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This thesis seeks to examine the feasibility of a system that uses Pulsed Plasma Thrusters
(PPTs) to slow down hypervelocity, micron-size ice grains in order to preserve potential
organic material contained within. The motivation for this research comes from a NASA call
for technologies that enable novel mission profiles to capture grains from flybys of icy ocean
worlds like Enceladus and Europa. A mathematical model for analyzing the plasma drag
on a dust grain is developed using Sheath Limited and Orbital Motion Limited theories of
dusty plasma physics. This model is then used to create time- and length-dependent plots
along with contour plots dependent on grain radius and velocity. These plots are used to
develop the plasma parameters necessary for adequately decelerating incoming ice grains.
A first order approximation of the system feasibility is conducted by analyzing collected
mass, energy per pulse, and rate of incoming grains and comparing this to other PPTs and
collection mechanisms. The proposed system is technically achievable with an energy per
pulse of 11.9 J, and may even increase the organic capture efficiency for missions that have
to operate at flyby velocities above 3 km/s. However, matching the 14 kHz frequency of
impinging particles during high plume activity is not practical, and tradeoffs must be made
in the number of grains the plasma interacts with and the sensible power requirements of
the system. Ultimately, this idea may be useful for higher velocity missions, but more work

is needed to determine best use cases and develop such a system.
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Chapter 1

INTRODUCTION

At the present moment, humanity’s exploration of the solar system has revealed that
water — a necessary element to life as we know it — is much more abundant throughout our
planetary neighborhood than previously believed. It is found as ice on many of the numerous
moons of the outer planets and can even be found under the deserts of Mars or at the far
reaches of Pluto. Liquid water as it exists on Earth is much harder to come by, though
mounting evidence suggests that it may be found underneath the icy surface of some of the
Galilean moons, and Cassini has shown us that Enceladus has enough to produce frosty

geyser plumes.

In the search for extraterrestrial life, the first step has always been “find the water”, and
now that we have, it is time to investigate these sources further. Recently, the National
Aeronautics and Space Administration (NASA) has posted a call for technologies that will
enable the collection and analysis of the water ice ejected from geysers in support of the
Ocean Worlds Exploration Program [1]. Of particular interest are systems “capable of high-
velocity sample collection with minimal sample alteration” that can withstand all the rigors

associated with an interplanetary mission [1].

Considering that plasma propulsion devices are already made to withstand the hazards
of space, it may be interesting to investigate if a plasma exhaust could be used to slow down
incoming ice grains to a safe capture velocity for a high-speed flyby of a geyser plume. That
is the question that this thesis seeks to answer.

In the following pages, we will develop a mathematical model to investigate the physics
of plasma drag on small ice grains. This model will then be used to produce a number of

outputs that will enable us to intelligently manipulate key plasma parameters in order to



slow grain impact velocity while minimizing ablation. Finally, we will analyze the results
of this design to determine its feasibility and compare it to other proposed systems. We
conclude by discussing the future work that would be needed to answer additional questions
raised by this thesis and by explaining the possible use cases for such a system. Ultimately,
this study finds that the proposed system is feasible within certain restrictions and may have

uses for missions requiring flyby velocities greater than 3 km/s.
1.1 Icy Ocean Worlds

Likely the largest volume of water in the solar system outside Earth’s oceans can be found
on Europa. Though some other Galilean moons of Jupiter are also quite icy, Europa’s rela-
tively uncratered surface and unique features indicate that some sort of hydrological process
is renewing the moon’s outer crust. Ever since Cassini found evidence for icy geysers at
Enceladus, scientists have searched for similar signs at Europa. Using data from the Hubble
Space Telescope, some groups have observed evidence for water vapor plumes emanating
from different surface locations at various points in Europa’s orbit [42] [47], though some
of these findings might not be statistically significant [15]. More recently, an investigation
using the Keck Observatory found that Europa’s geyser activity may be rare but powerful
[35], and reanalysis of data from the Galileo mission revealed that spacecraft might have
encountered a plume during a Europa flyby [20]. Ultimately, little of this work is definitive,
and we will have to wait on the European Space Agency’s Jupiter Icy Moons Explorer and
NASA’s Europa Clipper mission to get more direct information.

Thanks to Cassini, we know much more about the geyser plumes at Enceladus than
we do about those from Europa. For that reason, this thesis primarily focuses its discussion
around collecting material from the plumes of Enceladus. However, the model created within
is general enough that it can be adapted to analyze a mission to Europa as new information
about the structure of its plumes becomes available.

At this point, it is well known that Enceladus has an icy crust and likely has some

form of subsurface ocean that is heated geothermally due to tidal effects between the moon



and Saturn. Results of this heating have been observed extensively by numerous Cassini
instruments in the water ice geysers emanating from features colloquially known as the
tiger stripes near the south pole of Enceladus. Since geothermal heating on Earth produces
underwater islands of life on the deep ocean floor that do not rely on photosynthesis, it is
often speculated as to whether or not similar processes might have enabled life to survive at

Enceladus.

Cassini was a general purpose mission to Saturn and was thus ill-equipped to directly
study the possible signs of life emanating from the polar plumes. The Ion and Neutral Mass
Spectrometer (INMS) was unable to detect molecules larger than its designed mass-to-charge
ratio limit, and the Cosmic Dust Analyzer (CDA) only detected ice grains down to the size
of approximately 1.7 pum, and was unable to do much further analysis outside elementary
detection [37] [23]. Thus any vaporized organic molecules that might be present were unable
to be detected, and any such molecules trapped in ice grains went unnoticed. However, INMS
detection of volatile compounds and small hydrocarbons as well as CDA data that suggests
small concentrations of complex organic cations, among other findings, lend credence to the
idea that something more complex than simple heating might be going on underneath the
ice [24] [38]. If we were able to design a system that efficiently captures the particles ejected
from the subsurface ocean with minimal degradation, analysis processes developed by others
[29] could then be used to meticulously and accurately search for and examine the organic
molecules within the sample, furthering humanity’s knowledge about life in our solar system.

One major issue faced by mission planners and payload designers is that little to no
complex organic molecules will survive the hypervelocity impacts experienced when colliding
with a detector traveling at typical Cassini-Enceladus flyby speeds [21] [7] [33] [34]. This can
be mitigated with precise design of the spacecraft orbit, but such considerations often incur
an increase in fuel, mass, and mission cost, thereby decreasing scientific payload [48]. This
thesis will study the possibility of altering the speed of an incoming ice grain with a method
independent from the spacecraft velocity. Such a device would allow mission planners greater

flexibility when designing the next probe to Saturn or Jupiter to study these icy ocean worlds.



1.2 Dusty Plasma Drag and Pulsed Plasma Thrusters

In the early 2000s, groups at the Los Alamos National Laboratory were working on devel-
oping new methods for analyzing fusion plasma experiments [51] [52]. One of the methods
considered involved injecting micron-sized graphite and diamond grains into the center of
the plasma and observing them as they were dragged about by the plasma and ablated away.
The grains would only survive a few milliseconds, but that would be enough. In developing
this diagnostic system, they first came up with a model for the force of plasma drag on these
microparticles [51], and then they built an experiment that used a coaxial plasma gun to
test their model [52]. This device was also designed as a potential method for injecting these

dust grains into a fusion plasma, but this is where we will leave these researchers.

One of the most widely used and thoroughly developed types of plasma propulsion is that
of the humble Pulsed Plasma Thruster (PPT). This relatively simple device produces thrust
by ionizing a bit of propellant and rapidly accelerating the resulting plasma in a method
reminiscent of a rail gun. These devices typically use otherwise inert solid propellants and
are thus small, light, simple, and relatively easy to incorporate into the design of even small
satellites. Due to these traits, a wide variety of PPTs have been used on numerous spacecraft

over the years, and their ability to work in the space environment is well understood.

When these two concepts — plasma dragged microparticles and PPTs — are combined,
they reveal a possible solution to NASA’s need for high velocity sample collection systems.
Enough is known about the properties of Enceladus’ plume and safe impact speeds for
ice grains containing organic molecules that developing a model designed to emulate these
collisions should be straightforward. By adapting the physics for plasma drag utilized by Los
Alamos, we could simulate the effects an exhausting plasma sheet would have on incoming
high velocity ice grains. Adjusting the parameters for such a plasma sheet would then reveal
the ideal system to use in order to slow these ice grains to acceptable capture speeds. As long
as these parameters are achievable with a PPT, it would be possible to effectively incorporate

this plasma buffer system into a dust collector and thus give mission planners the option



of higher velocity passes over a target with minimal degradation in collected material. The
remainder of this thesis seeks to develop these hypotheticals into concrete results so that we

can determine the feasibility of such a system.



Chapter 2
THE PHYSICS OF PLASMA DRAG ON DUST PARTICLES

There has been decades of research into dusty plasma physics whose purpose has been to
further our understanding of the complex, multi-species plasmas that exist primarily in the
cosmos, but also in certain situations here on Earth. When it comes to the interaction of high
speed flowing plasmas and micron-sized dust particles, two theories of dusty plasma physics
are very useful for analyzing this phenomenon: Sheath Limited (SL) theory and Orbital
Motion Limited (OML) theory. Each of these theories have been built up over many years of
theoretical research, and each were validated experimentally over the past few decades [56]

[39] [27] [2] [53] [17] [18].
2.1 Introduction of Physical Theories

Whether SL theory or OML theory is employed depends on how the size of the dust grain
in question relates to the Debye length of the surrounding plasma. If the size of the grain
is relatively large, then SL applies, but if it is relatively small, OML applies. In both cases,
the dust grain itself is assumed to be spherical. For the situation investigated in this thesis,
there are typical dust grain radii of r4 = 0.1 — 5 pum and plasma densities and temperatures
of n, &~ 10* m™2 and T, ~ 10 eV, respectively. These indicate that we will usually have
Debye lengths near Ap ~ 0.17 um and will thus primarily use SL theory. Since full ablation
of the grains will push the physics into OML theory, the model must include these physics
as well in order to obtain the full picture.

According to teams at the Los Alamos National Laboratory, plasma drag becomes the
dominant force in laboratory-based dusty plasma experiments when the ion flow speeds are

high and the plasma density is at least 10’ m=3 [53] [51]. Otherwise, the gravitational and



electrostatic forces acting on the dust grain will be of comparable magnitude [28]. Provided
we are in that plasma drag dominated regime, the motion of a grain is determined by
collisional forces between the dust and ions as well as Coulomb interaction forces, though
the latter are much weaker in SL theory. For both theories, the charging effects on the dust
grains are the primary drivers of these forces [51]. These effects include the influx of ions
and electrons into the sheath around the dust as well as the secondary electron emission and
thermionic electron emission from the grain surface. Other charging effects such as impact
ionization, radioactivity, field emission, photoemission, and tunnelling current are possible,
but their contributions are assumed to be small and are thus ignored [43]. The heating
effects incurred from interaction with the plasma are also important, since ablation of the
dust grain will result in a reduction of both mass and size, thereby changing the force acting
upon it [51].

Much of the physics presented here is based off of work done by Ticog et al. in 2006
at the Los Alamos National Laboratory. Their work focused on a fully ionized hydrogen
plasma with densities n, = n; = 10 m™3, temperatures T, = T; < 15 eV, and plasma flow
velocities of similar order as the ion thermal speed. For these assumptions, they found this
model to have good agreement with separate particle-in-cell simulations [51]. The plasmas
considered in this thesis will have different properties in many respects, but they will hold to
the assumptions that n; = n., T; = T, < 15 eV, and v; will be within one order of magnitude
of v;; and much smaller than vy,.

Because the electron thermal speed is much greater than both the ion thermal speed and
the overall plasma flow speed, the rapid accumulation of electrons will cause the dust grains
to become negatively charged almost immediately [43]. For this reason, the equations in
this section only apply when the relative potential between the dust grain and the plasma
is negative, V; < 0. While it is possible for influx of ions and emission of electrons to push
this value above zero, this does not apply to most situations studied in this thesis. In the
case that this relative potential becomes positive, the model changes all current and heat

flux equations to equal zero and outputs a warning message to the user (see Appendix B).



Throughout this study, these warnings only appeared in certain situations in which the dust
grain fully ablated. Therefore, the omission of the physics of the V; > 0 regime has little to
no impact on the results.

An important note is that this model does not account for any sort of chemical processes
which may occur as a result of the interaction of the dust grain material and the plasma.
It is likely that such reactions occur, especially in the case of multi-species plasmas like
those within teflon PPT exhausts, but such analysis is outside the scope of this thesis. For
simplicity’s sake, this work mainly considers the use of noble gasses, though this is not a

requirement.
2.2 Sheath Limited Charging and Heating

For dust grains that are larger than the Debye length of the plasma, it can be assumed that
the grain behaves similar to a floating wall, and thus has a surrounding sheath which affects
the flux of particles to and from the grain. In this sense, Sheath Limited theory uses much
of the same physics as are used when analyzing a plasma sheath near a wall or probe [49].
Therefore, it is important to understand how the Bohm criterion applies to a flowing plasma.

In general terms, Bohm’s criterion states that for a negative absorbing wall, ions are
accelerated ahead of the wall such that their entrance into the sheath, a distance one Debye

length in front of the wall, occurs at a velocity greater than or equal to the sound speed of

the plasma. For this thesis, the sound speed is approximated as ¢ = \/kp(T; + T.)/m; [49)],
where kp = 1.380649 x 1072% J /K is the Boltzmann constant, and m; is the ion mass. In order
for a sheath to form, Bohm’s criterion must be met, and we must therefore always assume
that our dust grains are negatively charged, an assumption that is already established for
the model.

Typically, Bohm’s criterion is conceptualized as applying to cold ions where T; = 0. This
has been generalized for non-cold ions using both distribution functions and fluid equations,
but for this situation, we must account for the flow of the ions. In analyzing tokamak edge

plasmas in 1984, Stangeby examined the stability of the sheath for subsonic, supersonic,



and hypersonic flow and found that for the majority of real-world cases, the Bohm criterion
holds true [49]. Assuming that the ion distribution is well approximated by a Maxwellian
distribution of temperature with an overall flow speed, v, then the equations for the ion

and electron currents are [49] [51]:

I; = 4mriengcs (2.1)
SkgT. |7
I, = —7rieng. WL;% exp (]:B;e) (2.2)

Where the charge of an electron is —1le, and ng and ng. are ion and electron number
densities at the sheath edge. These values differ from the plasma density far from the grain
due to sheath and presheath effects. The presheath is usually complex, but this difficulty
can be avoided by calculating the ion and electron currents on the basis of the sheath edge
density, which can be approximated by the relation ny;.e) = 1) (2 + vy/cs) ™ [49].

It is important to note that these equations assume that ions and electrons enter the
sheath at an angle normal to the surface of the spherical grain. Plasma flow speed might
contribute to a change in the shape of the sheath [52] but for our purposes, we assume a
spherical sheath, with ions hitting our spherical dust grain normal to the surface.

When energetic electrons impact the dust grain, they can either tunnel through the grain
and interact weakly with the material on the way through, or they become trapped within
the grain and distribute all their energy into surrounding molecules [43]. The former case
will not have much of a net effect on the current, but in the latter, the released energy can
excite nearby electrons which then leave the grain. This is secondary electron emission. The
amount of particles released through this process can be characterized by the widely used

“Sternglass law” [26]:

E E
556(E) = 745mE—m exp <—2 E—m> (23)

Where d. is the secondary electron emission yield for incident electrons of a given energy
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(E), 0y, is the maximum possible yield, and F,, is the energy at which that maximum occurs.
Both §,, and E,, are determined by the material properties of the dust grain. Additionally,
for SL theory, only the electron density at the sheath edge is considered, rather than the full
plasma density. It should be noted that the Sternglass law was originally derived for a flat
plate. Justification for the use of this function rather than other equations for d,,. is provided
in Section 2.5.
The distribution function of the incident electrons’ energies, f,., is assumed to be Maxwellian

and follows Equation 2.4, and the secondary electron current is therefore determined to follow

Equation 2.5 [43].

3/2
Me E —eVy
E — = _ 2.4
el = Vi) = e () e [ <5 2.4)
8m2rie [
I = mgd /O E6,0(E) fu(E — eVi)dE (2.5)

The final charging process included in this model is the thermionic emission current. As
the other current effects impart energy to the dust grain, the subsequent rapid heating will
also cause electrons and ions to be thermionically emitted from the grain surface [43]. This
is the primary processes by which the grain’s relative potential will increase and therefore
cannot be omitted. This current is calculated using the Richardson-Duschman formula,

which accounts for the increase in the work function due to the charged dust surface [43]

[51]:

L, =

167212 LnT)2
6m°rieme(kpTy) exp( w > (2.6)

h3  keTy
Where W is the work function measured in eV and is dependent on the dust grain
material, Ty is the dust temperature, and h = 6.6261 x 1073* J s is Plank’s constant.
While it is possible for external magnetic and electrical fields to produce a charging effect,

these are relatively small compared to the other effects included here [51]. Also, even though
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magnetic fields will obviously be present for any flowing plasma, they do not have an effect on
dust grain motion [54]. Similarly, electric fields present in a flowing plasma can be neglected
[51], and this model therefore ignores the effects of both fields for both SL and OML theories.

As one would expect, depositing an ice grain into a dense plasma will quickly cause it to
melt or ablate. This is true for other situations as well, such as with injecting graphite dust
into a tokamak edge plasma [51], though the time required for full ablation varies widely
between these situations. The change in temperature directly corresponds to the heat flux
to the dust grain from impacting particles, so this study accounts for heat fluxes of incident
ions and electrons, emitted secondary electrons, and emitted thermionic electrons. Changes
in temperature related to ion or molecular recombination energies are omitted in this thesis.

The primary influx of energy to the dust grain is through the kinetic energy carried by
incident ions and electrons deposited as heat. Because we are using SL theory, the amount
of incident particles is significantly less than for OML theory. However, since the sheath is
assumed to be collisionless and perfectly absorbing, the ions accelerate in the presheath and
sheath, changing the amount of energy imparted [51]. The equations use the current terms

found above and are given by:

I;
I
T, = 2I<:BT6| e’ (2.8)

In a similar manner, it is assumed that electrons leaving the dust grain through secondary
electron emission and thermionic emission convert heat to kinetic energy and then remove

it from the grain. These heat fluxes are given by Equations 2.9 and 2.10 [51]:

ISE
Dye = 2kpTse— (2.9)
€
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I
Ty = 2kpTy-2 (2.10)
(&

Where T, is the energy of one escaping secondary electron and is assumed equal to
Tse =3 eV.

The final components that influence the change in temperature of the grain are the
radiated heat flux, given in Equation 2.11, and heat lost due to sublimated material. Since
the latter is dependent on the change in mass of the dust grain, it is discussed in the

Differential Equations section.

Cyoq = 4130 (T — Toon) (2.11)

Where o = 5.6705x 1078 W /m?2K* is the Stefan-Boltzmann constant and T, is assumed
to equal 290 K. While the surrounding environment in interplanetary space is not 290 K,

changing this value has negligible impact on the output, and it is therefore unaltered.
2.3 Orbital Motion Limited Charging and Heating

When the radius of a dust particle is smaller than the Debye length, r; < Ap, the grain acts
less as a wall with a sheath and more like a large plasma particle. Thus, the charging can
be well approximated by Orbital Motion Limited theory. In this case, a travelling particle
entering the Debye sphere of the grain will change its path due to the electrostatic force of
the grain [43]. For negatively charged grains this force will curve the particle in towards the
grain. Focusing on the ion current, we first need a distribution function, which is assumed

to be a drifting Maxwellian and is given by Equation 2.12 [51]:

Fi(v:) = n; m; 3/2e ~mi(v; — Zvy)? (2.12)
i\Ue) = T 27T]€Bﬂ R QkBE ’

Then we define a collecting surface area 7b? dependent on Vy, where b, = 1y \/ 1 — 2eVy/m;v?

is an effective collection radius for ions impacting the grain, and v; is the ion velocity far
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from the grain. These equations can then be used to generate an ion current for the flowing

plasma [51]:

[i(f) = e/ b2 fi(v;)dPv; (2.13)

Umin
Where v,,,;, is the minimum speed required for an ion to overcome the potential barrier
surrounding the dust grain. Since we only consider negatively charged grains, v,;, = 0. This
integral can then be arranged as a projection of the velocity on the z axis and evaluated

according to Reference [51].

8kgT; 2eV, 1

Where u = vy /vy; is the normalized ion flow speed, and erf (u) = 2/y/7 [ exp(—a?)dz is

the error function.

