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Abstract

Ionic liquid electrospray thrusters, a highly efficient form of electric space propulsion,
have several advantages over traditional chemical forms of space propulsion as well
as competing forms of electric propulsion, including their unique scalability down
to extremely small sizes, their use of nontoxic propellants that do not require spe-
cial storage or pressurization, and their ability to be operated in a bipolar mode,
eliminating the need for bulky and complex neutralizers. Electrosprays still lag be-
hind other forms of electric propulsion, such as Hall Effect Thrusters and Gridded
Ion Engines, in thrust density, a key figure of merit for propulsion systems intended
for small spacecraft that have limited surface area available for propulsion systems.
A path forward to ultimately improve electrospray thrust density is proposed, and
proofs of concept are tested. Increasing thrust density requires accomplishment of
at least one of two feats: increasing the number of ion emission sites per unit area,
or increasing the magnitude of current capable of being extracted per emission site.
Advances in microelectromechanical systems (MEMS) fabrication techniques have en-
abled the former, and an ultra-dense silicon-based ionic liquid electrospray thruster
with record-breaking emitter density is tested. The densified electrospray thruster
is successfully fired, exhibiting emission in the pure ionic regime and performance
characteristics comparable to the state of the art. The latter can be achieved by
thermally augmenting the current output of an electrospray thruster, leveraging the
temperature dependence of propellant properties and fluid mechanics of propellant
transport. The applications of such a system are discussed and analyzed, and a proto-
type for a thermally augmented electrospray thruster is designed and tested, verifying
the concept of current augmentation at elevated temperatures.
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Chapter 1

Introduction

1.1 Historical Perspective

While the concept of expelling matter from a device to increase its velocity has been
in use for millennia, the study of rocketry as a science is typically traced back to the
work of Konstantin Tsiolkovsky, who in 1903 published his “Investigation of Universal
Space by Means of Reactive Devices" [69] and envisioned propulsive devices that could
function in a vacuum, thus birthing the field of space propulsion [7]. In this visionary
work, Tsiolkovsky derived what became known as the Ideal Rocket Equation, which
he originally wrote in the form

Av my

=In(1+
Ve ms

) (L1)

where Awv is the change in velocity of the rocket, v, is the exhaust velocity of the
ejected material, m,, is the initial mass of propellants, and m; is the structural mass,
or the initial mass of the rocket excluding the propellants. With Tsiolkovsky assuming
that in his derivation of equation 1.1 that all the propellant mass is consumed to
achieve the Av, we can easily rearrange the equation into its more common and more

general form

Av = v, In(—) (1.2)



where my and m; are the initial and final total mass, respectively.

Only 8 years later, in a sequel to his 1903 article, did Tsiolkovsky first mention the
possibility of using electricity to accelerate particles of lower mass than combustion
products to extremely high velocities, using cathode ray tubes as an example [69].
While no practical electric propulsion device today relies on electron momentum due
to their extremely low mass and correspondingly negligible thrust, Tsiolkovsky cor-
rectly predicted in 1911 the use of electric fields to accelerate charged particles away
from a spacecraft to produce thrust. After a more formal scientific understanding of
positively charged particles was established in the first quarter of the 20th century,
positive or negative ions rather than electrons were targeted as preferable exhaust
products so that meaningful thrust can be produced while the achievable exhaust
velocities are still orders of magnitude larger than those for combustion products.

Despite a relatively early understanding of the concept of EP, it would be another
half century before the first electric thruster, an electrostatic ion engine, took flight
on the SERT I mission carried out by NASA in 1964 [28]. Since this first ballistic test
flight, at least several hundred spacecraft utilizing some type of EP have been launched
into Earth orbit and beyond [61]|, and with the emergence of megaconstellations of
small satellites using EP, hundreds to thousands more electric thrusters per year may

be launched in the coming decade.

1.2 Electric Propulsion

Electric propulsion technology can be divided into three main categories based on the

fundamental method of ion acceleration [54]:

1. Electrostatic: Electrical power is used to ionize a neutral propellant, and charged

particles in the plasma are accelerated by a static electric field.

2. Electrothermal: Electrical power is used to heat a neutral propellant, and the

neutral substance with increased enthalpy is expanded through a nozzle.

3. Electromagnetic: Electrical power is used to ionize a neutral propellant, and
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the plasma is accelerated by the combined action of an electric and magnetic

field (the Lorentz force).

Each type of EP can be further divided into several distinct technologies that
apply the same acceleration mechanism in a fundamentally unique manner. However,
the intricate details of each type of EP will not be discussed here. Instead, we shift
our focus to electrostatic thrusters, which have the most in-space heritage. In an
electrostatic thruster, propellants are typically stored as neutral substances. Various
applications of electrostatic thrusters have used gases, liquids, and solids as propel-
lants. Common gaseous propellants include the heavy noble gases like Xenon and
Krypton for their chemical inertness, large atomic mass, high storage density (com-
pared to other gases), and relatively low ionization energy. Propellants that can be
stored as solids are advantageous due to their extremely high storage density and their
lack of need for pressurized tanks. These solid propellants are typically melted (in the
case of metals like Cesium or Indium) or vaporized (in the case of novel propellants
like Todine or Teflon) prior to being ionized, which comes at a power penalty. Liquid
propellants carry most of the advantages of solids, including high storage density and
lack of pressurization, but without some of the disadvantages like the need to change
phase prior to injection.

Electrospray thrusters, a type of electrostatic thruster, take advantage of the
properties of liquid propellants, specifically room temperature ionic liquids (RTILs),
to pack massive capability into extremely small volumes, making them one of the
most mass- and volume-efficient forms of EP. The following sections will review in
detail the mechanisms by which electrosprays function and the state of the art in the
technology.

First, we examine the mechanism by which electric thrusters, or any type of rocket
propulsion, exert forces on vehicles. For this, we take a closer look at the derivation
of Tsiolkovsky’s rocket equation (1.1). Consider a vehicle with instantaneous mass
m moving with velocity v in an inertial reference frame. The vehicle is ejecting mass
with relative exhaust velocity ¢ at a rate m. The total momentum of the system in

the inertial frame, P,,, is
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P, =muv +/0 m(v(r) — c)dr (1.3)

where the integral on the right hand side represents the cumulative momentum of
the exhaust at time ¢. For a closed system in an inertial reference frame, momentum
must be constant, so,

dP,, dv dm

Note that the rate of change of the vehicle mass, dm/dt, is equal and opposite to the

rate at which exhaust accumulates: dm/dt = —m. Thus,
d d
md—:—vm—i—mv—mc:md—:—mc:o (1.5)

The term mdv/dt in equation 1.5 is the instantaneous mass of the vehicle multiplied
by its instantaneous acceleration, which is equal to the force on the vehicle due to
the exhaust, so in a vacuum the thrust of a rocket engine operating with flow rate m

and exhaust velocity ¢ can be written as,

F = ric (1.6)

Equation 1.6 is an important result in the field of space propulsion, as it reveals
that without any forces except for that due to the momentum exchange between the
vehicle and the exhaust, the force on the vehicle is proportional to both the mass flow

rate and relative velocity of the expelled material.

1.3 Electrospray Propulsion

Electrospray thrusters, like all other types of electric propulsion, produce thrust by
converting electrical energy to kinetic energy of exhaust particles. In the case of elec-
trosprays, charged particles are accelerated to high velocity by a large electric field

induced by application of a potential difference between an emitter and downstream
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extractor electrode, as shown in Figure 1-1. The extractor electrode contains aper-
tures directly in front of the ion emission sites to allow for the ion beam to leave the

system as exhaust and produce thrust.

propellant

: ion beam
emitter

extractor

Figure 1-1: Conceptual schematic of a single electrospray emitter tip.

Under the influence of an electric field induced by biasing the propellant on the
emitter electrode relative to the extractor, ions accumulate on the liquid interface and
strain the surface to form a near-conical meniscus, the geometry of which balances
electric stress and surface tension at equilibrium [43]. The equilibrium geometry
is known as a Taylor cone, named for Geoffrey Taylor who derived the universal
equilibrium angle 67 = 49.29° and confirmed it experimentally in 1964 [68|.

Several architectures for electrospray thrusters have been studied and imple-
mented. Some of the first electrosprays fed conductive liquid propellant though small
hollow capillaries biased to high potentials, causing the liquid at the tip of the capil-
laries to form a meniscus whose shape approaches a Taylor cone and disintegrates into
nanoscopic charged droplets [9]. The most common propellant was glycerol doped

with sodium iodide. These thrusters are commonly referred to as a colloid thrusters.

Eventually, ionic liquids were investigated for use as propellants in colloid thrusters.
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Ionic liquids are room temperature molten salts that have many benefits as electro-
spray propellants, including but not limited to their tendency to remain liquid at rel-
atively low temperatures, their negligible vapor pressure which prevents loss of mass
due to evaporation in vacuum, and their high conductivity relative to the glycerol-
based solutions that preceded them. Work at MIT and elsewhere popularized the use
of ionic liquids in electrosprays, especially as the ability to create beams composed of

pure ions was studied and characterized [42].

Electrospray emission exists in three regimes: At relatively large flowrates, the
singularity near the apex of the Taylor cone breaks down into a jet that separates
into nanoscopic charged liquid droplets. Reduction of the flowrate causes the electric
field near the surface of the jet to approach the a critical threshold above which field
evaporation starts to occur [39], and the emission enters a regime characterized by
a mixture of ions and charged droplets. As flowrate is decreased further, the liquid
jet becomes unstable, and only pure ions are emitted from the cone surface [8]. The

latter mode is known as the pure-ion regime (PIR).

Operation in the PIR is attractive for space propulsion applications because the
high charge-to-mass ratio, ¢/m, of the ions compared to droplets affords large exhaust
velocities and therefore high specific impulse. Ton emission from ionic liquids is often
modeled as an activated process [43] in which there exists an energy barrier for ion
evaporation (also called the solvation energy), AG, which can be related to the critical

electric field E*, which scales as,

4
E* = ”;()AGQ (1.7)

The solvation energy for ionic liquids is approximately 1.2 eV, which results in
a critical electric field on the order of 1-2 Vnm™! [60]. Field of such magnitude
are possible when a conductive liquid meniscus deforms under electric stress. By
balancing the electric pressure against surface tension, it is possible to estimate the

curvature length scale required to reach E*.
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1 2 Y
—eoB* =2+ 1.8
250 r* (18)

Evaluating equation 1.8 with v ~ 0.05 Nm (typical for many common ionic liq-
uids) reveals that the scale of the site on which ion evaporation occurs is r* ~ 10 nm.
Due to the extremely small scale of r*, large numbers of microscopic emission sites
firing in parallel can be grouped together to increase the total current emitted from
a single macroscopic device.

The electric field at the surface of a tip with radius of curvature R, and flat extrac-
tion electrode at distance d from the emitter apex can be estimated by considering
the potential field in prolate spheroidal coordinates. The approximation is given in
equation 1.9. This analysis does not consider space charge or applied pressures, and
it assumes a confocal hyperboloid geometry of the emitting meniscus. As such, the
estimate for Fy;, and the subsequent estimate for Vi, serve as order of magnitude

approximations rather than exact values.

2V/R,
In(4d/R.)

Etip ~

(1.9)

Combining equations 1.8 and 1.9 and rearranging variables gives an approximation

for Viiere based on geometric parameters and fluid properties,

R, 4d
Vtstart ~ ’)/5() 111 (E) (110)

1.3.1 The ion Electrospray Propulsion System

The state of the art in electropray propulsion is the ion Electrospray Propulsion Sys-
tem (iEPS) developed in the Space Propulsion Laboratory (SPL) at MIT. The iEPS
is a cubesat-scale propulsion system based on ionic liquid electrospray technology.
Microelectromechanical systems (MEMS) manufacturing techniques are used to etch
hundreds of microscopic emitter tips into a porous glass substrate, through which
ionic liquid propellant is transported from an external reservoir to the apex of the

tips.
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Figure 1-2: Two generation of iEPS tank designs with thruster chips mounted on top

The use of porous, passively-fed emitters is now commonplace in the field of elec-
trospray propulsion, but optimization of ionic liquid electrosprays is still the subject
of ongoing research for several space propulsion research groups and commercial ven-
tures. Electrospray thrusters compete with technologies such as Hall Effect Thrusters
(HETSs) and Gridded Ion Engines (GIEs), which have both seen an increase in relia-
bility and flight heritage over the last several decades. However, a class of increasingly
small yet capable satellites demands a novel and miniaturized approach to electric
propulsion, and addressing some of the limitations of electrospray thrusters will make
them a more technically attractive option for such systems, many of which require

extremely small and agile technology to perform complex and coordinated maneuvers.

1.3.2 Limitations

Several limitations in the state of the art of electrosprays have limited their widespread
adoption as in-space propulsion. Of primary importance is thruster lifetime [4, 5, 30,
31, 35]. An iEPS thruster has been fired continuously for up to 172 hours [35], but
they more commonly operate for 80-100 hours before one of several lime-limiting
mechanisms renders them unusable. Examples of such mechanisms include the devel-

opment of a short circuit between the emitter and extractor brought on by discharges
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between the closely-spaced electrodes, electrochemical wear on the emitter tips and/or
inside the propellant reservoir resulting in degradation of tip geometry or excessive
loss of propellant to reduction-oxidation reactions, and ion impingement leading to

propellant accumulation on the extractor grid.

Mitigation techniques for each of the life-limiting mechanisms have been engi-
neered. For instance, electrochemical degradation occurs when a thruster emits an
ion beam of a single polarity, leaving excess of the counterion in the liquid near the
surface of the emitting tip. This lack of neutrality causes the formation of an elec-
trical double layer at the liquid-surface interface, and after the charge stored exceeds
a materially-dependent threshold, an electron is transferred between the liquid and
solid surfaces, known as an electrochemical reaction. These reactions release energy
into the small volume near the emission site, leading to wear and sometimes total
degradation of the tip, and the resultant products of these reactions can be undesri-
able or even dangerous. To mitigate these electrochemical reactions, a distal electrode
is introduced to simultaneously force the site of any electrochemical reactions to the
surface of the electrode itself rather than at the apex of the emitter tips, and ex-
tend the time scale over which the electrical double layer forms to allow for complete
avoidance of electrochemistry if the applied potential can be alternated at a sufficient
frequency [4].

