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Romero-Calvo, Álvaro (Ph.D., Aerospace Engineering Sciences)

Novel electromagnetic space applications: electron-based touchless potential sensing and low-gravity mag-

netohydrodynamics

Thesis directed by Prof. Hanspeter Schaub

The commercialization of the sub-orbital environment, the ambition to make humans a multi-planetary

species, and the urgent need for sustainable space operations are driving the development of a new generation

of space systems. The use of electromagnetic forces (and electromagnetism, in general) is proposed in this

dissertation to enable mid-distance, contactless actuation and sensing for space technology development.

Following this paradigm, two applications are explored: electron-based touchless spacecraft potential sensing,

and low-gravity magnetohydrodynamics.

The electron-based touchless potential sensing method was recently introduced to characterize the

electrostatic state of non-cooperative objects in GEO and deep space. Applications span from arcing pre-

vention to space debris removal. Although the fundamentals of this approach were studied in previous

works, several open questions remained regarding the effect of complex geometries and differential charging

on the sensing process. Such questions are here addressed with efficient numerical tools and vacuum chamber

experiments, providing key insights into the behavior of realistic spacecraft formations. In addition, new

active photoelectron-based sensing strategies are proposed that overcome some of the challenges of previous

implementations.

The concept of low-gravity magnetohydrodynamics is also introduced as a way to actuate low-gravity

fluid mechanics systems using magnetic forces. The theoretical foundations of the field are established

from the analytical, numerical, and experimental perspectives with particular attention to the equilibrium,

stability, and modal response of gas-liquid interfaces. Specific features of bubbles and droplets are also

explored. Finally, the use of magnetic polarization and Lorentz forces in low-gravity fluid systems is discussed

together with some of their applications, which include phase separation, magnetic positive positioning, and

low-gravity electrolysis. The development of such technologies is initiated with support from microgravity

research campaigns at ZARM’s drop tower and Blue Origin’s New Shepard suborbital rocket.
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Chapter 1

Introduction

1.1 Motivation

In 1985 Ronald E. Rosensweig wrote this in the preface of his reference textbook,Ferrohydrodynamics,

\ my initial studies with my colleagues were motivated by engineering endeavors and the hope that adding a

magnetic term to the equations of 
uid motion would lead to interesting and useful consequences" [20]. In

light of the vast impact of his work, Rosensweig's hopes were certainly justi�ed. Unlike surface tension or

mechanical interactions, electromagnetic forces enable mid-distance, contactless actuation and sensing. This

is the distinctive characteristic that sparked my curiosity when I started studying the dynamics of ferro
uids,

and also the underlying motivation that pushed me to explore more applications of electromagnetism in space.

There are countless problems where the \addition of a magnetic term" can result in new architectures or

performance enhancements and, in most cases, I found a surprisingly early stage of development.

Many di�erent systems fall into the de�nition of \space electromagnetics". AstroScale's docking

plates employ magnetic actuators to enable docking during servicing operations, and a similar approach

is being explored by ALTIUS Space Machines using electropermanent magnets. TESSERAE's project at

MIT's Space Exploration Initiative implements electromagnetic actuators to self-assemble space structures.

ETA Space aims at demonstrating cryogenic management technologies in orbit, and magnetic slosh control

was considered during the design of LOXSAT-1. In the academic realm, Prof. Mason A. Peck's works on

magnetic de-spinning [21], eddy-current actuation for on-orbit inspection [22], or electrodynamic tethers

for chipsats [23] have introduced some interesting ideas for electromagnetic actuation in space. The use of
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Figure 1.1: Artistic illustration of Gateway in lunar orbit with the SpaceX Dragon XL logistics module on
approach to docking. Credit: NASA.

electron beams and electrostatic repulsion for lunar dust mitigation is also gathering signi�cant attention in

the life support community [24].

In this context, the �rst part of this Ph.D. dissertation deals with the touchless sensing of target

spacecraft potentials in Geosynchronous Equatorial Orbits (GEO) and deep space. Knowledge of a target's

electrostatic potential is critical when spacecraft charging is signi�cant and multiple spacecraft are involved

(i.e. for close proximity operations at high altitude). Rendezvous events have historically taken place in

the Low Earth Orbit (LEO), but the increasing need for active space debris removal makes GEO operations

necessary. Moreover, the ambition to make humans a multi-planetary species is shifting our interest from

LEO to the cislunar environment, the best example being the (hopefully) upcoming Lunar Gateway station

depicted in Fig. 1.1. It is in these new environments with low-density high-temperature plasma where

spacecraft charging becomes a major concern or, from a more optimistic perspective, a great opportunity for

concepts like the electrostatic tractor [25]. The electron-based touchless potential sensing technology covered

in Part I is ultimately aimed at supporting these new ideas.

Ferro
uids were invented in 1963 by NASA's engineer Solomon S. Papell [6] and they have found

application in �elds as diverse as printing, medicine, tribology, heat transfer, or even art. It is usually

forgotten is that Papell's US Patent 3,215,572 introduced ferro
uids as a mechanism to control rocket
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Figure 1.2: Solomon S. Papell's conceptualization of the magnetic positive positioning concept in his 1963
US Patent 3,215,572 [6].

propellant sloshing in an approach that is nowadays known as Magnetic Positive Positioning (MP2, see

Chapters 12 and 13). Papell illustrated the concept with the drawing in Fig. 1.2, that is found in the �rst

page of his patent. In spite of the originality of his invention, magnetic positive positioning systems have not

yet 
own to space and the maturity of this technology remains below a technology readiness level (TRL) of

5. Propulsion engineers probably thought that the risk and cost of developing magnetic propellants was not

worth the e�ort given the existence of solutions with 
ight heritage, like surface-tension-based propellant

management devices (PMDs). However, space exploration faces an age where classical technologies are being

pushed to their limits and more e�cient approaches are required for new missions. For instance, traditional

PMDs will generally fail to store and transfer cryogenics extracted from In-Situ Resource Utilization (ISRU)

due to the weak surface tension forces. Analogous problems are observed in the design of conformal tank

geometries for SmallSats, where volume is even more limited than mass and where MP2 can potentially lead

to signi�cant reductions in both.

The list of electromagnetic technologies enabled by new missions (and the list of mission concepts

enabled by such technologies) goes on and on and includes the ideas explored in this dissertation. The

challenges that we face in the new age of space exploration will push our sector to expand its traditional limits.

It is in this context where an opportunity is presented to leverage previously unexplored electromagnetic

concepts and create a new generation of space systems. What follows is a brief introduction to the ones

explored in this dissertation: electron-based touchless spacecraft potential sensing and low-gravity

magnetohydrodynamics .
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1.2 Touchless potential sensing

1.2.1 Concept

The use of secondary electrons [26] and x-rays [27{29] has been recently proposed to touchlessly sense

the electrostatic potential of non-cooperative objects in GEO and deep space. These approaches, illustrated

in Fig. 1.3, make use of a positively charged servicing craft that directs a high-energy electron beam at

the object of interest so that low-energy secondary electrons and x-rays are emitted from the surface. The

secondary electron 
ux is accelerated toward the servicing craft and arrives with an energy equal to the

potential di�erence between the two bodies. The servicing craft measures the electron and photon energy

spectrum and, knowing its own potential, infers that of the target [30]. Potential levels of the order of 10s

of keV and beam currents of up to 1 mA are considered in these scenarios [31].