For all cases considered in this study, the plasma flow speed v; was always much less
than the electron thermal speed vs,.. Thus, the flow speed does not need to be accounted
for when considering the electron current 1., and we use a similar formula as Equation 2.2
[51]. For OML theory, we do not need to worry about sheath effects, so the electron density
considered is that of the plasma, n., rather than ng,.

For secondary electron emission, the n,. term in the incident electron energy distribution
function given by Equation 2.4 is also replaced by the full plasma electron density n.. All
other reasoning holds, and there are no other changes in the secondary electron current
between SL theory and OML theory. Additionally, there are no terms to be changed for Iy,
in Equation 2.6, which is the same for both theoretical models.

Shifting to the heat flux in OML theory, the primary change from SL theory is again
in the ion term. As with ion current, we must account for the collection radius b. and the
velocity distribution of incident ions as found in Equation 2.12 [51]. Thus, the formula for

the flowing ion heat flux in OML theory is:
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I‘Ef) = / ngvi (ml;z — eVd) fi(’Ui)dSUz' (2.15)

Where v,,,;, = 0 again since only negatively charged grains are considered.
This can then be evaluated to get the computer-executable version of the flowing ion heat

flux for the V; < 0 regime [51]:

i 5 2eV,
Fgf) :ﬁrfln,;(kBTi)% {u <§ +u? — kiﬂi) x exp(—u?)

+ \/E[Z—i-?)uz—i-u‘l— ]:j:% X <1+2u2— I;V%H erf(u)}

(2.16)

The remainder of the heat flux terms — those for incident electrons, thermionic emission,
secondary electron emission, and heat radiation — are the same as those in Equations 2.8,
2.9, 2.10, and 2.11, respectively. Though it is important to employ the modified equations
for I, and I, that use the plasma electron density n. rather than the sheath limited electron

density ns. as outlined above [51].
2.4 Forces and Differential Equations

The drag forces acting on a dust grain are dependent on dust grain speed vy, radius ry4, and
potential relative to the plasma V. Each of these terms are dependent on each other as
well as on other terms like mass m, and temperature Ty, and they are all varying in time.
Therefore, it is important to present the coupled ordinary differential equations (ODEs) that
define these terms so that they can be properly solved.

The charging ODE given by Equation 2.17 provides the time rate of change for the relative
potential V; and is dependent on the current formulae found in the previous sections. For
SL theory, I;, I., I, and I, are given by Equations 2.1, 2.2, 2.5, and 2.6, respectively. In
OML theory, I; is given by Equation 2.14, while I, and I, are the same as with SL theory

with the appropriate change to n. rather than ng. The formula for I, is the same for both
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theoretical models. The capacitance of the grain, Cy, is given by the Debye-Hiickel formula
Cy = 4megra(1 +1r4/Ap), where ¢p = 8.8542 x 1072 F/m is the permittivity of space.

v,
Cdd_td =1, + I + I + Iy, (2.17)

The mass ODE given by Equation 2.18 assumes that dust mass is lost evenly in all di-
rections and can be determined by first integrating the Clausius-Clapeyron equation [45].
Here, ng is the vapors density of the dust material at a specific temperature Ty [51]. In this
study, these values were found using the ideal gas law, n = P/kgT, choosing a temperature
T, along the sublimation curve of the dust material’s phase diagram, and using the corre-
sponding pressure to calculate ng. Additionally, mg is the dust material molecular weight
in amu, A, is the material sublimation heat in J/mol, and R = 8.31 J/mol K is the gas
constant. This formula is used to help calculate the sublimation heat loss term in Equation

2.19 and the change in dust size in Equation 2.20.
. 2kBTd nng As 1 1
— 4r? A R — 2.18
ma] = dmramoy | ZCE = exp | o\ 7T T (2.18)

The heating ODE given by Equation 2.19 assumes that the volume of the spherical dust

grain is heated uniformly. In this formula, the mass of the grain is found with the equation
my = 47r7"3pd /3 where p, is the grain material density, and ¢4 is the material’s specific heat.
The final term provides the heat lost due to sublimation of the material away from the dust
grain where A is the sublimation heat and p is the molecular weight in kg/mol. The heat
flux terms found in the previous subsections — heat flux from incident ions, incident electrons,
secondary electron emission, thermionic emission, and heat radiation — are represented by
the terms I';, Iy, I'se, T'in, and I',uq4, respectively. In SL theory, I'; is given by Equation 2.7,
while in OML theory, it is given by Equation 2.16. The remainder of the heat flux terms

are the same for both theories, though one still must use the proper current terms for the
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respective theoretical model.

dT, A, .
mdcdd_td =le+TD =T =Tty —yga — 7|md| (2.19)

The radius ODE given by Equation 2.20 relies on the assumption that mass, and therefore
radius, is lost uniformly in all directions. This assumption is accounted for in || term given
by Equation 2.18.

d?"d md

—4___¢ 2.20
dt 4712 pg (220)

Before discussing the remainder of the ODEs, which all contribute various insights to
the equations of motion of the dust grain, expressions for the forces on the grain must be
presented. As previously discussed, the high speed and density of the plasmas studied in
this thesis cause plasma drag to be orders of magnitude stronger than the force of gravity,
electrostatic forces, or electrodynamic forces on the grain. The plasma drag force itself can
be split into two separate effects that both assume a singly ionized plasma. The first is a
direct impact force F,, given by Equation 2.22 that assumes collisions with the grain are
completely inelastic. And the second is a long-distance Coulomb interaction force Fy, given
by Equation 2.22 that assumes the mean free path of the plasma particles is much larger than
the grain radius [9] [51]. For SL theory, Fgoy, can be neglected, and only F,, is accounted
for, though this also assumes that any particle entering the sheath impacts the grain. For

OML theory, Fgy is of the same order of magnitude as F,, and is thus included.

Fcol(i,e) = ZWTzijﬂ,eni,eGO(si,e) (221)

FCoul(i,e) - 27TT621kBE,eni,e¢?,e In (Ai,e)GQ(Si,e) (222)
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In these equations, s;., ¢;., and A; . are provided by the formulae in Equation 2.23.

%,e - 2 k ﬂ e
Sie = \/m7 (Uf Ud) ) (bi,e = e—v;la Ai,e = “ 025, 5 (2.23)
2kBﬂ,e kB,—Ti,e Nie €|¢i,e‘rd (1 + %)

Further, the equations for Go(s) and Gs(s) are provided by Equations 2.24 and 2.25,

I However,

respectively. These functions are actually approximations for the full formulae.
Draine and Salpeter found that the Gg(s) function used in Equation 2.24 is accurate to
within 1% of the precise value for 0 < s < oo, and Gs(s) used in Equation 2.25 is accurate to
within 10% for 0 < s < oo [9]. These functions are much more computationally efficient than

the full formulae, simpler to implement than other alternative expressions [3], and provide

enough accuracy for this analysis.

Go(s) = 38% (1 + 2—152) v (2.24)
Ga(s) =5 Gwl/g + 33) B (2.25)

When analyzing the effect of the forces on the dust grain with a hydrogen plasma, it has
been found that drag forces contributed by electrons are much less than 10% the magnitude
of the same forces contributed by ions [9] [51]. Since this is due in large part to the mass
disparity between protons and electrons, it is safe to assume that eletron drag forces will
contribute even less when dealing with heavier ions as done in this study. Electron drag

forces are thus neglected.

IThe precise formulae for Go(s) and Ga(s) are provided by Draine and Salpeter [9], but are not used for
this model for the sake of computational efficiency.

orf(s)  2exp(—s?)

52 s/

Go(s)

GQ(S) =
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Finally, we come to the equations of motion of the dust grain. Solving Equation 2.26 will
provide the velocity profile of the dust grain over time, which can then be used in Equation
2.27 to solve for the displacement. As previously noted, SL theory only takes the collision
force F,, into account, so for dust grains r4 > Ap, only the first term of Equation 2.26 is

used. Whereas both terms are used in OML theory.

dv
mdd_td = Feo(iy(Ta, va) + Foouy(Va, ra; va) (2.26)

dx
d—td = g (2.27)

Solving Equation 2.28 gives us the position of the dust grain relative to the front of the
plasma sheet. As presented here, this model does not directly account for a plasma sheet of
finite length. Instead, the dust grain theoretically manifests into a cloud of plasma with the
specified input characteristics, and it is flowing through this surrounding plasma throughout
the entire duration of analysis. Therefore, this value stores the hypothetical length of the
plasma sheet at any point in time. This relative position z,. is used to find the time at
which the grain travels through a certain distance of plasma, which can then be used to find
the relevant properties of the grain after travelling through a plasma sheet of that length.
Consequently, this study assumes there are no forces before or after the plasma sheet and

that grain ablation stops immediately after exiting the plasma.

dz,
dt

= Vg — Uy (228)

All of these equations were incorporated into a MATLAB program (see Appendix B), and
the six coupled ODEs were solved with MATLAB’s ODE45 solver, which is investigated in

another section. This model was initially validated by using the same graphite dust grain
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properties and hydrogen plasma parameters as Ticos et al. [51], and was found to have good

agreement with their outputs.
2.5 Incorporating the Properties of Water Ice

Since this model was originally designed for studying carbon-based dust grains injected into
either tokamak edge plasmas or coaxial plasma gun exhausts [51], it had to be adapted
somewhat in order to fit the interests of this study. Namely, the physical properties of the
dust grain and the timespan of analysis had to be altered so that this model could be applied
to analyzing an interplanetary ice grain travelling through a sheet of plasma from a PPT.
One addition to the code — the inclusion of the relative position ODE in Equation 2.28 —
has already been discussed in the previous section. We now delve into other investigations
required to adapt this model.

In shifting the focus to dust grains made of water ice rather than grains of carbon,
many of the basic material properties are readily available and can be pulled from any
convenient source. These common characteristics include the density, molecular weight,
molecular density, specific heat, and sublimation heat. For water ice, the values for these
attributes are pg = 916.8 kg/m?, my = 18.015 amu, p = 18.015 x 1073 kg/mol, cq = 2030
J/kg K, and A; = 51100 J/mol, respectively.

Some material-dependent properties were much less readily available. For example, it was
difficult to find information for the work function of water ice — required for use in evaluating
the thermionic emission current in Equation 2.6 — which is assumed to be W = 4.2 eV in this
study [41]. Further, the mass ODE in Equation 2.18 calls for the vapors density of the dust
material at a specific temperature, which is essentially the number density of the gaseous
form of the dust material at sublimation pressures. The method used for finding these traits
was discussed in the previous section and found that the relevant values of these properties
for water ice are ng = 2.897 x 10?2 m~2 at the temperature T, = 250 K.

Other major decisions about how to handle ice grains revolved around the secondary

electron emission yield. Typically, the Sternglass law given in Equation 2.3 is used in ap-
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plications where incoming electrons impinge upon relatively thick flat sheets of material.
Other equations exist which would more accurately simulate the secondary electron yield d,
for small spherical grains [9] [26] [41], but the Sternglass law is more widely used and thus
offers better flexibility for adapting this model to simulate dust grains of differing material.
Luckily, for lower energy incident electrons in the range of tens of electronvolts or less, such
as those used in this study, secondary electron emission has much less of an effect on the
overall net current between the dust grain and the plasma [41]. Furthermore, while there
are obvious disparities in d, between planar sheets, larger grains on the order of 10 pm,
and smaller grains on the order of 100 nm, these differences are negligible for the cooler
electron temperatures studied in this thesis [41]. Therefore, it is reasonable to simply adapt

the Sternglass law and use the appropriate 9, and E,, values for the dust material.

An early comprehensive source for secondary electron emission data was Bruining’s 1954
book Physics and Applications of Secondary Electron Emission, which provides relevant data
for a wide range of elements and molecules, including carbon but not water [5]. The primary
source for secondary electron emission from water ice is a 1960 paper from Soviet scientists
Matskevich and Mikhailova [31] and can be found in many other papers studying this problem
[4] [41] [26]. Richterova et al. used this data and an adapted model for ds to analyze the
secondary electron yield for various grain sizes. They also present a model for backscattered
electrons, but the production rate of these particles is much less than that of d,., and this
effect is ignored in this study. The author of this thesis adapted the Sternglass law to fit
the function found by Richterova et al. in the lower energy range as shown in Figure 2.1.
Although all the reasoning in the previous paragraph remains true, our chosen values of
0, = 2.8 and E,,, = 600 eV still incorporate some of the considerations for micron-sized ice
grains for the sake of robustness.

Another adaptation of the original model provided by Ticos et al. is the shortening of
the timeframe of analysis. Because of the relative speeds between the dust grain and the
plasma sheet as well as the theoretical length of that sheet, most dust grains will only have

a few microseconds to interact with the plasma. Comparatively, the timescales of a few
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Figure 2.1: Secondary electron yield ¢ found by Richterova et al. [41] for various diameters

D of dust grains overlayed with the formula used in this model as given by Equation 2.3.

milliseconds analyzed for graphite dust grains in coaxial plasma gun exhausts were three

orders of magnitude greater.

One final note here is that ice in the laboratory setting will likely be different from ice
grains collected near Enceladus or Europa. This is important for adapting this model for
an experiment versus for a scientific instrument. It is well known that water ice has many
different phases other than the garden variety found in most circumstances on Earth. For
this study, all phases of ice are assumed to share the same material properties, but additional
research would be needed to verify this assumption. Additionally, lab ice and interplanetary
ice are likely to be at different temperatures, exist at disparate initial charge states, and have
dissimilar molecules or impurities dissolved into them. For ice grains at Saturn, Jurac et al.
found that the potential V; varies from -5 V at four Saturn radii (which is approximately
where Enceladus orbits) to +5 V at greater than eight Saturn radii [26] [41]. Ultimately,
initial potential should not matter since rapid accumulation of fast moving electrons should

force the grain voltage to a negative equilibrium value almost immediately. Further, dissolved
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molecules should have little affect because ions in solution are repelled from the edge of liquid
water droplets and are expected to remain that way when frozen, thus keeping several atomic

layers of pure ice at the surface [41].
2.6 Energy and Dust Collection Considerations

Having outlined the theoretical model used to analyze the transit of a single ice grain through
a plasma sheet, an algorithm must now be developed in order to determine the feasibility and
practicality of such a system. This can be split into two separate but connected calculations:
the energy required to generate the plasma within the PPT, and the mass of ice collected in
one pass.

The required energy calculations are straightforward. We first determine the energy per
unit volume, or energy density, for the chosen plasma, then multiply it by the desired volume
of that plasma for one shot. The energy density ¢, is found by taking the kinetic energy and
internal energy — dependent on the ion mass, plasma flow speed, and plasma temperature —
for one ion and multiplying by the number density of the plasma as shown in Equation 2.29.
This is then multiplied by the area of the collector and desired length of the plasma sheet to
get the total energy E, for one cycle of the PPT as shown in Equation 2.30. This value will
help determine if the designed PPT is even plausible.

1 5
€ = (imw? + 5lc]ng) ny (2.29)

E, = emriL, (2.30)

We must also find the mass collected by the system to determine how this study com-
pares to other dust collection proposals, but we must first understand the size distribution
of particles a collector is likely to encounter in a pass. To this end, this thesis focuses on a

spacecraft flying through the plumes at Enceladus, in part because the Cassini mission has
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enabled a more thorough understanding of the Enceladus plumes than is presently known
about the geyser plumes at Europa. Presumably, these plumes have similar enough charac-
teristics that the equations given here can be adapted once a detailed mathematical model
of Europa’s plumes becomes available.

According to recent analysis by Porco et al. [37], there are a number of factors at play that
influence the geyser activity at Enceladus. Primarily, a diurnal cycle exists that is dependent
on the moon’s mean anomaly in its orbit around Saturn. The number density of particles
inside the plume can vary by more than an order of magnitude between the maximum and
minimum of this cycle. It is likely that longer scale cycles exist that are caused by harmonics
between the orbital periods of various Saturnian moons as well as the location of Saturn in
its orbit of the sun [37]. This study will examine a best-case and worst-case pass in order to
get a theoretical range of possible mass collected.

No matter the overall plume output, the particles are expected to follow a differential size
distribution dN/dr o< r~% where ¢ = 3 for a 50 km altitude pass and ¢ = 4 for a 100 km pass
[37]. In both cases, the radius of the ice grains is considered to range from r4; = 0.01 pm,
below which point particles are considered to be vapor, up to r4 = 10 um. Porco et al.
then provide a table, which has been modified and reproduced in Table 2.1, that gives the
gives the number density for particles over a specified size for a pass at a given altitude
while Enceladus was at a certain mean anomaly. This table also provides the full-width
half-maximum (FWHM) for the plume at a given altitude, which is used as the length of the
flyby in this study.

In order to calculate the size distribution, one must use the information in Table 2.1 to

solve Equation 2.31 for the relevant constant C"

rq=10pum 10pum
/ dN = CT;q d?"d = Niadle (231)

d=Tmin Tmin

Where nyqpe is the is number density above a certain minimum dust grain radius 7,
for the pass you want to analyze, as found in Table 2.1, and ¢ is dependent on your flyby

altitude as discussed previously.
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Instrument Alt (km) FWHM MA (deg) na (3#/m0) na (3#/m0)
(km) for r4 > 0.5 pm | for r4 > 1.5 pm
CDA - E7 100 232 265 - 9
ISS - 'E7 100 285 269 134-125 15-5
CDA - E21 50 46 103 - 65
ISS - "E21° 50 100 100 867-782 94.4-29
ISS - Early min 50 172 344 187-182 20-7
ISS - Early max 50 92 208 3540-3340 385-124
ISS - Late min 20 258 320 107-96.8 12-3.6
ISS - Late max 20 91 209 1990-1780 216-66

Table 2.1: Modified version of Porco et al.’s Table 2 [37]. CDA is the Cosmic Dust Analyzer,
which detected grains larger than 1.7 pgm in plume passes (distinction between 1.5 and 1.7
ignored here). ISS is the Imaging Science Subsystem used for photometric modeling of the
plume (range of values provided is for ¢ = 3 to ¢ = 4 size distributions). E7 and E21
are individual Enceladus flybys; “min” and “max” values depend on mean anomaly (MA);

“early” and “late” account for longer term variations.
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Stepping back a bit, it is relevant to discuss what happens to these dust particle distri-
butions when they interact with the plasma. Prior to passing through the plasma sheet, the
size of the particles is assumed to adhere to the differential size distribution outlined above,
and the velocity of the particles is assumed to be low relative to the velocity of the spacecraft
such that all particles practically share the same initial velocity. As will be discussed in more
detail in a later section, interaction with the plasma will have different results for differing
sizes of ice grain. Ice smaller than a certain radius will completely ablate, smaller grains that
do not fully ablate will have their velocities reversed, and the remainder of the ice grains will
have some final velocity between zero and the initial velocity. Of the ice in the final group,
only those grains below a certain radius will have slowed enough to efficiently preserve the
possible organic material or molecules inside. Figure 2.2 further demonstrates the size and
velocity distributions of incoming dust grains and how they are affected by the plasma sheet.

We will use 7, to indicate the final radius of dust grains with zero velocity after passing
through the plasma, and r}, to indicate the final radius for grains whose final velocity is the
maximum allowable speed at which significant organic material can be recovered (assumed
3 km/s in this study). The model outlined in this thesis can easily be used to determine
these values. Since ablation of the grains behaves approximately linearly, interaction with
the plasma will shift the original differential size distribution to the left by a certain amount
Arg, which can be found by subtracting the final size of a grain from its initial size.

The relevant mass collected in a pass m,. can then be found according to Equation 2.32:

i 4 dN
- / az gﬂrf’lpd(ﬂri)FWHM (W(Td + Ard)) drg (2.32)
T d

Where dN/drq(rq) = Cr;? with C being the value calculated in Equation 2.31 and ¢ = 3
(for 50 km passes) or ¢ = 4 (for 100 km passes). This collected mass can be used to compare
this method with other collector proposals in order to discuss benefits and drawbacks.

One other relevant term to evaluating the feasibility of this system is the rate at which

dust particles impact the collector, 4. This value is given by Equation 2.33 and improves
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Figure 2.2: The graphs on the left show the initial distributions of grain size and velocity,
and thos on the right show the final distributions after interacting with the plasma. The
differential size distributions dN/dr use C' = 10719 and ¢ = 3 as example values and give
al number density. The velocity graphs simply give a probability density, with the post-
interaction values boosted for clarity. Red represents fully ablated grains, blue - rejected

grains, green - grains able to be captured, and yellow - grains with excess velocity.
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understanding for the feasibility of this project.