To mitigate effects related to shorting of the thruster circuit and propellant accu-
mulation, care is taken in the design of electrospray thrusters to control the flow of the
ionic liquid propellant and the trajectory of the expelled ions beams. For instance,
physical and thermodynamic barriers are implemented to prevent propellant creep
from the emitter electrode to the extractor electrode. In addition, thin hydrophobic
coatings are used to prevent excess propellant accumulation on the emitter surface,
which can cause short circuits. Finally, emitter tips fabricated with precise geome-
tries and wide extractor apertures are used to ensure that the ion beam is emitted in
the intended direction and can travel through the extractor while spreading without
impinging on the extractor grid.

After firing for long durations, the probability of at least one of the mechanisms
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above causing total failure of the thruster increases dramatically, so several research
groups are working on solutions that will lengthen the lives of electrospray thrusters,

thus enabling their use on long-duration space missions.

Of secondary importance is the performance of electrospray thrusters. Electro-
sprays compete well with other forms of EP in several figures of merit, including
specific impulse and thrust efficiency. Electrosprays also benefit from their ability
to be scaled down to sizes much smaller than the conventional forms of EP such as
HETs and GIEs. Electrosprays are scalable because the physical phenomena driving
ion emission occur on the nanometer scale, the propellant is "pre-ionized" in that no
volume is required for ionization as is the case with noble gas propellants, and heat
generation is negligible, removing concerns related heat dissipation as the ratio of

surface area to volume decreases.

Despite the benefits of electrosprays, they lag behind competing forms of EP in
thrust density, or thrust per unit area. Thrust density is an important figure of
merit for satellite engineers because surface area on small satellites is typically lim-
ited, and it is desired to maximize the area available for scientific payloads. Typical
thrust densities of the most common forms of EP range on the order of 1-5 Nm~2 for
GIEs and 10-30 Nm~2 for HET [1, 26]. Meanwhile, the iEPS developed at MIT has
been shown to have a thrust density on the order of 0.1 Nm™2 [34]. Accion systems
has reported thrust densities as high as 2 Nm~2 with their ionic liquid electrospray
propulsion systems [2]|, competitive with GIEs but still behind HETs. It is important
to note that areal thrust density is not the only figure of merit relevant in compar-
isons between electric propulsion devices. Volume and mass thrust density are also
vital in the design of small space systems, and electrosprays in their current form
exceed plasma-based EP in these metrics for many of the reasons already discussed,
particularly the lack of need for an ionization chamber. Areal thrust density is one
of the few metrics in which electrosprays have historically been noncompetitive. To
overcome this shortfall, research is being done at MIT and elsewhere to densify ionic

liquid electrospray systems.
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1.4 Miniaturization and Densification

To increase the thrust density of an electrospray thruster, at least one of two improve-
ments must be made: Increase the magnitude of current capable of being extracted
from each individual emitter tip, or increase the number of individual emitters capa-
ble of being packed into a given area. The emitted current per tip at a fixed firing
potential is driven by the number of emission sites on a tip (typically assumed to
be one, but it has been shown that more than one emission site often exists on a
single emitter tip [22]) and the physical and geometrical properties of the propellant,
tip, and flow path that determine the magnitude of current extracted from each site.
Clever design of the emission region and selection of propellant can help maximize
the current per tip. For instance, field-emission electric propulsion (FEEP) thrusters
utilize liquid metal propellants, the characteristics of which such as high conductiv-
ity and low viscosity are favorable for ion emission. FEEPs can emit currents that
are often orders of magnitude larger than that of ionic liquid ion sources (ILIS) [25].
However, the larger current comes with the price of needing to supply heat to the
stored propellant to keep it in its liquid state, which penalizes overall efficiency and
scalability. Instead, electrosprays utilizing ionic liquids can still tailor the properties
of emitters and propellants to maximize the current that is physically capable of being

emitted.

The other way to increase thruster density is to increase emitter density, i.e.
decrease the spacing, or pitch p, between individual emitters to pack larger numbers
into equal areas. The theoretical limit to the tip packing density is based on the size of
the meniscus from which ions are emitted, which is on the order of 10 nm, as derived
in section 1.3. The practical limit is driven by microfabrication capabilities, which
are and have been increasing over time. Microfabrication capability has historically
followed Moore’s Law, which originally stated that the number of components that
can be fit into an integrated circuit doubles every year [52]. This trend held true
during most of the 1960s [21], and in 1975 Moore revised his prediction to indicate

that the rate would slow to doubling the number of components every two years [53],
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a trend that has remained approximately true since about 1980 [62]. Moore’s Law,
although slowing as challenges related to quantum effects become more difficult, has
brought the semiconductor industry to the level at which features as small as 10 nm
can be fabricated [59].

The state-of-the-art iEPS thrusters developed in the SPL at MIT are fabricated
with an emitter pitch of 450 pm, producing arrays much sparser than the theoretical
limit. With each tip emitting approximately 200 nA, the resulting thrust density is
approximately 0.4 Nm~=2. On the other hand, decreasing emitter pitch to 1 pm can
potentially increase thrust density to at least 10* Nm™2, neglecting space charge or
viscous flow limitations that may exist.

While the 450 pm emitter technology is a vital step in the long-term development
of ionic liquid electrospray propulsion, it is clear that the limit of the technology
has not been reached, and advanced fabrication techniques must be leveraged to

miniaturize and densify arrays of electrospray emitter tips.

1.4.1 Silicon-Based MEMS Emitters

Silicon-based electrospray thrusters have been designed and tested in the past, but
previous instances of silicon electrosprays utilized either capillary [36, 55, 56| or
externally-wetted [19, 20, 44, 45| architectures. Externally wetted emitters are not
able to be replenished from an external propellant reservoir, making them unde-
sirable for space propulsion applications. Capillary-based electrosprays have been
thoroughly studied, tested, and even flown on orbit, but it is difficult to obtain the
hydraulic impedance required to achieve purely ionic emission. People have experi-
mented with creating porous silicon substrates starting in the 1980s [24, 67, 66, 17].
Porous substrates permit passive replenishment as well as high impedance, but the
porous silicon materials that have been created have extremely small pore sizes (on
the order of 1 nm), making the hydraulic impedance too large for any practical elec-
trospray application.

We seek an architecture that would allow for medium-high hydraulic impedance to

an external reservoir and that is fabricated in silicon to be able to leverage state-of-the-
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art MEMS manufacturing techniques. The specific set of requirements necessitates
a new architecture: a combined tip-capillary architecture that transports propellant
from a reservoir via microcapillaries etched through a silicon substrate, and an array
of textured tips on the surface of the substrate to provide the hydraulic impedance

necessary for pure ion emission.

Figure 1-3: SEM image of a 729-tip emitter array with 127 pm pitch.

1.5 Thermal Augmentation

Rather than (or in addition to) increasing the density of emitter arrays, we can address
the magnitude of current capable of being extracted from individual emitters. If the
current per tip can be increased significantly, thrust density can be increased to
compete with or exceed HETs without changing fabrication techniques. The physical
principles that control ion emission are complex, but several people and groups have
attempted to describe the phenomenon using a set of experimentally validated scaling
laws, namely Higuera [25] and Coffman [11]. It is generally accepted that current
density from an electrospraying meniscus depends on several properties of the liquid
propellant, among other environmental factors and universal constants. Viscosity is

one such property that, due it its impact on hydraulic impedance and flow rate, is
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believed to share an inverse relationship with emitted current [8]. Here, a methodology
is proposed to take advantage of this relationship to thermally augment the current

emitted by an electrospray thruster.

By electrically heating the propellant, its viscosity is decreased, resulting in an in-
crease in the emitted current of the thruster at the same firing potential. This has the
additional advantage that such an approach would enable the use of porous materials
with significantly smaller pore sizes compared to what is used today. Small pore sizes
allow for a smoother tip surface, which makes fabrication much more repeatable and
operation more reliable. In addition to the increase in performance that this method-
ology would allow, it will also increase the lifetime of thrusters in a very significant
way to enable a variety of commercial and exploration missions. Very small pores
are not contemplated right now, since the current (and therefore thrust) that can be
extracted when using them is too small to be practical. By implementing a thruster-
heating strategy, it should also be possible to eliminate issues related to complexity
of the power electronics that otherwise requires significant variations of the high volt-
age (V) applied to the thruster, which also produces negative effects related to the
lifetime of devices, as they can become easily over-stressed. In fact, a simple variable-
power heater consuming relatively low power could be implemented, such that the
power electronics could operate, for instance, at fixed voltage while throttle-ability
is enabled by temperature control alone. Finally, thermal control strategies could
be used simply to maintain a constant temperature at which the propulsion system
operates most predictably, combating the often large thermal fluctuations that can

exist for Earth-orbiting systems.

Increasing thrust density by emitter densification or current augmentation comes
with several implications, many of which are not well studied for electrospray thrusters.
For instance, it has been predicted that unlike with liquid metal ion sources (LMIS),
space charge has a negligible impact on the electric potential surrounding the menis-
cus in ILIS [25, 6], and therefore space charge effects are typically omitted from ILIS
meniscus models. This is typically attributed to the relatively low local current den-

sities that arise from ILIS menisci. However, it is yet to be seen whether techniques
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such as thermal augmentation could increase current densities to levels at which a
shielding effect occurs that ultimately limits current, as is observed in GIEs and FEEP
thrusters.

Additional considerations include effects of temperature on hydraulics, given that
electrosprays are extremely sensitive to changes in fluidic impedance and flow rate.
Viscosity of ionic liquids is a strong function of temperature, which enables thermal
augmentation to begin with. Density has a much weaker dependence on temperature,
and surface tension remains nearly constant. That being said, changes in fluid prop-
erties over the relevant temperature range could not only impact emission properties
but also inform the design of the fluidic network responsible for propellant transport,
including the reservoir that stores the propellant. Electroviscous effects are also typ-
ically not considered in the design of electrosprays or selection of propellants, but
dependencies on temperature of such properties are not well studied for ionic liquids
and could have a meaningful impact on the end result.

Finally, thermal augmentation requires investment of power into heating electron-
ics in hopes of a satisfactory return in the form of increased current and therefore
thrust. However, several factors influence whether such an investment is worthwhile,
including but not limited to the exact properties of the ionic liquid, the efficiency of the
electronics and components used for heating, and the thermal properties of thruster
components. For example, a thruster that quickly dissipates heat to its surroundings
would not be a good candidate for thermal augmentation because the power required
to hold the thruster at some elevated temperature may become prohibitive. On the
other hand, a well-designed heater system coupled with a well-insulated thruster may
potentially see an increase in overall efficiency with a small investment in heating

power. Detailed discussion on these factors is included in chapter 3.
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Chapter 2

Ultra Dense Silicon Electrospray

Thrusters

One method to increase the thrust density of electrospray thrusters is to design
thrusters with more densely-packed emitter tip arrays. Assuming each tip emits
approximately equal current, the total current, and therefore thrust, produced by the
thruster scales directly with the number of tips. By decreasing the emitter pitch and
thus fitting more tips in an equal area, thrust density increases. Here, an ultra-dense
silicon-based electrospray thruster is discussed and tested to illustrate the usefulness

of silicon MEMS technology in the densification of electrospray thrusters.

2.1 Design and Fabrication

The state of the art in electrospray propulsion uses porous glass emitters patterned
using laser ablation. While these same fabrication techniques can in principle be used
to create thrusters with more densely packed emitter arrays, natural limitations exist
to the precision and resolution of laser ablation, so emitter densities approaching the
theoretical limit for electrospray propulsion are likely unfeasible. However, extraordi-
nary advances in semiconductor photolithography fabrication techniques have enabled
fabrication of incredibly complex planar structures with feature sizes approaching sin-

gle nanometers. In three dimensions, techniques such as grayscale lithography, which
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spatially modulates the exposure of a photoresist mask, can create complex three-
dimensional microstructures with smooth facets and resolution better than a single

micron [65].

S
"%, Capillary

‘Pore

Figure 2-1: The tip-capillary architecture of the ultra-dense silicon-based thrusters,
diagrammed to highlight the various components and interfaces.

Details regarding the design and development of the ultra-dense silicon emitters
tested here are included in [64]. The combined tip-capillary architecture illustrated
in figure 2-1 allows transport of propellant from an external reservoir to an emission
site via a fluid circuit comprised of a thin capillary tube and a porous surface layer.
A critical design aspect of electrospray emitters utilizing passive propellant transport
is their hydraulic impedance, which is the sole determiner of propellant volumetric
flow rate. Investigation into the properties of the emitters that determine hydraulic

impedance is discussed in the following section.

2.1.1 Emitter Impedance

Hydraulic impedance is a key parameter for electrospray propulsion. As discussed
in section 1.3, the magnitude of the propellant flow rate, driven by the hydraulic

impedance, determines the emission regime in which the thruster operates. Specif-
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ically, pure ionic emission exists only for a relatively limited ranges of impedances.
There must be a minimum impedance above which droplet current approaches zero
and nearly 100% of the emitted current is due to ions, but excess impedance prevents
sufficient replenishment of propellant to the emission site, causing emission to cease

altogether.

