

center of the IBS is given by

ḣ (F1, ρ) =
Φ (F1, ρ)

%T
(16)

As a consistency check for the validity of the presented analytical model,355
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Ref. [26] predicts a contamination layer of 3 µm in 170 days for a cubic aluminum

target object placed at 7 m and a thrust of 30 mN, whereas Fig. 5 provides

6-7 µm (40 nm/day during 170 days). This difference is not only attributable

to the different models considered, but also to the different shape of the target

object (the incidence on a cube is always normal and thus the average particle360

yield is lower), and therefore consistent, despite the simplifying assumptions of

our analytical approximation.

Note the interaction of the backsputtering flow with the plasma plume is

omitted. Also, placing the virtual reference surface at the center of the IBS

yields an upper bound to the backsputtering contamination, which provides365

highly conservative estimates of the contamination upon other areas of the IBS

spacecraft. Consequently, evaluating the backsputtering contamination off the

IBS-target centerline would substantially decrease (up to orders of magnitude)

the value of the fitting parameter φ. Therefore, the location of sensitive surfaces

of the shepherd spacecraft must be selected based on the incoming backsputter-370

ing flow, i.e. they need to be placed where φ is sufficiently small to withstand

the mission duration. Another immediate implication of Eq. (15) is that the

best way to mitigate the contamination issue is to increase the target-shepherd

separation distance while trying to reduce the beam divergence, in order not to

compromise the momentum transfer efficiency.375

2.6. Mission Lifetime and Orbital Decay Rate

The lifetime of an IBS mission also imposes constraints to the design. If an

IBS mission is designed to deorbit (or reorbit) a given object, then the mission

lifetime, ∆t, is essentially equal to the actual deorbiting (or reorbiting) time,380

plus the time the shepherd is in eclipse and cannot operate the thrusters due to

a limited power availability. Under the assumption of quasi-circular orbit and a

constant deorbiting force directed along the tangent to the orbit, the deorbiting

time is[11]

∆t (F1, ρ) =
mT
√
µ

ηB(ρ)F1(1− χ)

√
r0 −

√
rf

√
r0 rf

(17)
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where µ is the gravitational parameter of the Earth, χ is the eclipse fraction,385

r0 is the initial orbital radius and rf is the final orbital radius of the deorbiting

phase. Note that swapping r0 and rf in Eq. (17) yields the reorbiting time. The

eclipse fraction can be computed as

χ =
1

π
arcsin

(
REarth

r

)
where REarth is the Earth radius and r is the instantaneous orbital radius; a

conservative value for χ can be estimated by taking r = min(r0, rf ). Note,390

however, that the eclipse fraction depends on the orientation of the orbital

plane; in particular, the former eclipse formulation corresponds to the worst

case scenario on which the orbital plane contains the anti-sun direction, while

certain Sun-synchronous orbits have no eclipses.

Another concept linked to the mission lifetime is that of the decay rate (or395

conversely, the ascent rate), ṙ, which under the aforementioned hypotheses can

be aproximated as[14]

|ṙ| ' 2
ηB F1

mT

√
r3

µ
. (18)

Typically, an IBS mission would aim to deorbit more than a single object

throughout the mission. Hence, in a multi-target IBS mission the shepherd

would first rendezvous with an object, deorbit it, then reorbit itself to ren-400

dezvous with the next target object to be deorbited, and so on.