~ naFWHDM(7r7)
¢ T FWHM /vg

(2.33)

Where n, is the number density of particles larger than a certain radius, which can easily
be found in Table 2.1 or by integrating dN/dr(ry) used in Equation 2.32 for the relevant
radii; and vy is the initial relative velocity between the grain and the spacecraft. FW HM

technically cancels itself out, but is left in the equation for clarity.
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Chapter 3

DISCUSSION OF THE PLASMA DRAG MODEL AND
OUTPUTS

Now that all the relevant math and physics has been established, it is time to shift focus
to the intricacies of the model itself. In this Chapter, we will discuss the inner workings and
limitations of the model as well as go into detail on the information and types of plots it

produces along with how these can be used for further analysis.

3.1 Method and Limitations

The backbone of the model is the numerical ODE solver used to compute the six coupled
differential equations outlined in the Forces and Differential Equations section. MATLAB’s
ODEA45 was used for this purpose. This function uses an explicit Runge-Kutta (4,5) method
known as the Dormand-Prince pair to solve nonstiff differential equations with medium accu-
racy [30], and it was chosen because it fit the mathematical requirements well, is commonly
used, and the author has good knowledge of its operation in solving complicated numerical
problems from previous work [25]. The relative error tolerance and absolute error tolerance
values were kept at the default values of 1 x 1073 and 1 x 107°, respectively, since extreme
numerical accuracy was not needed in this initial study. ODE45 has the ability to choose
its own timesteps, but this capability was not utilized in this study. Instead, a maximum
time was chosen based upon the desired length of the plasma sheet and the relative velocity
between the plasma and the grain; then the timestep was arranged to be at least three orders
of magnitude lower than that maximum time. This decision may reduce the precision of the
final output, but this was seen to only affect dust grains that fully ablated. Explicitly defin-

ing timesteps also ensured that a precise time could be cross-referenced in other outputs if
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needed.

Some of the limitations of this model have already been mentioned, such as the decision
to not include chemical effects on the grain, but it seems prudent to mention the majority
of these constraints explicitly in one location. The most obvious restriction of this model
is the exclusion of physics phenomenon in the positive relative potential regime, V; > 0.
Implementation of these physics, even while using the same assumptions, would complete
this model, but this was not a priority for this paper since it rarely occurs. When it does,
it is usually for dust grains that will fully ablate anyway. Another constraint is that, as
the code is currently written, the initial grain velocity relative to the spacecraft vy must be
negative, and the plasma flow velocity vy must be positive, otherwise the results might show
the grain accelerating instead of decelerating. This bug was not able to be resolved, but it
has no effect on the accuracy of the results presented here.

Most other model limitations are related to assumptions made and terms neglected due
to their small effects. This study assumes the plasma is a singly ionized noble gas of uniform
density with distinct borders. We know from studies of teflon PPTs that non-elemental
fuels will likely break down into various elements and compounds upon ionization, and it is
unlikely for all of these constituent molecules to only be singly ionized [44]. Enabling the
analysis of multi-species plasmas, including neutrals, would enhance the accuracy of this
model for a wider range of propellants. Further, implementing a finite plasma sheet into the
model and enabling it to have diffuse edges and nonuniform density would reveal greater
insight into the physics of this interaction, such as varying deceleration rates due to density
fluctuations and the possibility for continued ablation after a dust grain leaves a plasma.

Many assumptions were made around the physics of the dust grain as well, though most
have been justified in other parts of the thesis. Physics such as possible shattering of small ice
grains was completely ignored, and several dust-plasma interaction effects like photoemission
of electrons, electron tunnelling, backscattered electrons, field emission, and impact ioniza-
tion are unaccounted for in this model due to their weak effects relative to the interactions

that were included. On that note, weaker forces such as electrostatic forces, gravitational
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forces, drag from electrons, long distance Coulomb interactions for grains in the SL regime,
and any possible neutral drag are ignored in favor of their stronger counterparts as well.

Lastly, the two approaches used to understand the physics of this interaction, SL theory
and OML theory, work best when the grain radius is far from the Debye length. Though this
is the case for the larger grains analyzed in this study, there are also many instances where
rq approaches or crosses the discontinuity that exists at r4 = Ap. While this is not a major
issue, it is obvious that a smoother transition phase is needed to fully grasp the physics in
this regime.

Ultimately, all of these effects were considered insubstantial or outside the scope of this
study. Perhaps an accumulation of all of these individually negligible processes would make a
difference to the outcome, or perhaps not. Instead of spending the time needed to incorporate
all these effects, it would likely be better to devise an experiment to test the assumptions out-
lined in this model. Unfortunately, logistical challenges imposed by the COVID-19 pandemic

prohibited the author from devising or testing such an experiment.
3.2 Time Dependent Plots

The most straightforward way to use this model is to simply observe how a few key outputs
change with respect to time and how changes to various initial parameters affect these
outputs. For our purposes, we are most concerned with the change in velocity of a dust
grain over time and the survivability of that grain. Since all of the differential equations
are coupled, it is also of interest to examine how temperature and relative voltage of the
dust grain change as well. To this end, the key outputs to be examined with respect to
time are the dust potential relative to the plasma V,, the dust temperature T, the dust
ablation 74/7r4 where 1 is no ablation and 0 is full ablation, and the dust speed relative to
the spacecraft vy.

Before producing and examining these plots, it is important to establish a common base-
line of input values as a type of control to compare against. For these time dependent plots,

we want to ensure we are looking at the relevant timescale for the interaction of a grain with
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a PPT exhaust plasma. For this analysis, we will primarily be looking at a 2 - 5 cm plasma
sheet with a speed of around 20 - 30 km/s, so a maximum time of ¢ = 3 x 107% seconds
should capture the data we are looking for as a first approximation. At this speed, it was
found that a plasma density of around n, = n;, = 10*> m~* had enough influence on the
grain to demonstrate the effects of changing input parameters.

Other baseline input parameters included a plasma temperature 7, = 7; . = 10 eV, a
plasma ion mass of m; = 131.29 amu (that of Xenon), a plasma flow speed of vy = 30 km/s,
an initial dust grain radius of r49 = 1 pum, an initial dust speed of vgg = —7000 m/s, an initial
dust temperature of Ty = 100 K, and an initial relative potential of Vyy = —5 V. For all
plots, we are using the material properties of water ice for the dust grain. The plots included
here demonstrate how changing these parameters affects the key outputs mentioned above.

Our examination begins by looking into the effects of changing the initial properties of
the dust grain itself. To this end, changing the grain’s initial temperature, radius, potential
relative to the plasma, and speed relative to the spacecraft were all examined. Differences
in potential V;y had no noticeable effect on any of the plots, and variations in the dust’s
speed vy vertically shifted the speed plots and had no other effect. Those plots can be
found in Appendix A. The potential change had no significance due to the fact that fast
moving electrons will always bring the initial relative potential to an equilibrium state almost
instantly, and the charging, heating, and force effects rely heavily on that equilibrium value.
Similarly, changing the initial dust speed does not affect any of the charging or heating
equations, and the first three graphs are therefore unaltered by changing this value. Changing
the value of T,,.;, which would influence the radiated heat term, also had no effect.

Looking now at Figure 3.1, we see our first glimpse at a variable influencing multiple
output parameters. This figure shows that changing the initial dust grain temperature, in
isolation of other changes, will delay the time at which the grain reaches an equilibrium
temperature, but it does not change the rate at which this heating occurs. The more rapidly
the grain reaches the equilibrium temperature, the more it will ablate in a given timeframe.

Although this effect is minor here, examination of other outputs revealed that a cooler initial
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Figure 3.1: Changing the initial temperature of the dust grain does not change equilibrium
values for dust potential or temperature. It affects how soon a grain will reach equilibrium

T,, which somewhat alters ablation and barely influences speed.

temperature will effectively delay the onset of ablation, which in turn delays deceleration as
well since the drag force is linked to the grain size. Therefore, for a given time within the
plasma, the final Avy will be smaller for colder grains, everything else being equal. This

outcome is much more prevalent in OML theory and longer time frames of analysis.

Examining Figure 3.2 lends insight into how a detector flying through a field of various
grain sizes will treat populations of differing radii. As expected, they all share the same
equilibrium potential and temperature, though they take differing amounts of time to reach
the latter. Smaller grains reach this temperature first and experience larger amounts of
ablation, but the most interesting graph in this figure is the Dust Speed. Here, we observe
the rejection of surviving grains in a reversal of their velocity. Some smaller grains are thus
being rejected by the collector and are headed the opposite direction of the spacecraft. This
is not ideal since this represents potential mass that was unable to be collected. Luckily, the

system only rejects smaller particles, but this indicates that there is a tradeoff associated

with slowing larger grains and rejecting smaller ones.

We now move on to examining the effects of changing various plasma parameters, in-

cluding plasma temperature, ion mass, plasma density, and flow speed of the plasma. These
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Figure 3.2: Changing the grain’s initial radius does not affect its equilibrium potential or
temperature. It does alter the time to reach equilibrium 7Ty, which changes ablation rates.

Dust size has a large impact on velocity.

characteristics have more to do with the design of the collector plasma sheet itself rather
than the various environments it may encounter in a flyby. Changes in these properties also

produce more interesting and dynamic variations than seen in the previous figures.

First, consider Figure 3.3, in which we examine the effects that occur from changing
the plasma temperature. Variations in this parameter alter the equilibrium potential and
equilibrium temperature of the dust grain. As one would expect, larger plasma temperatures
will translate to higher dust temperatures which are reached more quickly and thus result
in increased ablation rates. Higher equilibrium temperatures also correspond to a greater
absolute value for the equilibrium potential. Interestingly, these changes do not seem to

significantly influence the final speed of the grain.

Since lower plasma temperatures seem to lessen ablation without greatly affecting speed,
a lesser plasma temperature might be less likely to reject smaller dust grains, though for
our parameters, rejection is more of a product of drag force than ablation. This would also
decrease the energy density of the plasma as given in Equation 2.29, but is probably less
realistic in the sense that getting a cooler plasma to the same speed might not be practical.

Additionally, lowering temperature in isolation will cause the value of vy /uvy; to increase, which
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Figure 3.3: Changing the plasma temperature modifies the equilibrium potential, which
alters the equilibrium temperature and heating rates, which then influences ablation. These

changes do not have much effect on the dust grain speed.

might worsen the assumptions made for SL theory. This could be mitigated by decreasing

flow speed or reducing ion mass in tandem with lowering the plasma temperature.

Another plasma parameter to consider is the ion mass, as demonstrated in Figure 3.4.
This is dependent on the type of propellant used in the PPT, and changing its value can have
unintuitive results. Working from right to left, we see that heavier ions generally produce
larger changes in speed due to their more forceful collisions with the grain in SL theory.
Curiously, the same heavier ions result in less ablation and lower equilibrium temperatures
than their lighter counterparts. Further, contrary to changes in plasma temperature in
Figure 3.3, higher equilibrium temperature corresponds to lesser magnitudes of equilibrium

temperature.

One other note in Figure 3.4 is that hydrogen ions appear to have a discontinuity in
potential and temperature that results in an asymptote in speed. This is an instance in
which the dust grain ablated away enough to switch from SL theory to OML theory before
fully ablating away. Further analysis of the discontinuity between SL and OML theoretical
regimes is provided in Appendix A. The important note here is that this transition often

happens when grains get very small, usually due to ablation. Further, the ablation rate
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Figure 3.4: Changing the ion mass of the plasma affects the equilibrium values for V; and
T,. Lighter ions result in higher 7, and more ablation, but less Av,;. The discontinuity is

from transitioning between SL and OML theories.

typically increases in the OML regime.

One of the most influential plasma parameters we can change is the plasma density, as
shown in Figure 3.5. Interestingly, the density is low enough in the first two terms that the
baseline grain radius is within the OML regime, while the SL regime is used for densities of
102! m~3 and above. As we can see, the two theoretical regimes produce different equilibrium
potentials, and changes within each regime have varying effects on the other plots. While the
less dense plasmas certainly have the lowest influence on dust speed, the denser of the OML
regime plasmas, n, = 10°° m™3, gives a larger equilibrium temperature and thus results in
more ablation than plasmas with two orders of magnitude more density. Following the math
and other results in this thesis, this outcome makes sense, but it seems counterintuitive.
Perhaps this is a result of the assumptions breaking down in each model when r; is near Ap,

as previously discussed.

Aside from the differences resulting from the different theories, the results follow what
one would expect. The plasma density influences the heating rate and the equilibrium
temperature for a grain, which in turn affects the ablation rate and the drag force. Denser

plasmas result in higher temperatures, faster ablation, and greater changes in dust grain
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Figure 3.5: Changing the plasma density only affects the equilibrium potential depending
on its effect on Ap and thus the theoretical regime. Generally, denser plasmas have higher

temperatures, greater ablation and larger Avy.

speed. This parameter has such an effect on the final speed that it is the primary factor
used for changing the desired sheet length of the plasma since grains will spend less time in
a shorter plasma sheet. Also of note in the Dust Speed graph is that the densest plasma
has not only rejected the grain, but is trying to propel the grain to the same speed as the

exhausting plasma.

Speaking of plasma speed, Figure 3.6 shows the results of changing the plasma flow speed.
Changing this parameter does not influence the equilibrium potential or temperature of the
grain, and thus has little affect on the ablation. However, it does have an influence on the
final speed of the grains. This indicates that this condition could be changed to either help
slow down large particles or reject fewer small particles, and this would also have a sizable

effect on the energy needed to produce the plasma.

Closer examination of some additional plasma density and flow velocity plots reveals that
in order to obtain approximately the same Awg, one could either double the plasma density
n, or multiply the flow speed v; by about 1.5. Looking back at Equation 2.29, it is obvious
that doubling the plasma density would cause much less of an energy increase than increasing

the flow speed by 50%. However, as we can see from Figures 3.5 and 3.6, it appears that
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Figure 3.6: Changing the plasma flow speed does not alter equilibrium potential, and has
little effect on equilibrium temperature and ablation. It has a much more substantial effect

on the overall grain velocity.

increasing flow speed will have little effect on the ablation of the dust grains, while increasing
plasma density will certainly have negative impacts on how many grains survive the transit

through the plasma sheet.

Overall, these plots indicate that one could use this information to help tune the desired
collector for a particular size and velocity of incoming dust grains. Later plots are able to
do this more broadly, but these time dependent plots allow for a more detailed look into the
physics of the process. For instance, if we were examining r4o = 1 pm sized grains for the
same length of plasma sheet but at slower initial velocities, we may want to decrease the ion
mass, flow speed, or density of the plasma. However, since all these terms are connected,
a change in one for the purpose of decreasing velocity may influence another that causes
increased ablation. As with all things in engineering, one must choose between different

tradeofTs.

3.3 Sheet Length Dependent Plots

Having investigated the physics through the time dependent plots, it is now time to shift

focus to looking at this information with respect to the plasma sheet length. These plots take
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advantage of the relative position ODE calculated in Equation 2.28 to focus on the effects
these parameters have compared to the sheet length, allowing us to account for effects of
dust grain deceleration through a finite plasma sheet.

When initially examining these types of graphs, it was found that changes in the plasma
density were actually self-similar. (Demonstration of this self-similarity can be seen in Figure
3.7(a).) Thus, to expand the capabilities of these plots, the x-axis is essentially the sheet
length multiplied by the plasma density. This allows us to examine fundamentally the effects
of changing sheet length, plasma density, and the parameter in question for each graph.
Additionally, since we are now shifting focus to designing the plasma for an actual collector,
we are more interested in the final velocity of a grain, so we are only looking at dust velocity
on the y-axis and ignoring potential, heating, and ablation.

As with the time dependent figures, it is important to establish a common baseline of
input values to act as our constant from which we will vary individual parameters. For these
plots, the baseline characteristics used are plasma density n, = 10*m™3, plasma temperature
T, = 10 eV, ion mass m; = 131.29 amu (that of Xenon), flow speed vy = 30km/s, initial dust
size rg0 = 1 pm, initial dust velocity vgo = —7000 m/s, initial dust temperature Tz = 100
K, and initial dust potential Vg = —5 V.

Likewise, as discussed in the previous section, changing the initial dust potential relative
to the plasma has no effect on the outcome and thus examination of this plot is omitted.
Similarly, changing the initial dust temperature has little effect, and this plot is included in
Appendix A.

As previously mentioned, the Plasma Density Dependence, as shown in Figure 3.7(a),
shows the self-similarity between changes in plasma density n, with respect to sheet length.
Though it is difficult to see in this plot, examination reveals that these outputs are not
exactly the same and do exhibit some minor but insignificant fluctuations. Since there is no
adjustment to the time scale or full ablation of the grain, the plotted outputs do not end at
the same point. However, by dividing by the respective density values, we observe that most

of the plotted lines end a bit over the 5 cm sheet length value. Therefore, this graph indicates
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Figure 3.7: Effects on dust grain velocity from changing various plasma and grain parameters.

The x-axis gives the sheet length times the plasma density, enabling examination of both

factors to some extent. The magnitude of z, is used due to quirks in the model described

elsewhere. Note that (a) has a different x-axis magnitude than the other plots.
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that for approximately the same time period, a dust grain will pass through similar lengths
of plasma no matter the density, but the final velocity of that grain will change drastically
with varying plasma densities. this graph in particular is useful in selecting a relevant plasma
density for the desired length of a plasma sheet, though it can only account for one grain
radius.

The Plasma Temperature Dependence, as presented in Figure 3.7(b), is reminiscent of
the Dust Speed graph in Figure 3.3, which is unsurprising. Because of this similarity, it is
inferred that the dust equilibrium temperatures and ablation rates follow similar patterns
as before. Therefore, we know that there is very little ablation when 7}, = 5 - 10 eV, and
greater ablation rates at T}, increases. Notably, the output for 7, = 20 eV is slightly concaved
downward, indicating that the dust grain is ablating at a more rapid rate. If these trends were
to continue, the 7}, = 20 eV line would soon hit an asymptote as the grain fully ablates. Due
to the layout of the axes, we can also say that this behavior will not change for incremental
combined changes of density and sheet length.

The Ton Mass Dependence, given in Figure 3.7(c), also shows a similar story to the time
dependent plots in that we observe greater velocity changes for increasing ion mass, all else
being equal. Since the time span of analysis does not change, a plot line with a larger final
sheet length indicates that the dust grain traveled faster relative to the plasma through the
same length of plasma sheet. In this case, this faster relative speed can be explained by the
fact that collisional drag force is weaker for lighter plasmas, which corresponds to previous
observations.

Moving to the Plasma Flow Speed Dependence graph in Figure 3.7(d), we observe an
even greater difference in the final length value for each of the outputs. In the previous graph,
this indicated a weaker force, but that cannot be the case here since the longer output lines
also experience greater deceleration. Rather, because length of these lines correspond to the
relative speed of the dust grain and the plasma, it is obvious that this relative speed will
be greater as the flow speed of the plasma itself is increased, resulting in longer interaction

lengths for a given time. As before, the nature of the x-axis also indicates that this behaviour
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will be extremely similar for joint changes in sheet length and plasma density.

Observing the Dust Size Dependence plot in Figure 3.7(e) provides greater insight as to
what will happen to differing population sizes of grains in a flyby. As before, we observe
that dust grains under a certain size will be rejected, but we can now see how that changes
with varying length and density of the plasma sheet. Intuitively, a shorter sheet length will
reject fewer small particles, but will not provide much Awy to larger ones. Looking again
at the values for final sheet length for a constant time span, we recognize that the larger,
heavier grains pass through the plasma sheet more quickly than the smaller grains, which
are affected more by the drag force due to their high surface area to volume ratio.

Figure 3.7(f), the Dust Initial Velocity Dependence plot, also gives an indication for
various flyby conditions the spacecraft might encounter, though these can be manipulated
based on overall mission design for the plume encounters. As expected, changing these values
simply shifts the velocity curve vertically, with initially faster relative speeds passing through
the plasma sheet more quickly than initially slower grains.

Overall, these plots are a great stepping stone for examining many effects at once. They
enable us to see how one could change the plasma parameters to design a collector targeted
for a particular grain size and speed, and provide incredible insight into the relation of
plasma density and sheet width. The next step would ideally allow a mission planner to
easily and practically design a system based on a variety of initial speeds and sizes as well
as desired final states. To this end, we now examine contour plots for final dust grain radius

and velocity based on initial size and speed that can be used for this purpose.
3.4 Contour Plots

In order to build useful radius and velocity contour plots, it is important to first understand
the initial range of sizes and speeds the collector will encounter as well as the desired final
states for these properties. It was mentioned previously that complex molecules cannot
survive hypervelocity impacts on the scale of Cassini flyby speeds, but at what speed does

molecular survival become likely, and does the size of the ice grain affect this value?
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As we have previously established, we assume the population of the ice grain sizes and
their relative densities to follow a differential size distribution dN/dr o r~? where ¢ changes
depending on the altitude [37]. This model was primarily based on data from Cassini’s
Imaging Science Subsystem, but is bolstered by in situ measurements from instruments such
as the Cassini Plasma Spectrometer and the Radio and Plasma Wave Spectrometer Langmuir
Probe [8]. Such a relationship was even expected to be the case after early analysis of initial
passes [46]. For the purposes of this study, we will examine an initial range of sizes between
a minimum of 7y = 0.01 pm (with smaller particles regarded as vaporous) and a maximum
of rg = 3 um (with larger particles being rare at or above 50 km) [37] [33].