Several novel GEO and deep space applications are enabled by this approach, including those dealing

with the electrostatic detumbling [32] and reorbiting [25, 33{35] of debris, Coulomb formations [36], virtual

structures [37], electrostatic in
ation [38], and the mitigation of arcing during rendezvous, docking, and

proximity operations [39]. Coulomb formations can also be established in LEO by exploiting the plasma

Figure 1.3: Conceptual representation of the secondary electrons and x-ray-based electrostatic potential
measurement processes.
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wake of the leading spacecraft [40]. In addition, X-ray sensing methods have been proposed for arcing

detection in GEO [41].

This dissertation focuses on the electron-based touchless potential sensing method and its associated

challenges. For further details on the x-ray method, the reader is referred to Ref. 42.

1.2.2 Complex shapes and heterogeneous charging

The validation of electron-based touchless electrostatic potential sensing methods has been addressed

in previous works with 
at plates, which simplify experimental procedures and ease data interpretation

[26, 43, 44]. However, a 
at surface is not representative of a standard spacecraft, whose complex geometry

leads to a highly inhomogeneous electric �eld that determines the trajectories of low-energy particles [45{48].

Recent work exempli�es the importance of this e�ect by making use of two-dimensional shape primitives in

vacuum chamber and numerical experiments, showing how concave geometries and internal corners focus the


ux of secondary electrons, while convex surfaces and external corners have the opposite e�ect [8]. This is

illustrated in Fig. 1.4. The detectability of secondary electrons at a servicing spacecraft is thus determined

by the target's geometry and relative position [8] and the interaction with the impinging electron beam

[49]. The problem is further complicated when di�erential charging (i.e. multiple potentials) is considered.

(a) Charge distribution (b) Trajectories of electrons emitted from spacecraft

Figure 1.4: Charge distribution and secondary electron trajectories for isolated spacecraft geometry [7, 8].



6

Although modern design best practices recommend all exterior surfaces to be connected to a common ground

[50], this is often hard to achieve in the daily practice, ultimately leading to arcing events [51{54]. On one

hand, a di�erentially-charged body steers the electrons in di�erent directions with respect to the uniform

potential scenario. On the other, their observability may be severely compromised due to the generation of

potential traps [55].

Chapter 3 addresses the detectability of spacecraft potentials using the secondary electron method in

realistic targets. Its primary goal is to identify the geometrical con�gurations for which the 
ux of secondaries

is observable and its magnitude. A second goal is to develop and validate an e�cient particle tracing

simulation framework that enables high-�delity simulations of the sensing process. Previously unexplored

mechanisms, like the coupling between electron beam propagation and secondary electron generation, are

addressed. Moreover, the e�ects of di�erential charging on the secondary electron 
ux generated on a

complex space-like geometry are studied for the �rst time. Vacuum chamber experiments are carried out at

the Electrostatic Charging Laboratory for Interactions between Plasma and Spacecraft (ECLIPS) simulation

facility [56] to support the study. A relatively straightforward three-dimensional numerical implementation

is achieved by making use of SIMION, a popular particle tracing simulator used in the design of ion optics

[9] which is particularly appropriate for space applications where space charge e�ects remain negligible.

1.2.3 Electron beam modeling

Chapter 3 shows that the detection of secondary electrons from a target spacecraft is conditioned

by its geometry, position with respect to the servicer, charging state, and electron source region [8]. From

a technical perspective, the intersection between the electron beam and the target object de�nes the area

where secondaries are generated. The ability to focus the electron beam on a speci�c spot of the target

not only �nds application in potential sensing, but also in the identi�cation of surface materials and the

characterization of di�erentially-charged objects. Therefore, the e�cient and physically accurate modeling

of the electron beam is key for pre-
ight studies and in-situ operation. Past missions have operated electron

beams in space, with some examples being SCATHA [57] or the Electron Drift Instruments at GEOS [58],

Freja [59], Cluster [60], and MMS [61]. Since beam repulsion e�ects were negligible or irrelevant in most cases,
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very basic electron beam models could be employed. This would not be appropriate for the technologies

discussed in Part I.

The application of the particle tracing framework introduced in Chapter 3 to model the electron beam

dynamics is appropriate in most cases, but (i) fails to implement the electromagnetic expansion e�ects in

high-intensity beams, and (ii) doubles the computational cost of the simulation by propagating electron

trajectories from the servicer to the target. The computational aspect is critical for in-situ operations. In

addition, the detection process is subject to signi�cant uncertainties that must be accounted for in the design,

making e�cient models necessary for uncertainty quanti�cation.

Chapter 4 takes advantage of the the active potential sensing environment to introduce a simpli�ed,

computationally e�cient electron beam model suitable for onboard 
ight algorithms. The model is employed

to study the uncertainty in the propagation of electron beams in an active potential sensing scenario by means

of highly e�cient Monte Carlo simulations.

1.2.4 Photoelectron-based sensing strategies

Chapters 3 and 4 will show that uncertainty mitigation is one of the major challenges in the electron-

based touchless potential sensing method. Unmodeled geometries, a particularly complex di�erential charg-

ing scenario, or servicer-target positioning errors can bring the electron sensor away from the 
ux of sec-

ondaries predicted by onboard models, hence losing their signal. Analytical and experimental studies have

already highlighted this issue and suggested the combined measurement of secondary electrons and x-rays

to enhance the robustness of the sensing process [44, 49]. However, the physics of each problem are not

favorable to the simultaneous generation of these signals: while secondary electrons are mainly released at

moderate electron beam energies [55], the generation of x-rays is favored by energetic particle impacts [27].

In addition, and as shown in Chapter 4, low-energy electron beams are steered in the presence of the inho-

mogeneous electrostatic �eld generated by the servicer-target system, increasing the sources of uncertainty

of the problem. From a technical perspective, it would be convenient to develop a sensing strategy that un-

couples both mechanisms and optimizes the generation and control of secondary electrons and x-rays while

minimizing the current 
uxes imparted on the target.
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Figure 1.5: Conceptual representation of the combined photoelectron and x-ray generation processes.

The use of ultraviolet (UV) sources is explored in Chapter 5 to generate an environment-independent

electron release method. In particular, the simultaneous application of ultraviolet (UV) lasers and high-

energy electron beams is proposed to excite the emission of photoelectrons and x-rays in non-cooperative

GEO objects. Figure 1.5 shows a conceptual representation of this strategy where both systems operate in-

dependently and impact (if needed) di�erent areas of the target. Major sources of uncertainty are eliminated

with this approach due to the high directivity of quasi-relativistic electron beams and the rectilinear trajec-

tories of photons which, unlike electron beams, remain una�ected by the complex electrostatic environment.