3. Design Envelope of an IBS

The design envelope or operational envelope of an ion-beam shepherd mis-

sion will be delimited by the domain of definition of its key design parameters,

where these take feasible values and satisfy all applicable constraints regarding405

the IBS-target relative orbital motion, control, power and propulsion system

characterization and other criteria. In order to identify these functional con-

straints, it is of the uttermost importance to: 1) identify the main variables

involved in the description of the dynamics or the characterization of the rele-

vant subsystems; 2) select the most appropriate or meaningful of these variables410
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as the design parameters; and 3) set the boundaries or operational limits where

the IBS operations are feasible and safe. These constraints, mapped in the do-

main of the design parameters (i.e. the design parameter space), will provide

the design envelope or matching chart, i.e. the range of the design parameters

where the mission concept is viable or realizable.415

From the set of variables explicitly involved in the dynamical description

of the IBS-target relative dynamics and the characterization of the power and

propulsion system, it will suffice to pick up two of them as the main design

parameters, thus creating a suitable two-dimensional design space. The choice

of the design parameters should be based on their relevance for design purposes,420

i.e. varying these variables along their range of definition should transcend

into meaningful variations of the IBS mission concept that are insightful for

the designer. After exploring combinations of the aforementioned variables, we

came to the conclusion that the preferred design parameters are: the nominal

IBS-target operational distance along the ion-beam, ρ, and the thrust of the425

primary thruster, F1. Note that, alternatively, F1 could be easily replaced

by P1 as a design parameter by means of Eq. (3), which only entails a linear

transformation.

In the following, a comprehensive set of operational constraints C(i)(F1, ρ)

is presented, which may apply to a typical IBS mission. These are defined430

such that positive values of the constraint equations represent feasible solu-

tions, whereas negative values represent a violation of the constraint. Though

some of the constraints rely on simplistic physical assumptions, the underlying

concepts may be easily extended to accommodate models of higher complexity.

435

3.1. Collision Avoidance

Collision avoidance considerations may impose safety limitations to prox-

imity operations in the vicinity of the target. Hence, the simplest form of a

collision avoidance constraint can be seen as a proximity threshold limitation,
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preventing the IBS to operate at distances below ρcol, namely440

C(1)(F1, ρ) ≡ ρ− ρcol > 0. (19)

It is typically assumed that ρcol > (RT +RS)/2 as a bare minimum, where RS

is the reference radius of the IBS spacecraft, although this distance might be set

to a larger value, e.g. to consider spacecraft appendages or to set a conservative

threshold. Thus, feasible IBS mission designs will need to operate at distances

ρ > ρcol from the target to satisfy this safety requirement. This constraint445

visualizes in the design space as a vertical line delimiting feasible and unfeasible

solutions (see Figure 6).

Additional collision avoidance considerations may suggest that the IBS is

agile enough to react under the risk of any sudden and unexpected proximity

to the target object, e.g. due to an actuator fault. The design of the IBS allows450

to accomplish this by switching off one the two main thrusters in order to gain

an effective net force that moves the IBS into a safety distance.

3.2. Sensor Sensitivity

In practice, it is vital to equip an IBS spacecraft with a complete set of sen-455

sors to track the target body position and attitude with respect to the shepherd

and the ion beam, and to be able to provide reliable metrology information to

enable the autonomous target characterization, as well as the pose and position

estimation capabilities to ensure safe operations, formation keeping and cir-

cumnavigation about the target. Thus, the sensing capabilities of the on-board460

Guidance, Navigation and Control (GNC) system may also impose limitations

to the operational distance with respect to the target. Most commonly, when the

IBS and target are too far apart, sensors may not be able to provide sufficiently

accurate readings if the nominal design of the GNC algorithms is conceived

for a closer operation range. In this regard, the sensitivity of the sensors may465

translate in a threshold value ρsen that limits the maximum allowable separation

distance during nominal operation (see Figure 6). Thus, this constraint takes
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Figure 6: Feasible solution domain as delimited by different constraints. Colored areas corre-

spond to regions violating the indicated constraints.

the form:

C(2)(F1, ρ) ≡ ρsen − ρ > 0. (20)

470

3.3. Minimum Momentum Transfer Efficiency

It may be reasonable to impose a minimum value to the momentum transfer

efficiency, ηB,min, to exclude from the search space solutions that would yield

a poor or inadmissible momentum transfer efficiency. The condition ηB(ρ) >

ηB,min is equivalent to the constraint:475

C(3)(F1, ρ) ≡ ρηB − ρ > 0 (21)

where ρηB is the maximum separation distance that ensures the minimum de-

sired efficiency. Hence, this constraint is formally analogue to that imposed by

the sensor sensitivity.
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Figure 7: Region of the design space delimited by a constraint of the type ηB(ρ) · F1 > C∗.