To obtain an initial idea of our possible range of flyby velocities, we first consider the
general pass speeds for moon-centric orbital missions and for planet-centric flyby missions.
Europa has an escape velocity of 2.0 km/s, so slower passes over the target will likely need
to be orbital, and faster passes will be flybys in a Jovian-centric orbit [55]. Trajectory
design for the Europa Clipper mission indicates that the latter type of pass would occur at
velocities near 4.5 km/s [6]. Theoretically, this could likely be lowered further, but radiation
considerations around Jupiter, among other factors, limit these options. At Enceladus,
escape velocity is only 0.24 km/s, so orbital missions would be very slow [11], and Cassini
flyby speeds ranged from ~ 7 km/s up to ~ 18 km/s [36] [13]. These flyby speeds can
easily be reduced to =~ 4 - 5 km/s for a more dedicated mission, and have the potential to
be reduced to &~ 2 km/s using flybys of other moons or additional fuel, but these increase
mission complexity or fuel mass, respectively, and both incur cost penalties [48]. In this
study, we examine a range of flyby speeds from vg = 1.0 to 10.0 km/s in order to get a
broader idea of the concept’s capabilities. Slower velocities would not require such a system,
and faster ones would require unrealistic plasma parameters.

Having set limits for the initial radius and velocity ranges, we must also consider desired
final states. In 2001, laboratory analysis revealed that it was possible for bacteria and fungal
spores to survive impacts of 5.1 + 0.1 km/s, but at a very low survival rate [21]. NASA’s

Stardust mission also recovered some small organic molecules at a speed of 6.1 km /s, though
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at unknown organic capture efficiencies [16] [10]. For similar sample return missions, studies
indicate that 2 km/s impacts into aerogels is ideal, though aerogel capture prohibits extensive
on-board analysis by the spacecraft [48]. More recent experiments have shown survival rates
up to 44% for organic molecules in ice impacting natural barriers such as sand, water, and
crushed ice at speeds near 2 km/s [7].

In early 2020, New et al. used micron-size polymethylmethacrylate (PMMA) particles as
an ice grain stand-in (due to its similar material properties and complex molecular makeup)
and tested radii of ry = 2, 3, and 5 um at velocities of about vy = 0.5, 1, 2, and 3 km /s against
various metallic targets. They found that the optimal target material was a soft metal such
as gold or indium, and the optimal speed for capture of r4 = 2 - 3 um grains was about 1 km/s
[33]. At that speed and below, particles deformed but did not deteriorate detrimentally, and
capture efficiency was still high; however, at speeds around 2 - 3 km/s the organic molecules
remained intact, but the particles themselves experienced extreme deterioration and only left
a small residue on the capture plate [33]. A similar group then conducted a complementary
analysis using actual water ice grains with dissolved fluorescent complex molecules launched
into indium foil and studied impacts of 1.3, 1.7, and 3.1 km/s [34]. They found average
organic capture efficiency rates in the range of ~ 10% for impact speeds less than 2 km/s
for grains of size r4 < 5 pm (with some craters organic capture efficiency as high at 50%).
However, efficiency rates were not much higher than background measurements for 3 km/s
impacts [34]. A model derived from this data expects capture efficiency rates to be higher
for smaller grains, and optimal capture velocity to be slightly larger for smaller sized grains.
This later study also observed decreased collection for impacts slower than ~1 km/s and
noted that capture efficiencies may be higher for grains at Enceladus, depending on how
their formation affects density [34].

From these studies, we see that the organic capture efficiency is different for differently
sized ice grains, and there is likely an ideal capture velocity for a grain of a particular size
and density [33] [34]. For the purposes of this study, we ignore these complexities and assume

capture efficiency is the same for grains with different radii, and we are thus equally interested
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Figure 3.8: Contour plots showing the effects of altering plasma temperature on the final
radius and speed of dust grains with the displayed initial conditions. Raising 7}, increases

ablation.

in anything that does not fully ablate. We also observe that a minimum capture speed may
exist as well, though this may change in microgravity environments [34]. Importantly, we
note that organic material can survive hypervelocity impacts of up to ~ 6 km/s, though
capture efficiencies are likely extremely low at these speeds. All this considered, we will
examine final velocities in the contour plots in the range of v; = 0 to 6.0 km/s to understand
when organic material may survive, but we will only consider final grain speeds up to 3.0
km/s in the later feasibility analysis.

Now that the limits of the contour plots are established, we can examine how changes to
the plasma parameters influence the plots and what that means for the system as a whole.
As in the previous sections, it is useful to establish a baseline of parameters as a control
that we can then alter one parameter at a time. In this section, our baseline parameters are
ny, =102 m™=3, T, = 10 eV, vy = 20 km/s, Ty = 100 K, Vyg = —5 V, and a desired plasma
sheet length L, = 5 cm. The initial radii and velocities follow what was just established in
previous paragraphs.

We begin by investigating the effects of changing the plasma temperature 7, as shown

in Figure 3.8. The main contribution of increasing 7}, is somewhat increasing ablation.
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Figure 3.9: Contour plots showing the effects of changing plasma flow speed on the final
radius and speed of dust grains with the displayed initial conditions. Dust grains feel larger

forces for faster plasmas.

Since the plotted values are much more dependent on the length of the plasma sheet, one
way to determine ablation severity is by looking at the slope and placement of the radius
contours. More rapid ablation of the ice grains is symbolized by an increased slope and
higher placement of these contours in the graph. Searching for these changes in the radius

contours, we can see that ablation slightly intensifies for higher temperature plasmas.

Decreasing temperature would be good for the energy considerations of the plasma, and
we see in Figure 3.8 that this will slightly help with ablation as well. However, as previ-
ously mentioned, this would also decrease the ion thermal speed, which would strain the

assumptions of SL theory unless other parameters are also changed.

Figure 3.9 examines the effects of altering the plasma flow speed vy. Increasing vy does
not appear to significantly alter ablation rates for this plasma baseline, but it does shift
the velocity contours up and to the right while decreasing the knee in those curves. These
graphical changes indicate a greater drag force felt by the dust grain for faster flowing
plasmas. Since the zero velocity contour is shifting but the radius contours are not, we can
conclude that a larger portion of smaller grains are being rejected by faster plasma sheets.

That is, their velocity is reversed, and they are not being collected even though they do not
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Figure 3.10: Contour plots showing the effects of adjusting ion mass on the final radius and
speed of dust grains with the displayed initial conditions. Lighter plasmas have increased

ablation yet lower drag forces.

fully ablate. As seen previously, this can be used for targeting certain grain sizes if desired.
Due to the nature of kinetic energy, plasma flow velocity is a squared term, and altering it

will drastically influence the energy of the plasma.

Examining the effects of changing the ion mass of the plasma, as seen in Figure 3.10, we
observe a similar graphical trend as in Figure 3.9. The velocity contours are shifted up and
right and the knee in the curves decreases in severity as ion mass increases. We therefore
know that heavier ions generally result in greater drag force on the grains, at least for SL
theory, and this supports findings in previous sections. Here the compressing of the tail of
the velocity contours is much more pronounced. If we were to examine the final velocity
distribution for all the grains at one initial velocity, we would see that as ion mass decreases
and the tail compresses, the range of sizes within the ideal capture speed bounds also shrinks.
This is undesirable since we want to capture more grains in a wider distribution. However,
heavier plasmas also reject more of the smaller grains, so this is yet another tradeoff. We
can also see from the slope of the radius contours that lighter plasmas have more aggressive

ablation rates. Though this is counterintuitive, it is supported by the previous sections.

Investigating Figure 3.11, we can see that many of the effects observed in the other
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Figure 3.11: Contour plots showing the effects of enlarging plasma sheet length on the final
radius and speed of dust grains with the displayed initial conditions. Thicker sheets result

in increased ablation and larger drag forces.

contour plots are also present here. One would expect that a longer plasma sheet would
result in more drag force felt by the grain as well as greater overall ablation. Examining
Figure 3.11 reveals that the velocity contours shift precisely as expected and the lower limit
for fully ablated grains increases as well. The slopes of the radius contours also increase with
greater sheet length, though this is more difficult to discern, suggesting that the change in
ablation is less drastic than the change in drag force.

The final three contour plots given by Figure 3.12 demonstrate the effects of changing the
plasma density. Suspiciously, these plots look very similar to Figure 3.11, but rest assured
there is no mistake. This resemblance is due in part to the fact that the smaller and larger
values in each figure vary by 50% of the center baseline value. Aside from that, the parallels
between these plots indicate that either value could be changed to achieve a similarly desired
result. For instance, a long, lower density plasma sheet might be easier to create than a
short, dense sheet, or vice versa, and there would be little difference in outcome as long as
the two parameters were changed by the same percentages.

An important note is that in all these figures, we find ablation to be approximately linear

across the range of dust sizes. Though this is less true for smaller grains, the assumption is



48

Plasma Density = 1e+22 m Plasma Density = 1.5e+22 m3

Plasma Density = 5e+21 m

€25 €25 €25
= = =
g 2 8 2 g 2
= = =
c e} el
=15 =15 =15
T Il Il
o 1 o 1 o 1
I s <
£05 £05 £05

2000 4000 6000 8000 10000 2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
initial relative velocity (m/s) initial relative velocity (m/s) initial relative velocity (m/s)

Figure 3.12: Contour plots showing how changing plasma density alters the final radius and
speed of dust grains with the displayed initial conditions. Raising n, increases both ablation

and the effective drag force.

still held to adequately enough to be able to say that the overall size distribution simply shifts
to the left after passing through the plasma sheet. This assumption allows the simplification
of the dust collection analysis that must be done to obtain the mass collected in one pass

m. as in Equation 2.32.
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Chapter 4
DISCUSSION OF MERITS AND FEASIBILITY

After analyzing all the figures presented in the last chapter and conducting additional
analysis of the required energy and collected mass, the final design will use a plasma density
n, = 10?2 m™3, plasma temperature T, = 10 eV, a Xenon propellant with ion mass m; =
131.29 amu, flow velocity vy = 20 km/s, and a plasma sheet length L, = 2.5 cm. This
assumes the initial temperature of the dust grains is Ty = 100 K and the initial potential
relative to the plasma is Vo = —5 V. In order to more easily compare this design to other

proposals, the area of the collector is 10 cm?.

4.1 Feasibility

The most important first order assessment of the feasibility of this system is the energy
required to generate the proposed plasma. As seen in Equations 2.29 and 2.30, the overall
energy of the plasma sheet is proportional to the ion mass, plasma density, plasma temper-
ature, and plasma sheet length as well as the square of the flow velocity and the square of
the radius of the plasma. These squared terms have great influence over the energy, so it
was important to keep them as low as possible.

Since the collected mass is also dependent on the square of the plasma radius, lowering
this dimension of the collector is detrimental for collected mass, but great for lowering the
required energy. A radius of approximately r, ~ 1.78 cm gives a collector area of 10 cm?
which allows us to easily compare our proposal to other Enceladus collector concepts [29].
The decided lower limit for plasma flow velocity was governed by the output of the model
itself. Lowering the flow speed just a few km/s less than 20 resulted in erroneous outputs

for higher initial velocities in the contour plots using the baseline values, so 20 km/s was
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therefore accepted as a reasonable value.

Having lowered these more influential properties to reasonable levels, selecting the other
parameters was then a balance between their influence on the outputs and the resulting
increase in energy. The most important of these was choosing the heaviest reasonable ion
mass in order to spread out the final velocity distribution and collect as many grains as
possible in our velocity window. Since this study primarily considers noble gases, Xenon
was the obvious choice. With flow speed and ion mass thus decided, we chose a plasma
temperature of 10 eV in order to keep the assumptions for SL theory as accurate as possible,
even though lowering this value would have been energetically beneficial without many other
discernible changes in the output. From here, we decided upon a shorter sheet length of 2.5
cm and a plasma density of 102 m™3. It was reasoned that a shorter, denser plasma sheet
may be easier to engineer than a longer, less dense one.

These parameters result in an energy per pulse of 11.9 J, which aligns nicely with many
PPTs that have been designed over the years. Global reviews of PPT development show
that these thrusters typically have energies in the range of 2 - 100 J per pulse, with many
in the 10s of J range [40] [32], so this design’s energy requirements per pulse seem perfectly
reasonable. Another consideration for the viability of this proposed system is the type of
propellant. Fortunately, some investigations into low energy (2 - 6 J) gas-fed PPTs have used
Xenon and Argon propellants, though these had issues with the fast-acting valves required
to operate at high efficiencies [40]. Since the desired effects depend on ion mass specifically,
a noble gas propellant is not strictly required. In fact, the heaviest ion mass used in an
experiment was in a liquid-fed PPT developed by the Royal Aerospace Establishment in the
early 1970s that used liquid mercury as the propellant and operated at 13.1 J per pulse [40].
This method also took advantage of electrostatic forces in their pump design which allowed
them to have fewer moving parts, increasing reliability. Development of such a system would
likely be key for achieving ideal results for the system proposed in this thesis.

One final design consideration is the frequency at which the PPT will need to operate in

order to keep up with the incoming dust particles. These calculations are later discussed in
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Figure 4.1: Contour plots showing the final radius and speed of dust grains of various initial

radii and speeds for the final design plasma parameters.

more detail, but for a 50 km pass altitude, the rate of incoming dust particles larger than
1.5 pm ranges from 50 Hz to 1.5 kHz. This metric is not totally unreasonable, as the gas-fed
PPTs mentioned previously operated at frequencies up to 4 kHz [40]. However, this would
indicate that the power required for such a system would need to be much higher than for
typical PPTs, which usually operate at just a few Hz. Other feasibility considerations are
the density, temperature, and length of the plasma sheet. We will omit these considerations
for now and assume that this energy calculation of 11.9 J per pulse accounts for these other
parameters as a first approximation. Additional work is needed to determine if a system
with such parameters could actually be designed.

To better understand how these chosen plasma parameters affect the dust grains and
influence the amount of mass collected by the system, a final contour plot was generated
and is presented in Figure 4.1. From the radius contours, it is obvious that our chosen

parameters result in practically no ablation effects, except for the smallest grains. Although
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Figure 4.2: The same contours from Figure 4.1 on separate plots with marked points used

to estimate Arg as well as 7, and 77,.

this is expected based on our findings in the previous chapter, it is still notable that these
ice grains experience virtually negligible amounts of vaporization while interacting with the
plasma. We also note that the knee in the velocity contours is slightly sharper than desired,
but there is still sufficient spread in the velocity distribution to collect a good amount of

material.

In order to properly account for the collected mass as discussed in Section 2.6, we must
first choose an initial velocity for the grains. Mission designers have established that about
4 km/s is a reasonably attainable flyby velocity for both Enceladus and Europa missions
48] [6], and we have shown that organic capture efficiency is negatively impacted at collision
speeds of 3 km/s and above [33] [34]. Therefore, we will use an initial velocity of 4000 m/s
to investigate the mass collected by our proposed system for grains whose final speeds fall

between 0 and 3000 m/s.

First, we establish the value for Ar,, which tells us how much the initial size distribution
shifts due to ablation effects from the plasma interaction. With the exception of the abso-
lutely smallest grains, ablation effects were negligible for the chosen parameters, so Ary =0

for this case.



93

Next, we establish values for 7, and r},, which are governed by the final values for the
radius at the maximum and minimum capture velocities. Since we established that there
are negligible ablation effects, we can assume that the final radius is equivalent to the initial
radius in this case. Here, we find that 7}, ~ 0.25 um when the final velocity equals zero and
r4, ~ 1.1 pm when final velocity is 3000 m/s, as seen in Figure 4.2.

These values can then be input into Equation 2.32 along with the value for C' determined
in Equation 2.31 to determine the mass collected in a single pass. Because the output of
the plume varies over time [37], and the value for C' is dependent on that variable state,
these equations can be run multiple times in order to obtain maximum and minimum mass
collection values. Accounting for our assumptions and parameters as well as a flyby altitude
of 50 km, the maximum collected mass per pass was m,. = 0.53 ug and the minimum was
m. = 0.045 pg when the plasma sheet was present. For comparison, the same techniques
were used to calculate the total mass available for collection in a single pass, and these values
ranged from a maximum of m, = 6.2 pg to a minimum m,. = 0.5 pg. This indicates that if
every grain interacts with the plasma sheet, we will only collect about 10% of the available
mass in a pass. However, we will also slow these incoming grains to much more reasonable
impact velocities, increasing the organic capture efficiency of those grains. Therefore, while
this system would hinder ice collection at lower flyby speeds, it may increase the overall
organic capture efficiency for faster passes.

It should be noted here that we assume the plume is symmetric with circular cross
sections [37], an idea supported by studying vaporous molecule plume measurements [36],
but this is likely not completely accurate due to the complexities of numerous vents along
the tiger stripes and electrodynamic forces on the charged grains within the plume [22] [8].
We also assume that the probe is flying directly through the center of this circular plume,
which would give the maximum yield for all conditions. Achieving this will be more difficult
for planet-centric missions than it will be for moon-centric missions, so the maximum and
minimum values for m,. presented here will likely be lower on average.

Another calculation to consider here is that of the rate at which dust grains impact the
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sensor. The rates of 50 - 1500 particles per second mentioned previously were for particles
larger than r4 = 1.5 pum, but we now see that the incoming particle size we are concerned with
is around ry = 0.25 um and larger. As one would expect, the impact frequency increases as
smaller particles are considered. In fact, this frequency increases by approximately an order
of magnitude to between 400 Hz and 14 kHz. At the high end, this is far greater than the
4 kHz frequencies utilized by previous gas-fed PPT experiments and indicates that a pulsed
system might not be practical for this application. In fact, PPTs that rely on capacitive
discharge — which is the majority of PPTs — are limited in their maximum frequency by
the discharge delay time of the capacitors and the plasma discharge time of the PPT itself.
These times are typically on the order of 50 us or less, thus high operation rates of 10 kHz

or greater will require specifically designed power processing units [19].

That being said, for the particle densities we expect to encounter for a 50 km flyby, it is
quite possible that one pulse will interact with several incoming ice grains, depending on the
total length of travel and survival time of the plasma sheet itself. Thus, while operating at a
lower frequency obviously will not slow all the incoming grains, it will likely slow more than
one grain per pulse on average. Therefore this issue is not quite as terrible as it first seems.
It may also be beneficial to redesign the plasma parameters to target only larger grains,
which impact much less frequently. Further, for high velocity flybys, a system that slows
at least some particles to reasonable impact speeds will likely collect more organic material
overall than a system without the plasma buffer. Additional research is needed to determine
in which cases it would be better to have the plasma system as compared to a plain collector,

but pulse rates do not totally prohibit this system from being useful.

Another consideration dependent on the pulse rate of the system is the required power
and power storage necessary for the system to operate. If we assume a maximum rate of 4
kHz — that of the gas-fed PPT from earlier — our 11.9 J per pulse would result in a power
output of 47.6 kW. At 4 km/s and a pass length of 92 km for the maximum plume output
(as found in Table 2.1), a flyby would take 23 seconds, and the powerbank required for this
system would thereby have to be 300 Wh in order to full accomplish one pass. Further, PPTs
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rarely achieve greater than 20% power efficiency, further increasing power requirements. This
system would thus require a massive power processing unit just to operate the plasma buffer
for our collector, and this factor would likely constrain its use on an actual spacecraft [32].
Because of this factor, the thruster frequency would need to be decreased further. This
would increase the practicality of including this system on a mission, but would also reduce
the number of incoming grains slowed to capture velocities. Again, we leave further analysis
of practical use cases to future investigations.

Overall, it appears that the system as designed in this chapter might be physically possi-
ble, but designing such a system would be technically challenging, and it may have specific
and limited use cases even then. Further investigation is needed to determine the degree to
which this system would actually increase the organic capture efficiency in those cases, as

this would determine whether or not this idea should be pursued further.
4.2 Design Comparison

One promising proposal that also seeks to search for life in the plumes of Enceladus is the
Enceladus Organic Analyzer (EOA) proposed by the Berkeley Space Science Laboratory
[29]. Their detector also uses a 10 cm? capture system composed of a tilted louver front
plate and solid back plate made of a soft aluminum alloy and is designed to capture ice
grains with radii between r4 = 0.5 to 3.0 um at speeds ranging from vgy = 0.2 to 5.0 km/s.
As previously discussed, collision speeds at or above 3.0 km/s drastically reduce the organic
capture efficiency of a system [33] [34] [7]. While some organic material may still be recovered
at higher velocities, it will take much more material to have a chance of reaching detectable
concentration levels.