Hydraulic impedance, Z, of a fluidic circuit is defined as the ratio of pressure drop

to volumetric flow rate,

7= (2.1)

As it travels from the backside of the emitter chip to the apex of the tips, the fluid
encounters two primary impedances: (1) due to movement across the front surface
and up the tips, and (2) through the capillaries. We first examine the former. At the
relevant length scales, it is assumed that capillary forces dominate over gravitational
forces, so pressure drops are due to capillarity alone. We also assume that the fluid
travels through a thin porous layer on the surface with permeability x,s. As such, we

use Darcy’s Law in two dimensions to model the flow.

g =—"2vp (2.2)
1

where ¢, is volumetric flow rate per surface area and p is fluid viscosity. For a
rounded conical tip with half-angle 6, height h, and cap radius R., the total impedance

neglecting gravitational forces can be expressed as [64],

1 htan @
n
2mkpssing R, cos0

Ziip = (2.3)

For flow through the capillaries, envision a straight cylindrical capillary with
length L and cross-sectional area A, the inside of which can be modeled as a porous
media with permeability x,.. In this way, we can apply the one-dimensional form of

Darcy’s Law,
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A
Q= ’ji—CLAP (2.4)

Finding accurate and scalable models for permeability has motivated numerous
studies in multiple scientific fields over the past several centuries. If we consider the
pores in the a medium to be straight cylindrical tubes running through the bulk
material in the direction of fluid flow, the permeability can be expressed as [33],

3
_ ¢ (2.5)

In equation 2.5, ¢ is porosity or open volume fraction, S is specific surface area or
surface area per volume, 7 is tortuosity which accounts for complexity of the paths,
and c is a constant. Tortuosity is frequently defined as the ratio of the average length
of microscopic paths to the length of the macroscopic system in the direction of flow.
For simple straight tubes at an angle 6 relative to the macroscopic flow, tortuosity
is simply 7 = 1/cosf. The constant ¢ has complex dependencies, but for straight
cylindrical pores ¢ = 2. Equation 2.5 is a simple form of the Kozeny model for
capillary flow, and it or any representative model for permeability can be substituted
into equation 2.6, which gives the expression for impedance of a capillary based on

Darcy’s Law,

L

Zeap = KpeA
pC

(2.6)

One benefit of using equation 2.5 as our model for permeability is that for vacant
capillaries, it is simple to see that ¢ =1, ¢ =2, 7 =1, and S = 2/r, 50 kp. — r*/8
and the impedance is therefore,

SulL
Zpoiseuille - Ar2 (2 7)

which is exactly the Hagen—Poiseuille equation, which is expected since flow through

the capillaries fulfills all assumptions of Hagen—Poiseuille flow.

Neglecting the pressure drop between the top of the capillaries and the base of
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the tips, which is assumed to be small compared to the other components, the total

hydraulic impedance experiences by the fluid as it travels to the tip apex is therefore,

L htan6
Ztat - anp + Ztip - a + =

- n
KpeA  2mKpgsind R, cosf

(2.8)

The result of fabrication is emitter arrays with smooth surfaces and vacant cylin-
drical capillaries. To satisfy the assumptions in equation 2.8, several treatments are
applied to the emitters to (1) create a thin porous layer on the tip surface of per-
meability x,s, and (2) create a porous medium inside the capillaries of permeability
Kpe. The former is accomplished through roughening of the the silicon surface, and

the latter is achieved through sintering glass microspheres inside the capillaries.

Surface Texture

To be able to apply equation 2.3 to the movement of fluid on the emitter surface, we
require a porous layer through which the fluid can spread. Several techniques exist
to create microscopic surface texture on silicon, but the texture must be properly
designed such that the fluid spreads spontaneously. Consider a texture comprised of
uniform square posts of width a, height A, and post-to-post spacing b, as in figure
2-2. Define a roughness parameter 2 to be the ratio of total surface area to projected
area, and a planar solid surface fraction ¢, to be the ratio of the area of the horizontal
post tops to the projected horizontal area. The unit cell that repeats itself is outlined

by a dashed box in figure 2-2. We use this unit cell to calculate 2 and ¢,.

(a + b)* + 4ah

n = CETE (2.9)
¢s = m (2.10)

Next, we consider a fluid that is dropped onto the surface and fills the space in
between the posts. As the fluid spreads, the energy of the system changes as solid-gas

interfaces are replaced by solid-liquid interfaces, as in figure 2-3. We can determine
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Top View
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Side View

Figure 2-2: Diagram of a simple repeating rectangular post surface texture

if spreading will occur spontaneously by evaluating if the change is energetically
favorable. The differential change in energy dF due to the fluid spreading a small

distance dx can be written as,

dE = (vsr, — Vsa) (2 — bs)dw + (1 — ¢,)dx (2.11)
dx
— —
Liquid
Reservoir

Figure 2-3: Diagram of fluid permeating through a textured surface.

In equation 2.11, s, vsqg, and v are the surface tensions of the solid-liquid,
solid-gas, and liquid-gas interfaces, respectively. The first term represents the energy
change due to the conversion of solid-gas interfaces to solid-liquid interfaces, and
the second term represents the energy attributed to the addition of a new liquid-gas

interface. The change in energy per change in x is therefore,
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Figure 2-4: Apex of a silicon emitter tip textured using the MACE process.

dE

o = (s —s0)(% = 6) +7(1= 6,) = 11— 6, — (5 — ) cosb]  (2.12)

where 0 is the equilibrium contact angle for the liquid on a smooth surface, given

by Young’s equation,

coslp = 186 st (2.13)

v

For spreading to be spontaneous, it is necessary that dE/dx < 0, which gives a

condition for spontaneous spreading through a textures surface,
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We see that the surface texture must be designed, whether by trial-and-error or

cosfp > (2.14)

otherwise, such that the condition in equation 2.14 is met. Note that 0 is taken to
be a property of the chosen material and fluid, so it is essentially a constant, and
therefore ¢4 and 2 must be tuned to compete with 0.

To add texture to the silicon emitters, black silicon (also known as silicon nanograss)
is created. Black silicon refers to a structure of thin spikes etched into a silicon sur-
face. It appears visibly dark due to its tendency to absorb light, thus giving it its
name. There are several methods for creating black silicon, but here a metal assisted
chemical etching (MACE) process is utilized. Details of the process and formulation
of etch conditions are discussed in [64]. A SEM image of a textured emitter tip can

be seen in figure 2-4.

Capillary Porosity

The capillaries are sized such that their vacant impedance is small compared to the
impedance of moving across the surface. With vacant cylindrical capillaries of length
L and radius r, the flow is well-described by the Hagen—Poiseuille equation and the
hydraulic impedance can be calculated using equation 2.7. However, if it is desired to
add impedance for the purpose of sufficiently restricting the flow in order to achieve
stable emission in the pure ion regime, the capillaries can be modified by filling
the hollow space with a porous medium. Several methods and materials exist for
creating porous media. Even in the relatively narrow field of electrospray propulsion,
there is a long history of work in the creation of porous emitter materials. Legge
and Lozano fabricated ILIS arrays made from porous tungsten [32, 37|, Courtney
extensively characterized porous nickel arrays [13, 14, 16], and Coffman spearheaded
the transition to porous glass emitters [12, 10]. Sintering glass microspheres is now a
common and simple methods for creating porous media with several advantages over

metals [23], including but not limited to the dielectric nature of glass, its relatively
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low melting point, and compatibility with efficient and precise etching techniques
like laser ablation. Creating porous glass columns inside of silicon capillaries for

electrospray manufacturing, similar to what is being attempted here, was studied by

Xie in 2013 [71].
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Figure 2-5: Temperature profile used to sinter soda-lime glass beads inside the emitter
capillaries to form a porous structure.

To create a porous column inside the capillaries of the silicon emitters, soda-lime
glass microspheres with a median diameter of 4 pm are used. Soda-lime glass has
benefits over other types of glass like silica in that it is extremely inexpensive and
softens at relatively low temperature (600-700°C compared to > 1500°C for silica).
The capillaries are filled with microspheres from the backside of the emitter. A small
amount of dry glass powder is placed onto the emitter backside, and it is forced into
the capillaries by either a soft instrument or a gloved finger. The process is repeated
several times per emitter to ensure the capillaries are filled with microspheres. The
emitters are then sintered by heating in a furnace at 600-700°C for 2 hours. At these
temperatures for this duration, the glass spheres begin to soften and coalesce. The
sintering profile, shown in figure 2-5 with a heating ramp at 3°/min, cooling ramp at
4° /min, and dwell time of 2 hours is based on previous work done by Xie [71| and

later Bost [3], who sought to create similar porous media with soda-lime glass.
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Figure 2-6: Results of sintering glass microspheres at different dwell temperatures
between 600°C and 675°C.

Emitters sintered at different dwell temperatures between 600°C and 675°C were
fabricated to find the optimal recipe. Figure 2-6 shows the resulting porous structures.
It can be seen that at the lower dwell temperatures, the microspheres do not soften
and coalesce, while at the higher temperatures they form a solid plug in the capillary.
The ideal porous structure forms when the spheres are allowed to soften and neck
together without melting completely, which can be seen to occur at dwell temperatures

between 640°C and 660°C, with 650°C being a satisfactory balance.

The combined effects of the surface texture and capillary impedance create the
circumstances for ideal emitter wetting in which the propellant is contained in the
porous surface layer and travels from the emitter backside to the tip apex at rates
compatible with pure ionic emission. A SEM image of an ideally-wetted emitter array
is shown in figure 2-7. Here, the propellant conformally coats the surface without
excess fluid accumulation that can lead to shorting between the emitter and extractor.
Section 2.2.3 discusses examples of cases in which ideal wetting is not achieved and

the detrimental effects that non-ideal wetting can have on thruster lifetime.
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Figure 2-7: SEM image of an ideally-wetted emitter array.

2.2 Characterization of Integrated Silicon Thrusters

The work of Siegel [64] culminated in test firing of the silicon emitters onto a solid
plate extractor. Since the solid extractor was without apertures, it could be shown
that the emitters were capable of emitting current, but no thrust was produced as

the ions impinged directly onto the plate instead of leaving the system as exhaust.

To produce thrust, a semi-transparent extractor must be used to apply the poten-
tial difference in such a manner that emitted ions can accelerate through the extractor
apertures and be expelled from the thruster. An extractor grid was designed to be
fabricated from silicon so that they can be efficiently mass-produced using the same
silicon MEMS fabrication technology used to fabricate the emitters. The integrated
thrusters are assembled by aligning the extractor apertures to the emitter tips using
a multi-axis micro manipulator system, and precise spacing between the emitter and

extractor is maintained using glass spacers.
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2.2.1 Facilities Overview

The thrusters are tested primarily in the Turbovac vacuum chamber in the SPL. Tur-
bovac is equipped with a mechanical roughing pump and two turbomolecular pumps.
Thrusters are tested at pressures below 5 x 107¢ Torr. The chamber is outfitted
with various diagnostic instruments, and during testing thrusters are mounted on a
rotational stage such that the beam can be aimed at different instruments without

breaking vacuum.

High voltage is supplied to the thruster using a Matsusada AP-3B1 high voltage
amplifier, and currents through the power supply and through the extractor electrode
are measured independently using Analog Devices AD210AN isolation amplifiers. All
signals, including voltages, currents, and miscellaneous measurements are collected

using a National Intruments USB-6229 DAQ and logged using custom software.

In addition to being able to collect current-voltage (IV) data, the Turbovac cham-
ber is outfitted with a retarding potential analyzer (RPA), a time of flight mass
spectrometer (TOF), and a Faraday cup. Each instrument is positioned at a different
angle relative to the chamber centerline so that the thruster can be rotated to face any
one of them at a time. The details of each of these instruments and the information

about thruster performance that they reveal are listed in the following sections.

Current-Voltage Characteristic

The current-voltage response of the thruster is characterized by measurement of the
ion beam current emitted by the thruster in response to an applied voltage. The
results of such experiments indicate the startup voltage of the thruster and is used, in
conjunction with other measurements, to evaluate the thrust-to-power ratio achiev-
able by the thruster at different operating points. In addition, a thruster IV curve
reveals its ability to be throttled by modulation of the voltage to control the emitted
current, which is crucial information for the design of the power electronics that will

be used to operate the thrusters.
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Retarding Potential Analysis

Retarding potential analysis utilizes semi-transparent grids, which can be biased to
variable potentials, to determine the energy of the charged particles that exist in
the beam. Behind the biased grids sits a Faraday cup for current collection, so the
magnitude of current collected behind the grids varies with the potential of the grids.
Ions with insufficient energy to overcome the potential field are retarded, while ions
with sufficient energy are collected. By performing sweeps on the grid potential, an
energy spectrum of the beam particles is obtained, yielding estimates for the efficiency

of the ion acceleration process.
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Figure 2-8: Diagram of the RPA used in the electrospray tests in the SPL

Figure 2-8 shows a diagram of the RPA used in these tests. Several grids are placed
in series, including the high-voltage retarding grid, grounded grids, and an electron
repelling grid biased to —30 V to keep secondary electrons produced by collisions
with the upstream grids from interfering with the current signal. RPA measurements
also give insight into ion fragmentation processes that occur inside and outside the
thruster. Fragmentation occurs when a solvated ion, or an ion attached to a single

or cluster of neutral molecules, breaks up into a neutral molecule and a lighter ion.
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Table 2.1: Most common ion clusters present in EMI-BF, ion beams.

| Polarity | Degree of Solvation | Mass [amu] ||

= 111.2

Positive n — ? 3092
(EMI* cation) n= i

n =2 507.2

Negative " i (1] 2886488
(BF} anion) n= i

n=2 482.8

These fragmentation events show up in RPA curves because when a cluster breaks
apart, the sum of the energies of the resulting fragments is equal to the total pre-
fragmentation energy of the cluster, which is approximately the energy gained during
acceleration through the applied electric field (the beam energy).

If a cluster fragments outside of the thruster when it is no longer accelerating
(the field-free region), its post-fragmentation energy will be a predictable fraction of
the beam energy, depending on the degree of solvation of both the pre- and post-
fragmentation ions. The most common species present in the beam are typically
isolated ions (monomers, degree of solvation n = 0), ions attached to a single neutral
particle (dimers, n = 1), and ions attached to a cluster of two neutrals (trimers,
n = 2). Table 2.1 gives the masses of each cluster type for both positive EMI"-based
ions and negative BF -based ions.

Based on the most plentiful species in the beam, the most common fragmen-
tation events are expected to be fragmentation of trimers into monomers, dimers
into monomers, and trimers into dimers. Since clusters that fragment outside of the
acceleration region have reached their terminal velocity, the energy fraction of the
fragmented ion is equal to its mass fraction relative to the original cluster. These
mass fractions for EMI-BF, are given in table 2.2. For field-free region fragmentation
events, the mass fractions are equal to the energy fractions.

Clusters that fragment inside the acceleration region have a more complex energy
distribution. For a singly-charged parent cluster that breaks into a neutral particle

and a singly-charged child cluster, the charged species experiences different acceler-
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Table 2.2: Common fragmentation events in EMI-BF, ion beams.

