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Abstract

HE possibility of obtaining raw materials as pure elements starting
from multiple not refined sources, such as wastes, minerals and other
sort of low grade materials, is theoretically achievable by using plas-

ma means. The concept has been proposed in the past, for very specific ap-
plications, in very different fields ranging from nuclear physics to space
science. The process implies the ionization of the source materials and
the separation of its constituents by electromagnetic means in a single pro-
duction step, with the advantage of shortening the overall production chain
respect to traditional production processes, at the expenses of a high quan-
tity of electric energy. In this work the problem is analyzed in the special
case of silicon production starting from silica, which traditional production
method involves many production steps and the usage of large quantities of
energy, water and chemicals. The possibility to directly separate silica into
its constituents in a single passage would provide benefits in terms of en-
ergy consumption, logistics and environmental impact. The problem is ini-
tially set to evaluate synergies with previous technologies, and the prelimi-
nary set up of a demonstrator plant is proposed with its main constituents.
A numerical model is then developed to analyze the process, allowing to
perform a more detailed design of the device. The proposed approach is
then globally evaluated from the energetic point of view, and its sustain-
ability is compared with traditional production processes. Results show the
feasibility of the approach, but also an overall energy consumption unfor-
tunately higher than the traditional production process. Nevertheless the
overall environmental impact is limited to the electric energy demand, with
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no chemicals involved in the process. Areas of optimization are identified,
which may lead to substantial improvements in the energy consumption.
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La possibilita di ottenere materie prime sotto forma di elementi puri a
partire da una moltitudine di fonti non raffinate, quali ed esempio rifiuti,
minerali e altre forme di materiali grezzi, e teoricamente fattibile usanto
tecnologie al plasma. Il concetto ¢ stato proposto in passato, per applica-
zioni molto specifiche, in campi molto differenti tra loro che vanno dalla
fisica nucleare alle scienze spaziali. Il processo implica la ionizzazione del
materiale di partenza e la separazione dei suoi elementi costitutivi tramite
mezzi elettromagnetici in un unico passaggio, con il vantaggio di accorcia-
re I'intera catena di produzione rispetto ai processi produttivi tradizionali,
al prezzo di una grande quantita di energia elettrica. In questo lavoro il
problema ¢ analizzato nel caso speciale della produzione di silicio a partire
da silice, il cui metodo di produzione tradizionale ¢ composto da diversi
passaggi di produzione e richiede I’uso di grandi quantita di energia, acqua
e prodotti chimici. Il problema ¢ inizialmente definito in modo da valutare
sinergie con tecnologie proposte in passato, ed € proposto in via preliminare
il concetto di un impianto dimostratore e dei suoi costituenti. Un model-
lo numerico ¢ quindi sviluppato per analizzare il processo, permettendo
di eseguire un dimensionamento piu dettagliato. L’approccio proposto ¢
quindi valutato dal punto di vista energetico nella sua globalita, e la sua
sostenibilita & confrontata con quella di metodi di produzione tradizionali.
I risultati dimostrano la fattibilita dell’approccio, ma purtroppo anche un
consumo energetico complessivo pil elevato del processo produttivo tradi-
zionale. In ogni caso I’impatto ambientale complessivo risulta limitato alla
richiesta di energia elettrica, con nessun prodotto chimico coinvolto nel
processo. Aree di ottimizzazione, capaci di portare portare miglioramenti
sostanziali nella richiesta di energia, sono identificate.
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Summary

His research is the results of the last years spent in Politecnico di Mi-
lano as a PhD candidate. During this time I had the chance to exper-
iment on myself what research really is, meaning dead ends, lack of

data, perseverance and procrastination, sudden boosts (few) and long over-
thinking on showstoppers (many), unexpected results and, sometimes, the
proof that you were wrong. It is indeed a very formative process.

The topic of this research had to be found in a very old idea of mine,
which furthermore came from an old sci-fi short story about a new kind of
photocopier, able to reproduce not only the printing, but every atom of the
paper itself. Instead of an ink reservoir, this machine had a tank with a mix-
ture of the most common elements, allowing to reproduce correctly some
things and incorrectly others, if the required elements were missing. The
replicator was obviously later used to reproduce not only sheets but also
objects and living things, with different results and conclusions. A ques-
tion raised in me: how could that mixture of elements, some gaseous, some
solid, appear? I imagined it as a sort of "magma", but sooner I started think-
ing how that magma, in which all the elements are freely available without
bondings to be positioned at the right place in space, could be obtained.
Could a process capable of obtaining pure elements ready to be used, start-
ing from any kind of material, exist? I realized I was asking myself about
the final recycling process, in which the perfect separation of every element
composing the original object provides pure materials to be used again to
produce new things. The holy grail of recycling (despite maybe a strong
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energy usage).

This idea remained in my head for many years, during which time I first dis-
covered physics (I did say it remained in my head for many many years),
then the mass spectrometry and then plasma physics, during my MSc work.
I realized that a possibility for this object to exist may not be null, and then
I proposed it as the topic of my PhD research.

As implicitly anticipated, the research is founded on the main idea that

the working model of the mass spectrometry can be used to separate non
negligible amount of materials. Of the many concepts of the mass spec-
trometry, the one considered is actually the first to be discovered: due to
the Lorentz law, in a uniform and constant magnetic field two particles will
rotate with a different radius if they have the same charge and inlet speed,
but they differ by the mass.
In this perspective the idea is simple: to design a device, based on the mass
spectrometry working model, capable of producing a very high throughput,
separating a reasonable quantity of material in a unit of time. Starting from
here it is really easy to understand the complications: a certain amount
of mass, at least equal to the desired throughput, shall be converted into
charged particles. This is somewhat feasible with gases, less so with liquid
and solids. This amount of ions shall be processed, and the output material,
meaning the pure elements, shall be collected. Each operation requires its
own amount of energy.

The research aimed at identifying the characteristics of each step of the
process, in order to globally verify its feasibility in terms of requirements
and performances. This thesis describes a preliminary design for the device
and identifies the criticalities, assumptions and calculations.

Chapter 1 introduces to the motivation and importance of this work, the
concept and the research objectives

After consideration of the complexity inherent in the involvement of so
many chemical elements, the initial and boundary conditions were simpli-
fied to provide a better understanding of the overall process. Chapter 2
provides insight into this problem simplification and the related implica-
tions.

Chapter 3 describes the numerical calculation supporting the design choices.
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Chapter 4 provides the first the final device description, with its feasibil-
ity evaluation.

Chapter 5 list all the conclusion, the open points and possible outcome
of this work.
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CHAPTER

Introduction

1.1 Motivation

Our society’s economical model, in terms of the western way of living
based on consumerism, is presently no longer sustainable. The present
goods production rate requires a constant supply of raw materials, which
results in a continuous draining of the Earth’s fossil resources (meaning
every resource ever stored, e.g. hydrocarbons, water, minerals) and in the
total consumption of the Earth’s yearly available renewable resources in
usually 7-8 months after the beginning of the year [1].

Attempts are being made to improve our environmental responsibility.
Ecological lifestyles, improved production processes and better waste man-
agement are some examples of policies introduced to reduce our environ-
mental impact. Unfortunately wastes are still one of the most devastating
results of human activities because of its twofold drawback: on one side
they represent a reduction of available raw material for goods production,
and on the other side they occupy space and mass, polluting natural re-
sources, and creating additional costs for proper disposal.

The obvious best solution to get rid of the waste problem is not to produce
wastes, improving reusability and reducing packages. Unfortunately this

3
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Figure 1.1: Earth Overshoot Day along the years. On the y axis the "number of Earths"
in terms of renewable resources that we used at the end of each year. Source: [1].

solution can only be gradually implemented, and the problem remains for
the already produced wastes, which are mainly managed in three ways:

¢ Disposal in dumps
e Destruction, often with energy production (i.e. incinerators)

e Recycling, where semifinished material is recovered, but further treat-
ment is required before manufacturing of new goods

Of the three methods the first is the one with the largest drawbacks. The

second is an attempt to recover at least the energy contained in the waste
at the expense of destroying any possibility to reuse the material. The third
is the more environmentally friendly option, because the energy required
to produce goods starting from recycled material is many times lower that
starting from raw materials.
Despite recycling, mixed wastes which cannot be separated, special wastes,
and ashes from incinerators still represent a tremendous potential source of
raw material that cannot be exploited but shall inevitably be disposed in
dumps.

In this frame the present research takes place. An attempt is made
to provide an alternative method to recover raw materials from oth-
erwise non-recyclable wastes, with the additional benefit of reducing
land usage and pollution due to disposal in dumps.

1.2 The idea behind high mass flow plasma separation

How could the material recovery take place, considering the intrinsic va-
riety of substances mixed at the most intimate level? The proposed idea

4



1.2. The idea behind high mass flow plasma separation

relies on the concept of mass spectrometry, developed in its first version in
1912 by Nobel Prize winner J. J. Thompson.

1.2.1 The mass spectrometer working model

The mass spectrometer is a chemical analysis device that measures the
mass-to-charge ratio and abundance of ions in the gas phase. It works by
ionizing chemical compounds to generate charged molecules or molecule
fragments and measuring their mass-to-charge ratios.

Detection
Faraday
collectors
{m/q} = 46 —
{m/q} = 45 —
{m/q} =44 — |
r
g
o
3
magnet
x amplifiers Vvv
ratio
lon source outaut
I beam focussing
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Figure 1.2: Mass spectrometer schematic

In general, a mass spectrometer consists of three main components: an
ion source, a mass analyzer, and a detector. The ionizer converts a portion
of the sample into ions. There is a wide variety of ionization techniques,
depending on the phase (solid, liquid, gas) of the sample and the efficiency
of various ionization mechanisms for the unknown species. An extraction
system removes ions from the sample, which are then injected through the
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Chapter 1. Introduction

mass analyzer and onto the detector. The differences in the masses of the
fragments allows the mass analyzer to sort the ions by their mass-to-charge
ratio. The detector measures the value of an indicator quantity and thus
provides data for calculating the abundances of each ion present.

The equations governing the dynamics of charged particles subjected to
EM fields in vacuum are the following

F=g(E+vxB) (1.1)
F = ma (1.2)

which results in the following relation for ions:

(%)a:E+va (1.3)

In the case of a constant and uniform magnetic field B, as in the first em-
bodiment of the device ever developed, the acceleration a is a centripetal
acceleration which bends the trajectory of the particle, maintaining constant
its perpendicular velocity v, with a radius which is equal to the cyclotron
radius r,

my

-5 (1.4)

e

1.2.2 The concept

Starting from the working model of §1.2.1, an apparatus capable of separat-
ing a large amount of any material composed by a large variety of elements
shall resemble the main parts of a mass spectrometer, but with the consid-
eration that a much bigger throughput shall be required for the separation
operation to be convenient and able to be performed in a reasonable amount
of time.

The operation of the device can be imagined in the following way:

e the material to be processed is raised to a plasma state to allow ma-
nipulation by electromagnetic means;

e the plasma is then accelerated and subjected to a magnetic field able
to separate the different elements according to the mass/charge ratio;
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1.2. The idea behind high mass flow plasma separation

o the flux of different element is then collected and retrieved at special
collector locations.

The proposed device is therefore composed of three parts:

1. a source stage where the material containing the metals of interest is
heated until vaporization and ionization, to a plasma level state, is
attained;

2. an intermediate stage where ionization is maintained ionized and the
plasma is accelerated by electromagnetic or electrostatic fields;

3. aseparation stage where a static magnetic field separates the ion species
composing the plasma are separated one from each other, or separates
a particular ion from unwanted species. This section includes the col-
lectors.

A graphical representation of the concept is shown in Figure 1.3.
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Figure 1.3: Graphical representation of the demonstrator concept

The working model of the device resemble those of the Calutron, as
described in §1.2.3.

1.2.3 Plasma Raw Material Recovery in literature

Plasma raw material recovery refers to the possibility of obtaining raw ma-
terials as pure elements starting from multiple unrefined sources such as

7



Chapter 1. Introduction

wastes, minerals and other low grade materials. The concept has been pro-
posed, for very specific applications and never in a general form, in very
different fields ranging from nuclear physics to space science. Plasma raw
material recovery involves ionization of the source material and separation
of its constituents by electromagnetic means.

Technologies to separate atoms of different atomic weight using an inter-
action of electric and magnetic fields were developed during WW?2 to pro-
duce material required for the first nuclear bombs. Some of these methods
are intrinsically inadequate for high mass flow rates or require so much en-
ergy that their use outside nuclear programs is impracticable. Other meth-
ods have been developed outside the nuclear community for different pur-
poses, but they focused on interesting aspects of the separation of oxides
that can be easily applied to increase the raw material recovery yield. The
most representative concepts are listed below.

1.2.3.1 Calutron

Massively used during WW?2 to produce the *>U for the Hiroshima bomb,
developed by Ernest O. Lawrence [2], who got the Nobel prize for the in-
vention of the cyclotron accelerator, the Calutron uses the same working
model of a mass spectrometer, separating particles with different charge-
to-mass ratio by passing them through a constant B field and producing dif-
ferent cyclotron radius and therefore different trajectories. To perform the
separation the input material has to be preliminarily ionized and then ac-
celerated to a minimum useful velocity. A first equation used by Lawrence
is the simple energy balance between the potential energy provided by an
accelerating electric field and the kinetic energy owned by the ions after the
acceleration:

1
Emv2 = gAV (1.5)

At this point the cyclotron radius or Larmor radius equation, Eq. 1.4, is

used:
my

RE

In both equations v is the velocity perpendicular to the magnetic field B.
If single ionization is assumed for all the particles, with constant v and B,
ion mass is directly proportional to the Larmor radius.

Calutron technology is able to produce a high enrichment yield (requir-
ing a lower number of devices in cascade for isotope separation) but is
considered to be energetically expensive. The achievable throughput of

Te (1.4 revisited)

8



1.2. The idea behind high mass flow plasma separation

Calutron technology is limited by a stream instability that arises as the den-
sity of the purely-positive output beam increases. A background neutral
gas is injected and ionized upon interaction with the ion beam producing
electrons that help keep the beam focused, but the density of the beam, and
therefore the throughput of the device, remains limited [3].

Despite this drawback, if used with different elements rather than isotopes
of the same atomic species, the separation is more effective due to the
higher radius difference that can be achieved with the same magnetic field:
the more the collectors are separated, the highest is the purity of the col-
lected elements. For this reason this technology has been preliminarily
considered for the development of the demonstrator depicted in §1.2.2. The
device would work by modifying the original concept, substituting the elec-
tron beam used to vaporize and ionize the material with a plasma source and
a further ionization stage. A good choice would be to select a plasma source
capable of operating with a quasi-neutral plasma flow, solving the intrinsic
volume charge limitation, avoiding the necessity of a background gas and
increasing the efficiency [4]. This choice is also compatible with a number
of technological configuration with crossed E and B field different from the
Lawrence approach [4-0].
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Figure 1.4: The calutron as depicted by Lawrence. Source: [2].
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1.2.3.2 Selective Ionization

Developed by NASA in the *80s [7, 8], selective ionization was theorized
to be mainly used in space exploration and oxygen recovery from In Situ
materials found on extraterrestrial planetary bodies. The concept is very
close to the initial stage of the Calutron system. The material (such as lu-
nar regolith) is heated to vaporization and thermal ionization. At this point
to understand the physics of the problem we can refer to Fig.2.3 in which
the ionization potential of the most abundant elements of the Earth’s crust
is plotted versus temperature. It can be seen that at about 10000 K metals
achieve between 40% and 70% ionization ratio, while oxygen achieves less
than 2% (see §3.2.3.5 for ionization ratio definition). The Selective Ion-
ization idea is therefore to pass this plasma through an electrostatic field to
capture at the cathode the positively charged metal ions, while letting the
neutral oxygen continue flowing downstream into a collection system.
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Figure 1.5: Selective lonization concept. Source: [S].

As can be understood the objective of the Selective lonization is com-
plementary to the recovery of raw material from unrefined source. In the
first case the goal is oxygen recovery and the metals are seen as a secondary
output, while in the second case the goal is separation of the oxides into the
constituent atomic species and the oxygen represents the secondary output
which cannot be easily collected due to its gaseous state at temperatures
above 90 K.

10



1.2. The idea behind high mass flow plasma separation

1.2.3.3 Archimedes plasma mass separation

The designers of the Archimedes (a proprietary name) concept refer to it as
a plasma mass separator with the purpose of separating atomic plant waste
oxide mixtures ion by ion into two groups: light (not radioactive) and heavy
(radioactive) particles. It actually acts as a mass filter, because is not able to
separate all the elements one by one or to isolate a single ion, but rather it
divides ions with an atomic weight above a certain cut-off value from ions
with an atomic weight below that value, as can be seen in Fig. 1.6.
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Figure 1.6: Archimedes Filter function in gap between high atomic weight and low atomic
weight (non radioactive) waste. Source: [9].

The process comprises three main stages: a) the melting of the input
mixture with a plasma torch to 500 °C; b) the injection and vaporization
of the molten mixture thanks to another plasma torch at 5000 °C into the
center of the cylindrical filter unit vacuum vessel; c) the ionization and
manipulation of the vapor by EM fields inside the filter unit. In the last step
heavy particles are swept radially at the center of the filter and are collected
on the cylindrical wall, while light particles are transported toward the bases
of the cylinder where they are collected [10]. The basic mechanism used
by this device is the Larmor radius: inside the filter a longitudinal magnetic
field is present, and the particles injected at the center start rotating along
the magnetic field lines with a cyclotron radius which is proportional to the
ion mass according to Eq. 1.4. The high atomic weight ions have a large
Larmor radius and collide with the cylinder wall where they are collected
and removed, while the low atomic weight ions travel towards the end of
the cylinder where they are also collected [ 1 1].
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1.2.3.4 Plasma Separation Uranium Enrichment

The plasma separation process (PSP) is an isotope separation techniques
that makes use of advancing technologies in superconducting magnets and
plasma physics [12]. In this process, the principle of ion cyclotron res-
onance (ICR) is used to selectively energize the isotope of interest. The
source is either a plate of solid material which is vaporized by bombard-
ment of energetic ions (sputtering), or a crucible in which the material is
heated to vaporization. A microwave antenna located in front of the source
energizes free electrons which collide with neutral atoms sputtering off the
plate, or vaporizing from the crucible, producing a plasma.