EOA also uses a state of the art concentration-based detection method rather than a
mass-based method, which enables detection of molecules of interest at the part per billion
concentration range for micro-to-nanogram samples, though they admit that a detection level
of one part per million is more reasonable for feasibility studies [29]. Unfortunately, the use

of plain water will not allow the direct detection of captured bacteria or other microbes since
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these microorganisms have adapted for a salty environment and will experience cell lysis in
the solution. All things considered, this method is still very likely to be used in future ice
plume investigation missions.

A full design of the system proposed in this thesis will likely incorporate most of the
components used by EOA, especially the concentration-based detection method. Our design
would likely swap the soft aluminum alloy with indium, since it was the most effective
material found by New et al. in capturing a range of grain sizes at various speeds [33]. The
major difference between our system and EOA would be the addition of the PPT in front
of the collector and its associated power processing equipment. This study is not concerned
with the exact implementation of this design and leaves that factor to future researchers.

The EOA design also assumes an average column density of 3 puL/m? at a 50 km altitude
and expects to collect 3 pg of ice with a 10 cm? collection area [29] [37]. Our calculations
are derived from the same source, so we should see similar numbers if we assume no plasma
effects. Indeed, we calculate the total column density to be between 0.58 and 6.8 pl/m?
depending on the output level from the plume, and the corresponding total available mass
is between about 0.5 and 6.2 pug. Hence, our values generally agree with the EOA study
on both the average column density and the average available mass, though as previously
discussed, plasma effects can have a large impact on the values seen by the collector after
the plasma sheet.

The amount of organic material present in the ice grains may vary wildly, not only
on whether life exists within that ocean to varying capacities, but also on the physics of
how water is ejected to produce the plume [37]. Many of the estimates made here are for
a less than optimistic average of the possibilities, and we cannot know much more about
the practicality of these collectors without knowing more about the creation of the plume
itself. That being said, EOA is designed to detect amino acids at the one part per million
concentration range, but this is less likely to occur if less than one microgram of ice is
captured [29]. If this concentration level is accurate, the system will collect approximately

1 pg of organic molecules for every 1 ug of ice, as long as enough material is collected. The



57

study presenting EOA also looked at temperature change for dust grains when they impact
the collector, but we ignore this here in part because the final speeds and temperatures of
our grains after the plasma sheet will be different than their assumptions [29].

Comparing the system designed in this chapter to the EOA, we observe several advan-
tages and disadvantages for each system. The biggest benefit to using the PPT system is
the expansion of the operating velocities for the mission. Though EOA claims to be able
to operate up to 5.0 km/s, we have repeatedly stated that this will drastically decrease col-
lected organic material to the point where several passes would be required to obtain enough
material for a detection [33] [34] [7].

While the PPT system may enable more efficient organic molecule collection within these
higher velocity regimes, it is difficult to say how much of an advantage this would offer. As
explained in the previous section, mass and power considerations would limit the maximum
frequency at which the PPT could operate, but properties not considered here such as the
survival time and length of travel of the plasma sheet may mitigate the effects of lower pulse
frequency. It may be that the system is easily able to handle the particle influx for an average
plume density but unable to interact with all particles when the Enceladus plume is near
its maximum output. Even then, at least some of the incoming ice grains will be slowed.
For the most optimistic cases where all incoming particles interact with the plasma, the
collected mass is roughly 10% of the available mass for the case considered here. This range
of m, = 0.045 — 0.53 pug would require multiple passes to achieve the 1 ug of ice required
for organic molecule detection. This is not ideal, though it may be possible to improve the
collected mass percentage by using different plasma parameters. Further, this small amount
of ice still likely represents an increase in collected organic material when compared to non-
plasma-decelerated grains impacting the detector at high velocities. The PPT system could
also be designed to adjust the plasma parameters and pulse frequency for each pass in order
to maximize the collected mass based on the expected state of the plume.

The EOA also has a number of advantages over the PPT system. First, the entire EOA

system has been thoroughly designed, and a prototype has already been tested in some trial
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cases. The proposed instrument is only about 16 x 16 x 12 ¢cm with a mass of just 2.5 kg
and doesn’t require much more power than the 2-3 watts needed to keep it from freezing
and the 64 W /hr required during analysis [29]. The PPT system would utilize the majority
of these components and would only increase these baseline dimensions. The simplicity,
size, mass, and technological readiness level of the EOA make it the obvious choice for
any dedicated mission to study Enceladus, though impact velocity considerations may force

mission designers to spend time or fuel in reducing flyby speeds.
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Chapter 5

CONCLUSION

Now nearing the end, it is important to include a brief review of everything in the last
60 or so pages. At the beginning of this thesis, we established that NASA is seeking new
technologies that will enable new forms of sample collection from the plumes of icy ocean
worlds across the solar system [1]. While there are potentially several moons to choose from,
we have detailed data about Enceladus, so this study has primarily focused its attention
there. Since PPTs are typically easy to implement and have extensive flight heritage, they

were chosen as our desired method for accomplishing NASA’s goal.

A model based on work from Ticog et al. was then adapted and presented along with
all of its assumptions and flaws. This model was used to produce time-dependent plots,
length-dependent plots, and contour plots which were explained and examined along the way.
These plots allowed us to design a set of parameters for our plasma sheet that would enable
collection of a reasonable amount of ice at high speeds and low ablation rates. Examining
this design further, we found that it seemed feasible and practical to implement until we
accounted for the rate of impinging dust grains. Somewhat ironically, the icy plume has too

many particles for our designed system to keep up.

These final sections go into more detail as to the considerations and uses of the proposed
system as well as the work that still needs to be done to answer some of the questions brought
up throughout the thesis. Contemplating once more the question we set out to answer, it
is safe to say that a PPT could certainly be used to slow incoming ice grains to reasonable
speeds, though designing such a system will not be as simple as adapting an available PPT
design to operate in front of a collection plate. Work still needs to be done to satisfactorily

answer this question, but these results have some promise.
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5.1 Proposal Conclusions

Considering again the feasibility and practicality of the PPT-integrated ice grain collection
system as proposed in Chapter 4, it appears obvious to this author that this idea is, at best,
over-engineered for a mission to Enceladus. If NASA were to design a dedicated Enceladus
flyby or orbital mission within the next several years, a system such as the EOA is the
obvious choice. Such a mission could easily be designed, and much work has already been
done on how to adequately decrease the velocity of the spacecraft and how this would affect

the payload mass, mission cost, and other considerations [48].

However, a major factor that was ignored for most of this paper is that NASA may
also want to design a similar mission for Europa or other icy worlds. Since Europa is
much more massive than Enceladus, flyby velocities are inherently faster [11] [6]. Therefore,
the PPT system could be extremely useful for plume investigation at Europa since such a
system may be more effective at collecting organic material at higher velocities. In fact,
it may be necessary to slow incoming particles to mitigate the detrimental effects of ultra
hypervelocity impacts, though more research is needed to determine the comparative organic
capture efficiencies for each method. Greater understanding of the plume characteristics at

Europa would also be necessary for that investigation.

Overall, the greatest advantage that the proposed PPT system offers is flexibility in mis-
sion design, and its greatest disadvantage lies in the power, system mass, and technological
readiness of a high frequency PPT. If a space agency ever wants to design a successor to
Cassini at Saturn or Jupiter — a generalist spacecraft that could conduct analysis of the
planet itself and all of the surrounding moons — this system could enable easier collection
of geyser plume particles without having to design the mission around the flyby velocity re-
quirements. Maybe the plasma buffer device could even be used as a propulsion mechanism
when not collecting ice grains. Without more research, it is difficult to know if such a system
could be designed in a way that did not make it the primary payload of the spacecraft rather

than one scientific instrument of many.
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5.2 Future Work

Throughout this thesis, there have been a number of branching paths proffered for future
investigators to explore. To give some structure, we will start by looking at the broader work
that needs to be done to enable development of this PPT system. We will then narrow in

on some more specific items that will enhance fundamental understanding.

As discussed in recent sections, investigation is needed to determine what pulse frequen-
cies would enable reasonable power levels and power storage for such a mission. Perhaps such
research will find that an altogether different type of plasma engine is more suitable for the
job. In any case, this will enable more accurate comparisons to cases where a plasma buffer
is unavailable. On that note, greater understanding of the plume characteristics at Europa
is essential. Ideally, this branch of future work includes mass considerations of this system
to compare to the extra fuel mass needed to slow the spacecraft. Other considerations like
time required to slow the craft via gravity assists at other moons make this analysis more

complicated, but of greater use to mission designers.

At a more focused level, designing and testing a low-frequency version of this PPT would
reveal whether or not the physics developed and assumptions used for this model are accurate.
Since the energy per pulse is well within the realm of previously designed PPTs it should be
straightforward to develop an experimental setup to examine the plasma drag effects from
PPT exhaust on microparticles. Such a setup could use micron sized PMMA particles like
those used in Reference [33] as a stand-in for ice grains and observe the particle motion with

high speed imagery similar to Reference [52].

Getting to the core of this research, much future work could be done to enhance the
accuracy of this model which might possibly alter the results. The most fundamental research
to be done in this area is development of the physics that would connect the SL and OML
theories and prevent the discontinuity between the two. Investigation into this problem
would likely yield a much greater understanding of dusty plasma physics. At a more basic

level, it would be relatively straightforward to fill gaps in this model such as incorporating



62

the equations for the positive voltage regime.

Other possibilities include incorporating a finite plasma sheet or sheet with diffuse edges,
including additional forces and charging effects that were assumed to be insignificant, and
investigating the chemical reactions that might occur between the grain material and the
plasma. Looking into these assumptions and simplifications would certainly produce a more
accurate model, but time will likely be better spent on other paths in the forest of knowledge.

As with many things in life, the road goes on forever, and the party never ends.
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Appendix A
ADDITIONAL PLOTS

Figure A.1 shows the effects of changing the initial potential of the dust grain relative
to the plasma. In these time-dependent plots, we can see that this change does not alter
the results in any meaningful way. This is due to the fact that v, is extremely fast, and
electrons will force the potential to an equilibrium value almost instantly. This is true for
both SL and OML regimes.

Figure A.2 shows how changing the initial dust speed relative to the detector alters the
time-dependent outputs. There are no changes to the equilibrium potential or temperature
values, and thus ablation is not altered. Since the dust grains are feeling the same drag force
from the plasma, the only effect is shifting the speed plot vertically.

Figures A.3 and A.4 have been altered from the baseline to demonstrate the effects of
shifting from the SL regime where ry > Ap to the OML regime where r4y < Ap. In these
plots, the baseline values were 749 = 4 ym, n, = 10* m=3 T, = 10 eV, m; = 1.0079 amu
(hydrogen plasma), and vy = 30 km/s. Also note the varying timespan for each figure.

Figure A.3 demonstrates slight variations in the SL-OML shift by changing the initial
size of the grains. From these graphs, we can determine that the equilibrium potential and
temperature values change when shifting from SL to OML regimes and are dependent on the
plasma parameters. We can also see that the ablation rates are different for various sized
grains, and that ablation is more aggressive in the OML regime. The speeds of these grains
appear to approach an asymptote when they get close to fully ablating.

Figure A.4 shows variations in the SL-OML shift by changing the ion mass of the plasma.
Because of the longer timespan, grains do not appear to stay in OML theory for very long,

and OML regime ablation seems instant, but we know from Figure A.3 that this is not the
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Figure A.1: Changing the initial dust potential relative to the plasma does not visibly alter

any of the relevant outputs.

Dust potential Dust Temperature Dust Ablation Dust Speed
400 I ————— 8000
-10 Vyo = -4000 m/s
_ 350
Vao = -5000 m/s 0.8 6000
-20 Vo = -6000 m/s 300 .
n
~ 30 Vyo = -7000 m/s < 250 3 0.6 é 4000
= = o
° o el D
> 200 - 8
40 0.4 g 2000
150
- 0.2 0
50 100
-60 50 0 -2000
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
time «10® time «10® time «10® time «10®

Figure A.2: Changing the initial dust velocity does not affect the potential, temperature, or

ablation of the grain. The speed plot is translated vertically depending on initial velocity.
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Figure A.3: Changing dust size does not change the equilibrium potential or temperature
values, but there are different values for the SL and OML regimes. These regimes also

influence ablation rates, and we see dust speed asymptotes when grains fully ablate.

case. In both regimes, the equilibrium potential and temperature changes with changing
plasma parameters. Interestingly, the OML equilibrium potential is lower than the SL value
for H plasma, but vice versa for heavier ion masses. We can also observe that the switch
from SL to OML regimes occurs at the same dust size, which would be true unless A\p were
altered by adjusting 7, or n,. Further, we see in the dust speed graph that all the grains
have a small asymptote when they fully ablate in the OML regime. For a Xe plasma, we see
the grain speed would approach the plasma flow speed given enough time and no ablation
in the SL regime.

A reasonable explanation for the differences in SL and OML regimes is the differences
in effective plasma densities used in each theory and the inclusion or exclusion of Coulomb
forces. As established in Chapter 2, the sheath decreases the effective plasma density used
for current and heat flux calculations to ng, in SL theory. OML theory uses the full plasma
density n,. OML theory also incorporates long-distance Coulomb interaction forces into its
force of drag while SL theory only includes collisional forces. These criteria may explain
why equilibrium temperature is higher, ablation rates are greater, and velocities asymptote

in OML theory. As discussed elsewhere, more study is needed to determine what physics to
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Figure A.4: Changing the plasma parameters will alter the equilibrium values for both SL
and OML regimes. Ablation in the OML regime is much more aggressive than in the SL
regime, and grain velocity almost instantly asymptotes as the grain rapidly ablates in the

OML regime.

incorporate when rqy =~ Ap.

Figure A.5 shows how changing the initial dust temperature affects the velocity of the
grain with respect to the sheet length. Because of how the x-axis is constructed, this plot

also provides insight on altering the plasma density n,.
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Figure A.5: Effects on dust grain velocity from changing the initial dust temperature. The

x-axis is the same as in Figure 3.7. Altering this parameter has little effect.
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Appendix B
MATLAB CODE
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Since this thesis work is primarily theoretical and model-based, the majority of the code

used to create it is included here so that others may verify methods and attempt to reproduce

results. The first section includes the final version of the function used throughout the rest

of the code, which was developed from the physics outlined in Chapter 2. The remaining

sections include code for all of the time plots, length dependent plots, contour plots, and

dust collection analysis that is included in the thesis. Code for the additional plots is not

included. This code was written to run on MATLAB version R2019b.

B.1 Primary Function

$This function produces time-varying predictions for the radius, relative
%$potential, temperature, velocity, distance, and position relative to a
%$plasma sheet for a dust grain introduced into a plasma. This program

%$1s highly based off the work done in the reference material, and depends
$on a wide variety of inputs for plasma and dust parameters. This model
$uses both Orbital Motion Limited theory, which requires dust radius <
$Debye length, and Sheath Limited theory, which requires dust radius >
%$Debye length. It also assumes spherical dust grains, flow velocity of
%$similar magnitude as ion thermal velocity and much less than electron
$thermal velocity, and a plasma temperature < 15 eV.

Author: Wesley Jackson UW SPACE Lab 806-559-9017 20 Feb 2021

Inputs:
rd0 — initial dust grain radius (um)
vdo — initial dust potential relative to plasma (V)
TdO — initial dust temperature (K)

o0 o° o° o o° o° o° o

tspan - time span (sec) [start end]
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% Te, T1i - plasma electron/ion temperature (eV)

% ne,ni - plasma electron/ion density (m”~-3)

% mi - ion mass (kqg)

% vE - plasma flow velocity (km/s)

% Ls - length of plasma sheet (m) (not used in this version)
% rhod - dust grain density (kg/m"3)

% cd - dust material specific heat (J/kg K)

% delm, Em - secondary emission properties of dust mat. (n/a), (eV)
% W — work function for dust material (eV)

% m0 - dust mat. molecular weight (amu)

% Lams - dust mat. sublimation heat (J/mol)

% n0,TO - material vapors density (m"-3) @ specific temp (K)
%$Outputs: (all [column vectors])

% t - analysis time (sec)

% rdl — dust grain radius (m)

% vdl - dust grain relative potential (V)

% Tdl — dust grain temperature (K)

% vdl — dust grain velocity (m/s)

% xdl — dust grain displacement (m)

% zrl - relative position btwn grain and plasma sheet (m)
%Constants:

% e - elementary charge (C)

% kB - Boltzmann constant (J/K)

% kBeV - Boltzmann constant (eV/K)

% me - electron mass (kg)

% epsO - permittivity of space (F/m)

% mu0 - permeability of space (H/m)

% h — Plank's constant (Jxs)

% sigma - Stefan-Boltzmann constant (W/m"2 K"4)

% R - gas constant (J/mol K)

% Twall - environment temperatue (K) kk (227) kx

% Tse - energy of departing secondary electrons (eV)
$Coupling:

% oded5 - Matlab function for solving differential eqns

% DustPlasmaDynamicsODEs — nested function to describe relevant charging
% and heating diff. eqgns

%$References:

% Ticos, Wang, Delzanno, and Lapenta. "Plasma dragged microparticles as
% a method to measure plasma flows." Physics of Plasmas, October
% 2006.

% P.C. Stangeby. "Plasma sheath transmission factors for tokamak edge
% plasmas." The Physics of Fluids, 1984.

o

o\°

Plasma Physics constants
e=1.6022x10"(-19);

%$elementary charge (C)



73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
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102
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104
105
106
107
108
109
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119
120
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kB=1.380649%10" (-23); %Boltzmann constant (J/K)

kBev=1380649/16021766340; %Boltzmann constant (eV/K)

me=9.1094%10" (-31); %electron mass (kqg)
eps0=8.8542+«10" (-12); S%permittivity of space (F/m)
mu0=4+pi*x10~ (=7); %permeability of space (H/m)
h=6.6261+x10" (=34); %Plank constant (J*s)

S

igma=5.6705+x10" (-8); %$Stefan-Boltzmann constant (W/m"2 K"4)

R=8.31; %gas constant (J/mol K)

T
T

o

r
k
T

wall=290; % (K) [used in Gamrad]
se=3; %energy of secondary electron (eV)
Tse=Tse/kBeV; %convert to (K)

Input conversion
d0=rd0x10" (-6); %convert to (m)
BTeeV=Te; % (eV)
e=Te/kBeV; Ti=Ti/kBeV; %convert to (K)
vti=sqrt (2+kB*Ti/mi); %ion thermal speed (m/s)

vEf=vEf+x1000; %convert to (m/s)

lamDi=sqgrt ( (epsO0+kB*+Ti)/ (ni*xe”2)); %$ion Debye length (m)
lamDe=sqgrt ( (eps0+«kB*Te) / (nexe”2)); %electron Debye length (m)
lams=(lambDe” (-2)+lamDi” (-2)) " (-.5); %Debye shielding length (m)

EmeV=Em; % (eV)

Em=Em*1.602176634x10" (-19); %convert to (J)
W=W%1.602176634+10"(-19); Sconvert to (J)

mu=m0*10~ (-3); %dust material molecular density (kg/mol)
mO=m0Ox (1.66053886%10" (=27)); %convert to (kqg)

o

o
u
e
3

S
e
e
e

0 o o° o o O° A A A° A° o O o° o

Key values outside loop for optimization

=vf/vti; %normalized ion flow speed (unitless)

rfu=erf (u); %define value for error funtion of u

function for integration for use in Ise
nergyfxn=Q@(E) E."2.xexp(-E./ (kBTeeV)-2.xsqrt (E./EmeV)) ;
nergyint=integral (energyfxn,0,Inf); % (eV™3)
nergyint=energyintx (1.602176634%x10" (-19)) "3; %convert to (J"3)

Check Values of Key Parameters
«*Not recommended for non-time-dependent plotsx*x*

Q

if rdO<lams %% Orbital Motion Limited regime %%

S
o
%

fprintf('rd = %g < lams = %$g —-—— OML regime\n',rdo,lams);
checktxt=['vf = %g (should be same close to same order as) '...
'vti = %g (and much smaller than) vte = %g \n'];

fprintf (checktxt,vf,vti, sqrt (2+kB*xTe/me) ) ;
fprintf ('ion sound speed = %g \n',sqrt ((kBx (Ti+Te))/mi));
else %% 1if rd > lams %% %% Sheath Limited regime %%

fprintf('rd = %g > lams = %g —-—— SL regime\n',6 rd0,lams);
checktxt=['vf = %g (should be same close to same order as) '...
'vti = %g (and much smaller than) vte = %g \n'l;

fprintf (checktxt,vf,vti, sqrt (2+kB*xTe/me) ) ;
fprintf ('ion sound speed = %g \n',sqrt ((kBx (Ti+Te))/mi));
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end

[)

% Compute the differential egns

y0=[rd0;Vvd0; TdO;vd0;0;zr0]; %initial conditions

$coupled ODE solver (uses explicit Runge—-Kutta (4,5) method)
[t,y]=0de4d5 (@ (t,x)DustPlasmaDynamicsODEs (t, x), tspan,vy0);

$extract individual outputs from oded5 output

rdl=y(:,1); Vvdl=y(:,2); Tdl=y(:,3); vdl=y(:,4); xdl=y(:,5); zrl=y(:,6);

% Function that defines the ODEs
function dxdt = DustPlasmaDynamicsODEs (-, x)

$define dependent variables
rd= x(1); Vd= x(2); Td= x(3); vd= x(4); xd= x(5); zr=x(6);

(attempts at modifying density to simulate a finite plasma sheet)
np=ni.xheaviside (real (zr)) .+xheaviside (Ls-real (zr))+1;
$np=ni.+gaussmf (zr, [2 zr0]);

o
°
)
°
)

if rd<lams %%%% Orbital Motion Limited regime %$%%%
if real (Vd)<0 %$%% 1if Vd < 0 (negative relative dust potential) %%%

% Charging

%egn (4) ion current

Ii= pi.x(rd."2) .*e.*ni.*sqrt ((8+xkB+T1i)/ (pi*mi)) ...
((sgrt(pi)/ (4*u)) .* (1+2*xu”2-(2+e.*Vd) ./ (kB*Ti)) .+xerfu+...
.Sxexp(-u”2));

%eqn (8) electron current

Te= -pi.*(rd."2).*xe.*ne.*sqrt ((8+kBxTe)/ (pi*me)) .x...
exp((e.+xVd) ./ (kBxTe));

%eqgn (11l) secondary electron current

Ise=(8xpi~“2xe)/ (me”2)+x7.4xdelm/Em.*ne.* (me/ (2xpi*«kBxTe)) " 1.5...