3.4. Minimum Thrust480

As discussed earlier, typical thrusters may vary their thrust level between the

minimum and maximum operational values, Fmin and Fmax respectively; this

is controlled by the supplied power level according to Eq. (3). Consequently,

thrusters cannot operate at a power P < Pmin, thus setting the following con-

straint to the primary thruster:485

C(4)(F1, ρ) ≡ F1 − Fmin > 0. (22)

This constraint draws a horizontal boundary in the design space, such that fea-

sible solutions may only exist above this limiting value of the primary thrust

(see Figure 6).

3.5. Signal-to-Noise Ratio with Respect to Atmospheric Drag490

In order to monitor the progress and efficiency of the deorbiting process, it

is necessary to reliably measure the actual momentum transferred to the target.
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In low Earth orbit, if the IBS is operating at large distance or low momen-

tum transfer efficiency, the effects of the atmospheric drag could outweigh the

momentum exchanged with the ion beam, and hence the actual deorbiting ac-495

complished by the IBS could become indistinguishable from the atmospheric

effects. Thus, it seems reasonable to impose the constraint that the ratio be-

tween the acceleration transmitted to the target and the acceleration exhibited

due to the atmospheric drag must stay above a prescribed signal-to-noise ratio,

SNR, namely:500

C(5)(F1, ρ) ≡ ηB(ρ)F1

Fdrag
− SNR > 0 (23)

where the momentum transfer efficiency is expressed as a function of the sepa-

ration distance ρ by means of Eq. (2). This constraints divides the design space

as shown in Figure 7.

The atmospheric drag force can be modeled in the usual way:

Fdrag =
1

2
%atm CD Av

2
r

where the atmospheric density %atm and the velocity relative to the atmosphere505

vr depend on the orbit, and the cross-section area of the target can be estimated

from the equivalent radius of the target, A = π R2
T .

3.6. Maximum Thrust

Thrusters cannot operate at power levels P > Pmax. Since F2 > F1 during510

deorbiting operations, the former limitation imposes an upper boundary to the

thrust provided by the secondary thruster, i.e. F2 6 Fmax. Using Eq. (1) the

latter constraint may be reformulated as

C(6)(F1, ρ) ≡ Fmax − F1

(
1 + ηB(ρ)

mS

mT

)
> 0 (24)

that partitions the design space as shown in Figure 8.

Note that the constraint imposed by the maximum thrust level depends on515

parameters of the plasma plume (most importantly the initial divergence angle

ϕ), the size of the target body (by means of its equivalent radius RT ) and the
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Figure 8: Region of the design space delimited by the constraint of maximum thrust.

mass ratio between the IBS satellite and the target object. Figure 9 shows how

these parameters have a direct impact in the design space. In particular, the

feasible design space will be larger when: 1) the divergence ϕ is increased; 2)520

the target size RT is minimized; and 3) the more lightweight the IBS satellite is

as compared to the target body. The latter point is of paramount importance in

proximity operations, as it is directly related to the maneuverability of the IBS;

the heavier the IBS, the larger the differential thrust between the primary and

secondary thrusters will need to be in order to match the relative drift of the525

target with respect to the IBS and thus keep their separation constant. Also,

note that the IBS-to-target mass ratio will change during the mission as the IBS

consumes propellant and hence becomes more lightweight, which will naturally

tend to enlarge the feasible region of the design space as the mission goes on.