H Polarity \ Fragmentation Event \ Mass Fraction H

Positi n=2—-n=>0 0.22
os1t1ive

(EMIT cation) n=1-n=0 0.36

n=2—-n=1 0.61

Negati n=2—-n=>0 0.18

egative — —
(BF7 anion) n=1—-n=0 0.30
n=2—-n=1 0.59

ation magnitudes before and after the fragmentation event. Therefore, the energy
fraction of the fragmented species is not a simple mass fraction. Rather it depends
on both the initial and final masses and the location in the acceleration region at
which fragmentation occurs. Because fragmentation events are typically distributed
spatially throughout the acceleration region, the result is a distribution of ion energies
that fall between the energies associated with field-free fragmentation events listed in

table 2.2.

Time of Flight Mass Spectrometry

Time of flight mass spectrometry is used to determine the average charge-to-mass
ratio of the beam, an indicator of specific impulse. It is achieved by using high-
resolution instruments to measure the time for particles in the beam to traverse a
known distance. The velocity of a particle accelerated from rest through a potential
difference has a one-to-one relationship with its charge-to-mass ratio. Since the beam
is heterogeneous, TOF is used to obtain a spectrum of all charge-to-mass ratios that
exist in the beam, and average properties like thrust and specific impulse can be
deduced therein by integration.

Figure 2-9 shows a diagram of the SPL TOF instrument. The ion beam is directed
through an aperture near the ion source where it encounters a deflecting gate biased
to +£950 V and controlled by a square waveform to start and stop the beam’s path
toward the downstream detector in regular intervals. The beam travels through a

long isolated tube (length approximately 1 m) before its signal is amplified by a
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Figure 2-9: Diagram of the TOF used in the electrospray tests in the SPL

Channeltron channel electron multiplier (CEM), which amplifies the signal with a
gain of at least 107.

TOF measurements are used to calculate properties of the beam by balancing an
ion’s electric potential energy at emission with its kinetic energy after acceleration.

1
qVo = §m02 (2.15)

From equation 2.15, we can find an ion’s expected velocity ¢ as a function of its

charge-to-mass ratio ¢/m, or equivalently its ¢/m as a function of ¢,

c= QEVO
m

2.16

;e (2.16)
m 2V

The mass flow rate of ions out of the thruster can be related to the emission current
I and the charge-to-mass ratio of the charged species responsible for the current. For

a single species being emitted from the thruster,
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dm  dmdq 1
n=—=——=—-1 2.17
L dg dt  q/m (2.17)

So, we can combine equations 2.16 and 2.17, along with the expression for thrust of

a rocket engine in vacuum (equation 1.6), to obtain,

2Vo
F= q/m ,/2 Vo = ,/q/m (2.18)

If multiple species exist in the beam, the contribution of each species to thrust is given

by equation 2.18. Therefore, the total thrust is a summation of these contributions,

F = ZJ,/ q/m (2.19)

A raw TOF signal gives current as a function of time ¢ rather than ¢/m directly. The
velocity, ¢, of the ion is related to the known length of travel, L, and the measured
time of travel, ¢, by ¢ = L/t. So, we can combine equation 2.19 with equation 2.16

and ¢ = L/t to write,

2V
F=>" ]iToti (2.20)
i
Or for a continuous spectrum of species, the summation can be written as an integral

2
o2
L Jo

Ool(t)dt (2.21)

Equation 2.21 can be used to indirectly estimate thrust from a TOF measurement.
Note we must assume that all species are singly-charged ions. If a significant amount
of multiply-charged ions or neutral species exist in the beam, equation 2.21 becomes
decreasingly accurate. We can perform a similar derivation, starting with equation
2.17, to estimate 7 as a function of I(¢). Omitting the intermediate steps for brevity,
the result is,

4 oo
i = 0 [ (2.22)
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Furthermore, equations 2.21, 2.22, and 1.6 can be used to compute estimates for
thrust, mass flow rate, and specific impulse of an electrospray thruster given a TOF

signal of the form I(t).

Angular Beam Distribution

Beam divergence information is acquired by measuring the current density of the
thruster plume at different angles relative to the thruster centerline. Beam divergence
measurements are a key contributor to estimates of overall thruster efficiency, as only
the component of ion velocities normal to the thruster face contribute usefully to

trust.
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Figure 2-10: Diagram of the angular beam distribution measurement setup used in
the electrospray tests in the SPL

Beam divergence data is measured by firing the thruster at a Faraday cup current
collector and varying the angle 8 between the thruster and collector centerlines. The

result is a measure of current as a function of 4.
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2.2.2 Test Results and Performance Metrics

Current-voltage curves were measured by applying a triangular voltage waveform
to the emitter electrode with an amplitude of 1300 V and a period of 60 seconds.
Current outputted by the emitter and intercepted by the extractor are independently
measured as voltage is swept, generating a relationship between voltage and current.
The waveform is repeated three times and the data are averaged. The resulting IV

curve is shown in figure 2-11.
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Figure 2-11: Current-Voltage characteristic curve of an ultra-dense silicon thruster.

Key metrics attainable from the IV curve include startup voltage and transmission
efficiency, or the efficiency of the process of extracting ions through the extractor
grid. The observed startup voltage based on figure 2-11 is approximately 800 V. The
expected startup voltage can be estimated based on the known geometry of the system
using equation 1.10. With R, = 5 ym, d = 100 pm, and v = 0.05 Nm™! for EMI-
BF4, we expect Ve =~ 750 V, showing that equation 1.10 is a very useful order of
magnitude estimate for V4. Since the properties of EMI-BF, are well known and the
fabrication techniques utilized result in extreme precision in R., the underestimation

here can most likely be attributed to imperfections in emitter-extractor spacing, d,
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which for these prototype devices is accomplished using insulating spacers with a
relatively large thickness tolerance. It is clear that even with the crude assumptions

made in the derivation of equation 1.10, it is a reasonable predictor of startup voltage.

Transmission efficiency is defined as

[em - Iint

2.23
T (2.23)

Ner =

Transmission efficiency can be interpreted as the fraction of emitted current that
contributes to thrust, since current intercepted by the extractor does not exert a net
force on the thruster. The IV curve in figure 2-11 yielded an average transmission

efficiency of 7, = 0.907.

Retarding potential analysis measurements are taken with the thruster firing in
a steady state condition. The RPA measurement for the silicon thruster was taken
with the thruster firing at potential V[, = 1300 V and emitting a steady current of
approximately 71 pA. With the thruster firing into the RPA diagrammed in figure
2-8, a triangular voltage waveform is applied to the retarding grip. Vgpa is swept
between —200 V and 41500 V to encompass all ion energies expected in the beam.
Current collected by the Faraday cup downstream of the retarding grid is collected,
yielding a relationship between Vip4 and collected current. The resulting RPA curve

is shown in figure 2-12.

RPA measurements yield information about fragmentation events occurring both
inside and outside of the thruster as well as the efficiency with which the thruster
converts electric potential energy to ion kinetic energy. This efficiency is known
as energy efficiency, and it is the ratio of the beam potential to the applied firing

potential.

Ve

=¥ (2.24)

e

where Vg and V| are the beam potential and applied firing potential, respectively. The
beam potential can be estimated as the maximum peak in the ion energy spectrum,

which is found by taking a derivative of the RPA curve in figure 2-12 with respect to
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Figure 2-12: RPA curve of an ultra-dense silicon in the positive polarity.

Vrpa. Since a derivative of a discrete signal must be performed, the quality of the
signal and the amount of noise present can greatly impact the estimate for ng, and it
is therefore difficult to obtain highly accurate ng measurements. The beam potential
was found to be approximately Vg = 1170 V at an applied potential of V; = 1300 V,
yielding an energy efficiency of approximately ng ~ 0.900.

Time of flight measurements, like RPA measurements, are acquired with the
thruster firing at a steady condition. The TOF measurement for the silicon thruster
was taken with the thruster firing at approximately the same conditions as it was
during the RPA measurement. The beam is directed through an aperture toward the
TOF instrument, and the gate is enabled to interrupt the beam at regular intervals.
Downstream, the CEM current amplifier collects current as a function of time after
each gate opening. A TOF curve of one of the silicon thrusters is shown in figure

2-13.

As discussed in section 2.2.1, several key performance metrics can be estimated
from TOF results, including thrust, specific impulse, mass flow rate, and polydisper-

sive efficiency. Polydispersive efficiency is a measure of energy losses due to accelerat-
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Figure 2-13: TOF curve of an ultra-dense silicon in the positive polarity.

ing ions and clusters of varying specific charge, and it is one of the primary efficiency
losses in electrospray thrusters. Polydispersive efficiency can be estimated using TOF
data from equation 2.25 [51].

Ffop/21ror

= L1or/7 7 2.2
7710 Iem% ( 5)

Polydispersive efficiency is a significant loss in electrosprays because there is fre-
quently a polydisperse composition of ions in the beam, and the energy spent accel-
erating the faster ones is greater than the extra thrust derived from them. The TOF
curve in figure 2-13 yielded a polydispersive efficiency of 1, = 0.506. Thrust, specific
impulse, mass flow rate estimates from the TOF curve are listed in table 2.3.

Finally, the beam divergence measurements were taken with the thruster firing
at steady state with Vy = 1000 V and I.,, = 32 pA. The thruster is fired at the
Faraday cup while mounted on a rotational stage, and the angle between the thruster
and collector centerlines is linearly swept between +45° a total of six times and the
collected current as a function of angle 6 is recorded and averaged across the six

repetitions. The beam divergence data for the silicon thruster is presented in figure
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Figure 2-14: Angular beam distribution of an ultra-dense silicon thruster in both the
positive and negative polarities.

From the beam divergence measurement, we are able to ascertain the angular
efficiency of the thruster, which is a projection of the beam’s momentum along the
axis normal to the thruster face compared to the ideal case in which the entire beam
was emitted normal to the thruster face. To estimate the angular efficiency, the beam
is assumed to be axisymmetric with composition and properties that do not vary with

time or angle. With these assumptions, the angular efficiency can be calculated as,

2 0) cos 0 sin 0dO\ 2
1o = (fo (6) ) (2.26)

i3 1(8) sin 66
Prior to computing 7y using equation 2.26, the beam divergence data was smoothed
and centered around a central firing angle. The central angle 6. was computed by

numerically solving equation 2.27.

/ " 10)d0 - / : 1(6)do (2.27)

us
-3 c

The angular efficiency for the silicon thruster at this operating point was estimated
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Table 2.3: Performance metrics of ultra-dense silicon thrusters from diagnostic data.
Data is for positive mode only.

Metric | Estimate | Units
F 6.3 nN
m 0.43 ngst
I, 1499 S
Ner 0.907 -
nE 0.900 -
Mp 0.506 -
Mo 0.919 -
nr 0.344 -

to be g = 0.919 ny_ = 0.909 for the positive and negative modes, respectively.

The total thruster efficiency, nr, is the percentage of supplied electrical power that
is converted to usable beam power, and it can be estimated using equation 2.28, as
in [40] and [57].

Pr  3F*/m

2
L ; 2.28
nr Pr Vi N3 MeTIETp ( )

The ionization efficiency 7; is typically taken as unity for electrospray thrusters,
which amounts to an assumption that no neutral species evaporate from the ionic lig-
uid. Taking the individual efficiencies calculated above, the total thruster efficiency
can be estimated to be ny = 0.344. The total efficiency for the tested thrusters is low
compared to published efficiencies for EMI-BF, electrosprays in the pure ion regime,
estimates for which range from about 60% [57] to as high as 90% [40]. However, the
ultra-dense silicon thruster is in a prototypical state and far from optimized. Future
work will iterate on the design to achieve better fabrication precision, tailored fluid
control, and improved and more repeatable assembly/alignment processes. These fu-
ture iterations will be expected to improve in areas that contribute most detrimentally
to efficiency, such as transmission and polydispersion. Table 2.3 gives a complete list
of the performance metrics and efficiencies for the ultra-dense silicon thruster in the

positive mode.
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2.2.3 Failure Mechanisms

Several failure modes were identified during the characterization of the ultra-dense
silicon electrosprays, many of which are directly related to the known life-limiting
mechanisms of electrosprays discussed in section 1.3.2. While the technology is ma-
turing, it is crucial to identify the known failure mechanisms so they can be mitigated
now or in the future. The three common failure modes observed during testing and
discussed below are thruster shorting, emitter flooding, and electrochemical wear.
These failure modes did not prevent the acquisition of the useful performance data
discussed in section 2.2.2, but they did make it more difficult to collect long-duration

firing data. Long-duration thruster tests will be addressed in future work.

Thruster Shorting

Shorting of the thruster between the emitter and extractor electrodes was the most
common failure mechanism. A short occurs when ionic liquid bridges the gap between
the emitter and extractor, allowing current to flow through the thruster circuit nearly
unimpeded. When a short occurs, a potential difference between the emitter and
extractor is no longer able to be sustained, and the thruster is rendered inoperable.
In addition, the relatively large current that is allowed to flow through the small ionic
liquid bridge results in significant ohmic heating, causing the propellant to decompose
and the emitter tips to deform. Evidence of a short circuit inside one thruster is
shown in figure 2-15. A short is easily identified by the dark products of thermal
decomposition of the propellant, which can often be seen on both the emitter and
extractor after this type of failure has occurred.

Multiple root causes can result in thruster shorting, including insufficient spacing
between the emitter tips and extractor grid, poor alignment, incorrect surface texture
or hydraulic impedance, and emitter flooding, the latter of which will be discussed in
more detail below. Preventing thruster shorting altogether is difficult because as the
thruster fires over long durations, the likelihood of propellant accumulation increases.

However, prevention of premature shorting is possible by ensuring that the emitters
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Figure 2-15: Images of a thruster that experienced shorting. Left: Emitter in the
area of shorting showing burned down tips and pyrolyzed propellant. Right: Corre-
sponding spot on the extractor grid showing evidence of conact with propellant and
high temperatures.

are providing the correct hydraulic impedance and that thruster assembly is done

carefully and with high precision.