In addition, independently controlled positive (photoelectrons) and negative (electron beam) currents are

added to the target spacecraft charge balance, enabling a promising new method to touchlessly sense the

electrostatic potential of an object without changing its equilibrium state.

The photoelectric e�ect has been considered for decades in the spacecraft charging community and is

usually treated from a current-balance perspective [55]. Recent works have also explored the use of solar light

as a way to excite photoelectric emission and passively sense the target potential [7]. In contrast, Chapter 5

focuses on active photoemission sensing and adopts a particle-centered strategy to extend the framework

introduced in Chapter 3 to the modeling of UV laser beams. The outcomes of the simulation are compared
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with experimental results to inform the design of future systems.

1.3 Low-gravity magnetohydrodynamics

1.3.1 De�nition and scope

In contrast with the term \magnetohydrodynamics", which refers to the interaction between magnetic

�elds and 
uid conductors of electricity, the word \ferrohydrodynamics" is closely related to the volume force

density that arises when a ferro
uid is polarized. The polarization force is not only observed in ferro
uids, but

also in natural liquids such as water or liquid oxygen [62]. However, it is so weak that terrestrial applications

are almost nonexistent1 . In microgravity, however, even the slightest disturbance can determine the behavior

of a 
uid system [63]. This has led to the formulation of several potential space applications, including mass

transfer [64{68], thermomagnetic convection [69, 70], micropropulsion [71, 72], phase separation [73], or

sample holding [74], among others. Earth systems employing ferro
uids are also numerous and cover bubble

and droplet studies [75{77], T-junctions [78{80], or energy harvesters [81{83]. In other words, the application

of magnetic forces leads to alternative 
uid management approaches in microgravity and on Earth.

None of the aforementioned terms (magneto/ferrohydrodynamics) fully identi�es the domain of physics

dealing with the magnetic polarization force in both ferro
uids and natural liquids. While the �rst is

commonly associated with Lorentz forces arising in 
uid conductors of electricity, the second is bounded

to ferro
uids. Due to the lack of a better candidate, and with permission from Prof. Alfv�en [84], I will

subsequently refer to the intersection between low-gravity 
uid mechanics, magnetic polarization forces, and

Lorentz forces aslow-gravity magnetohydrodynamics (LG-MHD).

Although Lorentz forces will be considered in Chapter 14, Parts II and III will focus mainly on

magnetic polarization and its applications in low-gravity 
uid mechanics. There are important reasons

behind this decision: (i) magnetic polarization forces have historically been ignored in the study of low-

gravity 
uid mechanics, creating a gap of knowledge that needs to be �lled, (ii) magnetic polarization forces

can be treated with quasi-analytical tools, enabling fast technology development, and (iii) Lorentz forces are

1 Still, it has been employed to levitate frogs or grasshoppers (who, let's be honest, don't seem very happy about it)
https://youtu.be/KlJsVqc0ywM?t=34 . Consulted on: 14/04/2022.
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(a) Cylindrical tank [87] (b) Saturn IV-B fuel tank [88]

Figure 1.6: Spring-mass-damper mechanical sloshing analogies for di�erent propellant tanks.

far less common and, when applicable, lead to complex magnetohydrodynamic 
ows that require dedicated

numerical simulations.

1.3.2 Analytical perspective

The study of liquid interfaces in low-gravity has traditionally focused on three basic concepts: equi-

librium, stability, and modal response [85]. All three became essential for the development of PMDs in

the early 1960s, with the latter resulting in mechanical analogies under di�erent gravity levels [86] like

those depicted in Fig. 1.6. The very few publications studying surface tension-dominated liquid interfaces

subject to magnetic polarization, on the contrary, have only made use of numerical methods, somehow skip-

ping that essential body of knowledge. The reasons behind this are unclear, but may be related to the

inherent complexity of the problem and the widespread availability of computational resources by the time

magnetic actuation became a realistic possibility (i.e. after the popularization of neodymium magnets and

low-temperature superconductors). However, a more classical approach to LG-MHD pays o� in terms of

computational e�ciency and fundamental understanding.

Three-dimensional low-gravity 
uid mechanics problems usually fall beyond the capabilities of an-

alytical methods. Software suites like K. A. Brakke's Surface Evolver have become extremely popular in
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the low-gravity 
uid physics community to compute interfacial static equilibria [89], while dynamic systems

are usually treated by means of interface-capturing and interface-tracking numerical frameworks (more on

this in Chapter 10). In order to exploit the advantages of analytical methods while keeping them practical

enough for a technical application, the formulations derived in Chapter 7 are restricted to axisymmetric

liquid-gas problems (including lateral oscillations). Axisymmetric interfaces are ubiquitous in low-gravity


uid systems, from pipes to propellant tanks, and enable a simpler two-dimensional analysis. Once the

physics of axisymmetric interfaces are understood, the three-dimensional extension becomes almost trivial

using modern numerical methods. In addition, and due to their importance as elemental multiphase 
ow

units, speci�c features regarding bubble and droplet dynamics are addressed in Chapter 8. An experimental

validation of these formulations is given in Chapter 9 using a series of drop tower experiments.

1.3.3 Numerical perspective

The quasi-analytical tools developed in Chapters 7 and 8 are particularly hard to extend to viscous


ows or complex three-dimensional geometries. In addition, they also involve some important simpli�cations.

It is in this context where numerical magnetohydrodynamic multiphase simulation frameworks can make a

di�erence by enhancing our understanding and modeling capabilities.

A classi�cation of previous numerical magnetohydrodynamic frameworks may consider two key char-

acteristics: solution procedure and multiphase 
ow modeling approach. In the �rst category, and excluding

implementations where the 
uid-magnetic coupling is ignored or heavily simpli�ed, partitioned schemes that

iteratively solve the 
uid-magnetic equations seems predominant [16, 90{95]. In contrast,monolithic ap-

proaches solve all equations simultaneously within a global system of nonlinear equations and have also

been implemented using the �nite elements method [96{98]. Although monolithic approaches deal with the

inversion of a large Jacobian, require more memory, and renounce to the modularity of partitioned schemes,

they are also more robust and generally more computationally e�cient than iterative implementations, par-

ticularly for complex multiphysics problems [99{102]. From the multiphase 
ow modeling perspective, the

Lattice Boltzmann [93, 95, 103, 104], level set [94], phase �eld [105], and volume of 
uid methods [91, 98],

or a combination of the previous [92] have been employed. The last three can be categorized as interface-
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capturing, meaning that an auxiliary function is introduced in a �xed spatial domain to determine the

location of the interface. Although their versatility has made them extremely popular in the multiphase 
ow

community, interface-capturing methods face signi�cant challenges when dealing with the formulation and

implementation of surface tension [106]. This includes the mitigation of numerical di�usion at the interface,

the computation of surface normals and curvatures, or the imposition of a discrete balance of surface tension

and pressure gradient terms [107]. In contrast, interface-tracking methods employ meshes that follow the


uid surface by advecting with the 
ow a discrete set of points distributed along the interface. This approach

avoids numerical di�usion, provides a seamless implementation of surface tension forces, and leads to simpler

boundary conditions, which makes it particularly appropriate for capillary and low-gravity 
uid problems.