530

3.7. Maneuverability and Control

In line with the previous discussion, the maneuverability of the IBS in its

relative motion around the target is of the uttermost importance to ensure that
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Figure 9: Dependence of the implicit function F2(F1, ρ) = Fmax with the parameters ϕ, RT

and mS/mT , assuming a value Fmax = 60 mN.
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the nominal separation distance ρ can be effectively controlled within opera-

tional limits. The control of the IBS-target relative position requires actuators535

capable of providing the necessary thrust to compensate any sudden pertur-

bation and bring the IBS back into the nominal configuration. Alternatively,

more sophisticated control strategies may allow the IBS to librate around the

nominal relative position. Either way, the capability of providing a suitable

control thrust is necessary. Interestingly, in order to control the along-track540

relative position, it might be an efficient strategy to rely on the throtability of

the main thrusters. Under this assumption, it becomes necessary that none of

the thrusters operate at maximum power, thus leaving a margin or extra thrust

that can be employed for control purpose. In normal deorbiting operations

F2 > F1, and hence it is the secondary thruster that needs to be limited, such545

that F2 < Fmax. It seems reasonable that this control force budget, Fmax − F2,

be proportional to the actual acceleration transmitted to the target

Fmax − F2 > κ ηBF1
mS

mT

where κ quantifies the margin of throtability that is saved for control purposes.

By means of Eq. (1) this contraint can be expressed as

C(7)(F1, ρ) ≡ Fmax − F1

(
1 + (1 + κ) ηB(ρ)

mS

mT

)
> 0 (25)

By analogy with Ineq. (24), this constraint is equivalent to: 1) assuming an550

apparent momentum transfer efficiency 1+κ times larger than the actual value;

or 2) assuming an apparent mass ratio 1 +κ times larger than the actual value.

The effect of this constraint is to shrink the feasible design space accordingly,

as inferred from Figures 8 and 9.

555

3.8. Onboard Power Limitations

Though each of the main thrusters may in principle provide a maximum

thrust Fmax, in practice, the limited power availability onboard the IBS satellite

will likely prevent this situation. Thus, the combined power consumption of the
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primary and secondary thrusters, P1 and P2 respectively, shall not exceed the560

total power available for the propulsion system, namely, PPS,max. Therefore,

the operational regime of the thrusters shall comply with this limitation, that

can be stated as PPS 6 PPS,max. Expressing the actual power supply for the

propulsion system as a function of F1 by virtue of Eq. (11), the power limitation

constraint yields the following inequality:565

C(8)(F1, ρ) ≡ 2α+ β ηPPU PPS,max − F1

(
2 + ηB(ρ)

mS

mT

)
> 0. (26)

Comparing the latter equation with Ineq. (24) highlights that this constraint is

formally (and qualitatively) similar to the maximum thrust constraint, and it

will thus partition the design space in a similar fashion. However, the power

limitation constraint will be more restraining than the maximum thrust con-

straint, and will thus shrink the feasible design space.570

3.9. Backsputtering Contamination

As suggested in Subsection 2.5, the exposure of the IBS spacecraft to the

flow of eroded material backsputtered from the target may contaminate sensi-

tive surfaces of the IBS. This imposes a new type of limitation to the separation575

distance and thrust level at which the IBS can operate, and thus needs to be con-

sidered as an additional constraint to the design. This constraint can be stated

as a threshold value to the cumulative contamination over the mission lifetime,

or alternatively, as a maximum allowable deposition rate of contaminants on

a prescribed reference surface, ḣmax. For this purpose, design guidelines are580

available where the contaminant layer thickness is correlated to the degradation

of spacecraft equipment (e.g. solar arrays, optical sensors or thermal control

surfaces) for various degrees of standardized molecular cleanliness levels [32].

The analytical approximation of the backsputtering deposition rate pre-

sented in Eqs. (15-16) proves valuable to this end, and allows to express the585

backsputtering contamination constraint as

C(9)(F1, ρ) ≡ ḣmax − ḣ (F1, ρ) > 0. (27)
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Figure 10: Constant deorbiting time contour lines for r0 = 7078 km and rf = 6778 km

assuming a continuous thrust, even during eclipse.