.xrd. " 2.xexp (e.*Vd/ (kBxTe) ) xenergyint;
%$eqn(l3a) thermionic emission current (can change sign of Vd) *
Ith= ((16*pi~2.%x(rd."2) .%xexme.x (kB.+xTd)." 2)./(h"3)).%...

exp (-W./ (kB.*Td)) ;

% Heating

$eqn (20) ion heat flux

Gami= sqgrt (pi).»rd. 2.*ni.* (kB+Ti)* (vti/u) .»...
(u.*(2.5+u"2-(2*e.*Vd) ./ (kBxTi)) .*exp (-u"2)+...
sqgrt (pi) .+ (. 7543+ u"2+u"4—-(e.»Vd) ./ (kB*Ti) . % (1+2+xu”2—-. ..
(e.*xVd) ./ (kBxT1i))) .xerfu);

%eqn (25) other heat flux terms

Game= 2+kB*Te.xabs (Ie)./e; %electon heat flux

7
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end

Gamth= 2xkB.*Td.xIth./e; %thermionic electron heat flux
Gamse= 2xkB*Tse.*Ise./e; %secondary electron heat flux

else %%% if Vd > 0 (positive relative dust potential) %$%%
Ii=0; Ie=0; Ise=0; Ith=0; Gami=0; Game=0; Gamse=0; Gamth=0;
disp ('WARNING: Positive Vd (OML), model incomplete');

end
$% 1if rd > lams %% %%%% Sheath Limited regime %$%%%

if real(vd)<0 %%% if Vd < 0 (negative relative dust potential) %%%

% Charging
$calculate factor by which the sheath limits incident particles
nsi=(1/(24u)) *ni; nse=(1/(2+u)) *ne;
%eqgn (14) ion current
Ii= 4xpi.*(rd."2) .*e.*nsi.rsqrt (kB* (Te+T1i)/mi);
%eqgn (8) electron current
Ie= -pi.*(rd."2).xe.xnse.xsqrt ( (8xkBxTe)/ (pi*me)) .x...
exp ((e.*Vvd) ./ (kB*Te));
%eqn (1l1l) secondary electron current
Ise=(8xpi~2xe)/(me”2)*7.4xdelm/Em.+xnse.x (me/ (2«pixkBxTe)) "1.5...
.+xrd. " 2.*xexp (e.*Vd/ (kBxTe) ) renergyint;
%$eqn (13a) thermionic emission current
Ith= ((16*pi”~2.x(rd." 2).%xexme.x (kB.+xTd) . 2)./(h"3)).*...
exp (-W./ (kB.*Td)) ;

% Heating

%eqn (27b) ion heat flux

Gami= (2.5%kBxTi-e.*Vd) .* (Ii./e);

%egn (27a) electron heat flux

Game= 2%kBxTe.x (abs (Ie)./e);

%egn (25b) thermionic electron heat flux
Gamth= 2xkB.*Td.*Ith./e;

%eqgn (25c) secondary electron heat flux
Gamse= 2xkBxTse.xIse./e;

else %%% 1if Vd > 0 (positive relative dust potential) %%%
Ii=0; Ie=0; Ise=0; Ith=0; Gami=0; Game=0; Gamse=0; Gamth=0;
disp ('WARNING: Positive Vd (SL), model incomplete');

end

o\

%$%% Same for all regimes %%%%

[

% Charging
Cd= 4+pixeps0.xrd.x (1l+rd./lams); %$dust grain capacitance (F)
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%egn (15) Overall Charging Egn
dvd_dt= (Ie+Ii+Ise+Ith)./Cd; % (V/s)

[

% Heating

Gamrad= 4xpi.*rd. " 2.xsigma.x (Td. " 4-Twall"4);
md= (4/3)*pi.*(rd."3).+rhod; %dust grain mass

%%% Drag Forces %%%

%$additional equations necessary for force formulae

phi=e.xVd./ (kBxTi);
s=sqrt ((mi* (vEf-vd)."2)./(2+xkB*Ti));

Lami=sqrt (epsO0xkB+Ti./ni) .*«3./ (exphi.rrd.* (1+rd./lams));
G0=8.*s./ (3*xsqgrt (pi)) .*sqrt (1+9/64xpi.*xs."2);
G2=s.% (.75xsqgrt (pi)+s."3) .7 (-1); %egn(31)

%eqgn (29) drag forces
%collisional drag force
Fcol=2xpi.*xrd. 2+xkBxTi.*ni.=*GO;
$Coulomb interation drag force

Fcoul=2xpi.*rd. 2xkB*Ti.»ni.«phi." 2.xlog(Lami) .

%$%%% Defining Final ODEs %%%%

%$egn (18) change in mass

mddot= 4*pi.xrd. 2.+m0.*sqgrt ((2+xkB.+Td) ./ (pi*m0)) .» (n0+xTO./Td) .*...

exp ((Lams/R) .x (1/T0-1./Td)) ;
%eqgn (17) change in radius
drd_dt= -mddot./ (4*pi.*rd. 2.xrhod);
%$eqgn (16) Overall Heating Egn
dTd_dt= (Game+Gami-Gamse. ..

—Gamth-Gamrad- (Lams/mu) .*mddot) ./ (md.xcd) ;

%$eqgn (33) velocity equation

if rd<lams %% OML %%
dvd_dt=(Fcol+Fcoul) ./md;

else %$rd>lams %% SL %%
dvd_dt=(Fcol) ./md;

end

dxd_dt=vd; %eqn(32) distance equation
dzr_dt=vd-vf; %$grain, plasma sheet relative position

dxdt=zeros (6,1);
%$define set of ODEs
dxdt (1) =drd._dt;

dxdt (2)=dvd.dt;
dxdt (3)=dTd_-dt;
dxdt (4)=dvd._dt;
dxdt (5)=dxd_dt;

$radiated heat flux
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dxdt (6)=dzr_dt;
end

end

B.2 Code for Time Dependent Plots

[)

$This script seeks to analyze the time dependent effects of various plasma

[)

$parameters on dust grains in a flowing plasma. Grain material is water
%$ice, though properties of graphite are included (and commented out) as
$well. The function 'DustPlasmaDynamics2.m' is heavily relied on. See

$documentation of that code for more info.

Author: Wesley Jackson UW SPACE Lab 806-559-9017 October 2020

o® o® o° o° o° o oe

Coupling:

DustPlasmaDynamics2 - produces time-varying predictions for dust grain
properties based on dust and plasma parameter
inputs

0 00000009000000090900000099000006009909000060990000060609090000060990000060099000080

99900000000000000000000000000000000000000000000o0

%% Initialize

rd0=1; %$initial dust radius (um)

Vd0=-5; %initial dust potential relative to plasma (V)

Td0=100; %initial dust temp (K)

vd0=-7000; %$initial dust velocity (m/s)

zr0=0; %initial relative position btwn grain and plasma sheet (m)

%plasma parameters

Te=10; Ti=10; S%plasma temp (eV)

ne=10"22; ni=10"22; S%plasma density (m"-3)
mi=(131.29)%x1.66053906660e-27; %ion mass (kg) (Xe)
vEf=30; %ion flow speed (km/s)

Ls=.05; %length of plasma sheet (m)

Ls_des=0.05; %desired length of plasma sheet (m)

$dust parameters

$for carbonxx
rhod=2230; %dust material density (kg/m"3)
cd=750; %dust material specific heat (J/kg K)
delm=1; Em=250; %secondary emission properties (n/a), (eV)

o° o° o o
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W=4.7; %work function (eV)

m0=12; %molecular weight (amu)

Lams=7.15%x10"5; %sublimation heat (J/mol)
mu=12%x10"(-3); %molecular density (kg/mol)
$material vapors density (m"-3) @ specific temp (K)
n0=1.83x10"24; T0=4000;

o° o° o° o° o° o°

$for water icexx

rhod=916.8; %dust material density (kg/m"3)

cd=2030; %dust material specific heat (J/kg K)
delm=2.8; Em=600; %$secondary emission properties (n/a), (eV)
W=4.2; %Swork function (eV)

m0=18.015; %$molecular weight (amu)

Lams=51100; $%sublimation heat (J/mol)

mu=m0*10~ (-3); %molecular density (kg/mol)

$material vapors density (m"-3) @ specific temp (K)
n0=2.897+x10"22; T0=250;

$time span for analysis (sec)
tspan= 0 :1le-9: 3e-6;

%% Time Dependent Plots
close all
%$specify colors for plot lines (needed for plotting consistency)

color = [ 0 0.4470 0.7410
0.8500 0.3250 0.0980
0.9290 0.6940 0.1250
0.4940 0.1840 0.5560
0.4660 0.6740 0.1880
0.3010 0.7450 0.9330
0.6350 0.0780 0.18407;

%$%% Dependence on initial dust temp %$%%

Td0=[50 100 150 2001];

$define tiled figure attributes (requires R2019b or later)

figure ('Units', 'centimeters', 'Position', [.5 6 33 91);

tfig = tiledlayout (1,4, 'TileSpacing', "none', 'Padding', "none');
axl=nexttile(l); hold on; grid on; legend show; legend('Location', "best');
title ('Dust potential'); xlabel('time '); ylabel ('V_d (V)');ylim([-60 -5]);
ax2=nexttile (2); hold on; grid on; ylim([50 400]);

title ('Dust Temperature'); xlabel('time '); ylabel('T.d (K)');
ax3=nexttile (3); hold on; grid on; ylim ([0 171);

title ('Dust Ablation'); xlabel ('time '); ylabel('r_.d/r_d0');
ax4=nexttile (4); hold on; grid on;

title ('Dust Speed'); xlabel ('time'); ylabel ('speed (m/s)');

for n=1:size (TdO0, 2)
[t,rdl,Vvdl,Tdl,vdl,xdl,zrl]=DustPlasmaDynamics2 (rd0,vd0, Td0 (n),vd0, ...
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zr0, tspan,Te,Ti,ne,ni,mi,vf,Ls, rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
legtxt=["'T_d_-0 = ', num2str(Td0(n)),"' K']; %define legend

plot (ax1l,t,Vdl, 'DisplayName', legtxt) ;
plot (ax2,t,Tdl);
plot (ax3,t, (rdl.x1076)./rd0);
plot (ax4,t,-vdl, 'Color',color(n,:));
plot (ax4,t,zeros (size(t)),'r', 'LinewWidth',1.5); S%Scutoff value
end
hold off
saveas (gcf, 'time plot - dust temp.png');
Td0=100;

$%% Dependence on initial dust size %%%

rd0=[0.25 0.5 1 1.5 2 3];

$define tiled figure attributes (requires R2019b or later)

figure('Units', 'centimeters', 'Position', [.5 6 33 91);

tfig = tiledlayout (1,4, 'TileSpacing', "none', '"Padding', "none');
axl=nexttile(1l); hold on; grid on; legend show; legend('Location', '"best');
title('Dust potential'); xlabel('time '); ylabel('V_.d (V)');ylim([-60 -5]);
ax2=nexttile (2); hold on; grid on; ylim([50 400]);

title ('Dust Temperature'); xlabel('time '); ylabel('T.d (K)');
ax3=nexttile (3); hold on; grid on; ylim ([0 171);

title('Dust Ablation'); xlabel('time '); ylabel('r.d/r_.d0"');
ax4=nexttile (4); hold on; grid on;

title ('Dust Speed'); xlabel ('time'); ylabel ('speed (m/s)');

for n=1:size (rd0, 2)
[t,rdl,Vvdl,Tdl,vdl,xdl,zrl]=DustPlasmaDynamics?2 (rdO (n),Vvd0, Td0,vdo0, ...
zr0, tspan, Te, Ti,ne,ni, mi,vf, Ls, rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
legtxt=['r_.d.0 = ", num2str (rd0 (n)),"' \mum']; %$define legend

plot (axl,t,Vdl, 'DisplayName', legtxt);
plot (ax2,t,Tdl);
plot (ax3,t, (rdl.*«1076) ./rd0(n));
plot (ax4,t,-vdl, 'Color',color(n,:));
plot (ax4,t,zeros(size(t)),'r', 'LineWidth',1.5); S%cutoff value
end
hold off
saveas (gcf, 'time plot - dust size.png');
rd0=1;

%$%% Dependence on plasma temp %%%

Tp=[5 10 15];

Te=Tp; Ti=Tp;

$define tiled figure attributes (requires R2019b or later)
figure ('Units', 'centimeters', 'Position', [.5 6 33 91);

tfig = tiledlayout (1,4, 'TileSpacing', "none', 'Padding', "none');
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axl=nexttile(l); hold on; grid on; legend show; legend('Location', "best');
title('Dust potential'); xlabel('time '); vylabel('V_d (V)');ylim([-60 -5]);
ax2=nexttile(2); hold on; grid on; ylim([50 400]);

title ('Dust Temperature'); xlabel('time '); ylabel ('T_.d (K)');
ax3=nexttile (3); hold on; grid on; ylim ([0 171);

title ('Dust Ablation'); xlabel ('time '); ylabel('r.d/r._d0');
ax4=nexttile (4); hold on; grid on;

title ('Dust Speed'); xlabel('time'); ylabel ('speed (m/s)');

for n=1l:size(Tp,2)
[t,rdl,Vvdl,Tdl,vdl,xdl,zrl]=DustPlasmaDynamics2 (rd0,Vvd0, Td0,vdoO, ...
zr0, tspan, Te(n),Ti(n),ne,ni,mi,vft,Ls, rhod,cd,delm,Em, W, m0, ...
Lams, n0, TO) ;
legtxt=['T.p = ',num2str(Tp(n)),' eV']; %$define legend

plot (axl,t,Vdl, 'DisplayName', legtxt) ;
plot (ax2,t,Tdl);
plot (ax3,t, (rdl.x1076) ./xrd0);
plot (ax4,t,-vdl, "Color',color(n, :));
plot (ax4,t,zeros (size(t)),'r', 'LineWidth',1.5); S%cutoff value
end
hold off
saveas (gcf, 'time plot - plasma temp.png');
Tp=10; Te=Tp; Ti=Tp;

%$%% Dependence on plasma density %%%

np=[10"19 10720 10721 le+22 1.01e+23];

ne=np; ni=np;

%$define tiled figure attributes (requires R2019b or later)

figure ('Units', 'centimeters', 'Position', [.5 6 33 9]);

tfig = tiledlayout (1,4, 'TileSpacing', "'none', '"Padding', "none');
axl=nexttile(l); hold on; grid on; legend show; legend('Location', "best');
title('Dust potential'); xlabel('time '); vylabel('V_d (V) ');ylim([-60 -5]);
ax2=nexttile(2); hold on; grid on; ylim([50 400]);

title ('Dust Temperature'); xlabel('time '); ylabel ('T.d (K)');
ax3=nexttile (3); hold on; grid on; ylim ([0 171);

title('Dust Ablation'); xlabel('time '); ylabel('r.d/r.d0"');
ax4=nexttile (4); hold on; grid on;

title('Dust Speed'); xlabel('time'); ylabel ('speed (m/s)');

for n=l:size(np,2)
[t,rdl,Vvdl,Tdl,vdl,xdl,zrl]=DustPlasmaDynamics2 (rd0,Vvd0, Td0,vdoO, ...
zr0, tspan, Te, Ti,ne(n),ni(n),mi,vt,Ls, rhod,cd,delm,Em, W, m0, ...
Lams, n0, TO) ;
legtxt=['n.p = ', num2str(np(n)),"' m -"3']; %define legend

plot (axl,t,Vdl, 'DisplayName', legtxt) ;
plot (ax2,t,Tdl);
plot (ax3,t, (rdl.x1076)./xrd0);
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plot (ax4,t,-vdl, 'Color',color(n,:));
plot (ax4,t,zeros(size(t)),'r', 'LinewWidth',1.5); S%cutoff value
end
hold off
saveas (gcf, 'time plot - plasma density.png');
np=10"22; ni=np; ne=np;

%$%% Dependence on plasma type (ion mass) %%%

element={'H' 'Ne' 'Ar' 'Kr' 'Xe'};

mi=[1.0079 20.180 39.948 83.798 131.29].%x1.66053906660e-27; %ion mass (kqg)
$define tiled figure attributes (requires R2019b or later)

figure ('Units', 'centimeters', 'Position', [.5 6 33 91);

tfig = tiledlayout (1,4, 'TileSpacing', "none', '"Padding', "none');
axl=nexttile(l); hold on; grid on; legend show; legend('Location', "best');
title('Dust potential'); xlabel('time '); ylabel ('V_.d (V)');ylim([-60 -5]);
ax2=nexttile (2); hold on; grid on; ylim([50 400]);

title('Dust Temperature'); xlabel('time '); ylabel('T_d (K)');
ax3=nexttile (3); hold on; grid on; ylim([0 11);

title('Dust Ablation'); xlabel('time '); ylabel ('r.d/r_.d0"');
ax4=nexttile (4); hold on; grid on;

title ('Dust Speed'); =xlabel('time'); ylabel ('speed (m/s)'");

for n=1l:size (mi, 2)
[t,rdl,Vvdl,Tdl,vdl,xdl,zrl]=DustPlasmaDynamics?2 (rd0,vd0, Td0,vdoO, ...
zr0, tspan, Te, Ti,ne,ni, mi (n),vEf,Ls, rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
legtxt=['Ion = ',element{n},'']; %define legend

plot (axl,t,Vdl, 'DisplayName', legtxt);

plot (ax2,t, Tdl);

plot (ax3,t, (rdl.*x1076)./rd0);

plot (ax4,t,-vdl, 'Color',color(n,:));

plot (ax4,t,zeros (size(t)),'r', 'LineWidth',1.5); S%cutoff value
end
hold off
saveas (gcf, 'time plot - ion mass.png');
mi=(131.29)%x1.66053906660e-27; %$ion mass (kg) (Xe)

%$%% Dependence on plasma flow speed $%$%%

vf=[20 30 40];

$define tiled figure attributes (requires R2019b or later)

figure ('Units', 'centimeters', 'Position', [.5 6 33 91);

tfig = tiledlayout (1,4, 'TileSpacing', "none', 'Padding', "none');
axl=nexttile(l); hold on; grid on; legend show; legend('Location', '"best');
title ('Dust potential'); xlabel ('time '); ylabel ('V_d (V)');ylim([-60 -5]);
ax2=nexttile (2); hold on; grid on; ylim([50 400]);

title ('Dust Temperature'); xlabel('time '); ylabel('T_.d (K)"');
ax3=nexttile (3); hold on; grid on; ylim ([0 171);

title ('Dust Ablation'); xlabel ('time '); ylabel('r_.d/r_d0');
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ax4=nexttile (4); hold on; grid on;
title ('Dust Speed'); xlabel('time'); ylabel('speed (m/s)'");

for n=1l:size(vf, 2)
[t,rdl,Vvdl,Tdl,vdl,xdl,zrl]=DustPlasmaDynamics2 (rd0,Vvd0, Td0,vdoO, ...
zr0, tspan, Te,Ti,ne,ni,mi,vf (n),Ls, rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
legtxt=['v_f = ', num2str(vf(n)),' km/s']; %define legend

plot (ax1l,t,Vdl, 'DisplayName', legtxt) ;
plot (ax2,t,Tdl);
plot (ax3,t, (rdl.x1076)./rd0);
plot (ax4,t,-vdl, "Color',color(n,:));
plot (ax4,t,zeros (size(t)),'r', 'LinewWwidth',1.5); S%Scutoff value
end
hold off
saveas (gcf, 'time plot - flow speed.png');
vE=30;

B.3 Code for Length Dependent Plots

$This script seeks to analyze the effects various plasma parameters have on
$the velocity of a dust grain travelling through a plasma. Each plot is
%$designed to include possible variations in plasma density and sheet
%$length. Dust grain material is water ice. The script heavily relies on

o\°

'DustPlasmaDynamics2.m'. See documentation of that code for more info.