The plasma is subjected to a uniform magnetic field along the axis of a
cylindrical vacuum chamber as the plasma flows from source to collec-
tor. The magnetic field is produced by a superconducting magnet located
around the outside of the chamber. The high-strength magnetic field pro-
duces helical ion trajectories, with lighter ions spiraling faster and having a
higher ion cyclotron frequency than heavier ions. As the ions move toward
the collector, they pass through an electric field produced by an excita-
tion coil oscillating at the same frequency as the ion cyclotron frequency
of the isotope ions of interest. This causes the helical orbit of these ions
to increase in radius while having minimal effect on the orbit of the other
particles. The plasma flows through a collector of closely spaced, parallel
plates. The large-orbit ions are more likely to deposit on the plates, while
the remaining plasma accumulates on an end face of the collector (see Fig.
1.7).
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Figure 1.7: Schematic of the ICR separation. Source: [12].
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The PSP process offers several advantages:

e arelatively high throughput (several dozens kilograms yearly) is pos-
sible due to the quasi-neutrality of the plasma;

e moderate to high enrichment is possible in a single pass;

e nearly any metallic-like element can be directly processed and recov-
ered with the PSP without the requirement of a gas phase [13].

The only countries known to have had serious PSP experimental programs
are the United States and France from the *70s to the *90s for uranium sepa-
ration, but the programs suffered slowdowns and stops due to the evolution
of apparently more readily available techniques.

1.3 Obijective and project goals

Merging the motivation described above and the concept initially identified
to be investigated, the general objective of this research is found to be the
following:

To perform a feasibility study of a demonstrator plant
able to recover raw materials from a variety of sources (e.g.
waste materials, special and urban wastes and mining raw
materials), by using ionizing and selecting processes of the
different atomic species enabled by static and variable EM
fields.

This general objective shall be expanded and divided into sub-objectives or
goals that clarify the problem from different points of view. The feasibility
of such a device can actually depend on many different factors, in particular
its technological feasibility and, if granted, its economical feasibility. In
other words the objective can be technically achievable but, if the operating
cost and hence the cost of the final product greatly exceed the possibility
to economically sustain the venture, the feasibility is still not granted. The
goals of the present research are therefore the following:

Technological feasibility
Technological issues may be limited not only by the underlying physics,
but also by difficulties during design due to the problem complexity,
and both of these aspect shall be addressed. The main difficulties that
are clearly visible at first are:
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e General wastes includes a large variety of oxides, many of them
with a high boiling point: how can one create a plasma from
them?

e If a suitable plasma creation technique is identified, the feasibility
analysis requires a numerical investigation involving all sort of
elements and reactions: can numerical models be representative
of such a complex process?

e The desired output is an assessment of separation performance as
a function of power input, so an economical feasibility study is
also needed.

Verification of assumptions
During demonstrator design, assumption and simplifications may be
necessary. At a later stage a verification of the correctness of these
assumption shall be performed.

Economical sustainability
The energy consumption of the proposed process shall be compared
with present production methods to evaluate sustainability.

These goals had a strong impact on the progression of the research. As-
sumptions and simplifications were applied to the original problem permit-
ting the investigation to be performed in the timespan of a PhD, as explained
in Chapter 2. The above goals, opportunely scaled to the simplified prob-
lem resulting from the simplification, shall be held to the same verification
requirements that applied to the original goals.

14



CHAPTER

Focusing: problem specialization

He previous chapter concluded with the need for simplification of the
research objectives to adapt the problem under investigation to the
time scale of a PhD. In addition to simplification, the problem must

also be clearly identified to allow a solution via mathematical analytical
approach.

2.1 Technological constraints

A feasibility study, and therefore a preliminary design, of the device under
investigation, must also cover any required analyses. Numerical investi-
gations can be essential in understanding if the relevant underlying physi-
cal processes allows the achievement of the project goals. Such numerical
analysis would most likely involve a plasma simulation, used to investigate
the behavior of elements as they react and ionize due to the inbound energy.

In this perspective, the objective of §1.3 is an attractive idea, but consid-
eration of general waste as input material will result in an overwhelming
number of elements and reactions in the numerical simulation. Not only
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would execution of the numerical code be unmaneageable, the identifica-
tion of all the reactions involved in the process would likely in and of itself
exceed the timeframe of a PhD project.

A downscaling of the problem is therefore necessary. It is proposed to
start from a partially refined material, still representative of the complex
compounds that can be found in waste, but reducing the number of compo-
nents and reactions. The material chosen is silica, and therefore the process
under investigation in this work is the production of pure silicon starting
from silica.

The objective of the project therefore becomes:

To perform a feasibility study of a demonstrator plant
able to recover pure silicon from silica, by using ionization
and selection for the different atomic species enabled by static
and variable EM fields.

Figure 2.1: (Left) Silicon powder; (Right) A pure silicon rod

The motivations for choosing this process are:
e Silicon is fundamental for modern semiconductor industry;
e Silicon is abundant in the Earth’s crust;
e Silicon has a high energy production cost for high purity product;
e There are many possible sources of starting material (see §2.2.1):

— Silica from mining
— Incinerator ashes

— Electronic waste
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This choice lead to a subsequent important technical difficulty: silicon diox-
ide Si0; is a high boiling point oxide with the following characteristics:

Melting point 1700-2000 K

Boiling point ~3100 K @ 1 bar

Because of these characteristics it is the base material for high temperature,
heat, fire, flame resistant and thermal insulating products. Consideration of
the silica-silicon production process, while challenging, has the advantage
of substantially qualifying the process. Once the process has been validated
with §i0,, which has one of the highest boiling point among all the refrac-
tory oxides, it is virtually valid for any compound and mixed waste contain-
ing also oxides. The drawback is that such oxide shall be brought to the
plasma state, therefore a suitable device able to perform this operation
with a high throughput must be identified. Attempts in this direction
were already provided by Meubus and Huckzo [14-16] who successfully
detected the decomposition of oxides in plasma with the deposition of com-
posing metal.

Figure 2.2: Aerogel insulation capability. Aerogel is a silica porous ultralight material
derived from a gel, in which the liquid component of the gel has been replaced with a
gas. The result is a solid with extremely low density and very low thermal conductivity.

NOTE: in the initial process selection phase, Aluminum production was
also evaluated, as its present production processes is also very energy inten-
sive and composed of multiple passages. Nevertheless due to its importance
in the electronics industry and the fact that it is a high temperature oxide,
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the silicon production process has been considered more representative for
this research.

2.2 Process sustainability

Considering the downscaling, the goal of verifying the process sustainabil-
ity is now shifted toward the silica-silicon production process. The new
goal becomes to verify if the overall energy cost per unit mass of silicon
can be competitive with present production processes.

2.2.1 Present silicon production process

The high grade silicon process for microchip production starts from quartz
with the application of carbon to produce, through a number of additional
operations, the required final product. Starting from the analysis of Williams
et al. [17] we can summarize the production process of Si ingots for wafer
production with the following steps:

si0, S si < HSICL —
2.1

1, hyper-pure Si +(HCIl) — single-cristal Si — Si wafer

The starting point is the reduction of quartz (mineral S i0,) with a carbon
source such as coal or charcoal in an electric furnace. The resulting "raw"
silicon is typically 98.5 — 99.0% pure and must be purified further to meet
the demands of semiconductor fabrication. Typical applications of "raw"
silicon include iron alloys and production of silicone compounds.

Powdered raw silicon is reacted with chlorine to yield a mix of trichlorosi-
lane (HS iCl3) and silicon tetrachloride (S iCly), which can be conveniently
purified via distillation. The resulting trichlorosilane is at least 99.9% pure

Stage Electrical energy input/kg  Silicon
silicon out yield (%)
quartz + carbon — silicon 13 kWh 90
silicon — trichlorosilane 50 kWh 90
trichlorosilane — polysilicon 250 kWh 42
polysilicon — single crystal ingot 250 kWh 50
single-crystal ingot — silicon wafer 240 kWh 56
process chain to produce wafer 2130 kWh 9.5

Table 2.1: Energy usage in silicon wafers production steps. Source: [17].
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with metallic impurities in the several parts per billion (ppb). In the most
commonly used Siemens process, trichlorosilane is reacted with H, to yield
pure elemental silicon via chemical vapor deposition, the result of which is
99.9999% pure (metals<0.4 ppb). This hyperpure silicon is referred to as
polysilicon in the industry. Molten polysilicon is drawn into single-crystal
ingots via Czochralski or Floating Zone methods, which are sliced into
wafers. Wafers are polished and cleaned via Chemical Mechanical Polish-
ing. The electric energy cost for each stage is shown in Tab. 2.1.

The energy cost for production of raw silicon (98.5 — 99% pure) in the
first process step is low compared with the energy required to purify the sil-
icon to high grade product (99.9999% pure). The total energy required,
much higher than the sum of the energy requirements of the individual
stages, 1s explained by the silicon losses along the process chain that re-
quire about 9.4 kg of raw silicon to produce 1 kg of silicon wafer. Tab. 2.1
can be better understood with the breakdown of the energy production cost
of the wafer production process shown in Tab. 2.2:

kWh/kg Yield[%] Inputmass[kg] Energy [KWh]

13 90 9.4 123
50 90 8.5 425
250 42 3.6 893
250 50 1.8 446
240 56 1 240
Total 2127

Table 2.2: Breakdown of energy production cost to produce 1 kg of silicon wafer

For a total cost of 2130 kWh/kg = 7668 MJ/kg of produced silicon wafer.
If, from this table, we remove the energy cost to produce the silicon wafer
and we stop at the crystal ingot step, the overall cost is provided in Tab. 2.3.

kWh/kg Yield[%] Input mass[kg] Energy [KWh]

13 90 5.3 69

50 90 4.8 238

250 42 2.0 500

250 50 1 250

240 56 0 0
Total 1057

Table 2.3: Breakdown of energy production cost to produce 1 kg of silicon monocristalline
ingot
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Considering the different yields of each phase we arrive to the final result of
1057 kWh or 3805 MI. It is with this value that the results of this research
can be meaningfully compared.

Other than the pure energy consumption comparison, consideration shall
be given to other costs of the process, in particular the strong environmen-
tal impact. Silicon production requires many steps, which include trans-
portation, fossil fuels, chemicals and water usage [ 7] but these sources of
pollution are very difficult to evaluate.

2.2.2 Silicon sources

Other than obtaining silicon from raw silica, such as from caves or mines, it
is possible to identify alternative sources that may provide an advantage in
terms of purity of the starting material or in terms of sustainability. Caves
or mines are impacting from the point of view of the landscape and of the
energy used to extract the material. Wastes, general or special, are often
a good source of silica, due to its characteristics of being one of the most
abundant element on the Earth’s crust.

2.2.2.1 Silicon extraction from incinerator ashes

Waste-to-Energy (WtE) plants, widely used worldwide, incinerate solid ur-
ban waste to reduce landfill mass and produce electricity. Although these
plants are a source of pollution and encourage disposal as opposed to re-
cyling or reutilization, their bi-products (heavy and fly ashes) do contain
a variety of elements, predominantly silica. The other components range
from calcium and aluminum to heavy metals like zinc, lead and cadmium.
The composition of a typical sample of incinerator by-products, or fly ash,
is shown in Tab. 2.4.

Compound  Percentage [%] Compound Percentage [%]

Si02 39.1 K20 23
CaO 15 SO 6.9
Al203 13.6 (I 24
Na20 55 CO- 0.71
Fe304 32 Zn 0.84
TiO2 28 Pb 04
MgO 27 Cd 0.014

Table 2.4: Typical fly ash composition. Source: [18]

Considering the above percentages, it is theoretically possible to obtain
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1 kg of silicon from about 5.22 kg of ashes [19]. If a hypothetical demon-
strator were to use incinerator ashes as a source of silica, the separation
process would produce not only silicon but all the other elements in the
compounds listed in Tab. 2.4, increasing the value of the operation.

2.2.2.2 Silicon extraction from electronic devices

Old electronic devices are a great and still not unutilized source of already
refined silicon. The most common elements used for doping are arsenic,
phosphorus, boron and antimony.

2.3 Assumptions and simplifications

2.3.1 The selective-ionization assumption

The methods explained in §1.2.3 have different goals: to separate isotopes
of the same element, to recover oxygen from extraterrestrial planetary bod-
ies, to separate the light and heavy components of nuclear waste for sub-
sequent treatment. In focusing on the recovery of pure elements from ox-
ides, especially metals or metalloids, a combination of the working models
of these methods can lead to very high yields. The idea behind selective
1onization is extremely helpful in removing the most problematic element,
oxygen, which has a high first ionization energy and is considered an im-
purity in the recovered metal (even if by itself can be even considered a
product if properly collected).

In a device that uses vaporization and ionization for raw material sepa-
ration, like the one depicted in Fig. 1.4, the metal-oxygen ionization gap
can be used to remove the neutral oxygen from the metal anions. In fact,
the substantial gap between the first ionization energy of metals and oxygen
allows ionization of metal atoms without ionization of oxygen atoms: the
neutral oxygen is insensible to EM fields while the metal anions are ma-
nipulated end extracted according to one or a combination of the methods
shown in §1.2.3.

The ionization fraction of selected elements as a function of temperature is
shown in Fig. 2.3. These curves represent the equilibrium ratio of ionized
to neutral atoms vs. temperature, and are obtained using the Saha equation
(Eq. 2.2) applied to the single atomic species. Only the first ionization level
is assumed to have the same mass-to-charge ratio for each atom of the same
element for subsequent separation.
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In Eq. 2.2 the partition functions Z; and Z, are taken from Irwin [20].
The curves shown in Fig. 2.3 were calculated to reproduce the same image
from Carroll [8], but a 20% difference in the calculated ionization level at
the same temperature and pressure is present, mainly due to the partition
functions calculation. Unfortunately no reference is made to the partition
function used for the calculation of the curves in Carroll [8], so no verifica-
tion can be made.
Fig. 2.3 is the starting point of the selective ionization application to the
silicon production process. At 10000 K the plasma contains a very small
percentage of ionized oxygen and an high percentage of ionized metals.
The atomic oxygen can be pumped away while the remaining ions can be
electromagnetically directed through a separator. If the input material is
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only a single oxide, it can be separated from impurities, such as the oxygen
atoms. If the input material is a mixture of oxides, the different elements
can be separated one by one.

2.4 Impacts on the demonstrator concept

The assumption of the selective ionization implies that in a plasma created
by thermal decomposition the difference in first ionization energy allows
an almost exclusive ionization of Si respect to O,. This phenomenon im-
plies that in the specific problem under examination the O, will be most
likely pumped away by the vacuum system, while the Si ions will continue
their trajectory undisturbed. This condition has obviously to be verified in
the proposed situation, where a mixture of gases is present and where the
decomposition is not only due to thermal phenomena but also to power de-
position. With these considerations the separation stage appears therefore
almost useless, and also the second stage, originally planned to increase the
ionization of the plasma, is reduced in importance if the first stage is able
to achieve an adequate ionization efficiency.

Three main design consequences can be derived from the assumption of
selective ionization in the first stage:

e Reduced importance of 2" stage;
e Reduced importance of 3™ stage;

e Focus on 1* stage due to its multiple importance, as a source capable
of operating with a high boiling point oxide material in inlet, and as
an efficient ionization mechanism.

The effort is therefore concentrated in identifying a 1* stage capable of
ionizing and accelerating at the same time. Such a device must be a sort of
torch, in which the material is somehow heated to vaporization and decom-
position, with subsequent ion formation. An important aspect to keep into
consideration is that all the material that is vaporized shall be separated and
pumped away: this means that a working gas like argon, as used in com-
mon industrial plasma torches, would represent a source of losses because
energy has to be spent to heat and ionize it, and later it recombines to be
pumped away, providing no benefit.
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Figure 2.4: Focusing on the first stage

Plasma torch concepts capable of functioning without a working gas
have been investigated. The most promising ideas between the different
concepts conceived and proposed, appeared to be:

e The MPD sublimation torch
e The Self-feeding torch

2.4.1 The MPD sublimation torch concept

The MagnetoPlasmaDynamic Thruster (MPDT) is an in-space propulsion
concept [21] under development since the 60s that has flown only once
(Japanese Space Flyer Unit 1995). The main advantage of this class of
electric propulsion is high thrust at low propellant consumption (high spe-
cific impulse) at the expenses of high power requirements on the order of
100kW and IMW.

A MPDT is characterized by a coaxial geometry consisting of a central
cathode, an annular anode, and some form of interelectrode insulator. The
propellant, usually a noble gas, is introduced from the rear and is ionized by
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Figure 2.5: MPDT schematic and working model. Source: [22].

an azimuthally uniform electric arc bridging the gap between the electrodes.
The interaction between the arc current and the moving plasma produces
the body forces that accelerate the propellant downstream. A more detailed
explanation of the working model can be understood with the help of Fig.
2.6.