However, the geometrical transformation employed to transition from the uniform computational domain to

the deformed mesh complicates the �nal expression of the governing equations and limits their applicability

to relatively simple geometries [108].

Interface-tracking methods for coupled, capillary magnetohydrodynamic systems remain, to the best

knowledge of the author, completely unexplored. Their development is highly desirable for the study of a

wide variety of fundamental and applied problems, ranging from bubble and droplet studies to micro
uidic

and low-gravity systems. To cover this knowledge gap, Chapter 10 introduces the very �rst of such models

and validates it with the experimental measurements introduced in Chapter 9.

1.4 Applications of low-gravity magnetohydrodynamics

1.4.1 Phase separation

The third and last part of this dissertation introduces several cases of application of low-gravity

magnetohydrodynamics. The �rst of them is phase separation, which is a crucial process for a wide variety

of space technologies. Those include propellant management devices, heat transfer and life support systems

comprising the production of oxygen, fuels and other chemicals as well as the removal of carbon dioxide from

cabin air and the recycling of waste water, among many others.

Numerous phase separation methods have been developed for microgravity conditions. Centrifuges
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[109, 110], forced vortical 
ows [111{115], rocket �ring [116{118], membranes [119, 120], and surface-tension-

based technologies [121, 122], which include wedge geometries [123{126], springs [127], eccentric annuli

[128], micro
uidic channels [129] or porous substrates [130, 131], among others, are the most traditional

solutions. As an alternative, the use of electrohydrodynamic forces has been studied since the early 1960s

[132] and successfully tested for boiling , two-phase 
ow management [133{135], and conduction pumping

[136] applications. Hydroacoustic forces arising from the application of ultrasonic standing waves [137]

have been applied to enhanced a wide variety of terrestrial processes [138] and also proposed to control

bubbly 
ows in propellant tanks [139, 140] and life support systems [141]. Small amplitude vibrations

can also be employed to manage multiphase 
ows and induce phase separation in microgravity [142] by

selecting viscoequilibrium con�gurations [143] or exploiting frozen wave instabilities [144]. These approaches

present unique characteristics that a�ect aspects like their operational lifespan, reliability, performance and

intrusiveness [141].

Complementary to the aforementioned methods, the inherent magnetic properties of liquids can be

employed for passive phase separation. A conceptual representation of this approach is shown in Fig. 1.7.

As shown in Chapter 6, inhomogeneous magnetic �elds induce a weak polarization force in continuous media

that, due to the di�erential magnetic properties between phases, results in a net buoyancy force. This

phenomenon is known asmagnetic buoyancyand has been applied to terrestrial boiling experiments with

ferro
uids [145, 146]. Previous works on low-gravity magnetohydrodynamics have explored, for instance,

the diamagnetic manipulation of air bubbles in water [64, 65], the positioning of diamagnetic materials

[74], air-water separation [73], protein crystal growth [147], or combustion enhancement [65]. The use of

Figure 1.7: Conceptual representation of a diamagnetic standalone phase separator. Blue arrows represent
the liquid/gas 
ow, while red arrows denote the magnetization vector of the magnet.
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magnetic buoyancy in phase separation under microgravity conditions remains, however, largely unexplored

and motivates the work presented in Chapter 11.

1.4.2 Magnetic positive positioning

Magnetic positive positioning is the second application explored in this work. Propellant sloshing

represents a major concern for aerospace engineers due to its capacity to disturb the dynamics of space

vehicles. During launch, the uncontrolled movement of liquids may lead to a total or partial mission failure

[148]. In microgravity, sloshing is characterized by its highly stochastic nature, which complicates the design

of propellant management systems and induces additional spacecraft attitude disturbances [86]. PMDs are

commonly employed to ensure a gas-free expulsion of propellant, �x the center of mass of the 
uid and tune

its free surface frequencies and damping ratios [63, 149]. However, they also increase the inert mass of the

vehicle and complicate numerical simulations [150].

An interesting alternative to classical PMDs and active settling methods relies on the application

of electromagnetic �elds to generate a gravity-equivalent acceleration. The use of dielectrophoresis, a phe-

nomenon on which an electric force is exerted on dielectric materials, was explored by the US Air Force

with suitable propellants in 1963. The study highlighted the risk of electrical arcing and the need for large,

heavy and noisy power sources [132]. Most of these concerns are no longer valid sixty years afterwards

and, indeed, several groups are currently exploring the application of electric polarization forces to space

technology [134, 135, 151{153]. The magnetic equivalent, Magnetic Positive Positioning (MP2), has also

been suggested to exploit the magnetic polarization force on paramagnetic, diamagnetic, and ferromagnetic

liquids [6].

As shown in Chapter 11, MP2 devices must deal with the rapid decay of magnetic �elds with distance,

that limits their applicability to relatively small regions. This di�culty may be compensated by employing

ferro
uids. Terrestrial works have explored the natural frequency shifts due to the magnetic interaction

[155], axisymmetric sloshing [156, 157], two-layer sloshing [158], liquid swirling [159] or the development

of tuned magnetic liquid dampers [160, 161]. Low-gravity contributions include the gravity compensation

experiments performed by Dodge in 1972, who indirectly addressed the low-gravity sloshing of ferro
uids
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subjected to quasi-uniform magnetic forces [162]. Motivated by the advent of stronger permanent magnets

and high-temperature superconductors, the NASA Magnetically Actuated Propellant Oritentation (MAPO)

experiment validated in 2001 the magnetic positioning of ferro
uid solutions in a series of parabolic 
ights

[163]. Such ferro
uids were selected to approximate the linear magnetization curve of liquid oxygen for dif-

ferent magnetic �eld intensities. Subsequent publications presented re�ned numerical models and numerical

results of technical relevance [154, 164{171]. The axisymmetric and lateral sloshing of water-based ferro
u-

ids was characterized in microgravity when subjected to an inhomogeneous magnetic �eld as part of the

ESA Drop Your Thesis! 2017 [77, 172, 173] and UNOOSA DropTES 2019 [174{177] campaigns reported in

Chapter 9.

In spite of the existence of recent works on MP2, the TRL of this approach is still below 5. Chapter 12

outlines the basic MP2 architectures and discusses their technical feasibility employing the tools introduced

in Chapters 7 and 8.