Emitter Flooding

Flooding of the emitter occurs when excess propellant accumulates on the top surface
of the emitter chip, sometimes submerging the tips and preventing ion emission from
being possible, and increasing the likelihood of a short circuit. A SEM image of a
flooded emitter is shown in figure 2-16. In this extreme example, the tips in the
wetted areas are almost entirely submerged, making them unable to emit ions. The
failure mode seen in figure 2-16 also shows a fraction of the emitter that is not
wetted at all. Observance of excess propellant in one area and a complete lack of
propellant in another indicates that a likely root cause of the failure was improper
surface conditions that did not favor spreading. However, several other factors can
contribute to emitter flooding. For instance, gas such as air that is trapped in pores or
capillaries during propellant filling can force excess propellant onto the emitter surface
when the thruster is depressurized and the gas tends to escape. For these reasons,
ensuring proper surface texture and filling the thrusters in a controlled environment

is critical to prevent these types of failure modes.
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Figure 2-16: SEM image of an emitter that experienced flooding. Only the apex of
the tips apexes of the tips are visible in the wetted regions.

Electrochemical Wear

The phenomenon of electrochemical wear is discussed in section 1.3.2. Firing a
thruster in a single polarity causes an electrical double layer (EDL) to form at the
interface between the electrode surface and the propellant. When the EDL saturates
with charge, an electrochemical reaction occurs, transferring electrons across the in-
terface while consuming the propellant into decomposed products. If these Faradaic
reactions occur near the apex of the emitter tips, the tip surfaces can become de-
formed, degrading their performance as ions emitters. Figure 2-17 shows a SEM

image of an emitter that appears to have undergone electrochemical wear.

Prevention of electrochemical wear is difficult due to the complex nature of the

57



3642 2021/03/17 12:41 NMUDS8.3 x2.0k 30 um

Figure 2-17: SEM image of an emitter tip that appears to have suffered electrochem-
ical wear.

phenomenon, but best practices have been adopted to help prevent the reactions
from occurring altogether or to move the reactions to a location that will not result
in damage to emitter tips, as discussed in section 1.3.2 and studied extensively by
Brikner [4, 5|. The strategies utilized to prevent electrochemical wear for the silicon
thrusters include the use of a porous carbon distal electrode and polarity alternation at
a frequency sufficient to prevent saturation of the EDL. Anecdotally, these strategies
appear to effectively prevent electrochemical wear, as it was an infrequently observed

failure mechanism.

In addition to electrochemical reactions, it may be relevant to study neutral chem-
ical reactions of ionic liquids with pure silicon or with dopants in silicon. While direct

evidence of such reactions has not been observed, the possibility and severity of these
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types of reactions have not been analyzed or studied, and they should therefore be

addressed in future work.

2.3 Direct Thrust Measurement

Measurement of thrust is one of the most critical yet difficult aspects of characterizing
thrusters for space propulsion, as demand for smallsat-scale propulsion systems has
necessitated the development of thrust stands capable of measuring force at the pN
level, which requires extremely sensitive and carefully designed instruments. In lab-
oratory settings, thrust from electric propulsion devices is typically measured using
pendulum-based thrust stands [58|, which measure force by tracking the motion of
a pendulum in response to forces or torques delivered by a thruster. Several groups
have developed and used pendulum-based thrust stands to directly measure thrust of
electrospray, colloid, and FEEP thrusters. In the early 2000s Busek [18] and NASA
JPL [72] built torsional thrust stands capable of resolving thrust below the uN level.
Later versions of these same thrust stands were used by Busek in 2008 during the
development of the Colloid Micro Newton Thruster (CMNT) that flew on the LISA
Pathfinder mission [27] and by Legge and Lozano in 2011 to characterize one of the
first generations of ionic liquid electrospray thrusters based on porous emitter arrays
[37].

Pendulum thrust stands carry many disadvantages. Noise is introduced as a result
of the thrust stand being fixed to its environment, and extremely small displacements
need to be resolved with great accuracy. The latter issue is often mitigated by the
use of null-type thrust stands, which through closed-loop control apply an equal and
opposite force on the thruster to keep it fixed in place. While systems that keep
the thruster motionless help to alleviate errors caused by movement of the thruster,
environmental noise remains a factor, and additional uncertainty is introduced in the
restoration force and control system.

Courtney in 2016 used a sensitive mass balance to directly measure thrust of an

ionic liquid electrospray system, and the results were compared to indirect thrust
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measurements calculated from time of flight mass spectrometry [15]. Alternative
instruments have been developed to isolate the thrust stand from its environment to
decrease the influence of random errors on thrust measurements. One such instrument
is a magnetically-levitated thrust balance where a test vehicle is magnetically levitated
in order to provide one friction-free rotational degree of freedom [50]. Thrusters can
then be used to produce torques on the test vehicle, and by measuring the resulting
change in rotation of the test vehicle the thrust can be inferred [48]. The ultra-dense
silicon electrospray thrusters were tested on the magnetically-levitated thrust stand

to verify their performance.

2.3.1 Magnetically Levitated Thrust Stand

The magnetically levitated thrust stand (MagLev) in the SPL was designed by Fer-
nando Mier-Hicks and SPL personnel in the 2010s. Its advantages of being contact-
free and having 360 degrees of rotational freedom around one axis permit direct
thrust measurements with extremely high measurement resolution and allow for more
complex thruster tests in addition to direct thrust measurements, including precise

angular control experiments [49].

Levitation
Electromagnet
Electromagnetic
] . Brakes
Brake Disk
_ Thrusters
Satellite Bus

Figure 2-18: Image of the MagLev thrust stand inside the AstroVac vacuum chamber
in the SPL.

An image of MagLev with some of the critical components highlighted is shown in
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figure 2-18. The thrust stand is comprised of an external structure that is fixed inside
a vacuum chamber and a levitated structure that is suspended using magnetic forces
within the fixed structure. The fixed structure contains the majority of the electronics,
and contact-free actuators and sensors required for MagLev to operate. It also houses
the command and telemetry streams that are routed through the chamber wall to a
computer for remote operation. The primary component of the levitated structure is
a 13 cm cubic satellite structure with a dedicated power system, on-board computer,
and propulsion power processing unit (PPU). The test thrusters are mounted to the
satellite structure such that they produce torque about the satellite’s center vertical
axis. Attached to the satellite and therefore part of the levitated structure are several
components such as conducting disks, permanent magnets, and optical sensor flags
that allow the levitated structure to interact with the fixed structure with making

physical contact.

Stable levitation is achieved by interaction of a permanent magnet on the levi-
tated structure and an electromagnet on the fixed structure. An optical sensor detects
the vertical position of the satellite relative to its stable levitation point, and a PID
controller uses the vertical position sensor feedback to control the current through
the electromagnet to hold the satellite position steady within 10 pm of the levitation
setpoint. The fixed structure houses two additional electromagnets which, when ac-
tivated, generate eddy currents in a conducting disk on the levitated structure, thus

acting as an electromagnetic brake.

MaglLev’s on-board PPU is capable of controlling up to four thrusters at once. It is
comprised of a printed circuit board (PCB) that houses microcontrollers, power elec-
tronics, and sensor circuits necessary to operate electrospray thrusters. Adjustable
high-voltage amplifiers can generate emitter potentials up to 1500 V. While elec-
tromechanical relays on the PPU allow the operator to switch between several differ-
ent electrical configuration, the nominal operation mode involves operating thrusters
in pairs, with the two thrusters in each pair emitting current of equal magnitude
but opposite polarity. This mode of operation maintains electrical neutrality of the

satellite bus, which is a critical consideration for MaglLev since the satellite is elec-
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Figure 2-19: Conceptual schematic of the power processing unit (PPU) used to control
a pair of thrusters TH1 and TH2 on the MagLev thrust stand.

trically isolated from the external facilities during operation. If the net current out
of the satellite deviates from zero, the satellite bus will charge at a rate dependent
on the satellite’s self capacitance. If the satellite is allowed to charge to large po-
tentials, emitted ions can be attracted back to the satellite, negating the thrust and
potentially damaging satellite components and electronics. The thruster pair’s cur-
rents are constrained to be equal and opposite by connecting their emitters in series
and galvanically isolating the high-voltage thruster circuit from the low-voltage PPU
electronics, as shown in figure 2-19. Such a configuration ensures that the magnitude

of current that flows through both thrusters is equal.

The most critical measurement during a direct thrust measurement on MaglLev is
the satellite’s angular position, because thrust is inferred directly from the response
of the satellite’s angular position. Angular position is measured using a webcam-
based optical sensor mounted underneath the levitated structure. Without making
physical contact, the webcam views a fiducial pattern printed on the bottom face of
the satellite, and software is used to interpret the pattern and calculate the angular

position relative to an arbitrary zero. An example of interpretation of the fiducial
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Figure 2-20: Fiducial pattern printed on the bottom of the MagLev test satellite (left)
with the software processing the pattern to compute the angular position (right).

pattern by the MaglLev software is shown in figure 2-20.

2.3.2 Measurement Principles

A thrust measurement is taken on MaglLev by starting with the satellite at rest or
in a small oscillation. The satellite oscillates when levitating due to imperfections
in the structure of the magnetic field inside the vacuum chamber that interact with
the permanent magnet on the levitated structure in a way that causes undamped
oscillation. The MagLev fixed structure is equipped with two pairs of Helmholtz coils
to negate the effects of the magnetic disturbance and minimize the frequency of the
oscillations, but some level of oscillation typically persists. More details regarding
the nature and mitigation of these oscillations can be found in [47].

With the satellite at an approximate rest, the thrusters are turned on in unison and
with equal but opposite current. The expected response is an angular acceleration,
«, of the satellite dependent on the thrust, ', moment of inertia, J, and moment arm
of the thruster torque, L. The moment arms and moment of inertia are measured
prior to testing. An illustration of each of these parameters on the MagLev satellite

is shown in figure 2-21. The equation of motion can be written as

Ja = F1L1 + FQLQ (229)
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Figure 2-21: Top-down diagrammatic view of the Maglev satellite with thrusters
firing to impart a torque around the central axis and rotate the satellite counter-
clockwise.

Since L, and L, are design parameters, they can be made equal so that equation

2.29 simplifies to

Frp =7 (2.30)

where Fj,; is the combined force of the two thrusters, Fy,; = Fi1+F,, and L = Ly = L.
Angular acceleration is determined from the measured angular position. Average
angular acceleration and therefore average thrust can be determined over a long firing
period, or for sufficiently smooth data instantaneous thrust can be determined at each

point in time.

2.3.3 Experimental Results

A pair of 729-tip, 127-pm-pitch thrusters was used for the direct thruster measure-
ment. Each thruster was supplied with 10 pL. of EMI-BF, via wicks placed on the
back of the emitters, and a porous carbon distal electrode made electrical contact
between the propellant and the high voltage supply on the PPU. Prior to the ex-
periment, the vacuum chamber was pumped to < 5 x 1075 Torr using the combined
pumping of Edwards Brooks OB-400 and CT-10 cryopumps. During pumpdown, the
satellite is levitated so that any undesired motion remaining from the initiation of

the levitated is slowly dampened over time, resulting in a satellite experiencing pure
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rotation about its central axis at the start of the test.

Immediately prior to firing the thrusters, the Helmholtz coils are calibrated to
minimize the frequency and amplitude of oscillations. When the oscillations are
minimized and the satellite has reached a stable state, the thrusters are commanded
to fire at a prescribed voltage. Though the voltage is the parameter that is controlled,
the constraint on the thruster circuit discussed in section 2.3.1 causes the emitted
currents to equalize (but in opposite polarities) while the actual potential difference
across the thruster electrodes adjusts itself to satisfy the constraint. In this way,
if the two thrusters are not identical in their emission characteristics, the thruster
with the shallower current-voltage curve will limit the pair. For example, if it is
desired to maximize thrust by applying the maximum voltage allowable on the PPU,
the weaker thruster will emit its highest current at that maximum voltage while the

stronger thruster emits the same current but at a lower voltage.

During the experiment, the thrusters were fired continuously for 30 minutes, in-
creasing the angular velocity of the satellite from 0 to approximately 3.5 °s~!. The
shape of the angular velocity profile suggests that the acceleration experienced by the

satellite can be attributed directly to the torque induced by the thrusters.

Figure 2-22 shows the the measured angular position data, which was discretely
differentiated to produce the angular velocity profile. A quadratic polynomial was fit
to the position data, and the derivative of the quadratic model was used to approx-
imate the angular velocity. The polynomial fits agreed very well with the measured
data. The slope of the linear angular velocity model was used to estimate «, which
was found to be o = 0.035 mrads~2. The moment of inertia was measured prior to
the test using a trifilar pendulum, and the moment arm was measured using a ruler,
resulting in J = 0.00557 kgm? and L = 13.1 ecm. Using equation 2.30, the total
thrust was calculated to be F' = 1.5 pN. Throughout the test interval, the thrusters
were operating at an emission current of approximately 5.4 pA per thruster. It is not
possible to separate the thrust contributions from the individual thrusters without
additional information and data points. Since it is known that both thrusters emit

equal current magnitudes, it can be safely assumed that the two thrusts will be com-
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Figure 2-22: Angular position and velocity data acquired during the direct thrust
measurement test of the ultra-dense silicon thrusters.

parable. However, differences in the firing voltage and the beam composition of the
two thrusters nearly eliminates the possibility of the two thrusts being exactly equal.
Under the approximation that the two thrusts are similar, each thruster contributed

about 0.75 nN.

Based on TOF measurements, the expected thrust at a current of 5.4 pA and
voltages on the order of 1 kV is approximately 0.6 pN, which is in good agreement
with the measured thrust. The small disagreement between the measured and ex-
pected results can be attributed to several factors. First, the TOF measurement and
direct thrust measurement were taken independently in different facilities and using
different equipment at different points in time. In fact, it was necessary to reassemble
and refill the thrusters in between measurements, which can inadvertently change
their properties. Therefore, the usefulness of the comparison between the two values
is limited to orders of magnitude. In the future, work will be done to perform TOF
and direct thrust measurements in close proximity, which will enable more appro-
priate comparisons between the two. Also, since it is necessary to fire two thrusters

simultaneously on the MaglLev thruster stand so that pure torque is produced and
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spacecraft neutrality is maintained, future work will address the problem of properly
differentiating the two thrust contributions, which is possible to do with a carefully
selected pair of thrusters and sufficient information about their characteristics. A

methodology for separating the thrust contributions is proposed and tested in [29].
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Chapter 3

Thermally Augmented Electrospray
Thruster

Instead of, or in addition to, packing more emitter tips into arrays, thrust density
can be increased by augmenting the current emitted per tip. Here, a methodology is
introduced to augment electrospray performance by efficiently controlling the temper-
ature of the thruster chip and therefore the liquid propellant. This approach would
enable increases in thrust beyond what is possible today, increases and/or the ability
to modulate thrust-to-power, which establishes how fast maneuvers can be performed
and how much propellant is consumed given the spacecraft power resources, and im-
proved lifetime and overall operational stability by allowing materials with pore sizes
much smaller than what is used today. In addition, controlling the thruster temper-
ature introduces a novel throttling scheme in which the temperature is controlled by

relatively simple low-voltage electronics to reach desired operational parameters.