This constraint partitions the design space following contour lines of constant

deposition rate, as shown in Figure 5.

3.10. Mission Lifetime590

The mission lifetime or deorbiting time might also play a significant role in

the design of an IBS space mission. Due to operational considerations the mis-

sion lifetime, ∆t, may need to be kept bound within a prescribed limit, ∆tmax,

which would impose an additional design constraint. By virtue of Eq.(17), the

maximum mission lifetime constraint can be expressed as595

C(10)(F1, ρ) ≡ ∆tmax −∆t (F1, ρ) > 0. (28)

This constraint partitions the design space following contour lines of constant

deorbiting time, as shown in Figure 10.

3.11. Other Considerations

Apart from the design constraints considered so far, there are also other con-600

siderations that may have an impact in the technical design of an IBS mission,

yet have been disregarded in this study. Such considerations may include: cost
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constraints, launcher constraints, service policies, technology constraints, space

debris mitigation policies, political and liability issues, etc. New restrictions on

a technical or engineering ground could be, in most cases, incorporated to this605

analysis in a similar way; constraints of a political, legislatory or strategical na-

ture, however, will likely require a different approach, and are therefore beyond

the scope of this study.

4. Example Design Case

In this section we show an example of an IBS mission design case. Table 1610

summarizes the design parameters and constraints, and Figures 11 and 12 dis-

play the corresponding design envelope and constraints. Note this is merely an

example to illustrate the applicability of the design envelope or matching chart

concept, and thus the values of Table 1 are chosen to be representative of a

fictitious but credible mission. In the proposed example, the aim of the mission615

is to deorbit a 500 kg object from 700 km to 500 km altitude within 150 days,

using two thrusters with thrust F = 20 mN to 60 mN and a maximum power of

3.3 kW available for the exclusive use of the propulsion system.
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Figure 11: Design constraints of the example design case described in Table 1.
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As observed from Fig. 11, the minimum separation distance would typically

be delimited by either the backsputtering contamination or collision avoidance620

constraints, whereas the maximum separation distance would be restrained by

either the mission lifetime, SNR with respect to atmospheric drag, minimum

momentum transfer efficiency or the sensor sensitivity. Likewise, the minimum

thrust level of the primary engine would be constrained by either the minimum

thrust at which the thrusters can operate, the mission lifetime or the SNR625

with respect to atmospheric drag, whereas the maximum thrust level would

be delimited by the backsputtering contamination, maneuverability & control

issues, maximum thrust or onboard power limitations.

In order to select a design point within the envelope (i.e. a combination

of nominal separation distance and thrust value), it is necessary to understand630

what the implications are and how the actual design varies as the design point

moves across the domain of feasible solutions. For this aim, it is convenient to

superimpose contour plots that provide additional information, or potentially,

the values of an objective function that needs to be optimized in the design,

e.g. the IBS mass, the onboard power, the mission duration or the cost. In this635

regard, the separation distance between the IBS spacecraft and the target object

correlates with the momentum transfer efficiency by means of Eq. (2), such that

a smaller separation distance yields a larger momentum transfer efficiency. This

implies a more efficient propellant usage and a weight reduction (thus a cost

reduction), but also a larger net force upon the target, and therefore a reduced640

deorbiting time (see Fig. 12), which ultimately also reverts into reductions of

operational costs. Therefore, from this standpoint, it is reasonable to operate

as close as possible to the target object.

Likewise, operating at a higher thrust level (i.e. higher value of F1) will

increase the net momentum transfered to the target body, and hence reduce the645

deorbiting time. However, this would also increase the backsputtering flux upon

the IBS spacecraft, thus limiting the minimum separation distance (i.e. forc-

ing the IBS to operate further away) and ultimately penalizing the transfered

momentum. On the contrary, operating at a lower thrust value has benefi-
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cial consequences, since not only the IBS could operate closer to the target,650

but also the propulsive requirements of the IBS spacecraft, and therefore its

power requirements, would be less demanding (see Fig. 12). Additionally, since

the spacecraft mass primarily scales with the power requirements by virtue of

Eq. (12), a lower nominal thrust allows for a more lightweight IBS spacecraft,

and ultimatly a lower cost. From this point of view, operating at a lower thrust655

level and hence reducing the power demand seems a desirable design criteria.