1.4.3 Launch vehicle restart

The exploration and commercialization of space has led to the increasing contamination of the LEO

environment by non-functional man-made objects. Space debris represents a serious safety hazard for current

and future satellites due to the risk of in-orbit collisions, and a concern for the general population during

(a) LOX positioning [154] (b) Ferro
uid sloshing during the UNOOSA DropTES 2019
StELIUM campaign

Figure 1.8: Examples of magnetic positive positioning and magnetic liquid sloshing.
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uncontrolled re-entry events. The minimization of debris release during normal operations has consequently

become a major goal for the international space community [178].

Launch vehicles (LVs) represent more than 42% of the abandoned intact objects in orbit and account

for 57% of the abandoned mass [179]. Recent studies have identi�ed the most dangerous elements in an

attempt to guide future active debris removal e�orts [179{181], resulting in a list that includes 290 second

stages of the Soviet/Russian \Cosmos-3M" LV, 7 of which have been considered among the 50 most con-

cerning space debris objects [181], 110 third stages of the Soviet/Russian \Cyclone-3" LV, 54 units of the

American �rst and second stages of the \Delta" LV, as well as 38 third stages of the Chinese \CZ-4" and

\CZ-2D" LVs. Further concerns arise due the presence of propellant residuals in the tanks, which account

for up to � 3% of the initial fuel mass [182]. During the long stay of a stage in orbit, the remaining fuel

evaporates under the in
uence of solar radiation, which leads to an increased risk of explosion and, therefore,

to the generation of space debris [178]. The uncontrolled descent of �rst LV stages in sensitive drop areas can

also lead to environmental pollution caused by the depressurization of toxic fuels, �res in the drop sites, and

the contamination of water bodies. This problem is more relevant for Russian LVs like \Soyuz", \Proton",

and \Angara", where most of the drop zones are located on land [183, 184].

Modern launch vehicle operations are subject to strict space debris mitigation policies [178]. When

graveyard orbits are not attainable, the orbital lifetime is limited and systems are passivated by removing

all energy sources. Active deorbiting represents a highly attractive alternative to those strategies, but it is

not exempt from risks and technical challenges [185]. Among them, proper engine restart conditions must

be provided once the stage is separated from the rest of the vehicle in order to ensure a safe reorbiting

or reentry. This decoupling induces strong disturbances on the propellant residuals and leads to highly

non-linear sloshing dynamics, compromising the operation of the engine feed system [186].

Propellant management devices (PMDs) like porous traps [187, 188], troughs [189{191], or start

baskets [192, 193] have been employed to safely restart rocket engines against moderate accelerations (par-

ticularly, in upper launcher stages with storable propellants), but these approaches do not easily apply to

cryogenics due to their complex heat transfer mechanisms and low surface tension. In fact, screen channel liq-

uid acquisition devices (Fig. 1.9(a)) are the only type of PMD with cryogenic 
ight heritage [194]. Although
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(a) Total communication screen channel liquid
acquisition device [194]

(b) Ullage engine from Saturn IV-B at NASA Johnson Space Center

Figure 1.9: Examples of magnetic positive positioning and magnetic liquid sloshing.

signi�cant e�orts are being devoted to the design of cryogenic liquid acquisition systems [195], the inertial

(or active) settling approach is far more extended. Ullage engines have been traditionally employed during

insertion, orbital coast, or on-orbit operations. These independent rockets induce accelerations that can be

as weak as 10� 4 to 10� 3 m/s 2 and involve solid, mono-propellant, bi-propellant, or cold gas technologies,

sometimes fed by vaporized propellant vented from the main tanks [196]. Some examples include the Saturn

IV-B's hypergolic liquid bi-propellant Auxiliary Propulsion System (APS) [116, 117] pictured in Fig. 1.9(b),

the APS at the Centaur upper stage [197], SpaceX's Falcon 9 nitrogen cold gas thrusters for coast attitude

control [198], or the two Sistema Obespecheniya Zapuska(SOZ) ullage engines of the Blok DM-2 Proton

upper stage. This last unit has raised concerns in the space debris community after being responsible for up

to 50 on-orbit explosions between 1984 and 2019 [199].

The technical speci�cations of ullage engines are not usually accessible to the scienti�c community,

which hampers any e�ort to perform an \external" evaluation of these systems. However, numerous reports

from the Apollo era can still be consulted. The two Saturn IV-B APSs were usually �red in three consecutive

ullaging burns for a total of � 245 s, consuming� 13.5 kg of propellant (� 23:5% of the total propellant mass

of each APS) [200]. The dry mass of the APS is unknown to the author but seems of the order of several

hundred kilograms judging by the volume of the system. The dry mass of Saturn IV-B was about 13.5 t.
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On the other hand, each one of the two SOZ units of the Block DM-2 upper stage had a dry mass of� 106

kg and a total propellant mass of up to 114 kg, while the stage itself weighted 2.1 t. Although determined

by the characteristics of the vehicle and its mission pro�le, the total mass of ullage rocket systems is usually

of the order of hundreds of kilograms [201]. With a Falcon 9's launch cost to LEO of� 2700$/kg [202], an

economic penalty per launch and stage of up to� 500.000 USD may be estimated. This value is doubled for

GEO orbits, and multiplied by an even larger factor in a Mars mission.

Even though ullage engines are a robust and well-established solution to deal with the restart of

rocket engines in microgravity conditions2 , lower mass penalties and/or enhanced reliability may be found in

di�erent technical alternatives. In Chapter 13, the passive Magnetic Positive Positioning approach introduced

in Chapter 12 is expanded and particularized for this problem alone and in combination with an on-board

Propellant Gasi�cation System (PGS) [203]. The historical background of each system is presented together

with a preliminary technical analysis.

1.4.4 Magnetically enhanced electrolysis

The last application of low-gravity magnetohydrodynamics covered in this dissertation deals with one

key technology for space exploration: water electrolysis, which refers to the electrochemical decomposition

of water into hydrogen and oxygen. The reaction was �rst performed by Troostwijk and Deiman in 1789

[204, 205] and was already considered for space applications in the early 1960s [206]. A wide range of

environmental control and life support systems [207], space propulsion technologies [208{210], or energy

conversion and storage mechanisms [211, 212] rely on this process. Furthermore, future interplanetary

missions are likely to employ water as a commodity acquired and processed by In Situ Resource Utilization

(ISRU) methodologies to produce propellants, thereby reducing vehicle launch mass [213, 214].

Water electrolysis technologies can be classi�ed according to the nature of the electrolyte. Three

chemistries are considered for space applications: alkaline/acidic, proton exchange membrane (PEM), and

solid oxide ceramics. Of these, the low temperature alkaline/acidic and PEM electrolytes require phase

separation at the electrode. The liquid alkaline technology employs two metallic electrodes separated by a

2 With exceptions! See this report on the Centaur AC-3 launched on June 30, 1964: www.nasaspaceflight.com/2022/05/
centaur-turns-60/ . Consulted on 09/05/2022.
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porous material and immersed in a conductive aqueous solution, usually prepared withKOH or NaOH .