The interaction between the plasma flowing axially and the current den-
sity j flowing radially produces a self-induced magnetic field By described
by the Maxwell relation:

V x B = 1] (2.3)

By is linear in z. At this point the interaction of this field with the current
density produces a Lorentz body force following the relation:

fz=jxB (2.4)

This force has two components, the “blowing” component of force, f,
that produces an axial acceleration of the propellant, and the “pumping”
component of force, f,, that establishes a radial gradient in the gasdynamic
pressure. The blowing force accelerates the propellant downstream and
the pumping force compresses the propellant radially toward the centerline,
causing a "pinch" effect that forms a hot plasma just beyond the cathode tip.
This pinch effect contributes to erosion of the cathode that limits thruster
lifetime.
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Focusing our attention on f; we can integrate over the interelectrode volume
obtaining the thrust:

2

F=t (zn@ + A) 2.5)

4r Fer

where r,, is the inner radius of the anode, r; is the radius of the cathode,

and J is the total arc current. A is a constant depending on the geometry

of the thruster. As can be seen F o« J?. Considering the general relation
F = ru,, the exhaust velocity u, scales as:

J2
Uy X — (2.6)

7= ~ir By

{purmping)

Figure 2.6: Magnetogasdynamic model of the MPD accelerator. r is the radial coordinate,
6 the azimuthal and 7 the axial coordinate from left to right. Source: [21].

From the equations it seems that as long as one is able to supply more
power to the system, the exhaust velocity will quadratically increase with
the current. Unfortunately, experiments have shown that this is not true due

to the existence of a critical value (J2 / m)* above which the thruster begins
operating in a different regime called “onset”. This regime is characterized
by strong instabilities in the plasma and electric arcs associated with ex-
plosive spot formation. Thruster operation in the onset regime results in
rapid erosion and deterioration of the anode, leading to severe lifetime lim-
itations. It has been found that the cause of this onset phenomenon is a lack
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2.4. Impacts on the demonstrator concept

of electrons in the interelectrode space (so called anode starvation) [23].
Though the onset phenomenon has impeded the development of the MPD
thruster for in-space propulsion applications, it can be utilized as a means
for vaporizing solid material.

24.1.1 MPDT application to solid ablation

A possible application of the MPDT working model, taking advantage of
the pinch effect, is silica vapor production. A cylinder of compressed sil-
ica can be placed at the center of an annular cathode shaped to encourage
arc attachment, as depicted in Fig. 2.7. The advantage of such design is
that the pinch effect allows the arc column to adhere to the silica cylinder,
concentrating the hottest zone in the region where ablation is needed. This
arc attached to the silica cylinder ablates the cylinder surface, producing
ions and the electric carriers needed for current conduction, avoiding both
starvation of the interelectrode medium and spot formation on the anode
surface. If used as the first stage of the separator device, the blowing force
(see Fig. 2.6) would eject the ions at high speed, avoiding the necessity of
an intermediate stage with this purpose. The feasibility of using silica as
an electrode should also be taken into consideration, as demonstrated by
Addona and Munz [24].

7
p Dielectric o

Silica
introduction

Figure 2.7: First stage MPDT configuration

The above approach has three main problems:

e the arc suffer from instabilities, there can be misalignment and im-
pingement only on some areas of the anode producing the damage or
destruction of the device;

e the hot plasma shall not come in contact with the dielectric/chamber
wall, otherwise the plasma could be cooled to a temperature where
recombination reactions occur frequently, or the walls could be heated
to the point of damage;
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Chapter 2. Focusing: problem specialization

e minor: the self created B field, azimuthal, could interfere with sub-
sequent stages of the demonstrator that utilize and applied magnetic
field.

One possible approach to solving these problems is application of an
axial B field, which can be achieved by placing a solenoid around the an-
odes, as shown in Fig. 2.8. This axial field causes an azimuthal component
of force on radially-directed current in the arc, producing a swirling current
trajectory demonstrated to have a stabilizing effect. In addition, the Lorentz
force caused by the axial magnetic field confines the radial motion of ions,
reducing collisions with the walls and expelling the ions axially from the
device.

Solenoid

Silica
introduction

Figure 2.8: Previous configuration with applied B field

2.4.2 The self-feeding torch

The self-feeding torch was developed in the frame of the Archimedes pro-
gram [9, 25] (see §1.2.2). The necessity to avoid insertion of additional
external working gas led to the idea of using the volatile part of oxides
as the working gas for the RF torch. The sequence of operations of such
device is the following:

1. The material to be separated is melted and introduced into the torch;

2. The liquid material, adhering to the chamber walls, drains toward the
bottom. The volatile part of the compound that leaves the liquid mate-
rial (i.e. the component of the mixture that has a lower boiling point or
the result of initial decomposition that occurs depending on the vapor
pressure) allows the beginning of the RF plasma creation;
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2.4. Impacts on the demonstrator concept

3. An equilibrium condition between the RF plasma and the liquid film
at the wall occurs with a double effect: on one hand the liquid layer
protects the wall from the heat flux generated by the RF torch, while
on the other hand part of the fluid evaporates due to the heat flux pro-
viding gas to be ionized by the RF antenna.

This concept is quite simple in its operation but at the same times allows
many variations, e.g. inserting a cooling fluid between the wall and the
antenna.

1) Infrouction of liquid
Coling fluid material to be

vaporized

RF antenna for
plasma creation

2) Part of the material
vaporizes, creating the
plasma

3) Protecting film on
the walls, which
vaporizing absorbs the
excess of heat,
protecting the
structure below. A
collecting system
takes care of the
excess of liquid
material to reinsert it
into the system

Figure 2.9: The self-feeding torch concept as proposed in [25]

2.4.3 Trade-off

The choice of selecting the self-fed torch or the MPD sublimation torch
derives from a preliminary assessment regarding the power required to per-
form the operation and the means of performing this operation.

MPD sublimation torch The MPD sublimation torch has been dis-
carded due to the low maturity of the concept, because the idea introduces
significant differences with respect to the state-of-the-art of MPD devices.
The MPD thruster contains a centerline cathode made of conductive mate-
rial. During operation, often in pulsed mode, the cathode at low currents
is subject to a non negligible voltage drop which increases the ion flux on
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the cathode itself and erosion at the cathode tip. Nevertheless at high cur-
rent and power the voltage drop is shifted towards the anode, while at the
cathode it is possible to observe a local low current density and local high
plasma number density. In the proposed concept, which has never been
tested as far as the author is aware, the cathode is present only in the back
of the chamber, while in the middle of it a cylinder made of silica is present.
Silica is non-conductive, therefore the same mechanism of pumping toward
the center of the thruster shall be verified. In addition cathode erosion, in
devices with metallic electrode, is present only at low current (therefore
low heat flux) at the tip of the cathode itself. With the silica cylinder cen-
terline this is not possible, virtually lacking the two conditions that allowed
erosion and sublimation. This means that in addition to the verification of
the assumption of silica dissociation, a completely separate theoretical and
numerical model of the torch concept should be developed.

Self-feeding torch The self-feeding concept is a concept which is more
reliable. It can be found in literature and investigations have been per-
formed on it. Except for the concept of fluid silica flowing around the walls
to protect them from the heat flux and to provide the background gas for the
silica estraction, the concept is a normal RF plasma torch. In addition the
silica, being already fluid, requires less energy to provide the same amount
of processed material

For the above consideration investigation of the self-feeding torch is se-
lected, leaving the MPD sublimation torch for future investigations.
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CHAPTER

Numerical analysis

s from §2.4.3 the self feeding torch results to be the most viable
concept that can be applied in the frame of this research. To quan-
titatively evaluate the torch performances it is necessary to answer

the issues described in Chapter 2, meaning to evaluate the sustainability by
comparing the energy cost per unit of product and to verify the assumption
that brought to system simplification.

Performance evaluation implies the analysis of the internal processes of the
torch, such as the plasma formation and the silica evaporation. These task
cannot be performed analytically, therefore numerical models are manda-
tory. The analysis was initially intended to be progressive, starting from a
low fidelity global plasma model, capable of evaluating the domain aver-
aged system evolution in time for a preliminary understanding of the work-
ing conditions, and then a multiphysics 2D axisymmetric FEM model, ca-
pable of simulating the actual torch geometry and the thermochemical pro-
cesses in each point of the domain.

The two models shares the list of reactions which describes the plasma
behavior. This list includes plasmas reaction and chemical reactions, each
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with its own reaction rate or cross section. The work performed to collect
this information was not easy: other than the physics of oxygen, which
reactions are commonly available, the plasma reactions involving silicon
and its oxygen compounds were very difficult to gather. Models of plasma
made of Si0O, appear to be not available in literature, as far as the author
is aware. The majority of the papers focus on Plasma Enhanced Chemi-
cal Vapor Deposition (PECVD), which involves hydrogen, or on the pro-
duction on nanometric Si0,, in plasma torches where silica reaches only
fusion temperature. In order to collect the fundamental equations to build
the model, reaction has to be found in astrophysics and atmospheric related
papers.

3.1 0D model

The 0D model is based on the work of Bosi [26], which led to a collabo-
ration outside the PhD path for the application of this model to N,O and
N,H, [27], being the code initially developed for Ar. The model was ap-
plied to the evaluation of the behavior of chemical reactive species with
a plasma capable of triggering a self sustained decomposition reaction. It
comprises two models which talks together: the plasma model, which is
devoted to calculate the electron and ion densities and the electron temper-
ature, and the chemical model which, on the basis of the reactions enthalpy
balance, is able to calculate the ions and neutrals temperature, evaluating
the self sustaining decomposition conditions.

3.1.1 Model description

The model simulates the OD evolution in time of a mixture of reacting gases
ionized by an inbound power (RF). It basically behaves like a pug flow re-
actor, with inflow, outflow, bulk reactions and wall reactions (mainly re-
combinations).

The plasma is considered enclosed in a volume, surrounded by walls. As
the plasma is established, electrons and ions diffuse through the volume
reaching the walls. Electrons are created in the volume through plasma
bulk reactions, and lost at walls through recombination.

3.1.1.1 Processes considered

The model takes into a number of processes which involve charged and
neutral particles:
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Outflow >

Wall reactions

[}
[}
[}
[}
[}
Inflow : Bulk reactions
[}
1
1
[}

Figure 3.1: Pug flow reactor

Wall plasma processes Wall plasma processes are recombinations that lead
to disappearance and generation of particles. The surface acts as a
third-body-collision partner and usually absorbs the exceeding energy
released in these processes. The disappearance of electron is consid-
ered lost by the system. The processes involves two main groups of
particles;

e Charged particle processes When ions and electrons hit the wall,
they recombine and are lost. Since electrons have high thermal
energy they are lost faster and leave the plasma with a positive
net charge, which set-up a negative wall potential respect to the
bulk. The potential drop, confined in a region of several Debye
lengths (see Eq. 3.6) called sheath, acts as a barrier for the more
slow electrons to cross the sheath, while ions accelerate through
it leading to the balance of the particle fluxes. The potential drop
across the plasma and the sheath and the flux of charged particles
across the sheath are evaluated. Diffusivity at the plasma-sheath
interface and electron-energy loss terms are calculated.

e Neutral particle processes The wall can be considered a third body
partner for some reactions in which also some neutral species
are involved. The reaction rate depends on the density of the
species at the wall and also on a dimensionless recombination
factor, which depends on the properties of the surface and the
particular species considered. Diffusion of such neutral particles
is calculated.

Bulk plasma processes The reactions which happen in the core of the vol-
ume, i.e. in a pug reaction not at the wall, are called bulk plasma
processes. These involve collisions and radiation. Collisions are re-
sponsible for the generation of new species and provide transfer of en-
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ergy from the electrons to the other species, and are two types: elastic
and inelastic.

e Elastic collisions They can be polarization-scattering and coulomb-
scattering: the former dominates in weakly ionized plasmas while
the latter dominates in fully ionized plasmas or whenever the col-
lision time is less or equal the characteristic time scale.

e Inelastic collisions They are ionization, dissociation, attachment,
excitation, de-excitation, etc. In both cases the reaction cross
section allows to calculate the number of events per volume per
second.

In case an electron is involved in the collision, the processes are named
electron collision processes. These include elastic scattering, excita-
tion, dissociation, ionization, recombination with ions, attachment and
detachment. Neutral gas phase processes involve recombination, de-
excitation, detachment. Ion-ion recombination and ion dissociation,
being processes between heavy species, are also included in the neu-
tral gas phase framework because are handled at the same way.

The model is based on the following main equations:

e Electrons energy balance equation:

d (3
- (EnekBTe) = Pups — Piogs (31)

where P, is the power deposited to the electrons by the RF antenna,
and is a model input, product of the power input and efficiency. P,
is the power lost by electrons in the plasma and is the sum of:

P,,ss = [bulk losses] + [wall losses] + [exhaust losses] 3.2)

e Continuity equation for each i-th chemical species:

dn; i
d_r; = [Bulk plasma processes] + [inflow]+ (3.3)

— [outflow] + [wall recombination/losses]
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3.1. 0D model

dn; inflow
—_— = ZKi’jnﬂ’lj + ——t
dt , vV,
! (3.4)
outflow .
— = events,recombination/losses
’

where K; ; is the rate constant process involving the i-th species with
the j-th species.

e Neutrals and ions energy balance equations

d

w7 (Z ﬁl-) = inflow hj, — out flow hyy + Q (3.5)

where h;, and h,,, are the molar enthalpies entering and exiting the
system, #; is the internal energy of the species, Q is the energy re-
leased or absorbed by the system due to reactions occurring inside the
chamber.

The model boundary conditions are:
e Mass flow rate
e Power input

e Geometry, from which volume V, and surface available for wall reac-
tions are derived

e Magnetic field

and the models output is represented by the behavior over time of:
e Species density
e Electron temperature

e Neutral/Ions temperature

The model has been validated in [26] with Argon and N,0O, while due
to the lack of available literature experimental data the correctness of the
application to N, H, could not be verified [27].
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3.1.2 Evaluation of applicability

The model was initially intended to be used as a verification of the selec-
tive ionization process described in §2.3.1. During the model development
and application to N,O and N,H, the complexity in switching chemical
species was clear. The implementation of the species informations, which
already took a lot of time to be gathered, was a time consuming operation,
therefore it was clear that the time to specialize the model exceeds model
possible benefits.

Decision was made to dismiss the 0D model avoiding the implemen-
tation of the SiO, kinetics. The decision took place after the under-
standing that the multiphysics 2D axisymmetric FEM model, planned
to be used after the global model, was able to perform the same assess-
ment faster and more accurately.

3.2 Multiphysics model

A multiphysics 2D axisymmetrical FEM model (COMSOL™) of the first
stage of the demonstrator has been set up with the following objectives:

e To verify the silicon ions separation in terms of number density respect
to the other species inside the plasma

e To evaluate the output of the torch in terms of species composition and
species velocity, in order to understand the necessity and requirements
of the second and third stages

e To evaluate the power level required to perform the ionization and
extraction of the silicon ions, by evaluating trends in varying the input
parameters

3.2.1 Model description

The models simulates the torch behavior, with the molten SiO, injection
and the power deposition. The geometry resembles those of the torch in
§2.4.2, while at its ending a volume is placed, as a section of the vacuum
chamber, to allow fluid expansion and neutrals ion pumping out.

The torch have lab size dimensions:

e R,=2cm
e [,=7cm
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Blue: inflow
Imposed mass flow rate
and temperature

Power depaosition
volume

wall

surface

‘\‘\‘( Torch outflow

(7)

(5)

(6) \1
Green: outflow

Figure 3.2: 2D axisymmetric FEM model geometry and description. Walls are numbered
to allow understanding of the boundary and initial conditions

The model takes into account the following phenomena:

e Silica evaporation inside the chamber;

e Plasma creation inside the chamber due to power deposition;
e Fluid flow inside the chamber;

e Thermal dynamics due to the enthalpies of reaction.

According to Fig. 3.2 the model has an axisymmetric geometry. From
boundaries (1), (2) and (3) the SiO, is injected simulating the evaporation
from the liquid silica layer which protects the wall from the torch heat flux.
This evaporating material establish a laminar flow which is affected by the
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power deposition in the volume of the torch (the red circle in Fig. 3.2).
In the volume a plasma is therefore created, and the provided energy is
spent to ionize the plasma and to increase the electron temperature and the
ion/neutral temperature. From the torch ouflow surface the plasma and the
neutrals flows into a bigger volume which purpose is to simulate a part of
the volume of the separation chamber, in which the neutrals (mainly molec-
ular oxygen) are pumped away and the ions are not affected due to the high
output speed and, in case, by the applied uniform magnetic field of the sep-
arator stage. The power is deposited into the plasma (e.g. inductively by an
antenna), increasing the electron temperature. The energy increment trig-
gers the decomposition and ionization reactions, which in turns increase
the electron density and the electrons impacts, till the reaching of dynamic
equilibrium with the inbound mass flow.

The model comprises a fluid-dynamical model (§3.2.1.1), a thermal model
(§3.2.1.2) and a plasma model (§3.2.1.3) coupled one to each other. As
introduced above, ions and neutrals are supposed to have a single tempera-
ture, different from the electrons one. This implies that a single fluid model
is used, where the plasma is seen as a unique conducting fluid and globally
neutral, that reacts to external inputs. This approach is possible because the
plasma is collisional, due to the relatively high pressure level in the torch,
and two conditions applies:

e the time scales of interest are much higher than the characteristics
frequency of the system. In particular characteristic electron-neutral
collision frequency of this kind of system is much higher (v._, ~
O(1E9 s7! [28]) that the exciting frequencies, which are on the or-
der of MHz (O(1E6 s71).

e the characteristic length of the system must be much higher than the
Debye length. As we will see in the worst case an electron temperature
of 5 eV and an electron density of 1E16 m™ (§3.2.3.1) and §3.2.3.2)
lead to a maximum Debye length of

ks T [K
A = 'Eos—q,z[] ~1TE—4m (3.6)

which is orders of magnitude smaller than the chamber diameter or
length.
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Related to the above bullets, the collisionality of the plasma is veri-
fied, meaning that the mean free path before an electron-neutral collision
Ae—n = Vem/Ve—n 1s much lower than the characteristics dimensions of the
system. Considering above values of electron temperature, from which v,
is calculated through Eq. 3.37, and of electron-neutral collision frequency,
avalue of A,_, ~ O(1E — 3 m) < R;, L, is found.