Under the aforementioned considerations, the preferred design point should

ideally be close to the lower-left corner of the design envelope, since this would

yield a balance between a lower thrust (lightweight spacecraft) and a higher mo-

mentum transfer efficiency (less propellant and shorter deorbiting time), whilst660

complying with the prescribed design and operational limitations. Interestingly,

moving the design point towards the top-left corner would trade off a smaller

momentum transfer efficiency and a higher thrust (ultimately larger IBS mass)

in the benefit of a reduced deorbiting time. Consequently, the region of interest

for practical design purposes lies on the leftmost edge of the design envelope.665

At the light of these observations, an obvious consequence for the design of

the particular example mission of Table 1 is that the maximum power PPS,max

is not a critical constraint. In fact, a lower value of PPS,max (which would lower

the onboard power limitation constraint curve in Fig. 11 would not handicap

the mission; on the contrary, it proves the mission could be accomplished with a670

lower power level, and thus smaller solar arrays, reduced battery capacity, and

ultimately a smaller mass. Therefore, the design methodology presented in this

article not only allows to obtain a preliminary design of an IBS mission, but

also provides a valuable insight in the key design constraints and guidance on

how the design can be modified to meet specific requirements and comply with675

specific considerations.
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5. Further Discussion

It is important to highlight the fact that even though the design envelope

or matching chart is constructed from the most limiting values of the design

constraints, some of them actually have a dynamic nature in the sense that680

the actual or instantaneous limitations that they impose may change or evolve

over time. For instance, the IBS mass will decrease as propellant is consumed

(although mass variations are typically small due to high Isp thrusters), at-

mospheric density will increase as the orbital radius decreases, the thruster

performance and available power will undergo a degradation over the mission685

lifetime, etc., thus affecting the constraints that depend on the aforementioned

parameters. Therefore, the boundaries delimited by the instantaneous design

and operational constraints are not fixed throughout the mission; however, for

design purposes, the most limiting cases must be assumed (by fixing parameters

to their most stringent values), which often correspond to the initial or final con-690

figuration of the mission (e.g. initial mass of the shepherd, atmospheric density

at the lowest altitude, power availability and thrust parameters at the end of

the mission lifetime, etc.). As a result, the selection of the design point within

the matching chart is based on the most stringent realizations of the aforemen-

tioned contraints, such that their time-dependence is removed. Consequently,695

the design point represents the nominal values of the separation distance and

thrust level, i.e. the nominal operation point of the IBS system. These values

represent the stationary working point of the system, and are meant to remain

constant for the duration of the mission.

Likewise, the same set of variables (namely, separation distance and primary700

thrust) can also be used to describe the instantaneous working point of the IBS

system (i.e. the actual operation point), and might therefore represent transient

values that can depart from the intended nominal or design values. When that

occurs, the design envelope might instead play the role of a flight envelope (by

analogy with the aircraft design nomenclature), which identifies the set of possi-705

ble states of the system (i.e. feasible working points) regardless of whether these
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are transient or stationary working points. This offers a dual interpretation of

the matching chart, i.e.: 1) a diagram intended for design purposes, where the

feasible design region is bounded by fixed and immutable constraints, and the

nominal operation point can be set; and 2) a diagram intended to parameterize710

the actual operation point, where some of the boundaries of the feasible design

region may cease to apply or can be trespassed without incurring in any infeasi-

bility. This paves the way to classifying the constraints introduced in Section 3

as either hard or soft constraints.