The cell separator allows the exchange of theOH � groups and prevents the recombination ofH2 and O2 into

water. PEM cells, on the contrary, are fed with pure water and make use of a proton-conducting polymer

electrolyte. PEM cells allow high current densities, prevent the recombination of oxygen and hydrogen (and

so, are safer), and produce high-purity gases. However, they lack the long-term heritage of alkaline cells and

are sensitive to water impurities [215].

The operation of alkaline and PEM cells in low-gravity is severely complicated by the absence of strong

buoyancy forces, resulting in increased complexity, mass, and power consumption. Dedicated microgravity

experiments have shown how the weak buoyancy force gives rise to a layer of gas bubbles over the electrodes,

shielding the active surface and limiting mass transport [216{218]. This e�ect is shown in Fig. 1.10(a).

Gas bubbles tend to be larger than in normal-gravity conditions due to the longer residence time and the

absence of bubble departure. Besides, and unlike in normal-gravity, the bubble departure diameter increases

with increasing current intensity [219]. A forced water 
ow can be employed to 
ush this structure, but

this approach complicates the architecture of the system and has a limited e�ciency [119]. Most types

of electrolytic cells also require a liquid/gas phase separation stage. Among those reviewed in Sec 1.4.1,

(a) Bubble structure over an electrode on Earth
(top) and in microgravity (bottom) [216]

(b) Diamagnetically enhanced electrolysis concept

Figure 1.10: Water electrolysis in microgravity.
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centrifuges [109, 110] and gas-liquid separation membranes [119, 120] are nowadays preferred. However, they

present some important drawbacks: while centrifuges add to the mass and power budgets and induce g-jitter,

membranes have limited lifetime and tend to clog in the presence of water impurities [208, 220].

Both alkaline and PEM technologies have 
own to space and dealt with the phase separation problem

in di�erent ways. The Russian Elektron module, �rst operated at Mir and then at the ISS, makes use of a

circulating alkaline electrolyte (25 %wt KOH ) and a 
uid circuit with gas/liquid static separators and heat

exchangers [221]. The operation of the system has been compromised in the past by notorious malfunction

events [222{224]. NASA's Oxygen Generation System (OGS), installed at the ISS in July 2006, makes use

of a cathode-fed PEM and a rotary phase separator and absorber modules to produce dry oxygen. Unlike

anode-fed PEMs, cathode feeding avoids the humidi�cation ofO2 due to proton-induced electro-osmosis

[208]. Technical problems associated with the management of two-phase 
ows in the OGS in microgravity

have also been reported [109, 225]. JAXA has recently developed a cathode-fed PEM cell forO2 generation.

The system relies on the removal of the electrode gas cover by means of forced convection. The separation of

gas hydrogen and liquid water is performed by means of a membrane-type phase separator [119, 120, 226].

Subsequent versions of the cathode-fed cell rely on an internal water/gas separation function that makes

water circulation and phase separator unnecessary, creating a simple, energy-e�cient, and lightweight system.

However, di�culties were found to reach a stable phase separation process [227{229]. As a way to remove

the water puri�cation and phase separation stages, substantial e�orts have been devoted to the development

of Static Water Feed (SWF) electrolytic cells, which avoid the phase separation stage by means of a second

PEM. Technological demonstrators by Life Systems were tested on the STS-69 Endeavor (1995) and the

STS-84 Atlantis (1997) for NASA [230{235], being followed by relatively modern systems [208, 236]. In

spite of its inherent advantages, this approach requires larger cells to deliver a speci�c gas output due to

the presence of a second membrane, that increases the water gradient, and the adoption of a cathode-fed

con�guration for the second membrane [208, 226].

This review unveils the numerous challenges associated with the low-gravity gas/liquid separation

process in electrolytic cells and shows important limitations in current and foreseen technologies. As a

complement or substitution of previous methods, the magnetic polarization forces discussed throughout this
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dissertation may be employed not only to induce phase separation in an independent module, as done in

Chapter 11, but also to promote the detachment of bubbles from the electrodes, as illustrated in Fig. 1.10(b).

This would reduce the bubble departure diameter, induce convective bubbly 
ows, enlarge the e�ective

electrode surface, and minimize mass transport limitations and associated cell e�ciency losses. Some of

these e�ects have already been observed in terrestrial boiling experiments with ferro
uids, where a signi�cant

in
uence of the magnetic �eld on the surface bubble coverage and heat transfer coe�cient is reported

[145, 146]. In other words, this approach would lead to simple and lightweight cells with no moving parts.

The same bene�ts would be obtained for low-gravity boiling devices, with the boiling surfaces being equivalent

to the electrodes. However, the use of magnetic buoyancy in low-gravity electrolysis and boiling remains

essentially unexplored.

The applications of magnetic buoyancy in low-gravity electrolysis is introduced in Chapter 14, where

both experimental and numerical studies are presented. In particular, the design of a long-term magnetically

enhanced electrolysis experiment onboard Blue Origin's New Shepard is discussed together with short-term

acidic cell tests at ZARM's drop tower.

1.5 Main contributions

The goals of this dissertation can be summarized as follows:

(1) Provide modeling capabilities and assess the feasibility of secondary-electron-based touchless poten-

tial sensing methods:

(a) Study the 
ux of secondaries in complex active spacecraft charging scenarios (Chapter 3).

(b) Develop and validate onboard algorithms to model the dynamics of electron beams in GEO+

orbits (Chapter 4).

(c) Model and exploit the photoelectric e�ect in active sensing scenarios (Chapter 5).

(2) Address low-gravity magnetohydrodynamics (LG-MHD) as a separate �eld with distinctive charac-

teristics:
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(a) Develop the analytical (Chapters 6 to 8) and numerical (Chapter 10) fundamentals of the �eld.

(b) Validate fundamental results by means of microgravity experiments (Chapter 9).

(3) Apply the LG-MHD theory to develop novel space technologies:

(a) Demonstrate the use of magnetic polarization forces in phase separation (Chapter 11).

(b) Assess the feasibility of magnetic positive positioning systems (Chapters 12 & 13).

(c) Assess the feasibility of magnetically enhanced electrolysis technologies (Chapter 14).



Part I

Electron-based touchless potential

sensing
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Chapter 2

Preliminary considerations

The study of the electron-based touchless potential sensing technology introduced in Sec. 1.2 is based

on a series of fundamental physical processes and experimental procedures. The former can be modeled by

means of a simpli�ed subset of Maxwell equations and a series of technical approximations to the surface

processes of interest. The complexity of the problem motivates its study in experimental facilities like the

ECLIPS vacuum chamber employed in this dissertation. This chapter provides a basic background on these

aspects.