The logic of the model is represented in Fig. 3.3 below:

Fluidic model

S
T
Thermal model [— 5 rho.mu u
Cp

Plasma model

Figure 3.3: Multiphysics model logic

The model input is a general power deposition per unit volume P;,,
which is used inside the electron energy balance equation (Eq. 3.7 [29])
that rules the deposition of energy inside the plasma. The choice to not
specialize the model toward a particular energy deposition technology was
preferred to focus the attention on what happens inside the plasma, and
what are the outcome of the device starting from actual deposited power
levels, in agreement with the goals of the work identified in Chapter 2.
From the practical point of view such power deposition can be performed
using ICP or helicon plasma sources, but the effect of this technologies on
the overall behavior is taken into account using in §4.3 a typical source
efficiency value. The electron energy balance equation is:

P.
%+V-FG+EL:RG—(u-V)ne+£ 3.7)
q
I'e = —(ue - E)ne — De - Vne (3.3)
E=-VV (3.9)
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Where ne is the electron energy density, Re is the energy loss/gain due
to inelastic collisions, ue is the electron energy mobility (see Eq. 3.52),
De is the electron energy diffusivity, P;, is the power deposited into the
plasma and is modeled as a power deposition for unit of volume (W/m?), E
is the electric field and V is the potential. Assuming a Maxwellian Electron
Energy Distribution Function (EEDF) the following relations hold [30]:

D, = T, (3.10)
5

He = FHe (3.11)

De = T, (3.12)

Eq. 3.7 is coupled to the momentum balance equation (Eq. 3.13) of
the fluid model, as the neutral fluid velocity field u is the output of this
equation. u also enters in the continuity equations for electrons, in the
continuity equation for ion/neutrals and the ion/neutral energy balance.

ou

- -Vu=V-
pat+p(u )u

—pL+ p(Vu + (Vu)") - %,1 (V- u) Il (3.13)

The momentum balance equation usually contains a term of external
force. Nevertheless in the proposed model the boundary conditions foresee
no external electric field E or magnetic field B applied to the torch volume,
therefore no Lorentz force is applied to the quasi neutral conductive fluid,
and the momentum balance equation results a standard Navier-Stokes equa-
tion.

As said, the coupling with the plasma part is provided by the neutral fluid
velocity field u, but also through the density p and the dynamic viscosity
u terms, which are calculated averaging on the mixture. Starting from the
mean molar mass M,

1 Al Wi
- ; o (3.14)

where wy is the mass fraction of the species k, and M, its molar mass.
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Therefore p and u are:

M,
=P (3.15)
RT
u=u(T, My, ) (see Brokaw [31] for details) (3.16)
~ Zk xképk
C,=——- (3.17)
P My

Eq. 3.13 is coupled to the thermal model, and in particular to the heat
equation Eq. 3.18, through p and u, which depend on 7', and again through
the fluid velocity field u. The heat equation is also coupled to the plasma
model through the specific heat C,, from Eq. 3.17, conveniently converted
from molar basis to mass basis units.

T
pc,,aa—t +pCou-VT =V - (kVT) + Q (3.18)

where Q is the heat provided to the gas due to system reactions:

Q== AHyrr (3.19)
J

AH; and rr; are the enthalpy and the reaction rate of the j-th reaction,
where:

AH; = Wiy (3.20)
N ~ N ~
=k e =kl | eV (3.21)
J j ﬂ k J k
k=1 k=1

where ¢, = wip/M; is the molar concentration of the k-th species, ¥y; is the
stoichiometric matrix with the stoichiometric coefficients and kj.c and k? are
the rate coefficients calculated through the Arrhenius law or the integration
of the cross section depending on the input data.

The objectives of the model described in the previous paragraph are to
be verified in the torch volume and at the torch outflow surface, and in par-
ticular the ions velocities which impact the device design in case a further
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ionization or accelerating stage is needed.

The model takes into consideration 18 chemical species, listed in Tab.
3.1, and for each of them the termochemical properties are specified (see
§3.2.2.2).

o 02+ Si

O+ 02ald Si+
Old O2bls SiO
Ols 02(45) SiO0+
O- 02- Si02
02 03 Si02+

Table 3.1: Species taken into consideration by the 2D axisymmetric FEM model

3.2.1.1 Fluid-dynamical modelling

The possibility of using the Navier-Stokes equation is based on the contin-

uum assumption. This can be easily verified by calculating the Knudsen

number:

Amgp
L,

Kn = (3.22)

The A,,f, is given by the ratio of the average velocity of the colliding
particle and the neutral collision frequency. Under the approximation of
the hard-sphere gas in the kinetic theory the mean free path can be approx-

imated as:
u m

Ampp = =
fr o ZkBT

(3.23)

where m is the molecular mass. By using the molecular mass of SiO, the
most abundant species in the volume, it is possible to obtain 4,7, ~ 4E-3 m
in the worst case of 25 Pa background pressure, which gives Kn ~ O(10),
which is the same order of magnitude of the ratio A,_,/L,.

A laminar flow is modeled for the fluid-dynamics of the system. As

the Knudsen number, the Reynolds number is calculated a posteriori to be
Re ~ O(1 — 10) < 2000, verifying this assumption .
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The boundary conditions and the equations governing the dynamics are
the following:

Boundary | Condition

(1) 2) 3) | Imposed mass flow rate

—fp(u~n)dS =1 (3.24)
s
“) ‘ No slip condition
u=0 (3.25)
(5) (6) ‘ Output pressure imposed
P = Do (3.20)
@) ‘ Axis of symmetry
—fp(u~n)dS =0 (3.27)
s
Volume ‘ Continuity equation
0,
P4y (pu=0 (3.28)
ot
Volume ‘ Momentum balance
ou n 2 -
po HP@ Vu=V-|-pl +u(Vu+ (Vo)) - VWl (3.13 revisited)
L _ i Wk (3.14 revisited)
M, &My '
_ My .
p= RT (3.15 revisited)
u=pu(T, My, i) (3.16 revisited)

Table 3.2: Fluid-dynamical boundary conditions and equation governing the model

The physics of the SiO, evaporation is taken into account in Eq. 3.24
with the definition of the input mass flow rate riz. According to Schick [32],
the most important reaction in the vaporization of silica is:

SiOz(Z) - SiO(g) + 0-502(g) (329)

while §iOy, results to be produced in at least one order of magnitude less
quantity. The model has been therefore set to have, as a boundary condition,
the injection from the walls of a mixture of SiO and O, in stoichiometric
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condition, plus minor quantities of other molecules for numerical purposes.
The mixture is reported in Tab. 3.3, which is derived from Schick [32] from
Si0, decomposition in neutral conditions (i.e. without air or other gas in
the environment).

Species | Mass fraction
02 0.332

o 0.01

SiO 0.657

Si02 0.001

Table 3.3: Inlet mass flow rate mixture
The range of mass flow rates used in the model is 1E-7 - 1E-5 kg/s.

3.2.1.2 Thermal modelling

The thermal modeling of the system comprises the heat equation with heat
generation from the system chemical reactions. Due to the evaporation
of silica on the walls the temperature of the vapor that leaves the surface
is assumed constant and equal to the boiling temperature of the fluid 7.
This temperature strongly depends on the pressure inside the chamber, and
therefore 7}, is calculated from the vapor pressure of silica, assuming that
the Eq. 3.30 valid for neutral conditions as from [32] is valid throughout
the whole simulation.

3160
olatm] =2 = 18411 — —— 3.30
psiolatm] = 2po, eXp( ( K] )) (3.30)
therefore
3160
waplatm] = 1.5 ex (18.41 (1 - )) 3.31
Pvap p T,IK] (3.3D)

Starting from the imposed pressure, and expressing the pressure in Pascal,

the equation can be inverted to obtain the boiling point.
3160

1-In(&2)/18.41

1.5-101325

T,[K] =

(3.32)

Null heat flux is imposed at the other surfaces, therefore the only energy
flux is due to the inflow and outflow of enthalpy.
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Boundary | Condition
(1) 2) 3) | Imposed wall temperature and inlet flow temperature
T=T (3.33)
@ ‘ No conductive flux
-n-(—kVT) =0 (3.34)
) (6) ‘ No conductive flux, only convective outflow
-n-(—kVT) =0 (3.35)
@) ‘ Axis of symmetry
-n-(—kVT) =0 (3.36)
Volume ‘ Heat equation
pCpaa—]; +pCpu-VT =V - (kVT) + Q (3.18 revisited)
C,= % (3.17 revisited)
0=- Z AHr; (3.19 revisited)
J
AH; = Z B (3.20 revisited)

Table 3.4: Thermal boundary conditions and equation governing the model

3.2.1.3 Plasma modeling

The modeling of the plasma decomposition of the inbound gas mixture
is the most complex physics taken into consideration in the FEM model.
It comprises both plasma reactions, which involve electrons impact, and
chemical reactions, which are responsible of the heating of the neutral mix-

ture.

As introduced the equation that rules the deposition of energy inside the
plasma is the electron energy balance in Eq. 3.7. The power is injected into
the plasma, increasing the electron temperature. The energy increment trig-
gers the decomposition and ionization reactions, which in turns increases
the electron density and the electrons impacts, till the reaching of dynamic
equilibrium with the inbound mass flow.
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An important aspect is represented by the wall recombination, which
represents a sink of electrons and ions because charged particles hits the
wall and recombine with the opposite charge, disappearing in case of elec-
trons (but providing an energy flux toward the wall) or mutating into the
neutral atoms or molecules in case of ions. The fluxes of electrons I'. and
electron energy I'e to the wall are calculated in Eqgs. 3.39 and 3.40, and are
proportional to the the thermal velocity v, ,, defined as

T.[K
Vein = 8ksT[K] (3.37)

m,

For sake of clarity in the following equations the quantities that refers to
electron have [.], as subscript, while those referring to the electron energy
have [.]e as subscript.

Boundary Condition
(1) 2 (3) @) | Ground
V=0 (3.38)
(1) (2) (3) (4) | Normal flux of electrons and electron energy
1
n-ITe= (Evg,,hne) (3.39)
5
n-Te = g Veantie (3.40)
%) (6) ‘ Zero charge building on the boundary
-n-D=0 (3.41)
(5) (6) ‘ No flux of electron density and electron energy density
-n-Te=0 (3.42)
-n-Te=0 (3.43)
@) ‘ Axis of symmetry
-n-I'.e=0 (3.44)
-n-Te=0 (3.45)
Continued on next page
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Table 3.5 — continued from previous page

Boundary Condition
Volume Electron density and electron energy balance
on,
y +V-Te=R,—(u-V)n, (3.46)
Fe=-Ww.-E)n,-D,Vn, (3.47)
One Pi,

—+V'Fe+E'Fe=Re—(U'V)ne+—
ot q

I'e = = (ue - E)neg — De - Vne

(3.7 revisited)

(3.8 revisited)

E=-VV (3.9 revisited)
D, = u.T. (3.10 revisited)
5
He = gue (3.11 revisited)
De = peT. (3.12 revisited)
M
Re = Z Xjijnl’le (348)
=1
P
Re = )" xjkiNaneAe; (3.49)
j=1
Volume Continuity equation for each species
0
p% +p-Vyw = R, (3.50)
N
Ry = M Z Tejrr (3.51)
J=1
Volume Reaction rate calculation
N -~ ~
=k [ o -] | o (3.21 revisited)

k=1 k=1

Table 3.5: Plasma boundary conditions and equation governing the model

where R, is the electron source term, Ae; is the energy loss for reaction j-th,
N, is the total neutral density, M, is the atomic weight of the species k-th.

In the torch volume the values of power injected P;, are 12.5W —125W —
1250W.

3.2.1.4 FEM discretization

Linear FEM elements are used for the discretization. Quadratical discretiza-
tion for electric potential, electron density and electron energy density greatly
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increased Degrees of Freedom (DoF) number without introducing improve-
ments in the solution.

Figure 3.4: 2D axisymmetrical model mesh

The geometry is 2D axisymmetrical, and the domain is discretized with
triangular elements and quadrilateral boundary layer elements. The torch
domain in which the power deposition occurs is meshed with finer elements
respect to those of the “chamber” region. Fig. 3.4 shows the mesh.

A sensitivity analysis was performed on the mesh. Results are provided
in Fig. 3.5 where the maximum electron density is plotted versus subse-
quent mesh refinement. As can be seen above 6000 elements the solutions
reaches a trend where further refinements provide only minimal improve-
ments in the solution, which do not justify the increased computational
load.
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Solution sensitivity to mesh size
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Figure 3.5: 2D axisymmetrical model mesh sensitivity analysis

3.2.2 Input experimental data

The model needs as input several information about the reactions occur-
ring inside the chamber and physical properties of the substances involved.
These data comes from experimental investigation, therefore extensive re-
search on literature and databases was necessary. The information needed
by the model are basically of two kinds:

Set of involved reactions listing the reactions which occur inside the vol-
ume and on the surface of the chamber.

Thermochemical properties for each of the involved species: specific heat,
enthalpy of formation and entropy are necessary to calculate the heat
of reaction and therefore to calculate the temperature of the neutrals
as specified in Eq. 3.18.

3.2.2.1 Reaction set

A big effort was put in identifying an exhaustive set of equations capable
of simulating silica decomposition and thermal behavior. Unfortunately
silica plasma processing is generally investigated for the production of
nanometric silica particle (fumed silica) for industrial uses. In such ref-
erences the phenomenon is mainly described and modeled in its global be-
havior, with the purpose of comparing results to macroscopic experimen-
tal values [33—35]. Even if in case of numerical simulation of the plasma
flame [36] the model is mainly focused in reproducing its fluidic behavior
rather than simulating the behavior of any single specie inside the chamber,
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and the material usually reaches the melting point at maximum. A field
in which there is an extensive literature of processes and kinetic plasma
models is Plasma Enhanced Chemical Vapour Deposition (PECVD) where
unfortunately the most used class of silicon compound is those of silanes,
due to their gaseous form and their capability to be easily decomposed in a
plasma environment. The area of research which provides the most useful
information is instead the modeling of atmospheric processes. Surprisingly
it appears that silicon ions are generated in the Earth’s upper atmosphere by
collisions of material ablated from incoming meteoroids with atmospheric
molecules [37,38], and from charge transfer of silicon-based neutral species
with major atmospheric ions [39]. Being atmosphere composed mainly by
nitrogen and oxygen it is clear that the interaction of silicon with those el-
ements is of great interest to understand aspects of atmospheric dynamics.

The reactions kinetics can be expressed in two main forms, by using the re-
action cross section or by providing the forward rate constant, from both of
which the reaction rate can be obtained [40]. In Tab. 3.6 the bulk reactions,
which happens inside the plasma volume, are listed along with the source
where they were retrieved. In Tab. 3.7, for the reaction whose kinetic can
be expressed by using a reaction rate, the expression of the latter is pro-
vided. It has to be underlined that apparently no complete kinetic models
of silica plasma decomposition are available in literature, therefore this set
of reactions can be a useful source of rate constants and references for those
involved in building similar models.