Hard constraints are those that under no circumstance can be overstepped715

without violating physical limitations or defying safety considerations. For ex-

ample, the collision avoidance constraint is a hard constraint that cannot be

violated without jeopardizing the mission; likewise, performing below the min-

imum thrust level of a thruster is physically unachievable, and therefore the

minimum thrust constraint is also a hard limit.720

On the other hand, we refer to soft constraints when these can be tem-

porarily exceeded without irreversible adverse implications upon the system.

For instance, operating at a lower momentum transfer efficiency than the pre-

stablished threshold is undesirable from an efficiency point of view, but other

than that, the IBS system can perform normally without meeting that restric-725

tion. Another example of a soft constraint is the backsputtering contamination

constraint; this limitation is based on the accumulated contamination level as-

suming a constant backsputtering flow, but an IBS could temporarily operate

beyond such threshold (i.e. receiving a bigger dose of contamination), as long

as the backsputtering overexposure is followed by a transient stage of underex-730

posure, for compensation.

6. Conclusions

This article presents a preliminary design methodology for an ion-beam shep-

herd mision for active space debris removal. This method uses a matching chart

approach, which allows to account for different design and operational con-735
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straints. Hence, the design space is partitioned into: 1) a feasible solution sub-

space, where all constraints are met; and 2) forbidden regions, where constraints

are violated.

The preliminary design of an ion-beam shepherd mission can be synthesized

to a point in a bi-parametric design space; thus, ultimately the mission design740

stems from two key parameters only, namely the separation distance with re-

spect to the target object to be deorbited, and the thrust level. Interestingly, the

different constraints upon the design can be analytically expressed and graph-

ically represented as curves in the design space, thus delimiting the region of

feasible solutions that comply with all applicable constraints and requirements.745

Specifically to an ion-beam shepherd mission, the constraints considered in this

article include limitations due to: collision avoidance, sensor sensitivity, min-

imum momentum transfer, minimum thrust, maximum thrust, signal-to-noise

ratio with respect to atmospheric drag, maneuverability and control, onboard

power availability, backsputtering contamination, and mission lifetime (deorbit750

time).

The concept of the design envelope presented in this article proves a useful

construction for the preliminary design of an ion-beam shepherd mission, offers

a valid methodology for this purpose, and provides a valuable insight on the key

design drivers.755
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Appendix A. Analytical Backsputtering Contamination Model

For an IBS mission, assuming a spherical target object of radius RT located760

on the plasma beam centerline at a distance ρ from the origin of a conical plasma

plume of semi-angle ϕ, the differential sputtering yield emanated from a given
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point of the target surface can be modeled following Sigmund’s theory [33] as

y(ϑ) =
Y cos(ϑ)

π

where the sputtering yield Y can be evaluated as a function of the energy of the

incoming ions, the incidence angle and the materials of the ion and the target765

surface, and ϑ indicates the direction (with respect to the surface normal) of

the sputtering recoil flux. Due to the axisymmetry of this configuration (see

Figure A.13), the total backsputting flow emanated from the target sphere and

measure at the vertex of the conical plasma beam is given by the integral

Φ = 4π

∫ θ∗

0

y(ϑ)n(θ)
R2
T

%2
sin(θ) dθ

where the angle θ defines the position of every area element of the target, θ∗770

is the upper bound for the integral, % is the distance from the plasma source

to the area element, and n(θ) is the plasma density. Every area element of the

sphere has a radial position component R̂ measured from the beam centerline,

and an axial position component d, as illustrated in Fig. A.13.