A simplified implementation of this concept is illustrated in Figure 3-1, where a
temperature sensor Sp is added for closed-loop operation. The temperature of the
thruster head will be proportional to the power dissipated by the heater, which is
given by,

P Vi _p (3.1)
T @R+ R '
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Figure 3-1: Schematic of an electrospray (iEPS) thruster chip with a heater and
temperature sensor (St)

It can easily be proved that the highest dissipated power will be achieved when the
heater resistance is equal to the overall line resistance, or R;, = 2R. If, for instance,
the heater is connected via 36 gauge (AWG) wire, and each lead is about 2 cm long,
then the optimal heater resistance should be R; =~ 0.06 ). The heater efficiency is
given by,

P

= == 3.2
Ph 2R+RL ( )

n

P, is the power required by the heating system. It can be seen that n = 0.5 for the
case of maximum power dissipated by the heater. Higher efficiencies would require
operating in conditions where less power is dissipated in the heater, so a compromise
is required.

It has been shown through modeling of a notional heating system and of the
electrospray emission characteristics that thrust, and therefore the thrust-to-power
ratio, of an electrospray thruster can be increased under a constant power constraint
by decreasing the firing potential and reinvesting that power into heating of the
thruster. The proposed method leverages the idea that under currently-understood
scaling laws for electrospray emission, the increase in emitted current afforded by the

decrease in propellant viscosity exceeds the decrease in current caused by the decrease

in firing potential. Therefore, a heated electrospray thruster can operate at a higher
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thrust than an unheated thruster for the same total consumed power.

3.1 Applications and Scenarios

To illustrate this concept, a model is created by considering the modification of an
electrospray thruster by affixing a resistive heater to thruster chip near the extraction
site, as shown in Figure 3-1. In this way, only the portion of the propellant that is
near the extraction site will be heated, rather than the entire propellant tank. This
highlights another key advantage of this approach, as microfabricated electrospray
thrusters have very low thermal mass, such that minimal power is required to raise
their temperature. This can be compared to other forms of electric propulsion that
require propellant heating. For instance, field-emission electric propulsion (FEEP)
thrusters using liquid metals as their propellant. The temperature of these metals
must reach their melting point to be able to flow at all. Therefore, FEEP thrusters
must consume power heating the entire propellant tank to allow for the flow of liquid
metal into their emitters. This can come at a high penalty, especially for missions with
large AV requirements that necessitate large propellant tanks. For example, indium
is the most common metal used in these thrusters. The melting point of indium is
relatively low for a metal (about 157°C), but still requires significant power diverted
to the heater to achieve the required temperature. On the other hand, most ionic
liquids supercool and are therefore liquid even at temperatures as lows as —80°C, so
they can flow freely through the propellant tank to the emitters at practically any
operating temperature. Only the relatively small mass of the thruster head is heated
to decrease the viscosity of the propellant flowing through it and allow for higher
magnitudes of emitted current. This is because the porous material in the thruster
chip is not only the material that supports the emitter tips, but also the flow network

that establishes flow resistance.

Through electrohydrodynamic simulations, relationships relating emitted current

I.,, to properties of the ionic liquid propellant and composition of the ion beam have
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been developed. One such relationship is given in equation 3.3 [8|.

(q/m)p

tot

1., x

(3.3)

where g/m is the average charge-to-mass ratio of the emitted species, p is the propel-
lant mass density, and Z,,; is the total hydraulic impedance between the propellant
reservoir and the emission site. The hydraulic impedance is directly proportional to
propellant viscosity, u, which is a strong function of temperature. While the depen-
dence of p on temperature is less significant, variations as large as 5% between 0°C
and 100°C have been measured [63]. To account for the variations of both p and p,
we will model the behavior in terms of kinematic viscosity, v = p/p. The effect of
temperature on ¢/m is not sufficiently characterized, but for this analysis it will be

assumed constant. Thus, equation 3.3 can be rewritten as,

IemV = AO(V) (34)

where Aj is a constant that depends on firing potential V' only. The value of the
constant Ay can be determined experimentally by observing the emitted current of
the device at a known temperature and viscosity. The dependence of viscosity on
temperature is well known for most common ionic liquids. Here, we consider the
ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BFy), as it is well

characterized for use as a propellant in electrospray thrusters.

3.1.1 Thermal Modeling

To model the power required to increase the temperature of the propellant near the
extraction site, a lumped parameter system in steady-state is considered. In other
words, the increase in temperature of the thruster is related to the power input to the
heater through a parameter Gy, and a heater efficiency 7. The parameter Gy, can be
thought of as an overall thermal conductance in W K~! between the heated thruster

head and some constant-temperature thermal reservoir, in this case the structure on
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which the thruster head is mounted on (usually the tank itself). The power into
the system is supplied by the heater, P, = nP,, and the power out of the system
is the product of the thermal conductance to the environment and the change in

temperature, P,,; = Gy, AT. At steady state, Pj, = Py, SO

_ GuAT
n

P, (3.5)

While the lumped parameter system is a simplistic way to view the complex
thermal network that exists within the thruster, it is a good approximation of the
behavior at steady-state, and Gy, values for different configurations are relatively
easy to determine experimentally. It is also important to note that heat transfer by
convection or radiation are not considered, as their contributions should be negligibly
small, especially in vacuum.

From equation 3.5, it is evident that the power required to heat the propellant
to some temperature is minimized when Gy, is low (representing a well-thermally-
insulated thruster) and 7 is high (representing a high-efficiency heater system). It
should be noted that equation 3.5 does not consider time needed to heat the system,
as it is assumed that the system has reached a steady condition. The assumption that
the time required to reach steady state is small is valid for a low-thermal-mass system.
This again highlights the utility of needing to heat only the thruster head rather
than the entire propellant tank, because the power required to raise the propellant
temperature and the time needed to reach that temperature is independent of the

total propellant mass in the tank.

Transient Analysis

While heating times are expected to be small, it is worthwhile to consider the transient
behavior of the thermal control system. One possible disadvantage to using temper-
ature rather than voltage to modulate thrust is the time needed to reach change
the operating condition. The magnitude of an applied voltage can be changed over

time scales on the order of milliseconds using modern electronics, while we would
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expect the time needed to reach a new temperature to be orders of magnitude higher.
Whether this difference in modulation time is significant depends on the particular
use case. To determine the time scale of the temperature changes, we can relax the
steady-state assumption and model the heat input to the thruster. When considering
time transients, the thermal mass (also known as the thermal or heat capacity) of
the system becomes relevant. The heat capacity Cy, has SI units Jkg ' K~! and is
related to the net heat input ) and a rise in temperature AT by,

Con = % (3.6)

In this context, Cy, is another parameter that lumps together a network of several
parts comprised of different materials and geometries. Cy, is the combined effect
of the heat capacities for each part, which could be computed theoretically using
the known volume, densities, and specific heats of each part. However, due to the
complexity and occasional nonuniformity of some of the parts, Cy, is more accurately
determined by experiment. Rearranging equation 3.6 and taking a time derivative
gives,

d dAT
d—‘f = Py P = nPh — CuST = 0y

(3.7)

where P;, = nP, is the input power from the heater and P,,;, = G AT is the power
loss due to conduction to the environment. We see that the result is a first order

inhomogeneous ordinary differential equation in AT,

dAT Gth 77Ph
ol Sap D7 .
i T Con (38)

the solution for which is,

)
th

AT(t) = ATpe ™™ + L2 (1 — 7Y/ (3.9)

where 7 is a thermal time constant that is equal to ratio of thermal capacity to

thermal conductance:

74



_Cn
Gin

(3.10)

With equations 3.5 through 3.10, a framework has been established for experimen-
tally determining the two lumped parameters Gy, and C}, that define the notional
thermal system. First, the power required to hold the thruster head in steady state
at some level above room temperature can be measured, forming a relationship be-
tween P, and AT from which Gy, can be inferred using equation 3.5. Next, with
Py, fixed the transient temperature rise or fall of the thruster can be tracked and
fitted to equation 3.9, giving an estimate for 7 and subsequently Cy,. It would be
desirable to perform the latter experiment during a cooling period (P, = 0) so that
the homogeneous solution, which is simpler to fit to experimental data, can be used.
The exponential fit to the cooling profile gives an estimate for 7, and with knowl-

edge of Gy, already obtained from the steady-state experiments, C;, can be directly

estimated using equation 3.10.

3.1.2 Analytical Approximations

Though the relationships between current, voltage, and temperature for an electro-
spray thruster are complex and best determined experimentally, it is possible to derive
analytical approximations by making several key assumptions. First, we model the

viscosity of an ionic liquid as Arrhenius equation, as is done by Liu [38]:

(T = vo exp ( - gT) (3.11)

where v, is the viscosity at infinite temperature, R is the ideal gas constant, and FE,
is an apparent activation energy. Fitting experimental viscosity data published by
Shamsipur [63] to equation 3.11 yields vy = 1.46 x 107" m?s™! and E, = —2.42 x 10*
Jmol ™t

The current-voltage characteristic of the thruster is more difficult to accurately fit
to a simple model. The IV curve for an electrospray thruster most closely resembles

that of a forward bias diode. The Shockley diode equation is commonly used to model
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the IV characteristics of a diode:

(V) = I, [exp (V/Vo) — 1} (3.12)

where [ is a reverse saturation current and V{, a thermal voltage. For an electrospray,
Iy and V{ do not have physical meanings the way they do in diodes, and they are
rather just model coefficients. For large forward biases, the second term in equation

3.12 is often neglected, and the IV curve can be modeled as

I(V) = Iyexp (V‘;OVS) (3.13)
where V is a parameter that is introduced to the model to represent the effective
startup voltage of the thruster, i.e. the voltage at which the current becomes signifi-
cant. Inclusion of V; does not change the model mathematically, but it allows us to
represent /(V') in terms of physical values in addition to model coefficients. Current-
voltage data was acquired for a test electrospray thruster at room temperature and fit
to equation 3.13, yielding Iy = 12.7 nA, V5 = 107.2 V, and V, = 765.5 V. The sample
IV curve used to estimate these parameters and the fitted exponential model is shown
in figure 3-2. Equations 3.11 and 3.13 give approximations for the complex behavior
of both the propellant properties as a function of temperature and the current output
as a function of voltage, and we can use them to derive analytical approximations for
thruster performance metrics.

Consider the relationship in equation 3.4, where Ag is an empirical constant for
a given thruster and depends on voltage only. Using the analytical approximations
above, the dependency of Ay on voltage can be expressed explicitly by multiplying

the emitted current at some condition by the viscosity at the same condition.

Ao(V) = volyexp <V ‘_/0 V) (3.14)

where v is the kinematic viscosity at the reference condition at which I, and V
are measured. In principle, vy, Iy, and Vj can be taken at any condition, but it is

reasonable to use room temperature as the standard condition.
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Figure 3-2: Current-Voltage of an iEPS electrospray thruster at room temperature in
the positive firing mode fitted via the method of least squares to equation 3.13.

Now, equations 3.4, 3.11, and 3.14 can be combined to arrive at an expression for
emitted current as a function of both temperature and voltage in terms of parameters

measured at the reference state and other coefficients:

(3.15)

Thruster power is P, = V I,,,, and heater power P}, is given by equation 3.5. The
total electrical power consumed by the propulsion system is P = P, + P,. Thrust
F in terms of current, voltage, and other thruster constants is derived in section
2.2.1, and the result is summarized in equation 2.18. We define a thruster coefficient
¢ = \/W that is assumed to be constant for a given thruster. With these

assumptions, analytical approximations for P and F' can be written:
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1/0]0 V — ‘/5 Ea Gth(T — To)
P(V.T)=P + P, = 2° A 70 1
(V,T)=P,+ P, VOOVexp( 7 +RT)+ ; (3.16)
volo V-V, E,
F(V.T) = 224/ 1
(V. T) cbyoo Vexp( " +RT> (3.17)

Dual-Grid Approximations

A dual-grid electrospray is one that uses two extractor grids in series, each of which
can be biased individually with respect to the emitter. In such a configuration,
the potential difference between the emitter and the first (upstream) grid, called the
extraction voltage V., controls the electric field seen at the emission site and therefore
determines the magnitude of the current extracted from the thruster. Meanwhile, the
potential difference between the emitter and the second (downstream) grid, called the
acceleration voltage V,, controls the net potential difference through which ions are
accelerated and therefore determines the exhaust velocity. In this way, thrust and

specific impulse can be controlled separately via independent control of V, and V.

Dual-grid systems have several benefits, all of which will not be discussed here,
but of particular interest is the manner in which they can be applied to a heated
electrospray concept. Thermal control is another mechanism by which thrust can be
modified without changing specific impulse. With at least three independent variables
(Ve, Vi, and T'), the complete trade space for this configuration is quite large and
complex, but it is worthwhile to form analytical approximations for the quantities
of interest in the dual-grid case as was done for the single-grid case. This amounts
to changing V' in equations 3.15 through 3.17 to either V, or V,, depending on the
voltage that correctly controls each part of the equations. The results are given in

equations 3.18 through 3.20

vol, Ve—Vs B
Temanat(Ve, T) = == exp( vt RT) (3.18)
00 0
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Table 3.1: Model coefficients fitted for the analytical approximations of the thermally
augmented electrospray thruster

Coefficient | Fitted Value | Units
Voo 1.46 x 10° m?s!
Y 2.50 x 10° m?s~!
E, —2.42 x 10* Jmol ™!
Iy 12.7 nA
Vs 765.5 \%
Vo 107.2 A%
) 0.00224 Vkg C!
Pauar(Ve, T) = VVO—OIOOVe exp (VeVOV; + g%) + w (3.19)
Fauat(Ve, Vo, T) = qs”VO—f\/Va exp (Ve% 4N g;) (3.20)

It is noteworthy that I, gua and Py,q are have no dependence on V, because the
emission current consumes power through V, only. However, Fy,, is a function of
both V. and V, (as well as T') because both the magnitude of the current and the
speed of the exhausted ions contribute to thrust. It is clear from even these simple
approximations that there is a very wide range of scenarios that can be analyzed
to evaluate the impact of using thermal augmentation in an electrospray propulsion
system. A small selection of such scenarios is analyzed in the following sections to

give an overview of the types of operations and optimizations that are enabled.