# Reaction Type eV Source
1 e+02=>e+02 Elastic [41]
2 e+02=>0+0- Attachment - [42]
3 e+02=>e+02 Excitation 0.02 [42]
4 e+02=>e+02 Excitation 0.19 [42]
5 e+02=>e+02 Excitation 0.19 [42]
6 e+02=>e+02 Excitation 0.38 [42,43]
7 e+02=>e+02 Excitation 0.38 [42-44]
8 e+02=>e+02 Excitation 0.57 [42—-44]
9 e+02=>e+02 Excitation 0.75 [42-44]
10 | e+ 02 =>¢e+ 02ald Excitation 0.977 [42-44]
11 | e+ O2ald=>¢e + 02 Excitation -0.977 | COMSOL
12 | e+ 02 =>e+ O2bls Excitation 1.627 [42-44]
13 | e+ O2bls=>e + 02 Excitation -1.627 | COMSOL
14 | e+ 02 =>e + 02(45) Excitation 4.5 [42,44]
15 | e+ 02(45)=>e+ 02 Excitation -4.5 | COMSOL
16 | e+02=>e+0+0 Excitation 6 [42,44]
17 | e+02=>e+0+01d Excitation 8.4 [41,44]
18 | e+02=>e+0+O0ls Excitation 9.97 [44]
Continued on next page
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Table 3.6 — continued from previous page

# Reaction Type eV Source

19 | e+ 02=>2e+ 02+ Ionization 12.06 [42]
20 | e+ 02ald => e +02ald Elastic [41]
21 | e+02ald=>e+0+0O Excitation 4.6 [41]
22 | e+ O2ald =>2e + O2+ Ionization 11.1 [41]
23 | e+ O2bls =>¢e + O2bls Elastic [41]
24 | e+ O02bls=>e+0+0 Excitation 6 [41]
25 | e+ O2bls =>2e + 02+ Ionization 10.39 [44]
26 | e+ 02(45)=>e+0+0 Excitation 1.5 | COMSOL
27 | e+ 02(45)=>2e + O2+ Ionization 7.58 | COMSOL
28 | e+O0O=>e+0 Elastic COMSOL
29 | e+0=>e+01d Excitation 1.968 [44]
30 | e+0ld=>e+0O Excitation -1.968 | COMSOL
31 | e+ O=>e+O0ls Excitation 4.192 [44]
32 | e+0ls=>e+0 Excitation -4.192 | COMSOL
33 | e+ 0=>2e+0+ Tonization 13.192 [44]
34 | e+0ld=>e+Ols Excitation 2.224 | COMSOL
35 | e+ 01d=>2e+ O+ Tonization 11.224 | COMSOL
36 | e+ Ols=>2e+ O+ Ionization 9 | COMSOL
37 | e+ 02+ 02=>02+02- Attachment COMSOL
38 | e+02+=>0+0 Recombination COMSOL
39 | e+02+=>0+0Id Recombination COMSOL
40 | O2ald+02=>02+ 02 Metastable quenching COMSOL
41 | 02ald+0=>02+0 Metastable quenching COMSOL
42 | O2bls +02=>02+02 Metastable quenching COMSOL
43 | O2bls+0=>02+0 Metastable quenching COMSOL
44 | 02(45)+02=>02+02 Metastable quenching COMSOL
45 | O1d+02=>0+02 Metastable quenching COMSOL
46 | Old+O=>0+0 Metastable quenching COMSOL
47 | Ols+02=>0+02 Metastable quenching COMSOL
48 | Ols+0=>0+0 Metastable quenching COMSOL
49 1 0+0+02=>02+02 Recombination COMSOL
50 O+0+0=>0+02 Recombination COMSOL
51 | O++02=>0+02+ Charge exchange COMSOL
52 1 O-+0=>02+e¢ Detachment COMSOL
53| O-+02=>02-+0 Charge exchange COMSOL
54 | O-+0+=>20 Recombination COMSOL
55 | O-+ 02+ =>30 Recombination COMSOL
56 | O2- + 02+ =>202 Recombination COMSOL
57 | 02- + O+ => 02+0 Recombination COMSOL
58 | e+ Si=>2e+ Si+ Ionization 8.15 [45]
59 | e+ SiO => 2e + SiO+ Tonization 11.49 [45]
60 | e+ SiO2 => 2e + SiO2+ ITonization 12.13 [45]
61 | 20+02=>03+0 [46]
62 | 202+ 0=>03+02 [46]
63 | 203=>0+ 02+ 03 [47]
64 | O+02=>03 [48]
65 | 02+ + Si=> Si+ + 02 Charge exchange [49]
66 | O2ald + 03 =>202+0 Metastable quenching [46,47]

Continued on next page
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Table 3.6 — continued from previous page

# Reaction Type eV Source
67 | Si+ 02 =>Si0 + O(@3P) [39]
68 | Si+ 03 =>Si0 + 02 [39]
69 | Si+ + 02 =>Si0+ + O Charge exchange [50]
70 | Si+ + 02 => Si02+ Charge exchange [51]
71 | Si+ + O2(alDg) => SiO+ + O Charge exchange [52]
72 | Si+ + O3 => (SiO+ + 02)*0.52 | Charge exchange [52]
+ (Si0 + 02+)*0.48
73 | SiO + 03 =>Si02 + 02 [52]
74 | SiO++e=>Si+0 Attachment [49,53]
75 | SiO+ + O => Si+ + 02 Charge exchange [54]
76 | SiO+ + 03 => Si02 + 02+ Charge exchange [55]
77 | SiO2 + O => SiO + 02 [52]
78 | SiO2+ +e=>Si+ 02 Attachment [56]
79 | SiO2+ + 02 => SiO2 + O2+ Charge exchange [50,55]
80 | e+O++e=>0+e¢ Recombination [57]
81 | e+ O++Si=>0+Si Recombination [57]
82 | e+ O+ + SiO => O + SiO Recombination [57]
83 | e+O0++02=>0+02 Recombination [57]
84 | e+O0++0=>0+0 Recombination [57]
85 | O+ +03=>02++02 Charge exchange [57]
86 | O+ + O+ Si=>02+ + Si Recombination [57]
87 | O+ + O + SiO => 02+ + SiO Recombination [57]
88 | O++ 0+ 02=>02++02 Recombination [57]
89 | O++0+0=>02++0 Recombination [57]
F

Table 3.6: List of bulk reactions implemented in the 2D axisymmetric FEM

model

# Reaction Unit
37 | Na**3.6E — 40 = (T,%) m®/s/mol?
38 | Nax*1.95E —13 % (300[K]/T)*7 m3/s/mol
39 | Nax*1.95E — 13 % (300[K]/T)"7 m3/s/mol
40 | Na*3E — 24 x exp(-200[K]/T) m’/s/mol
41 | Na*2E -22 m’/s/mol
42 | Na*2317E —28 = T m3/s/mol
43 | Na*4.634E —22 « T%> m’/s/mol
44 | Nax=2E—-19 m’/s/mol
45 | Na*3.2E — 17 = exp(67[K]/T) m3/s/mol
46 | Na=8.0E - 18 m’/s/mol
47 | Nax*4.8E — 18 «exp(67[K]/T) m3/s/mol
48 | Na*3.33E — 17 = exp(—-300[K]/T) m3 | s/mol
49 | Na? *9.268E — 42 x (T7063) m®/s/mol?
50 | Na?%3.334E — 41 % (T706%) m®/s/mol?
51 | Na%19E — 18 = T~04 m3/s/mol
52 | Nax5.0E - 16 m>/s/mol
53 | Nax1.0E -20 m3/s/mol
54 | Na*23E —13%(T/300[K])~%° m3/s/mol
Continued on next page
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Table 3.7 — continued from previous page

# Reaction Unit

55 | Nax*23E - 13 % (T/300[K])~%> m3/s/mol
56 | Nax*23E - 13 % (T/300[K])"%3 m3/s/mol
57 | Na*23E —13 % (T/300[K])~*° m3 | s/mol
61 | Na®*2E — 46 = exp(345[K]/T) m®/s/mol?
62 | Na** 6.4E — 47 % exp(663[K]/T) mb/s/mol?
63 | Nax*1.648E — 15 = exp(—11400[K]/T) m3 | s/mol
64 | Nax14E -20 m>/s/mol
65 | Nax1E-15 m3/s/mol
66 | Na*726E — 16 % exp(—11400[K]/T) m3/s/mol
67 | Na*9.49E — 117 + Na = 1.8E — 16 = exp(=T/115[K]) | m?/s/mol
68 | Nax4E - 16 m3/s/mol
69 | Nax1E-19 m3/s/mol
70 | Nax1E-19 m> /s /mol
71 | Na*3.6E-17 m3/s/mol
72 | Na*x6.5E—16 m3 | s/mol
73 | Nax44E - 19 m>/s/mol
74 | Na*2.00E — 13 x (T/300[K])~%° m3/s/mol
75 | Na*x2E-16 m3 | s/mol
76 | Nax6E - 16 m>/s/mol
77 | Na*x5E—-19 m3/s/mol
78 | Na*x3E-13 m3 | s/mol
79 | Nax1.5E - 19 m>/s/mol
80 | Na?*7.0E — 32 % (300[K1/(T, * 11604[K/V]))*? m®/s/mol?
81 | Na?+6.0E — 39 % (300[K1/(T. = 11604[K/V]))'> m®/s/mol?
82 | Na? = 6.0E — 39 = (300[K]/(T, * 11604[K/ V)" mb/s/mol?
83 | Na? *6.0E — 39 % (300[K1/(T, * 11604[K/ V)" m®/s/mol?
84 | Na?+6.0E — 39 % (300[K1/(T, = 11604[K/V]))'® m®/s/mol?
85 | Nax1E - 16 m>/s/mol
86 | Na*>«1E —41 m®/s/mol?
87 | Na*>+1E -42 m®/s/mol?
88 | Na?>x1E —43 m/s/mol?
89 | Na?+ 1E — 44 m®/s/mol?

Table 3.7: Rate constant of bulk reactions implemented in the 2D axisym-
metric FEM model

It has to be underlined that despite many of the previous cross sections
and rate constant were already available in the commercial FEM software,
they have been reviewed to verify their consistency with trusted sources.
Many incorrectness have indeed been identified, and some of them were
also able to provide a non negligible shift in the solution. Fig. 3.6 provides
aplot of the cross section of the reaction #33 e + O => 2e + O+, showing
the strong difference in slope between the two curves.

In addition to plasma bulk reactions, surface reactions which happens
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e + O = 2e + O+ cross section
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Figure 3.6: Comparison of cross sections from different sources for the reaction #33 e +
0 => 2e + O+

on the walls of the geometry (boundaries 1-2-3-4 of Fig. 3.2) are modeled.
Wall plasma processes are mainly recombination reactions which lead to
disappearance and generation of species.

Wall recombination process can can be mainly of two kinds:

e charged particles processes

e neutral particles processes

Charged particle processes results in a ion-electron recombination at
wall, with the electron provided by the wall itself, which results in the gen-
eration of one or more neutral species. Neutral particles interaction with
walls results in the generation of different neutral species. A third phe-
nomenon happening at wall is the electron disappearance, which is a dissi-
pative energy process that draws away the power deposited in the plasma,
and which is ruled by Eqs. 3.39 and 3.40. Each wall reaction is identified
by a sticking coeflicient, which describes the probability for the reaction
to happen when a particle comes in contact to the wall. In Tab. 3.8 the
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wall plasma processes implemented in the 2D axisymmetric FEM model
are listed along with the related sticking coefficients.

Reaction Sticking coefficient
0O2ald => 02
O2bls => 02
02(45) => 02
02+ =>02
Old=>0
Ols=>0
O+=>0
0O+0=>0502 0.00
Si+ => Si
SiO+ => SiO
Si02+ => Si02

—| =[O 0| Q||| K| W | —| H

— O
| = = =] =] =] =] = =] =] =

Table 3.8: Sticking coefficients of wall plasma processes implemented in the 2D axisym-
metric FEM model

The reduced electron mobility is used and imposed to be 4E24 sA/(m’kg),
which has been used in simulation involving Ar [58] and O2 gases [59].
This value may be a little bit too high considering values on the order of
1E23 sA/(m’kg) obtained from characteristic electron-neutral collision fre-
quency for CO2 (7.5E8 s7!), CO (2.25E9 s7') and Ar (1.9E9 s7') [28] for
the range of pressure of interest of this simulation (25-75 Pa) through Eq.
3.52

o = —L (3.52)

meve—n

nevertheless it has be maintained for sake of comparison with previous
models. A future open point may be to implement a more detailed rela-
tion for electron mobility calculation.

3.2.2.2 Thermochemical data

The second set of input data to be retrieved is those of the species thermo-
dynamic properties. These are expressed in the form of the NASA polyno-
mials, where 14 coeflicients define the following relations for the thermo-
dynamic properties [60].
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C
% =a;+aT +a;T* + a,T* + asT* (3.53)
H a a a a a
R—; = +52T+?3T2+Z4T3+§5T4+T6 (3.54)
S
& = ailn(1) + a7 + %TZ 4 %ﬂ 4 %T“ ta (3.55)
where H is defined as
Ho(T) = AHy£(298) + [Ho(T) — Hyp(298)] (3.56)

the value for the chemical species involved are obtained from NASA Ther-
modynamic database [61] based on JANAF Tables [62]. Enthalpy values
for ions and excited state molecules are those for the neutral state with in
addition the energy variation due to excitation/ionization.
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S$i02 J 9/67SI 1.0 2. 0. 0.G 300.000 5000.000 60.08430 1

5.86203950E+00 1.77197840E-03-7.51941940E-07 1.41805840E-10-9.88564170E-15
-3.87678160E+04-6.84718711E+00 3.26280580E+00 8.50165840E-03-5.73881440E-06
1.28965730E-11 9.75449760E-13-3.80359710E+04 6.66807529E+00-3.67355093E+04

3.2.3 Results

The simulation have been performed simulating all the possible combina-
tion between the parameters in Tab. 3.9, for a total of 27 simulations.

Parameter Values Unit
Power input 125-125-1250 | W
Mass flow rate | 1E-7 - 1E-6 - 1E-5 | kg/s
Pressure 25-50-175 Pa

Table 3.9: Simulations parameters and values

Simulations results are summarized in the following paragraphs. Graphs
report the points corresponding to the simulation results. The lines which
connect these points are the results of power law fittings.

3.2.3.1 Electron temperature

As from Fig. 3.7 the maximum electron temperature never exceeds 5 eV.
This result confirmed the validity of the choice of maintaining reaction in-
volving negative ions, i.e. modeling an electronegative plasma, as the cross
section of the involved electronegative reactions shows higher values in the
low electron temperature region [40), 63].

3.2.3.2 Electron density

Figs. 3.8 and 3.9 provides the results for the average electron density in
the torch volume (i.e. non including the vacuum chamber of the separation
stage volume) with respect to the input power and the background pressure.
The main observation is the strong dependence of the electron density on
the input power, rather than on the background pressure. This is pretty
straightforward considering that the variation of the electron energy de-
pends linearly from the input power P;, in Eq. 3.7 which in turns increases
the electron density due to increased collision number. In Fig. 3.8 it may
appear that, while at low pressures the mass flow rate increment results in
an increasing of the electron density, at high background pressure the elec-
tron density is basically independent on the input mass flow rate. This is
actually only due to the logarithmic scale chosen for the representation, in
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fact in Fig. 3.10 the difference between the electron density obtained at 1E-
5 kg/s of input mass flow rate and those obtained at 1E-6 kg/s of input mass
flow rate are plotted. Analogously a second set of curves plot the difference
between the electron density obtained at 1E-6 kg/s of input mass flow rate
and those obtained at 1E-7 kg/s of input mass flow rate. As can be seen
there actually is a dependency on mass flow rate at high pressures, while
the greatest absolute increments happen at low pressure due to the stronger
relative increase in neutral densities and therefore collisions number.

3.2.3.3 Neutrals and ions number densities

By analyzing the plot of the number density of the different species plotted
with respect to the background pressure or the power input, the main ob-
servation is that it is indeed possible to achieve an interesting production
of silicon ions. By observing Figs. 3.11, 3.12 and 3.13 one can infer that
the production is shifted toward Si+ at higher background pressure, due to
increased number of collisions which occur.

In addition, in a view of extracting only silicon ions and avoiding ions of
other species, from the same plot it is possible to observe that only for high
powers the number density of silicon ions is higher of those of SiO and
of Si0,. The last observation is that, as one can better see from the related

m_dot = 1E-7 kg/s
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Figure 3.11: Species number density Vs Background pressure @ 1E-7 kg/s input mass
flow rate
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m_dot = 1E-6 kg/s
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Figure 3.12: Species number density Vs Background pressure @ 1E-6 kg/s input mass
flow rate

m_dot = 1E-5 kg/s

1E+19

Wi+, 12.5W
WSi+, 125W
Si+, 1250W

WSiO+, 12.5W
W SiO+, 125W
W Sio+, 1250W
W Si02+, 12.5W
W SiO2+, 125W

Si02+, 1250W

number density [1/mA3]

WO+, 12.5W
WO+, 125W

0+, 1250W

W02+, 12.5W
02+, 125W
02+, 1250W

Pressure [Pa]

Figure 3.13: Species number density Vs Background pressure @ 1E-5 kg/s input mass
flow rate

61



Chapter 3. Numerical analysis

tables in Appendix A, final number densities are similar independently from
the input mass flow rate. This is primarily due to fact that, at a certain
background pressure, which is set at the output of the domain, mixture
properties such as density are fixed, and therefore collision number. What
changes by maintaining almost fixed density and geometry is the velocity
field, whose magnitude increases at the increasing of the mass flow rate.

In Figs. 3.14, 3.15 and 3.16 the same number density is plotted versus
input power, confirming the above considerations. In both series of graphs
it is clear that, even at the most favorable condition for silicon production,
the ion with the highest number density is O+. This is due mainly to the
combination of the input conditions and reactions chain. The input mass
flow includes about one third of O, and two thirds of SiO: generally speak-
ing the number of O atoms is double than those of Si. In addition the chain
of reactions that brings to O+ is more favorable in terms of requested total
energy. According to Tab. 3.6, despite the threshold energy for monoatomic
oxygen 1onization of reaction #33 is pretty high, 13.2 eV, the threshold en-
ergy for the reaction #16 e + O, => e + O + O is only 6 €V, for a total of
19.3 eV. If one considers the threshold energy for SiO ionization in reaction
#60, 12.1 eV, and the ionization of S/ in reaction #58, 8.2 eV, the required
energy is 20.2 eV. This, in addition, does not even consider reaction #74
Si0 + +e => Si + O, which introduces a further energy expenditure, and

m_dot = 1E-7 kg/s

1E+19 M Si+, 25Pa
M Si+, 50Pa
‘__. Si+, 75Pa
1E+18 TP msiow, 25pa
Pt il
T !
i WSiO+, 50Pa
W SiO+, 75Pa

W SiO2+, 25Pa
W SiO2+, 50Pa
Si02+, 75Pa

number density [1/m~3]

WO+, 25Pa
W O+, 50Pa

O+, 75Pa
W02+, 25Pa
02+, 50Pa

02+, 75Pa

Power [W]

Figure 3.14: Species number density Vs Input power @ 1E-7 kg/s input mass flow rate
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m_dot = 1E-6 kg/s
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Figure 3.15: Species number density Vs Input power @ 1E-6 kg/s input mass flow rate
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the fact that the amount of monoatomic oxygen is, as said, potentially the
double of those of silicon. Obviously there are other chain reactions paths
that brings to silicon and monoatomic oxygen ions, but the two mentioned
above already provide and explanation of the simulation results.