From geometrical considerations, the following relations hold:

R̂ = % sinψ, d = % cosψ

R̂ = RT sin θ, d = ρ−RT cos θ

additionally,

% = ρΛ(θ), Λ(θ) =
√

1− 2ε cos θ + ε2

where the parameter ε = RT /ρ is defined for brevity. Therefore:

sinψ =
ε sin θ

Λ(θ)
, cosψ =

1− ε cos θ

Λ(θ)

The particular geometry of Fig. A.13 yields the constraint ϑ = ψ + θ, and775

thus

cosϑ =
cos θ − ε

Λ(θ)
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Under the simplifying assumptions of a conical plasma plume, the plasma

density can be modeled as [24, 14]

n(d, R̂) =
3n0

(d tanϕ)2
exp

(
−3R̂2

(d tanϕ)2

)

where n0 is the density at the plasma source. After a change of variables, the

density can be expressed as a function of θ and ε, as follows:780

n(θ; ε) =
3n0 ε

[RT (1− ε cos θ) tanϕ]
2 exp

[
−3

(
ε sin θ

(1− ε cos θ) tanϕ

)2
]

Thus, the backsputtering flow can be written entirely as a funcion of θ, which

takes the following form:

Φ(ε) =
12n0 Y

tan2 ϕ

ε4

R2
T

∫ θ∗

0

cos θ − ε
Λ3(θ)

sin θ

(1− ε cos θ)2
exp

[
−3

(
ε sin θ

(1− ε cos θ) tanϕ

)2
]

dθ

This expression can be written in a more convenient form after the change of

variables u = cos θ, which yields

Φ(ε) =
12n0 Y

tan2 ϕ

ε4

R2
T

∫ u∗

0

ε− u
Λ3(θ) (1− ε u)2

exp

−3

(
ε
√

1− u2
(1− ε u) tanϕ

)2
du

where the upper bound of the integral is785

u∗ = cos(θ∗) =
RT
ρ

= ε

as can be obtained from simple geometrical considerations for the case of a

grazing ion tangent to the sphere.

The parameter ε is small for cases of interest, enabling to expand the former

integrand in Taylor series, leading to

Φ(ρ) = C
R2
T

[
(6ρ2 −R2

T ) tan2 ϕ− 3R2
T

]
ρ6 tan3 ϕ

where C is a constant to be determined. Note that the integration constant790

must be zero, since the backsputtering flow must vanish when ρ→∞.

The plasma density and the sputtering yield both depend on the thrust level

provided by the ion engine; thus, the constant C must be a function of the
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primary thrust F1. Upon observation of the numerical simulation results, the

following fitting function proves to conveniently match the results:795

C(F1) = φ tanhσ(F1)

where φ and σ are fitting parameters to be determined upon numerical or exper-

imental results, thus resulting in the analytical backsputtering contamination

model of Eq. (15).
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Table 1: Parameters for the example design case. Note that mS and mprop are not parameters,

but derived quantities computed from Eq. (12) and Eq. (14), respectively; they are included

here for the sake of completeness and reproducibility.

Parameters Values Units

Target body
mT 500 kg

RT 1.0 m

Shepherd Satellite

mS 456.7 kg

mprop 44.2 kg

mprop,RCS 15 kg

m0 150 kg

αP 75 kg kW−1

RS 1.0 m

ηPPU 0.9 -

Pother 500 W

PPS,max 2800 W

PTotal,max 3300 W

Thruster and plume

Fmax 60 mN

Fmin 20 mN

Pmax 1500 W

Pmin 450 W

ṁmax 2.0 mg s−1

ṁmin 0.8 mg s−1

γ′ 0 mg s−1 W−2

ϕ 10 deg

Deorbiting

r0 7078 km

rf 6878 km

χ 0.378 -

%atm 2 · 10−12 kg m−3

CD 2.2 -

Backsputtering

σ 1.25 -

φ 1/17000 kg m−2 s−1

%T 2700 kg m−3

Constraints

ρcol 10 m

ρsen 23 m

ηB,min 0.2 -

SNR 10 -

κ 0.25 -

ḣmax 50 nm day−1

∆tmax 150 days
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Figure 12: Design envelope of the example design case described in Table 1, including contour

lines for constant values of ∆t, PTotal and mS , respectively.
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Figure A.13: Geometrical configuration of the case under study.
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