3.1.3 Operating under Constrained Power

The first scenario considered is that when the propulsion system is constrained to
operate at or below some maximum total power P. This power can be divided between
the heater power P, and the thruster power P, = VI, such that P = P, + P,. If
it is desired to use all available power, then in the unheated case the thruster would

be operating at the firing potential V' such that P = P, = V I.,,. However, if power
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is removed from the thruster by decreasing V', and that newly available power is
reinvested into heating the thruster, we can evaluate the impact on overall thruster
performance parameters like thrust F' and thrust-to-power ratio F'/P, a measure of
how efficiently the propulsion system converts electrical power to thrust.
Computations for all scenarios were performed assuming the average charge-to-
mass ratio in the ion beam is ¢/m = 400 C g~'. The analytical relationships derived
in section 3.1.2 were used to compute the relationships between F/P, I, and T at
a constant total power of 2 W. The relationships were computed for a range of Gy,
since the thermal conductance can be considered a design parameter. A complete list
of the correlation coefficients used in the analytical approximations is given in table

3.1.
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Figure 3-3: Thrust-to-Power ratio achievable over a range of firing potentials for a
constrained total power of 2 W. Different curves represent different values of the
lumped conductance Gy, where 0.0005 < Gy < 0.01 in WK~ and with the top
curve representing the lowest Gy,. Temperature was constrained to 150°C.

Figure 3-3 illustrates that for a properly designed heating system, i.e. a sufficiently
small Gy, the maximum thrust-to-power ratio achievable for a given power constraint

is not at the maximum firing potential V' where all power is invested directly into
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the thruster. Instead, by decreasing the voltage and investing the excess power into
heating the thruster, more current can be extracted at the lower voltage, and the
net effect is an increase in thrust. On the other hand, figure 3-3 reveals that for
a poorly designed heating system with insufficient insulation, no such advantage is
gained. It becomes clear that care must be taken in the design of the thermal control
system to ensure that Gy, < G, the critical conductance at which the maximized
F/ P matches the unheated condition. The model predicts a critical conductance of
Gerig = 0.0027 WKL,

For electric propulsion systems like the iEPS, the negligible heat dissipation of the
thruster itself and the chemical inertness of the propellants used allows for widespread
use of plastics and other low-thermal-conductivity materials in the construction of the
thruster and tank. These materials offer good thermal insulation between the thruster
head where the heater system will be operating and an external structure, a satellite
bus for example, whose temperature can vary significantly. Regardless, it is evident
that thermally controlling the thruster enables active modulation of F'/P, even if an
increase is not attainable due to a relatively large Gy,. The ability to modulate F'/P
in real time is particularly useful for satellites that perform a wide range of maneuvers,
such as small satellite swarms flying in formation, because different maneuvers may

be optimized at different F'/P levels.

3.1.4 Thrust Modulation by Thermal Control

A particularly interesting application of a heated electrospray thruster is the modu-
lation of current, and therefore thrust, output by adjusting the emitter temperature
rather than the emitter wvoltage. Such a throttling scheme could greatly simplify
the electronics required to operate electrosprays. The adjustable high-voltage am-
plifiers used to modulate emitter voltage are bulky, expensive, and suboptimal from
an electrical efficiency perspective. In addition, complex networks of large, heavy
electromechanical relays are required to control and switch the high-voltage electron-
ics. If adjustable voltage amplifiers can be replaced by fixed-voltage modules, the

electronics can be miniaturized, simplified, and optimized.
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Figure 3-4: Comparison of output thrust at a range of input powers for temperature
modulation at fixed voltage V = 1000V (solid line) and voltage modulation at fixed
temperature Ty = 25°C (dashed line). The temperature was constrained to 150°C
and the thermal conductance was assumed to be Gy, = 0.001 W K1,

To evaluate the effectiveness of using temperature modulation to control thrust,
consider operating an electrospray at a fixed emitter voltage. For thruster designs
utilizing a single extractor grid responsible for both extraction and acceleration of
ions, fixing emitter voltage also fixed specific impulse, assuming the average charge-
to-mass ratio of the ion beam does not change. Because there are natural limits to the
range of temperatures that can be used, temperature modulation introduces an oper-
ational window that may be narrow compared to the available window using voltage
modulation. Assuming the thruster is equipped only with a heating system and is
therefore without cooling capability, the thruster cannot be operated below ambient
temperature, setting the lower bound to the throttle window. The upper temperature
limit is driven primarily by the operating ranges of the propellants and materials used
in thruster fabrication. For instance, EMI-BF, decomposes at approximately 292°C
[70]. The PEEK and PTFE plastic components used in the iEPS tank assembly
have glass transition temperatures near 143 and 114°C, respectively, and they melt

entirely at temperatures in excess of 300°C. While these materials are often used at
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temperatures in excess of their glass transition temperatures, maintaining the mate-
rial properties of the tank components is critical in ionic liquid electrospray systems
to prevent leakage of ionic liquid, which can not only deplete propellant supply but
also permanently damage electronic components. For these analyses, the thruster

temperature limit is set at 150°C.
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Figure 3-5: Bounds of the throttling range of a temperature-modulated thruster at a
range of firing voltages and a temperature limit of 150°C.

Figure 3-4 compares the throttling range of two notional thrusters using tem-
perature modulation and voltage modulation to control thrust. It is noteworthy that
inside the operational window, the thrust versus power profiles of the two schemes are
similar, with temperature modulation being slightly more efficient in thrust-to-power
at higher power levels. However, figure 3-4 also shows the restrictions introduced by
the temperature constraints in the temperature modulation case. With the thruster
unable to operate below 25°C or above 150°C, only a limited range of thrust and
power values are achievable.

A simple way to adjust and increase the throttle window for temperature modu-
lation is to change the nominal emitter voltage. Specifically, by increasing the fixed

emitter voltage the minimum, maximum, and range of available thrust levels all in-
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crease. This relationship is illustrated in figure 3-5. It is evident that by using thermal
augmentation at high firing voltages, very large maximum thrust levels are achiev-
able. However, operating at these high thrust levels comes at the cost of increased
power, with the higher ranges requiring upwards of 10 W of input power, much larger
than power levels typically available for systems of this size. Nonetheless, even the
extreme operating points are in principle attainable for a thruster that satisfies these

assumptions and obeys these models.

3.1.5 Dual-Grid Electrospray Thruster

Ion thrusters, including electrosprays, that utilize two in-series grids for ion extraction
and acceleration can control thrust and specific impulse independently. Several oper-
ational modes are enabled by such an architecture. For instance, it becomes possible
to extract small currents with a low extraction voltage V, but accelerate the current
to high exit velocities with a high acceleration voltage V,, enabling low-thrust, high-
specific-impulse operation that can be useful for highly efficient and precise attitude
control. On the opposite end of the spectrum, a high-thrust, low-specific-impulse
mode is enabled, which may be optimal for certain mission profiles or maneuvers.
Most importantly, the dual-grid architecture enables operation at an infinite number
of combinations of thrust and specific impulse in between the two extremes, allowing
unprecedented agility and real-time optimization of maneuvers.

Introducing thermal augmentation to dual-grid electrospray further expands the
range of possible modes, since temperature becomes a third control parameters that
can independently modulate the magnitude of emitted current and other thruster
performance metrics without changing specific impulse. Figure 3-6 shows an example
of one application, focusing on a scenario in which a power constraint is imposed on
the propulsion system, and 7', V., and V, are adjusted to modulate the output and
performance metrics of the thruster without changing the total power consumed. It
can be seen that for a system with the assumed properties, F'/ P increases monotoni-
cally over the relevant temperature range. The returns diminish due to the viscosity

of EMI-BF, reaching a terminal value at high temperature, and for very high temper-
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Figure 3-6: Thrust-to-power ratio of a dual-grid electrospray thruster operating at a
fixed power of 2 W as a function of temperature for different values of specific impulse.
The thermal conduction parameter was assumed to be Gy, = 0.001 WK1,

ature F'/ P reaches a maximum and begins to degrade. The location of the maximum
F/P is dependent on the properties of the system, such as Gy, and the coefficients

used to model the electrospray emission behavior.

It is interesting to note that the trade space illustrated in figure 3-6 is unique
to a dual-grid system, since in a single-grid system fixing two of the power, specific
impulse, and temperature fixes the the third. However, in a dual-grid system all three
can be adjusted independently, resulting in a wide and continuous range of F'//P over
which the thruster can operate, enabling a unique method by which it is possible to
adjust thruster parameters in real time and choose the optimum operation mode for

a given maneuver.

Shown here are just some of the many possibilities that are enabled by a thermally
augmented electrospray system, illustrating at a basic level how investing power to
heat the thruster can serve to change, and in some special cases improve, thruster per-
formance metrics. Additional scenarios and analyses that focus on different thruster
parameters or performance metrics will be driven by use case, but from the above

analyses alone it is clear that thermal augmentation has the potential to greatly ex-
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pand the range of use cases in which electrospray thrusters are a viable propulsion

system for several classes of space systems.

3.2 Heated Electrospray Testing

To test the hypothesis, a closed-loop temperature control system compatible with the
iEPS electrospray thruster was designed. A resistive heater sized to deliver the ap-
propriate amount of power and a resistance temperature detector (RTD) were bonded
to the frame of an iEPS thruster. The heater system was used to fire the thruster at
various steady-state temperature conditions.

The goals of the experimental validation were multiple. First, it was desired to
evaluate the heater system itself, primarily characterizing the relationship between
heater power and temperature rise, which involves experimental determination of the
thermal conductance Gy, from equation 3.5. Second, we sought to experimentally
verify the relationship described in equation 3.4. If the scaling law holds and it is
valid to assume that the beam composition remains constant with temperature, then

the current magnitude as a function of temperature is highly predictable.

3.2.1 Heater System Design

The heater and RTD are bonded to the 1 mm edge of the silicon thruster frame
using Masterbond Supreme 11AOHT-LO epoxy, a thermally conducting but electri-
cally insulating adhesive that is ASTM E595 compliant (low outgassing). Sufficient
electrical insulation between the frame and the heater system components is crucial
because the thruster frame is biased to voltages in excess of 1 kV during operation.
The McPherson model [46] was used to estimate the dielectric breakdown field of
the epoxy based on its known dielectric constant, and epoxy barriers were applied to
sustain at least 5 kV, more than twice the expected level.

A 150 Q ruthenium oxide thick film resistor with a maximum power dissipation of
3 W was used as the heater load, and a 100 2 platinum RTD was used as the temper-

ature sensor. 28 AWG copper wire made up the electrical lines, the total resistance of
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Figure 3-7: Heater bonded to emitter frame of an iEPS thruster

which impacts the heater efficiency. The temperature of the thruster is controlled us-
ing an Arduino-based PID controller with the RTD temperature measurement as the
process variable and a pulse width modulation (PWM) signal as the control variable.
The PWM signal switches a MOSFET that opens and closes the heater circuit at the
controlled duty cycle. A 12 V DC power supply is used to power the heater circuit,
allowing for a maximum heater power at 100% duty cycle of P, = V?/R = 0.96 W.

3.2.2 Experimental Results

The first experiments were performed simply to determine the relevant parameters
of the thruster and heater system, primarily Gy, Cy,, and 1. Heater efficiency n can
be measured directly by taking high-resolution resistance measurements. A Keithley
6514 electrometer was used to precisely measure the line and load resistances. Heating
experiments were performed in a vacuum chamber at pressures below 1 x 10~2 Torr,
and thruster firing experiments were performed in the same chamber at pressures

below 5 x 10~% Torr.

To determine Gy, the system was placed in the vacuum chamber and the tem-
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perature was controlled to various setpoints between 30°C and 105°C (which, for this
system, was approximately the steady-state temperature T),,, at maximum heater
power Pp..) while the power required to maintain the temperature was tracked.
Power was calculated as the maximum heater power multiplied by the duty cycle
output by the PID. The system was allowed to dwell in steady-state at each setpoint
for at least several minutes to allow all variables to stabilize, and the average power
over the interval was considered to be the heater power required to maintain the
temperature. The relationship between heater power and steady-state temperature

is shown in figure 3-8.
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Figure 3-8: (left) Heater power required to raise the temperature of the thruster by
a range of amounts above the ambient temperature for a thruster mounted on a tank
and a thruster floating in vacuum. (right) Cooling profiles of the same two thrusters.

Two main sources of conduction to the ambient environment were identified: con-
duction through the propellant tank and conduction though the electrical connec-
tions themselves. To isolate the effects of these two sources and inform the optimal
design for the heater system, an equivalent heating experiment was performed using
a thruster that was not mounted to a tank and was instead suspended in vacuum by
the electrical connections. In this configuration. Conduction to the environment is
possible only through the electrical connections. The heater power and temperature
results are shown alongside the data from the thruster on a tank in figure 3-8. Per
equation 3.5, the slope of the Pj, versus AT relationship provides an estimate for

Gy, and it is evident that there was not a significant difference in the Gy, estimate
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between the thruster mounted on a tank and the floating thruster, with the average

of the two being Gy, = 0.0112.

Several conclusions can be drawn from the above observation: (1) the heat loss due
to conduction seems to be dominated by the electrical connections. Since the tank
materials are thermally insulating plastics, such an observation is not surprising. (2) It
is possible to tailor Gy, via selection of wire materials and sizes. For example, 28 AWG
copper wire was used to make the electrical connections to the heater, temperature
sensor, and extractor electrode. Each of the five connections used approximately
2 cm of wire. Given the diameter of 28 AWG, d = 0.321 mm, and the thermal
conductivity of copper, £ ~ 400 Wm~* K, the expected thermal conductivity would
be G = 5kA/L ~ 0.00813 W K™!, which would represent the majority of the value
found experimentally using the data in figure 3-8. Therefore, to decrease Gy, which
is desired to minimize the required power investment for a given AT, it may be
desirable to use wire of smaller diameter or to select non-traditional materials that
have poorer thermal conductivities but maintain high electrical conductivities for
electrical connections. Unfortunately, very few of such materials exist, since there
is a well-known correlation between electrical and thermal conductivity. However, a
metal such as titanium may be a good choice, since both its thermal and electrical
conductivities are approximately 5% that of copper. Optimization of the heater

system will be addressed in future work.