The practical output of this explanation is that in the outflow of the torch
a non negligible quantity of O+ ions shall be taken into consideration, es-
pecially at low power and low pressure regimes where S iO+ is also present
in large quantities.

3.2.3.4 Neutrals and ions temperature

The heat equation 3.18 allows the heat of reactions to influence the tem-
perature of ions and neutrals, as part of the energy P;, provided does not
go into ionization or ion acceleration but goes into plasma heating. This
heating results into a thermal flux of ions and electrons to the walls, which
at the end evaporates the molten silica providing additional material for the
plasma creation. Fig. 3.17 provides the temperatures reached by the plasma
at the different input conditions.

The main comment is that the reached temperatures are highly above
those related to vapor pressure of silica vaporization at the imposed back-
ground pressure, as calculated with Eq. 3.32, therefore the process is veri-
fied to be sustainable in the long term.
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Figure 3.17: Neutral and ion temperature Vs Background pressure
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3.2.3.5 Ionization ratios

Figs. 3.18, 3.19 and 3.20 show the species ionization ratio, which is the

ratio between an ion number density and the number density of the related
neutral species.

lonization rates, m_dot = 1E-7 kg/s
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Figure 3.18: lonization ratios @ 1E-7 kg/s input mass flow rate

The main outcome of the plots is that at any combination of pressure
and temperature the ionization ratio of silica is higher that the ionization
ratio of any other species, including oxygen. The important conclusion of
this analysis is that the concept of selective ionization is verified: silicon is
the most ionized species and therefore it makes sense to try to enhance this

ionization with an optimized combination of mass flow rate, background
pressure and input power.
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lonization rates, m_dot = 1E-6 kg/s
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Figure 3.19: Ionization ratios @ 1E-6 kg/s input mass flow rate
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Figure 3.20: Ionization ratios @ 1E-5 kg/s input mass flow rate

66



3.2. Multiphysics model

3.2.3.6 Output fluxes

The main goal of the simulation is to verify if the output of the plasma
torch can be considered adequate to avoid the implementation of a further
ionization/acceleration stage and of a separation stage. Figs. 3.21, 3.22 and
3.23 represent the mass flow rate of each ion species coming out from the
torch volume.
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Figure 3.21: Output ions mass flow rate Vs Background pressure @ 1E-7 kg/s input mass
flow rate

According to the previous observation, results does not depend on in-
put mass flow rate. Not surprisingly the outcome is very similar to the
number density plot depicted in Figs. 3.11, 3.12 and 3.13, with a predom-
inance of the Si+ and O+ flux. At high pressure and high power ranges
it appears that the demonstrator concept is actually working: of the silicon
compounds only S i+ is considerably ejected from the torch. Unfortunately
two additional consideration shall be done:

e the O+ flux is higher than the Si+ flux, even if with the same order
of magnitude. This flux will not be affected by the pumping extract-
ing neutral species, therefore in a straight path it will collide in the
same spot where the silicon ions are collected. This will likely nullify
any effort devoted to preserve the purity of the output silicon, because
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Output mass flux @m_dot = 1E-6 kg/s
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Figure 3.22: Output ions mass flow rate Vs Background pressure @ 1E-6 kg/s input mass
flow rate
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Figure 3.23: Output ions mass flow rate Vs Background pressure @ 1E-5 kg/s input mass
flow rate
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during the path to the collector and during the impact the chances of
recombination will be very high, resulting in a mixture of silicon com-
pounds. For this reason a separator stage appear to be necessary,
and therefore an accelerator stage capable of providing to the ions the
required velocity, considering that at 75 Pa and 1250 W the output ion
velocity is on the order of few hundreds meters per second (see Ap-
pendix A, Figs. A.4, A.5 and A.6 and related tables). This solution, at
the expenses of a higher required power, will likely increase the purity
of the final product, because also the limited amount of SiO+ will be
eliminated.

e the presence of the neutral species shall not be forgotten. Fig. 3.24 and
Tab. 3.10 shows the ratios of the silicon ion flux out of the torch with
respect to the input mass flow rate. As one can see, with a mass flow
rate of 1E-7 kg/s the yield of the silicon ions is above 30%, which is
somewhat obvious considering that irrespectively from the input mass
flow rate, the number density results basically the same. The outcome
of this consideration is that it is not needed a very high mass flow
rate that cannot be treated, and this will result also in a lower energy
expenditure for the melting of the silica. As a sake of completeness
the output flux of the other neutral species is reported in Appendix A,
Figs. A.1, A.2 and A.3.

m (kg/s) m (kgfs) | m (kg/s)
1.00E-07 | 1.00E-06 | 1.00E-05
Pressure (Pa) Power (W) Si+/m Si+/m Si+/m

25 12.5 | 0.0054% | 0.0007% | 0.0002%
50 12.5 | 0.0398% | 0.0042% | 0.0007%
75 12.5 | 0.0871% | 0.0090% | 0.0013%
25 125 | 0.1001% | 0.0122% | 0.0042%
50 125 | 0.7098% | 0.0740% | 0.0105%
75 125 | 1.2848% | 0.1317% | 0.0162%
25 1250 | 9.4483% | 1.1560% | 0.3673%
50 1250 | 34.1773% | 3.5475% | 0.4764%
75 1250 | 34.5755% | 3.5584% | 0.4002%

Table 3.10: Ratio between S i+ flux and input mass flow rate Vs Background pressure

3.2.4 Impact on demonstrator design

Summarizing the outcomes of the this chapter, the main considerations are:
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Si+ output mass flux/input mass
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Figure 3.24: Ratio between S i+ flux and input mass flow rate Vs Background pressure

e plasma characteristics vary strongly with background pressure and
power input, but less with input mass flow rate, and in particular ion
densities and output ion fluxes remain almost constant. It is therefore
desirable to inject a low mass flow rate in order to have a high silicon
yield, which can reach values above 30% with 1E-7 kg/s input mass
flow rate

e silicon ionization ratio is the highest of all the other species, at any
considered pressure and power level. This confirms the assumption of
the selective ionization concept depicted in §2.3.1.

e Si+ outflow at high pressures and power levels greatly exceeds SiO+
ions, but it is slightly lower than O+ ions. This does not allow to avoid
the presence of a separator stage, preceded by an accelerator stage to
uniform ion velocities.

Therefore it appears that:
e an accelerator stage is necessary

e a separation stage is necessary
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e if operating at low pressure a further ionization stage is recommended
to improve S i+ yield
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Figure 3.25: Demonstrator concept simplified schematic

Fig. 3.25 shows the concept of the demonstrator with in addition the two
stages previously identified. The demonstrator is therefore divided into the
following stages:

Feeding stage Energy required to melt and heat the silica till boiling (which
depends on the pressure inside the chamber)

Ionization stage The plasma source to ionize the Si0O, and obtain S i+

Acceleration stage To accelerate the ions till the required speed, in order
to have for all the ions of the same species approximately the same
radius in the separator stage
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Separation stage Thanks to the cyclotron radius divides and collects the
different ion species

Pumping stage Service stage for the whole system, creating the vacuum
condition necessary for the plasma source operation
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CHAPTER

Demonstrator design

especially form §3.2.3.6, are used to size the lab demonstrator of the

IN this chapter the outputs form the 2D multiphysical FEM model, and
device capable of extracting pure silicon starting from raw silica.

4.1 Experimental data for demonstrator design

In additional to experimental data retrieved and listed in §3.2.2 additional
thermophysical proprieties of compounds had to be gathered in order to
perform the calculations for the demonstrator design. As with other exper-
imental data involving Si0,, discrepancies were found between different
sources, demonstrating the complexity of the involved physics. Below a
discussion of the fundamental properties collected. For sake of complete-
ness also some properties not used in the following chapters are reported.

4.1.1 Melting point (glass transition temperature)

Being Si0; asilicate, it shows the tetrahedral coordination typical of silicon
compounds, with four oxygen atoms surrounding a central Si atom. The
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relative position between those tetrahedra leads to the formation a num-
ber of distinct crystalline forms (polymorphs) in addition to amorphous
forms. Another consequence is that there is not a specific melting point,
but rather a glass transition temperature which varies between the different
silica forms. Perry [64] reports value of 1743 K for quartz and 1973 K for
cristobalite. A reliable source of data is the work from Richet at al. [65],
which resulted in the findings reported in Tab. 4.1. Results from Richet are
taken as reference.

SiO; form  Glass transition temperature (K) Source

Amorphous 1490 [65]
Quartz 1700 [65]
Cristobalite 1999 [65]
Quartz 1743 [64]

[64]

Cristobalite 1973

Table 4.1: Glass transition temperatures for different SiO, forms and sources

4.1.2 Boiling point

The boiling point at ambient pressure varies strongly between the different
sources. Perry [64] reports a very low value of 2503 K. Schick [32] per-
formed an extensive review and discussion of available experimental data.
The most reliable value is 3085 K, which is also somewhat closer to 3160
K reported by Fegley [66] and to 3070 + 75 reported by Grayson [67]. The
value by Schick are taken as baseline due to its correspondence with the
most reliable vapor pressure relation explained in §4.1.4.

Boiling point (K) Source

2503 [64]
3070 £ 75 [67]
3085 [32]
3160 [66]

Table 4.2: Boiling point for SiO, and sources

4.1.3 Enthalpy of fusion

Also in this case data from Richet et al. [65] are of valuable interest, pro-
viding a value of 8.9 + 1.0 kJ/mole for cristobalite and 9.4 + 1.0 kJ/mole
for quartz. Schick [32] reports a value of 2500 + 500 cal/mol equal to 10.46
+ 2.1 kJ/mol, in line with the abovementioned more precise results. Perry
reports a value of 8.8 kJ/mole for cristobalite and a very high 14.2 kJ/mole
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for quartz. In this perspective the quartz value from Richet are chosen as
baseline. Alternative values from non peer reviewed sources or without
clear source indication were discarded.

SiO; form  Enthalpy of fusion (kJ/mole) Source

Cristobalite 8.8

- 10.46 + 2.1 [32]
Quartz 94+1.0 [65]
Cristobalite 8.9 +1.0 [65]
Quartz 14.2 [64]

[64]

Table 4.3: Enthalpy of fusion for different SiO, forms and sources

4.1.4 Enthalpy of vaporization

Few values are available for the enthalpy of vaporization. One is 341 + 31
kJ/mol taken at 3130 K from Fegley [66]. He calculates this value using
the Trouton’s rule, which correlates enthalpy of vaporization, boiling point
and entropy of vaporization according to the relation:

AH,,),
T,

AS yp = 4.1)

Schick [32], instead, calculated a value by taking into considerations all
the contribution to the heat of reaction of the most occurring reaction in
silica vaporization, meaning Eq. 3.29:

Si0y — SiO g +0.505, (3.29 revisited)

Schick work resulted in a value of 721.8 + 14.3 kJ/mol, which appear
not to change strongly from 2000 K to 3000 K. For the same reaction Elhadj
et al. [68] provide an experimental value of 260.7 kJ/mol which is indeed
closer to Fegley than to Schick. The main difference that can be observed is
the environmental condition of the reaction. Elhadj et al. performed a laser

Enthalpy of vaporization (kJ/mol) Source

260.7 [68]
341 + 31 [66]
721.8 £ 14.3 [32]

Table 4.4: Enthalpy of vaporization for SiO, and sources
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vaporization experiment in different atmospheres, like air, nitrogen and hy-
drogen, while Schick calculations were referred to neutral conditions. The
latter are the condition which are mostly similar to this work conditions,
because the “atmosphere" present in the simulation is derived only by sil-
ica decomposition. In a view of worst case scenario, and compatibility with
previously selected data, Schick value is again selected.

4.1.5 Vapor pressure

The vapor pressure relations identified are quite in disagreement. Pitkanen
et al. [69] develop Eq. 4.2 to fit Samsonov’s experimental data [70,71].

DraplPal = 10(~24.7924 log(T[°C1)*+189.2613 log(T[°C])~353.6596) (4.2)
vap - .

Inexplicably, they choose a series of experimental data to fit which does
not agree to the other parameter they choose for the simulation, in particular
with Grayson [67] boiling point at ambient pressure. Schick relation [32],
Eq. 3.32 already anticipated in §3.2.1.2, is able instead to correctly catch
the boiling point.

3160 ..
Dvaplatm] = 1.5 exp (18.41 (1 - m)) (3.32 revisited)

1.E+06
1.E+05
1.E+04 =
1.E+03
1.E+02
1.E+01 ,
1.E+00
1.E-01 / Pitkanen (fit)

1.E-02 4 Samsonov (exp)
1.E-03 7 Schick (fit)

1.E-04
1.E-05 4
1.E-06
1.E-07 /
1.E-08

Vapor pressure [Pa]

1000 1500 2000 2500 3000 3500
Temperature [K]

Figure 4.1: Vapor pressure data and relations from different sources
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In order to be also consistent with previous choices, Schick expression
is selected. Fig. 4.1 shows the different fits and experimental data.

4.1.6 SiO; condensed phase thermochemical data

In order to calculate some important energy contribution, such as the energy
required to melt and bring silica to vaporization, equations for solid and
liquid silica have to be identified. In §3.2.2.2 analogous data were provided
in terms of NASA polynomials for gaseous Si0,. From JANAF tables
[62] it is possible to retrieve data for quartz, here assumed to be the solid
phase of silica, and molten silica. Tables 4.5 and 4.6 provides the values
of specific heat, enthalpy and entropy in the form of coefficients of the
Shomate equations:

CpO:A+Bf+Cf2+Df3+§ (4.3)
A 7 i E
Hy—Hyys15=At+B-+C—-+D—--—-+F-H 4.4)
2 3 4 ¢
N Al(t)+BtA+CtA2+DtA3 E+G (4.5)
= n — I .
’ 2 V3T ar

where

Cp, = specific heat (J mol™' K™")
H, = standard enthalpy (kJ mol™")
S = standard entropy (J mol"'K~")

f = temperature (K) / 1000
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SiO; solid (Quartz)

Temperature (K) 298. - 847. 847. - 1996.
A -6.076591 58.7534
B 251.6755 10.27925
C -324.7964 -0.131384
D 168.5604 0.02521
E 0.002548 0.025601
F -917.6893 -929.3292
G -27.96962 105.8092
H -910.8568 -910.8568

Table 4.5: Coefficients for Shomate equations for SiO; solid (Quartz) phase

Si0; liquid

Temperature (K) 1996. - 4500.
A 85.772
B -0.000016
C 0.000004
D -3.81E-07
E -0.000017
F -952.87
G 113.344
H -902.661

Table 4.6: Coefficients for Shomate equations for Si0; liquid phase

4.2 Demonstrator stages design

4.2.1 Feeding stage

The feeding stage task is to heat the input raw silica till melting and boiling.
Actually in the energy cost also the enthalpy of vaporization is considered,
as a worst case. We will see that this will impact the final results only
slightly, as the other stages require much more power.

The initial input condition is represented by the imposed pressure in
the chamber. By using Eq. 3.30, as explained in §4.1.5, it is possible to
calculate the boiling point. After this step it is possible to calculate the
enthalpy to boil silica and the power related to the processed mass flow
rate.

Pboil = [(HO Troit — HO T298,15) + AI_Ivap] (46)

m
M
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4.2. Demonstrator stages design

where M is silica molar mass. It is obvious that, if instead of 7z, a mass of
silica is used, the result of Eq. 4.6 will be the energy used to vaporize that
mass.

4.2.2 Ionization stage: torch

This contribution to the overall budget is the output calculated in Chapter 3.
This stage is represented by the torch depicted in Fig. 2.9 with the geometry
described in §3.2.1. It is fed with the molten silica coming from the feeding
stage, and the outputs are the ion fluxes shown in §3.2.3.6. Considering the
model results, the sizing will be based on the combination of the following
input conditions:

Power 1250 W
Pressure 75 Pa

Mass flow rate 1E-7 kg/s SiO,

The above conditions result in an output flux of Si+ of 3.46E-8 kg/s, equal
to a yield of 34.5%.

4.2.3 Acceleration stage stage

The acceleration stage is necessary to provide at the entrance of the sep-
arator know values of the ion speed: this is possible only if the ions are
accelerated with a final velocity v,,, much higher than the one they have at
the torch exit, as per Eq. 4.7.

Vin Vin

= << 1 4.7
Vout Vip + Av ( )

with Av calculated by a simple energy balance between the potential energy
provided by an accelerating electric field and the kinetic energy owned by
the ions after the acceleration:

1
—mi(msz =qAV = Ay =
2 Mo

(4.8)

By imposing an electric field of AV = 1000 V it is possible to obtain the
output velocities listed in Tab. 4.7.
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Ion Atomic mass [uma] AV [V] v,,[m/s] Fluxes[kg/s] Power [W]

O+ 16 1000 109821 5.93E-08 357.7
02+ 32 1000 77655 1.17E-09 35
Si+ 28 1000 83017 3.46E-08 119.1
SiO0+ 44 1000 66225 6.56E-09 14.4
Si02+ 60 1000 56711 4.36E-11 0.1

Table 4.7: Acceleration stage output velocities and power required

Comparing these output velocities with the input velocities (output of
the torch stage) it is possible to verify that the ratio is always much smaller
than one. Tab. 4.8 provides this data for the three major ion species in the
torch output flow. v;, values are taken from tables listed in §A.3.