2.1 Electrostatic framework

2.1.1 Maxwell equations

In the problems under study in Part I, quasi-static magnetic �elds are considered in the absence of

electrically polarizable media. These conditions lead to the simpli�ed Gauss and Faraday equations

r � E =
� v

� 0
; (2.1a)

r � E = 0 ; (2.1b)

where E is the electric �eld, � v is the free charge density, and� 0 is the permittivity of vacuum. As a

consequence of Eq. 2.1b, the electric �eld derives from the electrostatic potentialV through

E = r V: (2.2)

In addition, it is interesting to note that the integral form of Eq. 2.1b leads to E being normal to the interface

between a conductor (for whichE = 0) and free space [7].
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The free charge density� v is zero in a neutral plasma, but the presence of a charged spacecraft disrupts

this equilibrium state and generates a charge distribution around the body. Still, for the low-density (0.1-1

particles per cm� 3) GEO environment, the e�ect of � v is usually negligible at distances of tens of meters and

� v � 0 can be safely assumed (see Sec. 2.1.3). Under this condition, Eq. 2.1a reduces to Laplace's equation

r 2V = 0 ; (2.3)

which features signi�cant computational advantages when solved in combination with Dirichlet or Neumann

boundary conditions for V .

2.1.2 Particle dynamics

The relativistic change in momentum of a charged particle is given by the balance

d(
m v)
dt

= F ; (2.4)

with F denoting the Lorentz force

F = q(v � B + E ) (2.5)

and where v, q, and m are the particle velocity, charge, and mass, respectively,
 = (1 � � 2) � 1=2 is the

Lorentz factor, � = v=c, c is the speed of light,E is the electric �eld, B is the magnetic 
ux density, t is the

time, and an inertial time derivative is considered. It should be noted that, in accordance with the special

theory of relativity, the inertia of a particle with respect to a reference frame depends on its speed with

respect to such frame. Consequently, the term
m de�nes the apparent mass of the particle. The position

x in the inertial reference frame can be computed by integrating

dx
dt

= v: (2.6)

2.1.3 Space environment

In the presence of charged spacecraft, the surrounding plasma tends to relocate under the in
uence

of the perturbed electrostatic �eld following a process known as Debye screening [237]. For a sphere with

radius RSC and low surface potential VSC (� kB Te=qe), the electrostatic potential �eld is damped under
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the Debye H•uckel approximation [238]

V (r ) = �
VSC RSC

r
e� r � R SC

� D ; (2.7)

where

� D =

s
� 0kB Te

neq2
e

(2.8)

is a characteristic distance known as Debyle length,r is the radial coordinate, kB is Boltzmann's constant,

Te is the electron temperature,ne is the electron density, andqe is the elementary charge. The radial electric

�eld is computed with Eq. 2.2 from Eq. 2.7, becoming

E(r ) =
VSC RSC

r 2 e� r � R SC
� D

�
1 +

r
� D

�
: (2.9)

The nominal value of � D in GEO is � 200 m [238], implying that the damping factors in Eqs. 2.7 and 2.9

have a second order e�ect on the electron detection process for distances of the order of tens of meters. In

other words, the unperturbed electrostatic potential obtained by solving Eq. 2.3 o�ers a good approximation

of the actual electrostatic environment while minimizing computational costs.

Even though overall space charge e�ects can be neglected in a �rst-order approximation, localized

charge accumulation may also in
uence the sensing process. For instance, a number of works have reported

the existence of electrostatic barriers that prevent the detection of low-energy particles and the release of

photoelectrons from a spacecraft surfaces [239{242]. These barriers appear when \the photoelectron density

at the surface of the spacecraft greatly exceeds the ambient plasma density, the spacecraft is signi�cantly larger

than the local Debye length of the photoelectrons, and the thermal electron energy is much larger than the

characteristic energy of the escaping photoelectrons" [241]. The e�ect is important near the Sun but becomes

far less concerning for distances beyond 0.3 AU [241, 242]. In the problem addressed by this work, the target

spacecraft can charge negatively up to several kV under the in
uence of a well-localized electron beam. The

beam landing spot generates low-energy secondary electrons that can produce their own electrostatic barrier

[243]. Using a spot radius of 10 cm, unit yield, and average secondary energy of 2 eV, the number densities

of secondaries near the surface range between 200 and 2� 105 cm� 3, resulting in secondary Debye lengths

between 70 and 2 cm. These rough computations indicate that well-focused high-current beams may lead
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to localized electrostatic barriers. Poisson solvers and particle-in-cell simulations are needed to explore this

issue in further detail. From a practical perspective, a mild electrostatic barrier may reduce the number of

secondaries escaping the surface, but should not signi�cantly in
uence their trajectory. The models employed

in Part I should then o�er a good approximation to the problem in most cases of technical interest.

Regarding electron-plasma interactions, it should be noted that the GEO plasma is low density (0.1-1

cm� 3) and high-energy (up to many keV), excluding quiet days without signi�cant solar activity where

higher densities (� 100 cm� 3) and lower energies (few tens of eV) are observed [55]. As a consequence, the

mean free path is of the order of 100 AU, and the GEO environment can be considered collisionless. The

same occurs in high-vacuum (10� 7 Torr), where the mean free path is about 1 km. On the other hand, the

detectability of incoming 
ux of secondaries is not compromised by the environment because it is several

orders of magnitude larger than the background plasma both in active and passive potential sensing scenarios

[7].

Changes in temperature can also in
uence the work function of the surface material [244] and its

secondary electron yield [245, 246]. Given that the operational temperature of space antennas and solar

panels ranges between -100°C and 100°C [247], the thermal environment may signi�cantly alter the secondary

electron 
ux magnitude during the potential sensing process. However, this does not a�ect the spatial

distribution of secondary electrons or the detectability of the target. The electron beam is, by itself, another

heat source. In the laboratory setups presented in Chapter 3 and 4, a� 0.01 W electron beam directed toward

an aluminum target with an emissivity of � 0.1 and a surface area of� 500 cm2 results in a temperature

variation of less of 1 K under the black body assumption. Thus, the electron-beam-induced temperature

increase can be neglected in this work and, most likely, in the vast majority of technical applications.

2.2 Surface processes

Several fundamental surface processes are at the core of the touchless potential sensing technologies

introduced in Sec. 1.2. Those include secondary electron, photoelectric, and backscattered electron emissions.

X-ray generation is thoroughly covered in Ref. 42 and is left out of this discussion, which focuses on the

basic technical aspects of electron generation phenomena.



28

2.2.1 Secondary Electron Emission

When a su�ciently energetic primary electron impacts a surface, part of its energy is shared with

neighboring particles, leading to the release of secondary electrons (also namedsecondaries) [55]. This

process is dependent on the secondary electron yield, primary electron impact, angular distribution, and

energy distribution through complex physical mechanisms that are subsequently approaches with simpli�ed,

technical models.

2.2.1.1 Secondary electron yield

The probability of emission of secondaries per incoming primary electron is given by the secondary

electron yield � . This value depends on the incidence energyE of the impinging particle in a relation that

can be approximated by the Sanders and Inouye yield model [248]

� (E; 0) = c
h
e� E=a � e� E=b

i
; (2.10)

where a = 4 :3Emax , b = 0 :367Emax , and c = 1 :37� max . The parameters � max and Emax de�ne the maximum

yield point, characterize the surface, and depend strongly on the surface structure and conditions [249{

251], which may be particularly unpredictable after a prolonged exposition to the GEO environment [252].