To determine the effective thermal mass, Cy,, of the system, it was brought its
maximum steady-state temperature, approximately 105°C for both thrusters, and
allowed to cool under zero heater power to ambient temperature. With P, = 0, the

transient behavior of AT given in equation 3.9 simplifies to

AT(t) = ATye V™ (3.21)

which is simple to fit to experimental data using the method of least squares. The
experimental cooling curves and exponential fits are shown in figure 3-8, yielding

estimates for the thermal time constant of 7 = 254 seconds and 7 = 80 seconds for
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Table 3.2: Experimentally determined thruster and heater system thermal parame-
ters.

n | > 099
G | 0.0112 WK T
Con | 29 JKT

T | 254s

the thruster on a tank and without a tank, respectively. Clearly, there is a large
discrepancy in the time constant between the two configurations. Since it has been
shown that the two configurations have similar Gy, the discrepancy must come from
a difference in Cyy,, the effective thermal mass of the system. Using equation 3.10, the
effective thermal mass of the two configurations is estimated to be Cy, = 2.9 JK=!
and Cy, = 0.88 JK™!, respectively. The thermal mass can be interpreted as the
amount of energy required to raise the temperature by 1 degree, while the thermal
conductance is the power required to maintain that temperature. One interpretation
of the discrepancy is that when the thruster is mounted to a tank, some of the heat
input is used to raise the temperature of the tank components near the interface
between the thruster and the tank rather than the thruster head alone, raising the
effective thermal mass. In this way, it is evident that both the insulation of the
thruster-tank interfaces and the electrical connections are relevant and should be

designed to minimize both Cy, and Gyy,.

After determining the thermal characteristics of the heated thruster system, the
thruster was fired at a range of temperature setpoints to determine the accuracy of the
predicted relationship between temperature and emitted current (equation 3.4). The
propellant tank was filled with 0.4 mL of EMI-BF, prior to the start of testing. Filling
operations were performed in a CO4y environment. The thruster was fired initially at
room temperature (T = 25°C) to establish the baseline against which to compare the
emission characteristics at elevated temperatures. The firing voltage was selected such
that the emitted current was close to its nominal level for an iEPS thruster. For this

thruster, the room temperature operating point was approximately 135 pA at a firing
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voltage of 860 V. The kinematic viscosity of EMI-BF, at 25°C is vy = 25 mm?s™1,
so the value of the constant Ay is calculated to be A(860V) = I.myy = 3.38 x 1077
Amm?s~!. The heater system was then used to control the temperature of the
thruster chip at various elevated setpoints, and the thruster was allowed to fire,
without adjusting the firing voltage, at the setpoint for several minutes to allow both
the temperature and current levels to settle. The polarity of the emitter potential
was reversed every 30 seconds to avoid electrochemical effects. The current values

reported are averages of the positive and negative modes over a given interval.
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Figure 3-9: Measured and expected emission current as a function of temperature.

Figure 3-9 shows the measured current at temperature setpoints ranging between
25 and 90°C alongside the expected current based on the room temperature current
and the temperature dependence of viscosity. It is evident that measured current
is well below the predicted curve. While emitted current would have been expected
to increase to values as large at 600 pA at 90°C, the actual current was closer to
300 pA. It is believed that these are the first data acquired from an integrated ionic
liquid electrospray propulsion system at elevated temperatures. Previous studies on

the effect of temperature on ILIS, such as those done by Lozano [41], were performed
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using single tungsten emitters. Full porous glass emitter arrays, due to their different
mechanism of propellant transport, different emitter tip size scale, different method
of emitter biasing, and other factors, exhibit different behaviors than single metal tips

in certaln scenarios.

Several factors may contribute to the disagreement observed in figure 3-9. First,
it is assumed in equation 3.4 that the average charge-to-mass ratio of the ion beam is
unchanged as both temperature and current are increased. In reality, there may be
some dependence of ¢/m on temperature, which should be addressed in future work.
For example, time of flight mass spectrometry measurements taken for a thruster
firing at different temperature setpoints could reveal such a dependence. In addi-
tion, insufficient heat transfer between the thruster frame and the propellant flowing
through the porous glass emitter may result in an overestimation of the true propel-
lant temperature. Methods for passively increasing heat flow between the components
in the thruster head could be implemented, including selecting thermally conductive
adhesives for interfaces and minimizing heat loss to other components, such as the
tank and propellant bulk. Alternatively, the propellant temperature could, in prin-
ciple, be probed more directly such that the feedback to the thermal control system

would be representative of the true propellant temperature near the thruster head.

Another factor that was not controlled in these experiments is contamination
of the propellant, including during assembly/filling by atmospheric water vapor or
during operation by decomposition products. In the former case, the hygroscopic na-
ture EMI-BF, results in absorption of water from humid air, which may impact the
viscosity-temperature relationship of the propellant, changing the expected current-
temperature relationship in an unknown way. The latter case may result from unex-
pectedly strong thermal gradients across the thruster between the heater and tem-
perature sensor, potentially causing local temperatures near the heater to exceed the
thermal decomposition temperature of EMI-BF,. Decomposition products include
highly viscous or sometimes solid substances, which would reduce the effective pore
size of the emitter and resist low. Both of these effects can be mitigated, however, by

drying the propellant prior to filling and by distributing the heat dissipation around
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the perimeter of the thruster to prevent extreme thermal gradients.

All of the above factors, as well as some others not discussed here, may impact
the emission characteristics of a thruster at elevated temperatures, and future work
shall focus on the isolation of these factors and development of a representative model
for the temperature dependence of electrospray emission properties. Regardless, it is
evident that active thermal control has a significant impact on the magnitude of cur-
rent capable of being extracted from an electrospray thruster at a given firing voltage,
though the net effect may be milder than expected, pending a more thorough and
controlled investigation of a prototypical heated electrospray system. The difference
between the measured and expected outputs seen in figure 3-9 impacts the scenarios
and relationships discussed in section 3.1, and future work should address the origins
of these discrepancies and incorporate them into a more comprehensive model of a

thermally augmented electrospray system.
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Chapter 4

Conclusions

Here, a preliminary framework is proposed for future improvements to the perfor-
mance characteristics of ionic liquid electrospray propulsion systems, with thrust
density as the driving figure of merit. Two complementary paths are evaluated: de-
creasing emitter pitch to increase the packing density of emitting tips, and using
active thermal control to augment the magnitude of current capable of being emitted
from each tip. Benefits and drawbacks exist in both cases, and the two methodolo-
gies are not mutually exclusive. Increasing emitter packing density necessitates the
use of different materials and more advanced fabrication techniques to create highly
complex three-dimensional geometries at the microscopic scale, but it leverages well-
understood principles of electrospray physics and is therefore relatively predictable
and reliable. Thermal augmentation requires design of an efficient thermal control
system and operation of electrospray thrusters under conditions in which their char-
acteristics are poorly understood and unpredictable, but in addition to augmentation
of current it enables active modulation of thruster performance metrics and a novel
throttling scheme.

In both cases, increasing the thrust density of electrospray thrusters requires in-
creasing the current emitted per unit area, the effects of which are not yet widely
understood. Several factors that are typically considered negligible in electrosprays,
such as heat dissipation and space charge, may become significant at increased current

densities, and the critical point at which phenomena such as these must be consid-
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ered is not yet known. For this work to be continued, it is likely necessary to take an
in-depth look at the physics of ion emission in electrospray thrusters at the molecular
level to better understand the factors that will significantly influence macroscopic
thruster performance. The tests performed here serve merely as proofs of concept for
the principles and ideas that may lead not only to a better understanding of elec-
trospray thrusters but also improved designs that can potentially have an enormous

impact on the market for small spacecraft propulsion.

4.1 Ultra Dense Emitters

Emitter arrays fabricated using grayscale lithography from silicon with pitch as low
as 127 pm were tested for the first time as an integrated thruster system with an
extractor grid electrode and ionic liquid propellant. Initial performance of the ultra-
dense arrays was promising, with evidence of repeatable and stable emission in the
pure ionic regime and current levels consistently exceeding 60 pA at voltages on the
order of 1 kV.

Several performance characteristics of the ultra-dense silicon thrusters were mea-
sured both directly and indirectly using test equipment and diagnostics in the Space
Propulsion Laboratory at MIT. Current-voltage measurements, retarding potential
analysis, time of flight mass spectrometry, and beam divergence measurements were
performed and compiled to obtain an overall view of the preliminary performance and
efficiency of the thrusters. Finally, a magnetically levitated thrust stand was used to

measure thrust directly.

4.2 Thermal Augmentation

Thermal augmentation was also identified as a method by which thrust density can
be increased. Such a methodology would leverage the tendency of the viscosity of
liquids to decrease sharply with increased temperature and the understanding that

current emitted from an ionic liquid ion source is expected to increase with decreased
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viscosity and all other parameters constant. An analytical framework was developed
to model the emission characteristics and performance metrics of an electrospray
thruster under variable firing voltage and temperature, and several cases were ana-
lyzed to illustrate the potential usefulness of a thermally augmented electrospray in
a variety of scenarios, including optimizing thrust-to-power ratio under fixed power,
using temperature to modulate thrust at fixed voltage, and application of the concept
to a dual-grid electrospray thruster.

It was shown that active heating enables modulation of several thruster perfor-
mance metrics, expanding the potential use cases for electrospray thrusters and en-
abling real time optimization of orbital maneuvers. In addition, it was seen that for a
well designed thermal control system and under a specific set of conditions, thruster
performance metrics can be improved, including maximization of thrust-to-power ra-
tio and augmentation of current density.

To demonstrate the concept of thermal augmentation, an active thermal control
system was designed and applied to an MIT iEPS electrospray thruster and tested
in vacuum. After characterization of the thermal characteristics of the system, the
thruster was fired over a range of temperature setpoints, and the thruster current out-
put was observed. It was shown that current magnitude monotonically increases with
temperature over the relevant range, proving that thermal augmentation is feasible.
However, agreement between the theoretical models and experimental results was not
clear, so additional work is to be done to investigate the causes of the discrepancies

and inform the models for a thermally augmented electrospray system.

4.3 Future Work

Work to further develop the proofs of concept covered here is necessary to push for-
ward the state of the art in electrospray propulsion. The two systems tested, an
ultra dense silicon based electrospray thruster and a thermally augmented electro-
spray thruster, are prototypes for their respective technologies, and therefore further

iteration and development of their designs will yield clearer experimental results.
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For instance, it has been proven that the ultra-dense MEMS emitters can emit
a pure ion beam and produce measurable thrust, as observed via diagnostic data
and demonstrated using a magnetically levitated thrust stand. However, the novel
thruster concept is still in development, and its performance characteristics are ex-
pected to change as design details, including those having to do with emitter-extractor

interfaces and fluid control, are matured.

An immediate next step in the development of the ultra-dense thrusters is to ac-
quire long-duration firing data, which was not able to be obtained up to this point.
Long duration data yields information regarding the evolution of the thruster’s be-
havior over time and the maximum lifetime achievable for the thruster. It also enables
direct measurements of the average mass flow rate over a firing duration, since pro-
pellant mass consumption approaches levels that can be measured using laboratory
scales. Firing for long durations (hundreds of hours) requires a propellant tank to
store the volume of ionic liquid needed for such a test. The design for the iEPS ionic
liquid propellant tank has been extensively tested and qualified for space flight, so
development of an interface between the silicon thrusters and the iEPS tank is un-
derway to be able to obtain long duration data. The long term outlook for the silicon
thrusters may involve development of a new tank design tailored toward the needs of

classes of satellites even smaller than the cubesats for which the iEPS was designed.

Additionally, more direct thrust measurements should be taken for the ultra-dense
silicon thrusters, and at different firing conditions (i.e. current levels). Additional
data points will yield a better understanding of the thruster characteristics and mea-
surement uncertainty, and it will allow for differentiation of the contributions of in-

dividual thrusters from a pair firing on the MaglLev thrust stand.

Ultimately, since the ultra-dense silicon thrusters have been demonstrated in the
laboratory, it will be beneficial to conduct an on-orbit demonstration of the technol-
ogy to further develop and qualify the technology. On-orbit demonstrations provide
the most reliable data for a thrusters ability to survive the harsh conditions of launch
and perform in space. Since a satellite’s position can be tracked very accurately, infor-

mation about the propulsion system’s performance can be inferred via measurement
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of changes in orbital elements in response to a known thruster command. Similar
demonstrations for new propulsion systems are performed frequently, and they are
the only way for a technology to graduate to a technology readiness level (TRL) of 9.

The thermally augmented electrospray thruster system is also in a developmental
state, with the proof of concept complete and the development of a more reliable and
precise system underway. The first prototype utilized easily accessible components
and relatively simple assembly methods, but future iterations may focus on optimiza-
tion of the heater system, either to maximize efficiency or to maximize power through
the heater load.

In addition, more comprehensive models should be developed to accurately and
repeatably predict the behavior of electrospray thrusters as a function of temperature.
A dedicated model for full porous glass emitter arrays does not exist, and models for
single nonporous ILIS may have limited applicability that depends on firing conditions
and other variables. For example, a better understanding of the changes to the ion
beam with temperature should be established, which includes determination of the
temperature dependence on parameters like ¢/m, which has not been studied but
could impact the validity of equation 3.4. Investigation into the discrepancies between
the simple model derived in this work and the experimental data may also involve
more controlled experiments that can isolate the various confounding variables which
may influence the experimental results. Examples include accurate knowledge and
control of the actual propellant temperature inside the porous emitter and accurate
measurement of the propellant’s thermophysical properties and their dependences on
temperature. All of these, along with additional experimental data, will contribute

to a more comprehensive model for electrospray emission.
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