Ion Atomic mass [uma] AV [V] v;, [m/s] v, [m/s] Ratio

O+ 16 1000 405 109821 0.004
Si+ 28 1000 283 83017 0.003
SiO0+ 44 1000 253 66225 0.004

Table 4.8: Ratio of acceleration stage input and output velocities

In Tab. 4.7 the power required to accelerate those fluxes of ions is also
provided. These values are calculated considering the kinetic energy gain
at the expenses of the electric field. For the i-th ion species the associated
power is:

mivout I’}’L,’ (Vin + AV)
P = = 4.9
: > > 4.9)

by summing all the contributions the total power is 495 W. It has to be
cosidered that the power spent for the acceleration results in a double prob-
lem for the overall design, meaning that the energy that has to be provided
for the acceleration is later recovered in form of heat, at the moment of the
impact of the ions on the collector surface. This energy has to be dissipated,
and a suitable heat exchange device shall be put in place, with additional
energy costs, to remove an amount of power Py = Py = 495 W.

4.2.4 Separation stage

As ions exit the acceleration stage, they are subjected in the separator stage
to a constant and uniform B field, perpendicular to the inlet velocity. In
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4.2. Demonstrator stages design

this condition they will experience a particular composition of the Lorentz
force, which in its general form is described by the equation:

F=gE+vxB) (1.1 revisited)

Being generated by a cross product, the Lorentz force always acts per-
pendicular to the direction of motion, thus causing the particle to rotate. In
absence of electric fields the rotation result to be circular, and the radius of
this circle can be determined equating the magnitude of the Lorentz force
and the centripetal force as

2

mvout

= qVouB (4.10)
re

Therefore the cyclotron radius is expressed as

mvout
gB

Fe = (4.11)

Starting from the v,,,, from the acceleration stage calculated above, it is
possible to apply a suitable magnetic field which imposes a cyclotron radius
r. adequate to be generated in the frame of a laboratory demonstration plant.
Tab. 4.9 provide such calculations

Ion Atomic mass [uma] AV [V] v,,[m/s] Bfield [T] r.[m]

O+ 16 1000 109821 0.12 0.15
02+ 32 1000 77655 0.12 0.21
Si+ 28 1000 83017 0.12 0.20
SiO+ 44 1000 66225 0.12 0.25
Si02+ 60 1000 56711 0.12 0.29

Table 4.9: Cyclotron radius for the involved species and input conditions

With an applied B field of 0.12 T it is possible to obtain a maximum ra-
dius of about 0.3 m, for an overall dimension of 0.6 m, equal to the diameter.
The motivation is that the ions must be allowed to perform a 180° turn. In
this way the ions with the same inlet speed and same mass/charge ratio, but
slightly different inlet angle, at 180° from the starting point collide in the
same position, even if they describes slightly different trajectories [2, 72].

The magnetic field is created by two solenoids made of copper wires,
which are separated by a gap as wide as the torch diameter (4 cm). These
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solenoids can be thought as discs which are wrapped by thousands of turns
of a copper wire. A first attempt tried to calculate the power required to
generate the required B field by using the well known Biot Savart law

N, Bh
|B| = /,571 hence I = 4.12)

MN,

where h is the solenoid length, / the current, N, the number of turns. This
formula allows the calculation of the magnetic field at the center of the coil,
but unfortunately it is too simple for this particular case, and also provides
an underestimation of the power required. A more consistent approach
makes use of the analytical expression for the magnetic induction of a sim-
ple planar circular current loop in spherical coordinates [73]. In order to
fall into this case the solenoid shall be seen as a single turn coil having an
equivalent current equal to

N,
Nc,eq

1 (4.13)

L, =

where N, ., is the number of equivalent coil turns, 1 in this case.

o A

X

Figure 4.2: Spherical coordinates on a single turn coil

The current loop has radius r,, is located in the x — y plane, centered
at the origin, and carries a current I, coherent to the right hand rule, as
shown in Fig. 4.2. It is assumed that the cross section of the conductor is
negligible. The vector potential A of the loop is given by [74]:

Ay(r, ) = tolr, fz” cos ¢’'d¢’ _
4 Jo Va2 +r? — 2r,rsin@cos ¢’
_ Mo 4lr, (2 - K»)K(k*) — 2E(k*)
_fo/r2+r2+2srsin9[ k2

(4.14)
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where r, 6 and ¢ are the spherical coordinates, K and E are the elliptic
integrals [75]

/2
KK = f 4 4.15)
0 1 —k2sin’@
/2
E(k*) = f 1 — k2sin’ 0do (4.16)
0

and k? is the argument of the elliptic integrals

) 4r,rsin6
r2+r?+2r,rsiné

4.17)

By projecting B = V X A on r and z it is possible to calculate the com-
ponents of the magnetic field at specified distance from the center of the
single turn coil, meaning at 2 cm above/below one coil, or the center of the
volume of the separator, as shown in Fig. 4.3. By summing the contribution
from the two coils it is possible to calculate the total B, and B, and the core
of the separating chamber, meaning the field perceived by the particles.

éZ

AT

Upper Call

AT

Lower Coil

Axes of interest for
B field calculation

Figure 4.3: Configuration of the upper and lower coils

This approach results in a required power of 2.75 kW for each coil.
This result is calculated considering the number of turns to be distributed
on multiple rows, to reduce the solenoid overall height. This operation
shall be performed carefully, because the radial dimension of this stack of
turns shall not be comparable with the diameter of the device, otherwise the
simplification of equivalent single turn coil cannot be applied. The stack
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Figure 4.4: Radial and axial magnetic flux density in the separator center

dimension (which can be seen as the thickness of the circular annulus con-
taining the solenoid) defines the wire diameter. This value, along with the
total length of the wire, provides the resistance of the wire itself according
to the relation

R, = Pl (4.18)

The resistance is used to calculate voltage and required power as per the
Joule’s law

Peoir = IZRW 4.19)

This power ultimately goes to heat the wire. The heatings provide an
increase of the wire temperature, which changes its resistivity. To calculate
p. an equilibrium temperature of 100°C is assumed (a 80°C increment from
the 20°C ambient temperature), therefore the modified copper resistivity is
calculated with the following equation:

Pe = Pe20 (1 + apcAT) (4.20)

where a,,=0.004 K.
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4.2. Demonstrator stages design

The resulting solenoid (one of the two) is depicted in Fig. 4.5. Tab. 4.10
provides an insight about the final solenoid configuration.

0.76 m
0.60 m

0.25m

T T
| !
| |
| !
! !
| |
| !
! !

Figure 4.5: Schematic of one solenoid with overall dimensions

Description Value Units
Height of the solenoid 025 m
Resistivity of copper @ 20°C 1.72E-08 V*m/A
Resistivity of copper 2.27E-08 V*m/A
Radius of the devices 03 m
Magnetic field applied 012 T
Number of turn 2000 #
Number of layer of turns 25 #

Wire radius 0.0015 m
Lenght of the cable 3770 m
Thickness of the solenoid pack of layers 0.08 m
Resistance of the cable 11.4 ohm
Current to create the B field 155 A
Required and dissipated power (single solenoid) 27485 W
Voltage 1773 V

Table 4.10: Solenoid configuration
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4.2.5 Pumping stage

The chosen operative pressure, capable of guaranteeing an adequate S i+
outflow, is 75 Pa. This pressure level, equal to 0.75 mbar, is easily achiev-
able with a rotary pump, which are generally capable of achieving 1E-2
mbar. A diffusion pump is therefore not necessary. The vacuum volume is
represented by the chamber volume, which is a cylinder having a radius of
0.3m and a height equal to the torch diameter, 0.04m. Actually only half
of this volume is necessary, because ions need only a 180° turn. A final
volume of less than 6 liter has to be considered.

To evaluate pump power requirement the best approach is to identify a
suitable commercial product able to guarantee such conditions. As a ref-
erence dual stage rotary vane pump Varian DS 302 is chosen, which is
capable of a free air displacement of 237 dm?/min and a pumping speed of
11.6m>/h with a power consumption of 0.45 kW.

4.3 Energy consumption

Following all the considerations exposed above, where the calculation method-
ologies are described, all the contributions from all the stages need to be ag-
gregated to obtain an overall value of power consumption. As introduced in
Chapter 1 this value is essential to compare the outcome of this work with
present silicon production processes, and evaluate the overall economical
sustainability of the idea.

With all the contributions explained in §4.2 it is possible to fill a break-
down in Table 4.11 summarizing all the energy costs. Results shows the
amount of energy to recover 1 kg of pure silicon. In particular the Si+
throughput of 3.46E-8 kg/s reported in §3.2.3.6 is used to calculate the
time required to extract such amount of silicon, assuming no losses at the
collectors, and such amount of time is used with the power of each stage to
calculate the amount of energy required.

The total requested energy results to be about 220 GJ/kg of silicon. The
total power required is actually not impressive, 7.2 kW, but the total time
of collection of about 8000h lead to the results shown.

86



4.3. Energy consumption

Feeding stage
Heating and melting | 30.83 | MI |

Atomization stage

Power injected into the plasma 1.25 | kW

Efficiency 092 | -

Power required 1.36 | kW

Energy required 36153 | MJ 10042 | kWh
Time required 8034 | h 28922211 | s

Accelerator stage
Power required 049 | kW
Energy required 14312 | MJ 3975 \ kWh ‘

Separation stage

Power separation 5.50 | kW

Energy required 158986 | MJ 44163 | kWh |
Pumping stage

Power required 045 | kW

Energy required 13015 | MJ 3615 \ kWh ‘
Total

Total required energy 222496 | MJ 57820 \ kWh ‘
Power required 7.20 | kKW

Table 4.11: Device required energy estimation

4.3.1 Power dissipation

As already anticipated in §4.2.3 and §4.2.4 in some stages the energy used
to perform the required task is later dissipated in terms of heat. In the ac-
celerator stage the energy used to accelerate the ion flux is retrieved at the
collectors, due to the impact of the high velocity ions. In the separator stage
the energy used to create the magnetic field increases, due to Joule heating,
the solenoid temperature, therefore, has to be properly dissipated in order
to maintain the wire at the design temperature.

Considering only the abovementioned contributions a total of about 6
kW power need to be dissipated. This can be pursued with a suitable heat
exchanger which, in the end, may require additional power, increasing the
energy bill. Exchanger design is not part of this work.
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4.4 Comparison with present production processes

One of the goal of this work is to verify if the overall energy cost per unit
mass of silicon can be competitive with present production processes.
As already introduced in §2.2.1, and in particular referring to calculations
in Tab. 2.3, the overall energy cost to produce 1 kg of monocristalline ingot
is 1057 kWh or 3805 MJ.

The above value has to be compared with the 220 GJ requested by the
demonstrator, which in turn leads to the conclusion that 58 times energy
is required to obtain the same outcome. This surely demonstrate that from
the energy point of view the proposed process is not sustainable.
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1
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Figure 4.6: Comparison of present production process chain with this work
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4.4.1 Considerations on the overall present production process

It is necessary to underline that the energy cost is only a part of the inputs
required by the present industrial silicon ingots production process.

If, from an energetic/cost point of view, the concept proposed in this re-
search appears not sustainable, in term of overall sustainability some con-
siderations can be made. In Fig. 4.6 a representation of the traditional pro-
duction chain is compared with the concept proposed in this work. Other
than the external contributions depicted, many kilograms of other chemi-
cals, water and fossil fuels are used other than electric energy in the pro-
cess, and all these items requires energy to be produced. To provide some
numbers 32 kg water, 0.7 kg N,, 1.6 kg fossil fuels, 72 g chemicals are
needed for the production of a 2 g chip, which contain 0.26 g of silicon
based semiconductor [17].

Apart from energy costs, these substances are an important source of
pollution from the semiconductor industry, and because in this field the
technology changes very fast and secrecy prevails, environmental protec-
tion rules tend to be not attended or bypassed [76].

In contrast with the above requirements, in the presented process only
electrical energy is required for the production. This energy greatly exceeds
traditional values, but the overall environmental impact is greatly reduced,
especially if the electric energy is taken from renewable energy sources.
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CHAPTER

Conclusions

and specialized to the particular case of the silicon production. The
purpose of these goals were to drive the research, in order to provide
an evaluation of the proposed idea based on the fundamental principles of:

IN Chapter 1 and especially in Chapter 2, three main goals were defined

Feasibility meaning the evaluation of the actual technological realization
of the proposed general idea.

Validity meaning that the feasibility study has to be performed in a correct
way, with a priori or a posteriori verifications.

Sustainability meaning that the process, other than being feasible, is also
sustainable from an energetic/economical point of view.

By analyzing the results and data provided in the previous chapters the
final outcomes are the following:

Technological feasibility Simulation results shows that the yield of silicon
ions is much greater of those of other species or molecules, therefore
the feasibility of the concept has been demonstrated. See §3.2.3.6.
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Chapter 5. Conclusions

Verification of assumptions during demonstrator preliminary design The
selective ionization, according to which some preliminary choices
were performed, appears verified in terms of ionization ratio, lead-
ing to a very high ionization rate of silicon compared with those of
monoatomic or biatomic oxygen. Nevertheless the input conditions,
and therefore the high neutral density of oxygen respect to to silicon,
lead to comparable numbers densities which results in the need of an
acceleration and a separator stage. See §3.2.3.5.

Economical sustainability, comparison with present production methods
The yield of the process is low, therefore the total energy consumption
per kg of final product is much greater than the traditional present pro-
duction process. See §4.3.

5.1 Open points

e A strong impact on the overall energy cost is represented by the sep-

arator stage. Alternative methods may be identified to generate the
same magnetic field. As an example, if only permanent magnet could
be used, zeroing the required energy from this stage, the overall cost
would be reduced to 16 times the traditional production process cost.
In general optimization procedures on each single stage may further
significantly reduce the overall cost, making the technology more ap-
pealing.
For the magnetic field generation, an intermediate approach would be
to use a ferromagnetic material inside the solenoids, having a shape
going from one solenoid to another, closing the force field lines be-
tween the two, except from the space of the vacuum chamber, as per
Fig. 5.1. This solution has already taken into consideration because
capable of providing substantial power savings, and can be easily cal-
culated using the magnetic net approach.

Unfortunately the By, field required in vacuum result in a By, field
in the ferromagnetic material that brings the metal to saturation. This
ultimately would flat By,, making the solution useless. Investigations
need to be further carried out in order to find a ferromagnetic ma-
terial with a high saturation level, and at the same time a relatively
high relative permeability u, in order to reduce power consumption in
generating the same magnetic fields.
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Bvac

Figure 5.1: Options of solenoids with ferromagnetic material core

e at the moment the power is provided to the FEM model as general vol-
ume power deposition. An interesting open point would be to actually
simulate the coupling with an ICP or another RF source. This will pro-
vide a higher insight about the efficiency of the torch. In addition this
modification opens the possibility to insert additional elements, such
as a containing magnetic field, which could act as a magnetic noz-
zle driving the ions which escape from the torch. This would likely
increase the ions output velocity.

o In the present configuration, depending on the input material, the de-
vice can recover a big quantity of O,, but also heavy metals or rare
Earth materials can be recovered, increasing the overall economical
sustainability of the concept. In particular rare Earth element recov-
ery from semiconductor waste are acquiring a great importance due to
political events and developing countries requirements.

e The Si0; kinetic model developed, and related reaction rate database
is not present in literature. It can be used in a variety of applications,
e.g. CVD simulation. An exploitation is therefore advisable.
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Nomenclature

Roman Symbols

A

a

=

Bfm

=]

vac

SF T oo

ion

> I o B <5

Magnetic vector potential (V s m™")
Acceleration (m s72)

Wire section (m?)

Magnetic flux density (7)

Magnetic flux density in ferromagnetic material (7")
Magnetic flux density in vacuum (7°)
Molar concentration (mol m=3)

Specific heat (molar basis) (J mol™! K1)
Specific heat (J kg' K1)

Displacement field (C m™2)

Electron energy diffusivity (m? s7!)
Electron diffusivity (m? s7!)

Electric field (V m™!)

Ionization energy (J)

Force applied to the ion (N)
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Nomenclature

f5
h
h

Lorentz body force (N)
Plank constant (J s71)

Molar enthalpy (J mol™)

H 1,,,s Standard enthalpy at 298.15K (J mol™")

H, 1,,, Standard enthalpy at boiling point (J mol™")

AH,,, Enthalpy of vaporization (J mol™")

1
qu
J

J
K
k
kb
kg
kf
Kn
L
Ly

m

m

m,

Mjon

M,
N

n

Solenoid current (A)

Equivalent solenoid current (A)

Arc current (A)

Current density (A m~2)

Rate constant (m* s~! for order 2 reaction)
Thermal conductivity (W m™' K1)
Backward rate coefficient (s~ or mol m=> s~ or mol> m=% s7)
Boltzmann constant (J K~')

Forward rate coefficient (s™! or mol m™3 s~! or mol> m™® s7!)
Knudsen number (—)

Torch length (m)

Wire length (m)

Mass flow rate (kg s~')

Molar mass (kg mol™")

Molecular weight (kg)

Electron mass (kg)

Ion mass (kg)

Mean molar mass of the mixture (kg mol™")

Particle number (—)

Neutral or ion density (m~>)
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Nomenclature

no

=

Nc,eq
ne

n;

Pabs
Pacc

Neutral density (m~>)

Number of coil turns (-)

Number of equivalent coil turns (—)

Electron density (m™>)

Electron energy density (V m™)

Ion density (m~>)

Total neutral density (m~3)

Pressure (Pa)

Absorbed power (W)

Power to accelerate ions (W)

Power to vaporize input raw silica (W)

Power requested by a single solenoid (W)

Power deposited into the plasma (W m™)

Power losses (W)

Si0 vapor pressure (Pa)

Vapor pressure (Pa)

Total heat source due to chemical reactions (W m™3)
Electron or ion charge (single ionization assumed) (C)
Universal gas constant (J mol™! K=1)

Radius of the current loop (m)

Anode inner radius (m)

Cyclotron radius (m)

Cathode radius (m)

Energy loss/gain due to inelastic collisions (V m™ s7!)
Reaction rate (mol m™> s7')

Torch radius (m)
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Nomenclature

R,  Wire resistance ()

AS ., Entropy of vaporization (J mol™" K1)
T Temperature (K)

t Time (s)

T, Boiling temperature (K)

T, Electron temperature (eV)

u Mass averaged fluid velocity vector (m s~!)
it Internal energy (J)
u, Exhaust velocity (ms™")

AV Accelerating potential (V)
Av  Ton velocity increment (m s7')

Stoichiometric coefficients matrix (—)

]

v on velocity (m s71)

\% Potential (V)

ves  Electron thermal velocity (m s

Vin Input ion velocity in acceleration stage (output of torch) (m s7')
Vo Output ion velocity from acceleration stage (m s~!)
V,  Pug flow reactor volume (m%)

w Mass fraction (—)

X Molar fraction (-)

Zy Neutral partition function (—)

Z; Ion partition function (—)

Greek Symbols

@, ~ Temperature coefficient of resistivity (K™")

€ Vacuum permittivity (F m™!)