It should be noted that � (E; 0) may be greater than 1 between the crossover pointsE1 and E2, with

E1 < E max < E 2. Consequently, an incoming particle may generate more than one secondary electron [55].

Alternative models have been proposed and an excellent review of them can be found in Sec. 2.2 of Ref. 253.

2.2.1.2 E�ect of incident primary electron angle

The emission of secondaries is also dependent on the incidence angle of the impinging electrons.

Darlington and Cosslett propose the relation [254]

� (E; � ) = � (E; 0)e� s (E )(1 � cos � ) ; (2.11)

with � being the primary incidence angle,� (E; 0) the secondary electron yield obtained from Eq. 2.10, and

� s(E ) = e� ; (2.12a)
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� = 0 :2755(� � 1:658) �
n

[0:2755(� � 1:658)]2 + 0 :0228
o1=2

; (2.12b)

� = ln ( E=Emax ); (2.12c)

empirical factors proposed by Laframboise and Kamitsuma [55, 255].

2.2.1.3 Angular distribution

The angular release of secondary electrons follows approximately Lambert's cosine law and is nearly

independent of the angle of incidence of the impinging particle [256]. At the particle level, the polar angle

can be computed from a uniform 0-1 random variablex through [257]

� =
1
2

acos(1� 2x); (2.13)

while the azimuth angle follows a uniform distribution between 0° and 360°.

2.2.1.4 Energy distribution

The energy Es of a secondary electron with respect to the vacuum level is of the order of a few eV

and follows a characteristic distribution with a peak at one third of the work function ' of the material. The

Chung-Everhart normalized probability density function (PDF)

f (Es) =
6' 2Es

(Es + ' )4 (2.14)

is commonly employed to approximate this distribution [258].

2.2.2 Photoelectron emission

Photoelectrons can be regarded as a particular case of secondary electrons for which the impinging

particle is a photon. The physics behind photoelectron emission are thus very similar, but some important

di�erences must be accounted for.
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2.2.2.1 Photoelectric yield

The probability of emission of a photoelectron per collision is determined by the photoelectric yield

[55]

Y (!; �; R ) = Y � (!; � )(1 � R); (2.15)

whereY � (!; � ) is the yield per absorbed photon,! is the photon energy,� is in this case the photon incidence

angle, and R(!; �; � ) is the surface re
ectance, which depends on the photon energy, incidence angle, and

root mean square surface roughness� . Opaque surfaces are implicitly assumed. The incidence angle e�ect

on the yield is of the form [259]

Y � (!; � ) �
Y � (!; 0)

cos�
; (2.16)

but since 1� R(!; �; � ) also has the approximate dependence [260, 261]

1 � R(!; �; � ) � [1 � R(!; 0; � )] cos�; (2.17)

both cos� terms cancel in Eq. 2.15. Therefore,Y (!; R ) is not, in �rst-order approximation, a function of

the photon incidence angle [55].

2.2.2.2 Total re
ectance

The total re
ectance is distinctively associated with the simulation of photoelectron emission. It can

be expressed as the sum of specular (Rs) and di�use ( Rd) re
ectances

R(!; 0; � ) = Rs(!; 0; � ) + Rd(!; 0; � ); (2.18)

which are de�ned as [262]

Rs(!; 0; � ) = R0(! ) exp
�

� (4�� )2

� 2

�
; (2.19a)

Rd(!; 0; � ) = R0(! )
(4�� )2

� 2 ; (2.19b)

with R0(! ) being the normal re
ectance of a perfectly smooth surface of the impacted material,� = hc=! the

photon wavelength, h Planck's constant, andc the speed of light. The ratio of di�use to specular re
ectances

is given by

Rd

Rs
=

(4�� )2

� 2 exp
�

(4�� )2

� 2

�
; (2.20)
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implying that for small wavelength and large surface roughness the di�use term is the major contributor

to the total re
ectance. Re
ected photons experience negligible energy variations [261] and can generate

photoelectrons at di�erent surfaces.

2.2.2.3 Angular distribution

Since photoelectrons are a particular case of secondary electrons, their angular emission distribution

follows approximately Lambert's cosine law, which can be implemented following Eq. 2.13.

2.2.2.4 Energy distribution

Photoelectrons are usually considered very low-energy particles in spacecraft charging studies. Their

maximum emission energy is given by

Ep = ! � ': (2.21)

It is important to note that the Ly- � line (121.6 nm, 10.2 eV) is dominant in the solar spectrum, and hence

photoelectrons will be generated with a maximum energy of about 5 to 6 eV after subtracting the work

function of the material. Therefore, a small positive spacecraft potential will act as a potential dwell and

prevent their release [263].

2.2.3 Backscattered electron emission

Backscattered electrons are primary electrons re
ected o� the target surface [55]. They have approxi-

mately the same energy as the impinging particle and are hence easy to distinguish from secondary electrons

in the overall energy spectrum. Although they do not play a central role in the touchless measurement

of target spacecraft potentials, they can in
uence the magnitude and source regions of secondary electron


uxes.

2.2.3.1 Backscattered electron yield

Following the same approach as with secondary electrons, it is possible to de�ne the backscattered

electron yield � as the probability of re
ection of an incoming electron. For su�ciently high impact energies,
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� depends on the atomic numberZ and the impact angle � , and is virtually independent of the primary

electron energyE. In this regime, Everhart proposes the model [264]

� (Z; 0) =
a � 1 + 0:5a

a + 1
; (2.22)

with a(Z ) = 0 :045Z being an experimentally �tted parameter. The minimum electron energy (in eV) that

makes this approach valid is shown to be

Emin � 13:7Z 4=3 tan ( �=2) ; (2.23)

with 180° � � being the de
ection angle of the electron in the material. To establish this value, Everhart

suggests using� = 45°.

2.2.3.2 Angular distribution

Darlington and Cosslett's model can also be employed to compute the in
uence of the incidence angle

of the primary electrons on the generation of backscattered electrons, resulting in [254]

� (Z; � ) = � (Z; 0)e� b (1 � cos � ) ; (2.24)

with � (Z; 0) being the backscattered electron yield obtained from Eq. 2.22, and where

� b = 7 :37Z � 0:56875 ; (2.25)

is an empirical factor proposed by Laframboise and Kamitsuma [55].

2.3 The ECLIPS space environments simulation facility

The Electrostatic Charging Laboratory for Interactions between Plasma and Spacecraft (ECLIPS)

research vacuum chamber allows conducting experiments relevant to charged astrodynamics in a space-like

environment. The facility includes a range of sources to provide electron, ion, and photon 
uxes, probes to

characterize electron 
uxes, x-rays, and potentials, and a variety of ancillary components to ensure the safe

operation of the system, such as 3-axis motion stages, a magnetic environment control system, or a residual

gas analyzer, among others. ECLIPS can be considered part of the reduced group of facilities intended to
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