Author: Wesley Jackson UW SPACE Lab 806-559-9017 October 2020

o° o© o° o° o° o° oo

Coupling:

DustPlasmaDynamics2 - produces time-varying predictions for dust grain
properties based on dust and plasma parameter
inputs

9 0000000000000000000000000000000000000000000000000000000000000000000000000

%% Initialize

rd0=1; %initial dust radius (um)

vVd0=-5; %initial dust potential relative to plasma (V)

Td0=100; %initial dust temp (K)

vd0=-7000; %initial dust velocity (m/s)

zr0=0; %initial relative position btwn grain and plasma sheet (m)

%plasma parameters
Te=10; Ti=10; %plasma temp (eV)



28 ne=10"22; ni=10"22; %plasma density (m~-3)

29 mi=(131.29)%1.66053906660e-27; %ion mass (kg) (Xe)

30 vf=30; %ion flow speed (km/s)

31 Ls=.05; %$length of plasma sheet (m)

32 Ls_des=0.05; %desired length of plasma sheet (m)

33

34 %dust parameters for water ice

35 rhod=916.8; %dust material density (kg/m"3)

36 cd=2030; %dust material specific heat (J/kg K)

37 delm=2.8; Em=600; %$secondary emission properties (n/a), (eV)
38 W=4.2; Swork function (eV)

39 m0=18.015; %molecular weight (amu)

40 Lams=51100; %sublimation heat (J/mol)

41 mu=m0*10~ (-3); %molecular density (kg/mol)

42 Smaterial vapors density (m"-3) @ specific temp (K)

43 n0=2.897%10722; T0=250;

44

45 %$time span for analysis (sec)

46 tspan= 0 :1e-9: 3e-6;

47

48

49 %% Sheet Length Dependent Plots

50 close all;

51 %%% Analyzing Velocity vs. zrxnp plot %%%

52

53 $define tiled figure attributes (requires R2019b or later)
54 figure ('Units', 'centimeters', 'Position', [.5 2 33 18]);

55 tfig = tiledlayout (2,3, 'TileSpacing', "none', 'Padding', "none');
56 axl=nexttile(l); hold on; grid on; legend show;

57 legend('Location', 'best');title (' (a) Plasma Density Dependence');
55 xlabel('|z.r| \times n._p'); ylabel('Dust velocity (m/s)');
59 ax2=nexttile(2); hold on; grid on; legend show;

60 legend('Location', '"best');title(' (b) Plasma Temperature Dependence');

61 xlabel('|z.r| \times n.p'); ylabel ('Dust velocity (m/s)');
62 ax3=nexttile(3); hold on; grid on; legend show;

63 legend('Location', 'best');title (' (c) Ion Mass Dependence');
64 xlabel('|z_.r| \times n_p'); ylabel ('Dust velocity (m/s)');

65 ax4=nexttile(4); hold on; grid on; legend show;

66 legend('Location', 'best');title('(d) Plasma Flow Speed Dependence');
67 xlabel('|z.r| \times n.p'); ylabel ('Dust velocity (m/s)'");
68 axS=nexttile(5); hold on; grid on; legend show;

69 legend('Location', 'best');title (' (e) Dust Size Dependence');
70 xlabel('|z_r| \times n_p'); ylabel ('Dust velocity (m/s)');
71 ax6=nexttile (6); hold on; grid on; legend show;

72 legend('Location', 'best');

73 title (' (f) Dust Initial Velocity Dependence');

74 xlabel('|z.r| \times n_p'); ylabel ('Dust velocity (m/s)');
75

76

77 %plasma density
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np=[1.01e+23 5e+22 le+22 0.5e+22];

ne=np; ni=np;

$for plotting clarity

sty={':" '"—-." '——" '},

thic=[1 1.5 2 2.5];

for n=l:size(np,2)
[t,rdl,Vvdl,Tdl,vdl,xdl,zrl]=DustPlasmaDynamics2 (rd0,vd0, Td0,vd0, zr0, ...

tspan, Te, Ti,ne (n),ni(n),mi,vf,Ls, rhod,cd,delm, Em, W, m0, Lams, n0, TO) ;

legtxt=['n.p = ', num2str(np(n)),' m -"3"']; %define legend

plot (axl,abs(zrl) *np(n),-vdl, 'LineStyle',sty{n}, 'LineWidth',thic(n), ...
'DisplayName', legtxt) ;
if np(n) == max(np)
npmaxzrl=abs(zrl);
end
end
plot (axl, npmaxzrl+max (np), zeros(size(zrl)),'r', 'LineWidth', 1.5, ...
'DisplayName', 'cutoff');
np=1.0e+22; ne=np; ni=np;

%plasma temp
Tp=[5 10 15 20];
Te=Tp; Ti=Tp; S%plasma temp (eV)
for n=1l:size(Tp,2)
[t,rdl,Vvdl,Tdl,vdl,xdl,zrl]=DustPlasmaDynamics?2 (rd0,vd0, Td0,vd0, zr0Q, . ..
tspan, Te(n),Ti(n),ne,ni,mi,vf,Ls,rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
legtxt=["'T.p = ',num2str(Tp(n)),' eV']; %define legend

plot (ax2,abs (zrl) »np,-vdl, 'DisplayName', legtxt) ;

end

plot (ax2,abs(zrl) *xnp, zeros (size(zrl)), 'r', 'LineWidth', 1.5, ...
'DisplayName', 'cutoff');

Tp=10; Te=Tp; Ti=Tp;

%$ion mass
element={'Ne' 'Ar' 'Kr' 'Xe'};
mi=[20.180 39.948 83.798 131.29].%x1.66053906660e-27; %ion mass (kqg)
for n=1l:size (mi, 2)
[t,rdl,Vvdl, Tdl,vdl, xdl, zrl]=DustPlasmaDynamics2 (xrd0,Vvd0, Td0, vdo, . ..
zr0, tspan, Te, Ti,ne,ni, mi (n),vf,Ls, rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
legtxt=['Ion = ',element{n},'']; %define legend

plot (ax3,abs (zrl) »np,-vdl, 'DisplayName', legtxt) ;

end

plot (ax3,abs (zrl) *np, zeros (size(zrl)), 'r', 'LineWidth', 1.5, ...
'DisplayName', 'cutoff');

mi=131.29%1.66053906660e-27; S$ion mass (kqg)
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%$ion flow speed
vE=[20 25 30 35]; %ion flow speed (km/s)
for n=l:size(vf,2)
[t,rdl,Vvdl,Tdl,vdl,xdl,zrl]=DustPlasmaDynamics2 (rd0,Vvd0, Td0,vdoO, ...
zr0, tspan, Te,Ti,ne,ni,mi,vf (n),Ls, rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
legtxt=['v_f = ', num2str(vf(n)),' km/s']; %define legend

plot (ax4,abs (zrl) »np,-vdl, 'DisplayName', legtxt) ;

end

plot (ax4,abs(zrl) xnp, zeros (size(zrl)), 'r', 'LineWidth', 1.5, ...
'DisplayName', 'cutoff');

vEf=30; %ion flow speed (km/s)

$dust size
rd0=[0.25 0.5 1 2 3]; %um
for n=1:size (rd0, 2)
[t,rdl,Vvdl, Tdl,vdl, xdl, zrl]=DustPlasmaDynamics?2 (xrd0 (n),vd0, Td0,vdoO, ...
zr0, tspan, Te, Ti,ne,ni,mi,vf, Ls, rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
legtxt=['r_.d.0 = ", num2str (rd0 (n)),"' \mum']; $define legend

plot (ax5,abs (zrl) xnp,-vdl, 'DisplayName', legtxt) ;

end

plot (ax5,abs (zrl) *np, zeros (size(zrl)), 'r', 'LineWidth', 1.5, ...
'DisplayName', 'cutoff');

rd0=1; %um

%$inital velocity
vd0=[-6000 -7000 -8000]; %initial dust velocity (m/s)
for n=1:size (vd0, 2)
[t,rdl,Vvdl,Tdl,vdl,xdl,zrl]=DustPlasmaDynamics?2 (rd0,vd0, Td0,vdO(n), ...
zr0, tspan,Te,Ti,ne,ni,mi,vf, Ls, rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
legtxt=["'v_.d.0 = ", num2str(vd0(n)),"' m/s']; %define legend

plot (ax6,abs (zrl) »np,-vdl, 'DisplayName', legtxt) ;

end

plot (ax6,abs(zrl) xnp, zeros (size(zrl)), 'r', 'LinewWidth',1.5, ...
'DisplayName', 'cutoff');

vd0=-7000; %initial dust velocity (m/s)

$save the tiled figure
saveas (gcf, 'length plots.png');

hold off
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B.4 Code for Contour Plots

9909000000000000000000000000000000000000000000000

[o)

$This script seeks to analyze the effects of changing various plasma
$parameters on the final size and velocity of dust particles with varying
$initial sizes and velocities subjected to a flowing plasma. Dust grain
$material is water ice. The script heavily relies on
'DustPlasmaDynamics2.m'. See documentation of that code for more info.

Author: Wesley Jackson UW SPACE Lab 806-559-9017 January 2021
Coupling:

DustPlasmaDynamics2 — produces time-varying predictions for dust grain
properties based on dust and plasma parameter

o0 o° o° o° o° o° od° o

%% Initialize

vVd0=-5; %initial dust potential relative to plasma (V)

Td0=100; %initial dust temp (K)

zr0=0; %initial relative position btwn grain and plasma sheet (m)

vd0=[1 2 3 4 5 6 7 8 9 10]x(-1000); %$range of relative speeds (m/s)

rd0=[.01 .05 .1 .15 .2 .25 .3 .35 .4 .45 .5 .55 .6 .65 .7 .75 .8 ...
.85 .9 .95 11.051.11.151.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6
1.65 1.7 1.75 1.8 1.85 1.9 2 2.25 2.5 3]; %range of grain size (um)

rd0=rd0'; %change to vertical wvector

%plasma parameters

Te=10; Ti=10; S%plasma temp (eV)

ne=10"22; ni=10"22; S%plasma density (m"-3)
mi=(131.29)%x1.66053906660e-27; %ion mass (kg) (Xe)
vE=20; %ion flow speed (km/s)

Ls=.05; %length of plasma sheet (m)

Ls_des=0.05; %desired length of plasma sheet (m)

%$dust parameters for water ice

rhod=916.8; %dust material density (kg/m"3)

cd=2030; %dust material specific heat (J/kg K)
delm=2.8; Em=600; %$secondary emission properties (n/a), (eV)
W=4.2; %Swork function (eV)

m0=18.015; %molecular weight (amu)

Lams=51100; $%sublimation heat (J/mol)

mu=m0*10~ (-3); %molecular density (kg/mol)

$material vapors density (m"-3) @ specific temp (K)
n0=2.897%x10"22; T0=250;
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$time span for analysis (sec)
tspan= 0 :1e-9: 3e-6;

%% Contour Plots - Varying Density
close all

np=[0.5e+22 1.0e+22 1.5e+22]; ne=np; ni=np; Splasma density (m~-3)

$pre—define figure for contour plot overlays
cfig = figure(5); cfig.Units='centimeters'; cfig.Position=[.5 6 33 9];
tcfig = tiledlayout (cfig,1,3, 'TileSpacing', 'none', 'Padding', 'none');

for x=1l:size(np,2)
rdf=zeros (size (rd0,1),size (vd0,2));
vdf=zeros (size (rd0,1),size(vd0,2));

for n=l:size(vd0, 2)
tmax=1.1lxLs_des/ (vd0 (n)+vEfx1000); % (sec)
tscale=10" (floor (loglO (tmax))-3); % (sec)
tspan= 0 :tscale: tmax; %define time span for analysis

for m=1l:size (rd0,1)
[t,rdl,Vvdl, Tdl,vdl, xdl, zrl]=DustPlasmaDynamics2 (rd0 (m),Vvd0, TdoO, ...
vd0O (n), zxr0, tspan,Te, Ti,ne (x),ni(x),mi,vEf,Ls, ...
rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
%$find output value closest to Ls_des
[val, idx]=min (abs (abs (real(zrl))-Ls_des));
%1if more than 0.1% away from Ls_des, assume full ablation
if val>(.001xLs_des)
rdf (m,n)=-.5e-06;
vdf (m,n)=100;
else
rdf (m, n)=rdl (idx) ;
vdf (m, n)=vdl (idx) ;
end
end
end

%define colormap with max value=white
parulaZ2=colormap (parula); parula2 (256, :)=1;

% Let Matlab draw the full contour plots

figure(1l);

[Cl,hl]=contourf (abs (vd0), rd0, real (rdf)); clabel(Cl,hl);

title('Final Grain Radius'); xlabel('initial relative velocity (m/s)');
ylabel ('initial grain radius (\mum)');

figure (2);

[C2,h2]=contourf (abs (vd0), rd0, —-real (vdf)); clabel(C2,h2);



title('Final Velocity'); xlabel('initial relative velocity
ylabel ('initial grain radius (\mum)');

% Define contours for final grain size

rmin=0; %min recoverable size (m)
rmax=max (rd0) *10" (-6) ;

rcont=rmin:0.5e-06:rmax; %$size contours

% Define contours for final grain velocity
vmax=6000; %max allowable final speed (m/s)
vcont=0:1000:vmax; %$velocity contours

% Draw specified contour plots and save for overlay
fig3= figure(3); %Final Grain Radius plot

fig3.Color=[1 1 1]; fig3.Units='centimeters'; fig3.Position=[10 6 11
[Cl,hl]=contourf (abs (vd0), rd0, real (rdf), rcont); clabel(Cl,hl);

xlabel ('initial relative velocity (m/s)');

ylabel ('initial grain radius (\mum)');

title(sprintf ('Plasma Density = %g m " {-3}',np(x)));
Fl=getframe (gcf); RGBl=frame2im(Fl); %save figure as image

figd= figure(4); colormap (parula2); %Final Velocity plot

figd4.Color=[1 1 1]; fig4.Units='centimeters'; figd4.Position=[10 6 11
[C2,h2]=contourf (abs (vd0), rd0, —real (vdf),vcont); clabel (C2,h2);

xlabel ('initial relative velocity (m/s)');

ylabel ('initial grain radius (\mum)');

title(sprintf ('Plasma Density = %g m {-3}',np(x)));
F2=getframe (gcf); RGB2=frame2im(F2); %$save figure as image
% Put overlays on one figure
ax=nexttile(tcfig, x);

iml=image (RGB1l); axis off; hold on;
im2=image (RGB2, "AlphaData',0.5);

set (ax, 'XTick', [], 'YTick', [1);
hold off
end

saveas (cfig, sprintf ('ContDensitySL %gx%gx%g.png', ...
size(vd0,2),size(xrd0,1),size(np,2)));
np=1.0e+22; ne=np; ni=np; %$plasma density (m" -3)

%% Contour Plots - Varying Temperature
close all
Tp=[5 10 15]; Te=Tp; Ti=Tp; Splasma temp (eV)

$pre-define figure for contour plot overlays

cfig = figure(5); cfig.Units='centimeters'; cfig.Position=[.5 6 33 9];
tcfig = tiledlayout (cfig,1,3, 'TileSpacing', 'none', 'Padding', 'none');
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for x=1l:size(Tp,2)
rdf=zeros (size (rdo0,
vdf=zeros (size (rdo0,

for n=1:size (vd0, 2)

1),size(vd0,2));
1),size(vd0,2));

tmax=1.1lxLs_des/ (vd0 (n)+vEx1000); % (sec)

tscale=10" (floor (loglOl (tmax))-3);

3 (sec)

tspan= 0 :tscale: tmax; %define time span for analysis
for m=1l:size (rd0,1)

[t,rdl,Vvdl, Tdl,vdl,xdl, zrl]=DustPlasmaDynamics2 (rd0 (m),Vvd0, Tdo, ...

vd0 (n), zxr0, tspan, Te(x),Ti(x),ne,ni,mi,vEf,Ls, ...

rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
%$find output value closest to Ls_des
[val, idx]=min (abs (abs (real (zrl))—-Ls_des));
%$1f more than 0.1% away from Ls._des,
if val>(.001lxLs_des)

rdf (m, n
vdf (m, n

else

rdf (m, n
vdf (m, n

end
end
end

)=—.5e-06;
)y=100;

) =rdl (idx) ;
)y=vdl (idx) ;

$define colormap with max value=white
parulaz2=colormap (parula); parulaz (256, :)=1;

% Let Matlab draw the full contour plots

figure (1) ;

[Cl,hl]=contourf (abs (vd0), rd0, real (rdf));
title('Final Grain Radius');

ylabel ('initial grain radius (\mum)');

figure (2);

[C2,h2]=contourf (abs (vd0), rd0, —real (vdf)) ;
title('Final Velocity'");

ylabel ('initial grain radius (\mum)');

)

% Define contours for final grain size

rmin=0; %min recoverable size (m)

rmax=max (rd0) *10" (-

rcont=rmin:0.5e-06:

6);
rmax; %size contours

% Define contours for final grain velocity
vmax=6000; %max allowable final speed (m/s)

vcont=0:1000:vmax;

[)

%$velocity contours

fig3= figure(3); %Final Grain Radius plot

fig3.Color=[1 1 1];

fig3.Units="'centimeters';

assume full ablation

clabel (Cl,hl);
xlabel ('initial relative velocity (m/s)');

clabel (C2,h2);
xlabel ('initial relative velocity (m/s)');

% Draw specified contour plots and save for overlay

fig3.Position=[10 6 11 9];
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[Cl,hl]=contourf (abs (vd0), rd0, real (rd
xlabel ('initial relative velocity (m/s)');
ylabel ('initial grain radius (\mum)')
title(sprintf ('Plasma Temperature = %

figd= figure(4); colormap (parula2); %Final Velocity plot
figd.Color=[1 1 1]; fig4.Units='centimeters';
[C2,h2]=contourf (abs (vd0), rd0, —real (vdf),vcont) ;

xlabel ('initial relative velocity (m/s)');
ylabel ('initial grain radius (\mum)');
title(sprintf ('Plasma Temperature = $g eV',Tp(x)));

F2=getframe (gcf); RGB2=frame2im(F2); %save figure as image

)

% Put overlays on one figure
ax=nexttile(tcfig, x);

iml=image (RGB1l); axis off; hold on;
im2=image (RGB2, "AlphaData',0.5);

set (ax, 'XTick', [], 'YTick', [1);
hold off
end

saveas (cfig, sprintf ('ContTempSL %$gx%gx%g.png', ...

size(vd0,2),size(rd0,1),size(Tp,2)));
Tp=10; Te=Tp; Ti=Tp; Splasma temp (eV)

%% Contour Plots - Varying Ion Mass
close all

element={'Ar' 'Kr' 'Xe'};

mi=[39.948 83.798 131.29].x1.66053906660e-27;

$pre—-define figure for contour plot overlays
cfig = figure(5); cfig.Units='centimeters';

for x=1l:size(mi, 2)
rdf=zeros (size(rd0,1),size (vd0,2));
vdf=zeros (size (rd0,1),size(vd0,2));

for n=1:size (vd0, 2)
tmax=1.1xLs_des/ (vd0 (n)+vEx1000); % (sec)
tscale=10" (floor (logl0 (tmax))-3); % (sec)

tspan= 0 :tscale: tmax; %define time span for analysis

for m=1:size(rd0,1)