Ap  Debye length (m)
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Nomenclature

Mean free path before electron-neutral collision ()
Gas mean free path (m)

Dynamic viscosity (N s m™2)

Magnetic permeability of vacuum (N A~ or H m™!)
Electron energy mobility (m? V s7')

Electron mobility (m? V s71)

Relative magnetic permeability (—)
Electron-neutral collision frequency (s~!)

Mixture density (kg m™)

Copper resistivity (€ m)
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APPENDIX

2D axisymmetric multiphysics FEM model
results

A.1 Number densities

Pressure (Pa) Power (W) e(I/m’) O(/m’) O2(1/m’) Si(I/m’) SiO(I/m’) Si02(m®) O+ (1/m®) 02+ (1/m®) Si+(m?) SiO+ (/m®)  Si02+ (1/m?)

25 100 8.8E+15 7.6E+18  24E+20 9E+15 4.8E+20 7.3E+17 2E+14 5.7E+15 3.8E+14 3.5E+16 14E+14
50 100 3.6E+16 1.7E+19 4.8E+20 23E+16 9.5E+20 1.4E+18 6.8E+14 1E+16 3.2E+15 7TA4E+16 3.7E+14
75 100 54E+16 2.7E+19 72E+20  29E+16 1L4E+21 2.2E+18 LIE+15 1.2E+16 9E+15 8.9E+16 5.9E+14
25 1000 1.4E+17 12E+19  24E+20 1.8E+17 4.7E+20 7.1E+17 49E+15 3E+16 3.9E+15 1.9E+17 7.0E+14
50 1000 3.8E+17 4.1E+19 4.5E+20  7.2E+17 9.4E+20 14E+18 3.4E+16 6E+16 4E+16 3.5E+17 1.4E+15
75 1000 5.2E+17  7.8E+19 6.5E+20  8.2E+17 14E+21 2.1E+18 T.1E+16 T4E+16 9.6E+16 3.7E+17 1.8E+15
25 10000 1.4E+18  4.6E+19 1.9E+20  4.8E+I8 4.5E+20 6.2E+17 24E+17 1.4E+17 2.6E+17 8.3E+17 2.2E+15
50 10000 4.7E+18  1.5E+20 3E+20  1.4E+19 8.6E+20 LLIE+18 1.9E+18 L4E+17 L.9E+18 73E+17 2.1E+15
75 10000 9.4E+18  2.3E+20 4E+20  14E+19 1.3E+21 1.6E+18 5.6E+18 8.2E+16 34E+18 3.9E+17 1.6E+15

Table A.1: Species number density Vs Background pressure @ 1E-7 kg/s input mass flow
rate
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Appendix A. 2D axisymmetric multiphysics FEM model results

Pressure (Pa) Power (W) e(l/m*) O (1/m’) 02(1/m® Si(1/m?) SiO (1/m*) SiO2 (1/m*) O+ (/m?) 02+ (1/m’) Si+ (I/m?) SiO+ (1/m’)  SiO2+ (1/m?)

25 100 9.7E+15  7.9E+18 2.5E+20  9.4E+15 4.9E+20 7.5E+17 2.2E+14 6E+15 42E+14 3.7E+16 1.4E+14
50 100 3.6E+16 1.7E+19 4.8E+20 24E+16 9.6E+20 L.SE+18 6.8E+14 1E+16 3.3E+15 7.5E+16 3.7E+14
75 100 S4E+16  27E+19 7.2E+20  29E+16 1.4E+21 2.2E+18 LIE+15 1.2E+16 9E+15 8.9E+16 5.9E+14
25 1000 1.5E+17  1.3E+19 24E+20 2E+17 4.9E+20 TAE+17 5.5E+15 3.2E+16 4.5E+15 2E+17 73E+14
50 1000 3.9E+17  4.2E+19 4.5E+20  7.3E+17 9.4E+20 14E+18 3.5E+16 6E+16 4.1E+16 3.5E+17 14E+15
75 1000 52E+17 7.8E+19  6.5E+20 8.2E+17 1.4E+21 2.1E+18 7.2E+16 7TAE+16 9.7E+16 3.7E+17 1.8E+15
25 10000 1.5E+18  4.9E+19 1.9E+20  5.3E+18 4.6E+20 6.3E+17 2.7E+17 1.5E+17 3.1E+17 8.5E+17 2.2E+15
50 10000 4.8E+18  1.5E+20 3E+20  14E+19 8.7E+20 LIE+18 2E+18 14E+17 2E+18 7.2E+17 2.1E+15
75 10000 9.5E+18  2.3E+20 4E+20  14E+19 1.3E+21 1.6E+18 5.6E+18 8.2E+16 3.5E+18 3.8E+17 1.6E+15

Table A.2: Species number density Vs Background pressure @ 1E-6 kg/s input mass flow
rate

Pressure (Pa) Power (W) e(I/m) O(1/m’) 02(1/m’) Si(1/m’) SiO(1/m*) Si02(1/m’) O+ (1/m’) 02+ (I/m’) Si+ (I/m’) SiO+ (I/m’) Si02+ (1/m’)

25 100 1.9E+16 1E+19 3.2E+20 14E+16 6.3E+20 9.5E+17 3.5E+14 7AE+15 8.9E+14 5.1E+16 2.1E+14
50 100 4E+16  1.9E+19 5.2E+20 2.5E+16 1E+21 1.6E+18 7.6E+14 1E+16 3.9E+15 7.7E+16 4.0E+14
75 100 55E+16 2.8E+19  7.4E+20 3E+16 1.5E+21 23E+18 1.1E+15 1.2E+16 9.5E+15 8.9E+16 6.0E+14
25 1000 2.4E+17 2E+19 3E+20 4.2E+17 6.2E+20 9.4E+17 1.3E+16 43E+16 1.2E+16 2.7E+17 1.0E+15
50 1000 4.1E+17  4.7E+19 4.8E+20  7.7E+17 1E+21 1.5E+18 4.1E+16 6.4E+16 4.9E+16 3.6E+17 1.SE+15
75 1000 53E+17  8.1E+19  6.8E+20 8.1E+17 1.5E+21 22E+18 7.5E+16 7.5E+16 1E+17 3.7E+17 1.9E+15
25 10000 2.6E+18  8.IE+19 23E+20 9.5E+18 5.9E+20 7.9E+17 TAE+17 1.7E+17 8.5E+17 9.3E+17 2.4E+15
50 10000 5.6E+18  1.6E+20 32E+20  1.5E+19 9.4E+20 1.2E+18 2.5E+18 1.3E+17 23E+18 6.5E+17 2.0E+15
75 10000 1E+19  2.4E+20 42E+20  14E+19 1.4E+21 1.7E+18 6.1E+18 7.7E+16 3.5E+18 3.5E+17 1.6E+15

Table A.3: Species number density Vs Background pressure @ 1E-5 kg/s input mass flow
rate

Power (W) Pressure (Pa) e (I/m’) O(1/m’) 02(1/m*) Si(/m’) SiO(1/m’) Si02(1/m’) O+ 1/m’) 02+ (1/m’) Si+ (I/m*) SiO+(1/m’) Si02+ (1/m*)

100 25 8.8E+15 7.6E+18 2.4E+20 9E+15 4.8E+20 7.3E+17 2E+14 5.7E+15 3.8E+14 3.5E+16 1.4E+14
1000 25 14E+17 12E+19 24E+20  1.8E+17 4.7E+20 TIAE+17 4.9E+15 3E+16 3.9E+15 1.9E+17 TE+14
10000 25 14E+18 4.6E+19 1.9E+20  4.8E+18 4.5E+20 6.2E+17 24E+17 14E+17 2.6E+17 8.3E+17 2.2E+15
100 50 3.6E+16 1.7TE+19 4.8E+20 23E+16 9.5E+20 L4E+18 6.8E+14 1E+16 3.2E+15 74E+16 3.7E+14
1000 50 3.8E+17 4.1E+19 4.5E+20  7.2E+17 9.4E+20 1.4E+18 34E+16 6E+16 4E+16 3.5E+17 1L4E+15
10000 50 47E+18  1.5E+20 3E+20  1.4E+19 8.6E+20 1.1E+18 1.9E+18 1.4E+17 1.9E+18 7.3E+17 2.1E+15
100 75 54E+16  2.7E+19 7.2E+20 29E+16 L4E+21 2.2E+18 LIE+15 1.2E+16 9E+15 8.9E+16 5.9E+14
1000 75 52E+17 78E+19  6.5E+20 82E+17 1.4E+21 2.1E+18 7.1E+16 7TAE+16 9.6E+16 37E+17 1.8E+15
10000 75 94E+18  23E+20 4E+20  1.4E+19 1.3E+21 1.6E+18 5.6E+18 8.2E+16 3.4E+18 3.9E+17 1.6E+15

Table A.4: Species number density Vs Input power @ 1E-7 kg/s input mass flow rate

Power (W) Pressure (Pa) e (I/m’) O(1/m’) 02(I/m* Si(/m’) SiO(1/m’) Si02(1/m’) O+ 1/m’) O2+(1/m’) Si+ (I/m*) SiO+(1/m’) Si02+ (1/m*)

100 25 9.7E+15 T7.9E+18 2.5E+20  9.4E+15 4.9E+20 7.5E+17 22E+14 6E+15 42E+14 3.7E+16 1.4E+14
1000 25 L5E+17  1.3E+19 2.4E+20 2E+17 4.9E+20 TAE+17 5.5E+15 3.2E+16 4.5E+15 2E+17 73E+14
10000 25 1.5E+18 4.9E+19 1.9E+20  5.3E+18 4.6E+20 6.3E+17 27E+17 1.5E+17 3.1E+17 8.5E+17 2.2E+15
100 50 3.6E+16 1L.7TE+19 4.8E+20 24E+16 9.6E+20 1.5E+18 6.8E+14 1E+16 3.3E+15 7.5E+16 3.7E+14
1000 50 3.9E+17 4.2E+19 4.5E+20  7.3E+17 9.4E+20 14E+18 3.5E+16 6E+16 4.1E+16 3.5E+17 1L4E+15
10000 50 4.8E+18  1.5E+20 3E+20  14E+19 8.7E+20 1.1IE+18 2E+18 1.4E+17 2E+18 7.2E+17 2.1E+15
100 75 54E+16  2.7E+19 7.2E+20 2.9E+16 1L4E+21 2.2E+18 LIE+15 1.2E+16 9E+15 8.9E+16 5.9E+14
1000 75 52E+17  7.8E+19 6.5E+20  8.2E+17 LAE+21 2.1E+18 7.2E+16 T4E+16 9.7E+16 3.7E+17 1.8E+15
10000 75 9.5E+18  23E+20 4E+20  1.4E+19 1.3E+21 1.6E+18 5.6E+18 8.2E+16 3.5E+18 3.8E+17 1.6E+15

Table A.5: Species number density Vs Input power @ 1E-6 kg/s input mass flow rate

Power (W) Pressure (Pa) e(I/m’) O(1/m’) 02(1/m* Si(/m’) SiO(1/m’) Si02(1/m’) O+ 1/m’) 02+ (1/m’) Si+ (I/m*) SiO+(1/m’) Si02+ (1/m*)

100 25 1.9E+16 1E+19 3.2E+20 14E+16 6.3E+20 9.5E+17 3.5E+14 7TAE+15 8.9E+14 5.1E+16 2.1E+14
1000 25 24E+17 2E+19 3E+20  4.2E+17 6.2E+20 9.4E+17 1.3E+16 4.3E+16 1.2E+16 2.7E+17 1E+15
10000 25 26E+18 8.1E+19  23E+20 9.5E+I8 5.9E+20 7.9E+17 7.1E+17 1.7E+17 8.5E+17 9.3E+17 24E+15
100 50 4E+16  1.9E+19 5.2E+20 2.5E+16 1E+21 1.6E+18 7.6E+14 1E+16 3.9E+15 7.7E+16 4E+14
1000 50 4.1E+17 4.7E+19 4.8E+20  7.7E+17 1E+21 1.5E+18 4.1E+16 6.4E+16 4.9E+16 3.6E+17 1.SE+15
10000 50 5.6E+18 1.6E+20  3.2E+20 1.5E+19 9.4E+20 1.2E+18 2.5E+18 1.3E+17 23E+18 6.5E+17 2E+15
100 75 5.5E+16  2.8E+19 7.4E+20 3E+16 1.5E+21 2.3E+18 1LIE+15 1.2E+16 9.5E+15 8.9E+16 6E+14
1000 75 53E+17  8.1E+19 6.8E+20  8.1E+17 L.5E+21 2.2E+18 7.5E+16 7.5E+16 1E+17 3.7E+17 1.9E+15
10000 75 1E+19  2.4E+20 42E+20  14E+19 1.4E+21 1.7E+18 6.1E+18 7.7E+16 3.5E+18 3.5E+17 1.6E+15

Table A.6: Species number density Vs Input power @ 1E-5 kg/s input mass flow rate
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A.2. Output fluxes

A.2 Output fluxes

Output mass flux @m_dot = 1E-7 kg/s, Pin = 1250 W
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Figure A.1: Output species mass flow rate Vs Background pressure @ 1E-7 kg/s input
mass flow rate

Output mass flux @m_dot = 1E-6 kg/s, Pin=1250 W
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Figure A.2: Output species mass flow rate Vs Background pressure @ 1E-6 kg/s input
mass flow rate
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Appendix A. 2D axisymmetric multiphysics FEM model results
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Figure A.3: Output species mass flow rate Vs Background pressure @ 1E-5 kg/s input
mass flow rate

A.3 Output ion velocities

Pressure (Pa) Power (W) O+ velocity (m/s) Si+ velocity (m/s) SiO+ velocity (m/s)
25 100 447.6 311.5 276.6
50 100 369.8 257.3 228.4
75 100 293.7 204.3 181.4
25 1000 750.7 522.5 464.0
50 1000 478.3 333.0 295.8
75 1000 372.9 259.6 230.6
25 10000 1123.7 785.4 699.5
50 10000 636.4 445.4 397.2
75 10000 404.8 283.3 252.7

Table A.7: Output ion velocities Vs Background pressure @ 1E-7 kg/s input mass flow

rate
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A.3. Output ion velocities

Pressure (Pa) Power (W) O+ velocity (m/s) Si+ velocity (m/s) SiO+ velocity (m/s)
25 100 519.9 365.2 325.5
50 100 380.8 266.9 237.7
75 100 297.9 208.7 185.8
25 1000 835.6 585.1 520.8
50 1000 490.0 343.3 305.7
75 1000 377.6 264.4 235.5
25 10000 1237.2 869.0 775.5
50 10000 651.3 458.2 409.4
75 10000 409.3 287.8 257.2

Table A.8: Output ion velocities Vs Background pressure @ 1E-6 kg/s input mass flow

rate

Pressure (Pa) Power (W) O+ velocity (m/s) Si+ velocity (m/s) SiO+ velocity (im/s)
25 100 1242.4 906.8 820.6
50 100 495.1 367.4 334.7
75 100 346.7 256.8 233.8
25 1000 1634.7 1180.3 1063.8
50 1000 622.9 456.9 414.4
75 1000 426.0 313.1 284.3
25 10000 2113.8 1521.2 1370.7
50 10000 797.0 583.9 530.0
75 10000 431.7 319.9 291.8

Table A.9: Output ion velocities Vs Background pressure @ 1E-5 kg/s input mass flow

rate

As can be seen output velocities depend on the input mass flow rate. An
explanation to this effect is that a higher mass is introduced with a relatively
high enthalpy, due to the boiling temperature at the specific pressure; part
of this enthaply obviously is lost exiting the torch, but in general a higher
amount of energy is introduced into the system, therefore the energies gen-
erated by the dissociations reactions add up to a higher value, increasing
the overall ions temperature and then velocity.
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Appendix A. 2D axisymmetric multiphysics FEM model results

Output ion velocities @m_dot = 1E-7 kg/s

1200 ‘

1000

W Si+, 12.5W
W Si+, 125W

g Sit, 1250W
T WSiO+, 12.5W

W SiO+, 125W

W Sio+, 1250W

lon velocity [m/s]

WO+, 12.5W

WO+, 125W
O+, 1250W

25 50 75
Pressure [Pa]

Figure A.4: Output ion velocities Vs Background pressure @ 1E-7 kg/s input mass flow

rate
Output ion velocities @m_dot = 1E-6 kg/s
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Figure A.5: Output ion velocities Vs Background pressure @ 1E-6 kg/s input mass flow
rate
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A.3. Output ion velocities

Output ion velocities @m_dot = 1E-5 kg/s
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Figure A.6: Output ion velocities Vs Background pressure @ 1E-5 kg/s input mass flow
rate
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