[t,rdl,Vvdl, Tdl,vdl,xdl, zrl]=DustPlasmaDynamics2 (rd0 (m),Vvd0, TdO, ...
vd0O (n), zxr0, tspan,Te, Ti,ne,ni, mi(x),vE,Ls, ...
rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;

f), rcont); clabel(Cl,hl);
S

7
g eV',Tp(x)));
Fl=getframe (gcf); RGBl=frame2im(Fl); %$save figure as image

figd4.Position=[10 6 11 9];
clabel (C2,h2);

%$ion mass

cfig.Position=[.5 6 33 9];
tcfig = tiledlayout (c¢fig,1,3, 'TileSpacing', "none', 'Padding', "'none');
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$find output value closest to Ls._des
[val,idx]=min (abs (abs (real (zrl))-Ls_des));
%1if more than 0.1% away from Ls_des, assume full ablation

if val>(.0
rdf (m,
vdf (m,

else
rdf (m,
vdf (m,

end

end
end

OlxLs_des)
n)=-.5e-06;
n)=100;
n)=rdl (idx) ;

n)=vdl (idx) ;

%define colormap with max value=white
arula); parula2(256,:)=1;

parula2=colormap (p

% Let Matlab draw the full contour plots

figure(1l);

[Cl,hl]=contourf (abs (vd0), rd0, real (rdf)); clabel(Cl,hl);

title('Final Grain
ylabel ('initial gr
figure (2);

title('Final Veloc

Radius'); xlabel('initial relative velocity (m/s)');

ain radius (\mum)');
[C2,h2]=contourf (abs (vd0), rd0, —real (vdf)); clabel(C2,h2);

ity'); xlabel('initial relative velocity (m/s)');

ylabel ('initial gr

rmin=0; %min recov
rmax=max (rd0) «10" (
rcont=rmin:0.5e-06

ain radius (\mum)'

erable size (m)
-6);

)i

% Define contours for final grain size

:rmax; %size contours

%define contours for final grain velocity
vmax=6000; %max allowable final speed (m/s)

vcont=0:1000:vmax;

)

$velocity contours

% Draw specified contour plots and save for overlay

fig3= figure(3); %Final Grain Radius plot

; £ig3.Units='centimeters'; fig3.Position=[10 6 11
[Cl,hl]=contourf (abs (vd0), rd0, real (rdf), rcont); clabel(Cl,hl);
lative velocity (m/s)');

fig3.Color=[1 1 1]

xlabel ('initial re
ylabel ('initial gr
title (sprintf ('Ion
Fl=getframe (gcf);

fig4= figure(4); c
figd.Color=[1 1 1]

xlabel ('initial re
ylabel ('initial gr
title(sprintf('Ion
F2=getframe (gcf) ;

ain radius (\mum)'

)i

= %5 ',element{x}));

RGBl=frame2im (F1l);

olormap (parula?2) ;

$save figure as image

$Final Velocity plot

; fig4.Units='centimeters'; fig4.Position=[10 6 11
[C2,h2]=contourf (abs (vd0), rd0, -real (vdf),vcont); clabel (C2,h2);
lative velocity (m/s)');

ain radius (\mum)'

)

= %s ',element{x}));

RGB2=frame2im (F2);

$save figure as image

91;
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[o)

% Put overlays on one figure
ax=nexttile(tcfig, x);

iml=image (RGB1l); axis off; hold on;
im2=image (RGB2, "AlphaData',0.5);
set (ax, "XTick', [1, 'YTick', [1);
hold off

end

saveas (cfig, sprintf ('ContMassSL $gx%gx%g.png', ...
size(vd0,2),size(rd0,1),size(mi, 2)));
mi=131.29.%x1.66053906660e-27; %ion mass (kg) (Xe)

%% Contour Plots - Varying Plasma Speed
close all

vE=[20 30 40]; %ion flow speed (km/s)

$pre-define figure for contour plot overlays
cfig = figure(5); cfig.Units='centimeters'; cfig.Position=[.5 6 33 9];
tcfig = tiledlayout (cfig,1,3, 'TileSpacing', 'none', 'Padding', 'none');

for x=l:size(vf,2)
rdf=zeros (size (rd0,1),size (vd0,2));
vdf=zeros (size (rd0,1),size(vd0,2));

for n=1:size (vd0, 2)
tmax=1.1lxLs_des/ (vd0 (n)+vf (x)*1000); % (sec)
tscale=10" (floor (loglO (tmax))-3); % (sec)
tspan= 0 :tscale: tmax; %define time span for analysis
for m=1l:size (rd0,1)
[t,rdl,Vvdl,Tdl,vdl,xdl, zrl]=DustPlasmaDynamics2 (rd0 (m),VvdO0, Tdo, ...
vd0(n),zr0, tspan,Te,Ti,ne,ni,mi,vi(x),Ls, ...
rhod, cd, delm, Em, W, m0, Lams, n0, TO) ;
$find output value closest to Ls_des
[val,idx]=min (abs (abs (real (zrl))-Ls_des));
%$1f more than 0.1% away from Ls_des, assume full ablation
if val>(.001+«Ls_des)
rdf (m,n)=-.5e-06;
vdf (m,n)=100;
else
rdf (m, n)=rdl (idx) ;
vdf (m, n)=vdl (idx) ;
end
end
end

$define colormap with max value=white
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parulaz2=colormap (parula); parulaz (256, :)=1;

% Let Matlab draw the full contour plots

figure (1) ;

[Cl,hl]=contourf (abs (vd0), rd0, real (rdf)); clabel(Cl,hl);
title('Final Grain Radius'); xlabel('initial relative velocity (m/s)');
ylabel ('initial grain radius (\mum)');

figure (2);

[C2,h2]=contourf (abs (vd0), rd0, -real (vdf)); clabel (C2,h2);
title('Final Velocity'); xlabel('initial relative velocity (m/s)');
ylabel ('initial grain radius (\mum)');

% Define contours for final grain size

rmin=0; %min recoverable size (m)

rmax=max (rd0) *10" (-6) ;

rcont=rmin:0.5e-06:rmax; %$size contours

$define contours for final grain velocity

vmax=6000; %max allowable final speed (m/s)

vcont=0:1000:vmax; %$velocity contours

% Draw specified contour plots and save for overlay

fig3= figure(3); %Final Grain Radius plot

fig3.Color=[1 1 1]; fig3.Units='centimeters'; fig3.Position=[10 6 11 9];
[Cl,hl]=contourf (abs (vd0), rd0, real (rdf), rcont); clabel(Cl,hl);
xlabel ('initial relative velocity (m/s)');

ylabel ('initial grain radius (\mum)');

title(sprintf ('Plasma Speed = %$g km/s',vi(x)));

Fl=getframe (gcf); RGBl=frame2im(Fl); %save figure as image

figd= figure(4); colormap (parula2); %Final Velocity plot
figd.Color=[1 1 1]; fig4.Units='centimeters'; fig4.Position=[10 6 11 9];
[C2,h2]=contourf (abs (vd0), rd0, —real (vdf),vcont); clabel (C2,h2);
xlabel ('initial relative velocity (m/s)');

ylabel ('initial grain radius (\mum)');

title(sprintf ('Plasma Speed = %g km/s',vE(x)));

F2=getframe (gcf); RGB2=frame2im(F2); %save figure as image

% Put overlays on one figure

ax=nexttile(tcfig, x);

iml=image (RGB1l); axis off; hold on;
im2=image (RGB2, 'Alphabata',0.5);

set (ax, 'XTick', [], 'YTick', [1);
hold off
end

saveas (cfig, sprintf ('ContSpeedSL %gx%gx%g.png', ...
size(vd0,2),size(rd0,1),size(vE,2)));
vE=20; %plasma flow velocity (km/s)



397
398
399
400
401
402
403
404
405
406

408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

428
429
430
431
432
433
434

436
437
438
439
440
441
442
443
444
445
446

97

%% Contour Plots - Varying Sheet Length
close all

Ls_des=[0.025 0.05 0.075]; %desired length of plasma sheet (m)

$pre-define figure for contour plot overlays
cfig = figure(5); cfig.Units='centimeters'; cfig.Position=[.5 6 33 9];
tcfig = tiledlayout (c¢fig,1,3, 'TileSpacing', "none', 'Padding', "'none');

for x=1l:size(Ls_des,2)
rdf=zeros (size(rd0,1),size (vd0,2));
vdf=zeros (size (rd0,1),size(vd0,2));

for n=1l:size(vdo0, 2)
tmax=1.1lxLs_des (x)/ (vd0 (n)+vEx1000); % (sec)
tscale=10" (floor (loglO (tmax))-3); % (sec)
tspan= 0 :tscale: tmax; S%define time span for analysis
for m=1l:size(rd0, 1)
[t,rdl,Vvdl, Tdl,vdl,xdl,zrl]=DustPlasmaDynamics2 (rd0 (m),Vvd0, TdoO, ...
vd0O (n), zxr0, tspan, Te, Ti,ne,ni,mi,vf,Ls, ...
rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
$find output value closest to Ls_des
[val, idx]=min (abs (abs (real (zrl))-Ls_des (x)));
%1if more than 0.1% away from Ls_des, assume full ablation
if val>(.001xLs_des (x))
rdf (m,n)=-.5e-06;
vdf (m,n)=100;
else
rdf (m,n)=rdl (idx) ;
vdf (m, n)=vdl (idx) ;
end
end
end

%define colormap with max value=white
parula2=colormap (parula); parulaz2 (256, :)=1;

% Let Matlab draw the full contour plots

figure(1l);

[Cl,hl]=contourf (abs(vd0), rd0, real (rdf)); clabel (Cl,hl);

title('Final Grain Radius'); xlabel('initial relative velocity (m/s)');
ylabel ('initial grain radius (\mum)');

figure (2);

[C2,h2]=contourf (abs (vd0), rd0, —~real (vdf)); clabel(C2,h2);

title('Final Velocity'); xlabel('initial relative velocity (m/s)');
ylabel ('initial grain radius (\mum)');

% Define contours for final grain size
rmin=0; %min recoverable size (m)
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rmax=max (rd0) 10" (-6) ;

rcont=rmin:0.5e-06:rmax; %$size contours

%$define contours for final grain velocity

vmax=6000; %max allowable final speed (m/s)

vcecont=0:1000:vmax; %$velocity contours

% Draw specified contour plots and save for overlay

fig3= figure(3); %Final Grain Radius plot

fig3.Color=[1 1 1]; fig3.Units='centimeters'; fig3.Position=[10 6 11 9];
[Cl,hl]=contourf (abs (vd0), rd0, real (rdf), rcont); clabel(Cl,hl);
xlabel ('initial relative velocity (m/s)');

ylabel ('initial grain radius (\mum)');

title(sprintf ('Plasma Sheet Length = %g m',Ls_des(x)));
Fl=getframe (gcf); RGBl=frame2im(Fl); %save figure as image

fig4= figure(4); colormap (parula2); %Final Velocity plot

fig4.Color=[1 1 1]; fig4.Units='centimeters'; fig4.Position=[10 6 11 9];
[C2,h2]=contourf (abs (vd0), rd0, —-real (vdf),vcont); clabel (C2,h2);

xlabel ('initial relative velocity (m/s)');

ylabel ('initial grain radius (\mum)');

title(sprintf ('Plasma Sheet Length = $g m',Ls_des(x)));

F2=getframe (gcf); RGB2=frame2im(F2); %$save figure as image

% Put overlays on one figure
ax=nexttile(tcfig, x);

iml=image (RGB1l); axis off; hold on;
im2=image (RGB2, "AlphaData',0.5);

set (ax, 'XTick', [], 'YTick', [1);
hold off
end

saveas (cfig, sprintf ('ContLengthSL %$gx%gx%g.png', ...
size(vd0,2),size(rd0,1),size(Ls_des,2)));
Ls_des=0.05; %desired length of plasma sheet (m)

B.5 Code for Feasibility Analysis

9990000000000000000000000000000000000000000000000000000000000000000000000o0

%$This script seeks to analyze the feasibility of a dust collection system
$that employs a plasma sheet to slow incoming dust grains by examining the
%$necessary enerqgy of the plasma, the rate of incoming dust grains, and the
$collected mass. Grain material is water ice. The script heavily relies on

%'DustPlasmaDynamics2.m'. See documentation of that code for more info.
%$Some variables get their value from Table 2 of the reference.
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Author: Wesley Jackson UW SPACE Lab 806-559-9017 February 2021

Coupling:
DustPlasmaDynamics2 — produces time-varying predictions for dust grain
properties based on dust and plasma parameter
inputs

Reference:

Porco, Dones, and Mitchell. "Could it be snowing microbes on Enceladus?
Assessing conditions in its plume and implications for future

missions." Astrobiology 17, Sep

0 o0 o o o° O° A A° A° o° o o

%% Initialize

Vd0=-5; %initial dust potential relative to plasma (V)

Td0=100; %initial dust temp (K)

zr0=0; %initial relative position btwn grain and plasma sheet (m)

vd0=[1 2 3 4 5 6 7 8 9 10]x(-1000); %$range of relative speeds (m/s)

rd0=[.01 .05 .1 .15 .2 .25 .3 .35 .4 .45 .5 .55 .6 .65 .7 .75 .8 ...
.85 .9 .95 11.051.11.151.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6
1.65 1.7 1.75 1.8 1.85 1.9 2 2.25 2.5 3]; %range of grain size (um)

rd0=rd0"'; %change to vertical wvector

%plasma parameters

Ls=.025; %$length of plasma sheet (m)

np=1.0e+22; ne=np; ni=np; %$plasma density (m"-3)
Tp=10; Te=Tp; Ti=Tp; S%plasma temp (eV)
mi=(131.29).%x1.66053906660e-27; %ion mass (kg) (Xe)
vf=20; %plasma flow velocity (km/s)

Ls_des=0.025; %desired length of plasma sheet (m)

$dust parameters for water ice

rhod=916.8; %dust material density (kg/m"3)

cd=2030; %dust material specific heat (J/kg K)
delm=2.8; Em=600; %$secondary emission properties (n/a), (eV)
W=4.2; %Swork function (eV)

m0=18.015; %molecular weight (amu)

Lams=51100; %sublimation heat (J/mol)

mu=m0*10~ (-3); %molecular density (kg/mol)

$material vapors density (m"-3) @ specific temp (K)
n0=2.897x10"22; T0=250;

$time span for analysis (sec)

tspan= 0 :1e-9: 3e-6;

%% Contour Plot for Energy and Dust Collection Analysis
close all
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$pre—-define figure for contour plot overlays

cfig = figure(5);%, 'units', 'centimeters', 'position', [3 6 20 121);
cfig.Units='centimeters'; cfig.Position=[.5 6 11 9];

tcfig = tiledlayout (c¢fig,1,1, 'TileSpacing', "none', 'Padding', "'none');

$pre—-define outputs matricies
rdf=zeros(size(rd0,1),size (vd0,2));
vdf=zeros (size (rd0,1),size(vd0,2));

for n=1:size (vd0, 2)
tmax=1.1lxLs_des/ (vd0 (n)+vEx1000); % (sec)
tscale=10" (floor (logl0 (tmax))-3); % (sec)
tspan= 0 :tscale: tmax; %define time span for analysis
for m=l:size (rd0,1)
[t,rdl,Vvdl, Tdl,vdl,xdl, zrl]=DustPlasmaDynamics2 (rd0 (m),Vvd0, TdO, ...
vd0O (n), zx0, tspan,Te,Ti,ne,ni,mi,vE,Ls, ...
rhod, cd,delm, Em, W, m0, Lams, n0, TO) ;
%$find output value closest to Ls_des
[val, idx]=min (abs (abs (real (zrl))-Ls_des));
%$1f more than 0.1% away from Ls_des, assume full ablation
if val>(.001xLs_des)
rdf (m,n)=-.5e-06;
vdf (m,n)=100;
else
rdf (m, n)=rdl (idx) ;
vdf (m, n)=vdl (idx) ;
end
end
end

$define colormap with max value=white

parulaz2=colormap (parula); parulaz (256, :)=1;

% Define contours for final grain size

rmin=0; %min recoverable size (m)

rmax=max (rd0) «10" (-6) ;

rcont=rmin:0.5e-06:rmax; %size contours

$define contours for final grain velocity

vmax=6000; %max allowable final speed (m/s)

vcont=0:1000:vmax; %$velocity contours

% Draw specified contour plots and save for overlay

fig3= figure(3); %Final Grain Radius plot

fig3.Color=[1 1 1]; fig3.Units='centimeters'; fig3.Position=[10 6 11 9];
[Cl,hl]=contourf (abs (vd0), rd0, real (rdf), rcont); clabel(Cl,hl);
xlabel ('initial relative velocity (m/s)');

ylabel ('initial grain radius (\mum)');

title('Designed Plasma for Collector');

Fl=getframe (gcf); RGBl=frame2im(Fl); %save figure as image
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figd= figure(4); colormap (parula2); %Final Velocity plot

figd.Color=[1 1 1]; fig4.Units='centimeters'; figd.Position=[10 6 11 9];
[C2,h2]=contourf (abs (vd0), rd0, —-real (vdf),vcont); clabel (C2,h2);

xlabel ('initial relative velocity (m/s)');
ylabel ('initial grain radius (\mum)');
title('Designed Plasma for Collector');

F2=getframe (gcf); RGB2=frame2im(F2); %save figure as image

[)

% Put overlays on one figure
ax=nexttile(tcfig,1);

iml=image (RGB1l); axis off; hold on;
im2=image (RGB2, "AlphaData',0.5);

set (ax, 'XTick', [], 'YTick', [1);
hold off
saveas (cfig, sprintf ('ContAnalysis %gx%g.png',size(vd0,2),size(rd0,1)));

%% Energy and Dust Collection Analysis

% Necessary Constants %

kB=1.380649%x10" (-23); %Boltzmann constant (J/K)
kBev=1380649/16021766340; %Boltzmann constant (eV/K)
% Radius of Plasma/Collector (m) %

% rp=0.0178; %gives =10 cm”2 area
rp=sqrt (10/pi) /100; %$gives 10 cm”™2 area

o)

% Energy Calculations %
%$energy per unit volume (J/m”3)
epsp=.5+«mi*np* (vEx1000) "2+2.5+kB* (Tp/kBeV) xnp;
%$energy of the plasma sheet (J)
Ep=epsp*pi*rp”2+xLs_des

%$%% Values Determined From Contour Plot %%%
vsc = 4000; %chosen initial velocity (m/s)

Drd=(0)*10" (-6); %shift in dust distribution due to ablation
rdlstar=(.25)%10" (-6); %ablated radius at velocity = 0 (m)
rd2star=(1.1)%x10" (-6); %ablated radius at velocity = 3 km/s

$min values from Porco et. al. 2017

g=3; %exponent for dN/dr = (constant)s*r” (-q) %g=3 for 50km altitude

$min values

FWHM=(258) x1000; S%Full Width Half Max of plume (flyby distance)
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ndtable=107; %number density from table

rmintable=(0.5)*10" (-6); %min value of rd used to find ndtable (m)

% ndtable=12; %number density from table

% rmintable=(1.5)*10" (-6); %min value of rd used to find ndtable (m)
rmax=(10)*10" (-6); %Smax rd value of distribution (m)

% Minimum Collection Calculations %

%$dN/dr coeff. (m~-1)
Cdist=(ndtablex*2)/(1/ (rmintable) " (g-1)-1/(rmax) " (g-1));

mcint=@ (rd) (4/3)*pi”“2.*rd. 3.+xrhodxrp” 2+FWHM*«Cdist .+ (rd+Drd)." (-3);
mcmin=integral (mcint,rdlstar,rd2star) %collected mass for 1 pass (kqg)
$influx rate of particles larger than rmintable (particles/sec)
Rdmin=ndtablexpi*rp~2+vsc

%$max values from Porco et. al.

FWHM=(92) »1000; %Full Width Half Max of plume (flyby distance) (m)
ndtable=3540; S%number density from table

rmintable=(0.5)*10" (-6); %min value of rd used to find ndtable (m)

% ndtable=385; S%Snumber density from table

% rmintable=(1.5)*10" (-6); %min value of rd used to find ndtable (m)
rmax=(10)*10" (=-6); %max rd value of distribution (m)

% Maximum Collection Calculations %

$dN/dr coeff. (m"-1)
Cdist=(ndtablex2)/(1/ (rmintable) " (g-1)-1/ (rmax) "~ (g-1));

mcint=@ (rd) (4/3)*pi~“2.+rd." 3.*rhod*rp”2+FWHM+Cdist.* (rd+Drd)." (=3);
mcmax=integral (mcint,rdlstar,rd2star) %collected mass for 1 pass (kg)
$influx rate of particles larger than rmintable (particles/sec)
Rdmax=ndtablexpixrp~2*vsc



